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Preface

The teaching of applied probability needs a fresh approach. The field of applied
probability has changed profoundly in the past twenty years and yet the textbooks
in use today do not fully reflect the changes. The development of computational
methods has greatly contributed to a better understanding of the theory. It is my
conviction that theory is better understood when the algorithms that solve the
problems the theory addresses are presented at the same time. This textbook tries
to recognize what the computer can do without letting the theory be dominated
by the computational tools. In some ways, the book is a successor of my earlier
book Stochastic Modeling and Analysis. However, the set-up of the present text is
completely different. The theory has a more central place and provides a framework
in which the applications fit. Without a solid basis in theory, no applications can be
solved. The book is intended as a first introduction to stochastic models for senior
undergraduate students in computer science, engineering, statistics and operations
research, among others. Readers of this book are assumed to be familiar with the
elementary theory of probability.

I am grateful to my academic colleagues Richard Boucherie, Avi Mandelbaum,
Rein Nobel and Rien van Veldhuizen for their helpful comments, and to my stu-
dents Gaya Branderhorst, Ton Dieker, Borus Jungbacker and Sanne Zwart for their
detailed checking of substantial sections of the manuscript. Julian Rampelmann
and Gloria Wirz-Wagenaar were helpful in transcribing my handwritten notes into
a nice Latex manuscript.

Finally, users of the book can find supporting educational software for Markov
chains and queues on my website http://staff.feweb.vu.nl/tijms.



CHAPTER 1

The Poisson Process and
Related Processes

1.0 INTRODUCTION

The Poisson process is a counting process that counts the number of occurrences
of some specific event through time. Examples include the arrivals of customers
at a counter, the occurrences of earthquakes in a certain region, the occurrences
of breakdowns in an electricity generator, etc. The Poisson process is a natural
modelling tool in numerous applied probability problems. It not only models many
real-world phenomena, but the process allows for tractable mathematical analysis
as well.

The Poisson process is discussed in detail in Section 1.1. Basic properties are
derived including the characteristic memoryless property. Illustrative examples are
given to show the usefulness of the model. The compound Poisson process is
dealt with in Section 1.2. In a Poisson arrival process customers arrive singly,
while in a compound Poisson arrival process customers arrive in batches. Another
generalization of the Poisson process is the non-stationary Poisson process that is
discussed in Section 1.3. The Poisson process assumes that the intensity at which
events occur is time-independent. This assumption is dropped in the non-stationary
Poisson process. The final Section 1.4 discusses the Markov modulated arrival
process in which the intensity at which Poisson arrivals occur is subject to a
random environment.

1.1 THE POISSON PROCESS

There are several equivalent definitions of the Poisson process. Our starting point is
a sequence X1, X7, ... of positive, independent random variables with a common
probability distribution. Think of X, as the time elapsed between the (n — 1)th and
nth occurrence of some specific event in a probabilistic situation. Let

n
So =0 and S,Z:ZX;(, n=1,2....
k=1

A First Course in Stochastic Models H.C. Tijms
© 2003 John Wiley & Sons, Ltd. ISBNs: 0-471-49880-7 (HB); 0-471-49881-5 (PB)



2 THE POISSON PROCESS AND RELATED PROCESSES

Then S, is the epoch at which the nth event occurs. For each ¢ > 0, define the
random variable N (¢) by

N (t) = the largest integer n > 0 for which S, <.

The random variable N (¢) represents the number of events up to time ¢.

Definition 1.1.1 The counting process {N(t), t > 0} is called a Poisson process
with rate A if the interoccurrence times X1, X3, ... have a common exponential
distribution function

P{X,<x}=1—e¢" x>0.

The assumption of exponentially distributed interoccurrence times seems to be
restrictive, but it appears that the Poisson process is an excellent model for many
real-world phenomena. The explanation lies in the following deep result that is
only roughly stated; see Khintchine (1969) for the precise rationale for the Poisson
assumption in a variety of circumstances (the Palm—Khintchine theorem). Suppose
that at microlevel there are a very large number of independent stochastic pro-
cesses, where each separate microprocess generates only rarely an event. Then
at macrolevel the superposition of all these microprocesses behaves approximately
as a Poisson process. This insightful result is analogous to the well-known result
that the number of successes in a very large number of independent Bernoulli
trials with a very small success probability is approximately Poisson distributed.
The superposition result provides an explanation of the occurrence of Poisson
processes in a wide variety of circumstances. For example, the number of calls
received at a large telephone exchange is the superposition of the individual calls
of many subscribers each calling infrequently. Thus the process describing the over-
all number of calls can be expected to be close to a Poisson process. Similarly, a
Poisson demand process for a given product can be expected if the demands are
the superposition of the individual requests of many customers each asking infre-
quently for that product. Below it will be seen that the reason of the mathematical
tractability of the Poisson process is its memoryless property. Information about
the time elapsed since the last event is not relevant in predicting the time until the
next event.

1.1.1 The Memoryless Property

In the remainder of this section we use for the Poisson process the terminology of
‘arrivals’ instead of ‘events’. We first characterize the distribution of the counting
variable N(¢). To do so, we use the well-known fact that the sum of k inde-
pendent random variables with a common exponential distribution has an Erlang
distribution. That is,
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k—1

P{Skft}zl—z

j=0

)/
y (A1)

—, 1=0. (1.1.1)
]

The Erlang (k, 1) distribution has the probability density AKtk—1e=*" /(k — 1)!.

Theorem 1.1.1 Foranyt > 0,

e G0)F
k!’

That is, N(t) is Poisson distributed with mean At.

P{N(t)=k}=e k=0,1,.... (1.1.2)

Proof The proof is based on the simple but useful observation that the number
of arrivals up to time ¢ is k or more if and only if the kth arrival occurs before or
at time ¢. Hence

P{N(t) = k} = P{Sx <t}
k—1 i
. i (A1)
=1- Ze —j! .
j=0
The result next follows from P{N(t) =k} = P{N(t) > k} — P{N() > k + 1}.
The following remark is made. To memorize the expression (1.1.1) for the dis-
tribution function of the Erlang (k, A) distribution it is easiest to reason in reverse
order: since the number of arrivals in (0, #) is Poisson distributed with mean At

and the kth arrival time Sj is at or before ¢ only if k or more arrivals occur in
(0, 1), it follows that P{Sy <1} =) 72, e M)l /).

The memoryless property of the Poisson process

Next we discuss the memoryless property that is characteristic for the Poisson
process. For any ¢ > 0, define the random variable y; as

y; = the waiting time from epoch ¢ until the next arrival.

The following theorem is of utmost importance.

Theorem 1.1.2 For any t > 0, the random variable y; has the same exponential
distribution with mean 1/A. That is,

Plyy<x}=1—-e, x>0, (1.1.3)

independently of t.
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Proof Fix t > 0. The event {y; > x} occurs only if one of the mutually exclusive
events {X| >t+xL {X1 <t, X1+ Xo>t+x}, { X1+ X2 <t, X1+ X2+ X3 >
t + x}, ... occurs. This gives

o0
Ply,>x}=P{X1>t+x}+ ) P{S, <t, Su1 >1+1x).

n=1

By conditioning on §,,, we find

n—1!

n—1

-
(n—1)!

t
PiSy <1 Suat > 1+ =/ PiSuit > 143 | Su= v 2P ay
0

t
= / P{X,11 >t +x— y}A" e M dy.
0

This gives

ot t n
_ — —y y —Ay
Plyy>x}=e At+x) + f e At+x )))\nie Y dy
,; 0 (n—1)!

t
=e—)»(t+x) +/ e—)»(t+x—y))\'dy
0

= ¢ MIFD) oMU (M) = g
proving the desired result. The interchange of the sum and the integral in the second
equality is justified by the non-negativity of the terms involved.

The theorem states that at each point in time the waiting time until the next arrival
has the same exponential distribution as the original interarrival time, regardless
of how long ago the last arrival occurred. The Poisson process is the only renewal
process having this memoryless property. How much time is elapsed since the last
arrival gives no information about how long to wait until the next arrival. This
remarkable property does not hold for general arrival processes (e.g. consider the
case of constant interarrival times). The lack of memory of the Poisson process
explains the mathematical tractability of the process. In specific applications the
analysis does not require a state variable keeping track of the time elapsed since the
last arrival. The memoryless property of the Poisson process is of course closely
related to the lack of memory of the exponential distribution.

Theorem 1.1.1 states that the number of arrivals in the time interval (0, s) is
Poisson distributed with mean As. More generally, the number of arrivals in any
time interval of length s has a Poisson distribution with mean As. That is,

—As ()‘S)k
k!

independently of u. To prove this result, note that by Theorem 1.1.2 the time
elapsed between a given epoch u and the epoch of the first arrival after u has the

P(Nu+s)—Nu)=k}=e , k=0,1,..., (1.1.4)
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same exponential distribution as the time elapsed between epoch 0 and the epoch
of the first arrival after epoch 0. Next mimic the proof of Theorem 1.1.1.
To illustrate the foregoing, we give the following example.

Example 1.1.1 A taxi problem

Group taxis are waiting for passengers at the central railway station. Passengers for
those taxis arrive according to a Poisson process with an average of 20 passengers
per hour. A taxi departs as soon as four passengers have been collected or ten
minutes have expired since the first passenger got in the taxi.

(a) Suppose you get in the taxi as first passenger. What is the probability that you
have to wait ten minutes until the departure of the taxi?

(b) Suppose you got in the taxi as first passenger and you have already been waiting
for five minutes. In the meantime two other passengers got in the taxi. What
is the probability that you will have to wait another five minutes until the taxi
departs?

To answer these questions, we take the minute as time unit so that the arrival
rate A = 1/3. By Theorem 1.1.1 the answer to question (a) is given by

P{less than 3 passengers arrive in (0, 10)}

2
10/3)*
226710/37( k/‘) = 0.3528.
k=0 :

The answer to question (b) follows from the memoryless property stated in Theo-
rem 1.1.2 and is given by

Plys > 5} = /3 = 0.1889.

In view of the lack of memory of the Poisson process, it will be intuitively clear
that the Poisson process has the following properties:

(A) Independent increments: the numbers of arrivals occurring in disjoint intervals
of time are independent.

(B) Stationary increments: the number of arrivals occurring in a given time interval
depends only on the length of the interval.

A formal proof of these properties will not be given here; see Exercise 1.8. To
give the infinitesimal-transition rate representation of the Poisson process, we use
h?  h

—h_yp L =
l1—e " =h 2!—}-3! =h+o(h) ash— 0.
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The mathematical symbol o(h) is the generic notation for any function f (k) with
the property that limy_.q f(h)/h = 0, that is, o(h) is some unspecified term that
is negligibly small compared to / itself as 4 — 0. For example, f(h) = h? is an
o(h)-function. Using the expansion of e M, it readily follows from (1.1.4) that

(C) The probability of one arrival occurring in a time interval of length At is
LAt 4+ o(At) for At — 0.

(D) The probability of two or more arrivals occurring in a time interval of length
At is o(At) for At — 0.

The property (D) states that the probability of two or more arrivals in a very small
time interval of length Ar is negligibly small compared to At itself as At — 0.

The Poisson process could alternatively be defined by taking (A), (B), (C) and
(D) as postulates. This alternative definition proves to be useful in the analysis of
continuous-time Markov chains in Chapter 4. Also, the alternative definition of the
Poisson process has the advantage that it can be generalized to an arrival process
with time-dependent arrival rate.

1.1.2 Merging and Splitting of Poisson Processes

Many applications involve the merging of independent Poisson processes or the
splitting of events of a Poisson process in different categories. The next theorem
shows that these situations again lead to Poisson processes.

Theorem 1.1.3 (a) Suppose that {N(t), t > 0} and {N»(¢t), t > 0} are indepen-
dent Poisson processes with respective rates A and Ly, where the process {N;(t)}
corresponds to type i arrivals. Let N(t) = N1(t) + Na(t), t > 0. Then the merged
process {N (t), t > 0} is a Poisson process with rate A = A1 + L. Denoting by Zy
the interarrival time between the (k — 1)th and kth arrival in the merged process
and letting Iy = i if the kth arrival in the merged process is a type i arrival, then
forany k =1,2,...,

A
A2

P{ly =i|Zy=t}= i=1,2, (1.1.5)
independently of t.

(b) Let {N(t), t = 0} be a Poisson process with rate A. Suppose that each arrival
of the process is classified as being a type 1 arrival or type 2 arrival with respective
probabilities py and pj, independently of all other arrivals. Let N;(t) be the number
of type i arrivals up to time t. Then {N1(t)} and {N,(t)} are two independent Poisson
processes having respective rates Ap1 and \p;.

Proof We give only a sketch of the proof using the properties (A), (B), (C)
and (D).
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(a) It will be obvious that the process {/N ()} satisfies the properties (A) and (B).
To verify property (C) note that

P{one arrival in (¢, t + At]}

_ i p one arrival of type i and no arrival
B — of the other type in (¢, t + At]

= [A1 At + o(AD][1 — A2 At + 0o(A1)]
+ [M2At + o(AD][1 — A1 At + 0o(AD)]
= (A1 + A2)At + 0o(At) as At — 0.

Property (D) follows by noting that

P{no arrival in (¢,t + At]} = [1 — A At + o(AD)][1 — A At 4+ 0(At)]
=1— (1 +X)Ar +0(At) as At — 0.

This completes the proof that {N(¢)} is a Poisson process with rate A1 + Ap.
To prove the other assertion in part (a), denote by the random variable Y; the
interarrival time in the process {N;(#)}. Then

P{Zy>t, I, =1} = P{Y, > Y| >t}

o0
=/ P{Y>Y >1|Y) =x}re M dx
t

*© —Jax —x Al — (A 142t
= e M he M dxy = ————e VMR
t AL+ A2

By taking t = 0, we find P{I; = 1} = A1/(A1+ A3). Since {N(¢)} is a Poisson
process with rate A1 + A2, we have P{Z; > t} = exp [—(A1 4+ Ap)t]. Hence

P{l, =1,Z, >t} = P{Iy =1} P{Z; > t},

showing that P{l; = 1| Zy =t} = A1/(A1 + A2) independently of ¢.
(b) Obviously, the process {N;(t)} satisfies the properties (A), (B) and (D). To
verify property (C), note that
P{one arrival of type i in (¢, 1 + At]} = (AAt)p; + o(At)
= (Api)At 4+ o(Al).

It remains to prove that the processes {/N(#)} and {N»(¢)} are independent. Fix
t > 0. Then, by conditioning,
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P{Ni(t) =k, Na(t) =m}

=Y PNi() =k, N2t) =m | N(1) = n}P{N (1) = n})
n=0
= P{Ni(t) =k, No(t) =m | N(t) =k +m}P{N(t) = k + m}

_(k+m k m —Ait ()
_< k )p”’” (k+m)!

Y ()\Plt)k o2t (Ap2t)™
N k! m!

showing that P{N|(t) = k, No(t) = m} = P{N((t) = k}P{N2(t) = m}.

The remarkable result (1.1.5) states that the next arrival is of type i with proba-
bility A; /(A1 + A2) regardless of how long it takes until the next arrival. This result
is characteristic for competing Poisson processes which are independent of each
other. As an illustration, suppose that long-term parkers and short-term parkers
arrive at a parking lot according to independent Poisson processes with respective
rates A; and Ap. Then the merged arrival process of parkers is a Poisson process
with rate A1 4+ A, and the probability that a newly arriving parker is a long-term
parker equals A1/(A1 + A2).

Example 1.1.2 A stock problem with substitutable products

A store has a leftover stock of Q1 units of product 1 and Q> units of product 2.
Both products are taken out of production. Customers asking for product 1 arrive
according to a Poisson process with rate A;. Independently of this process, cus-
tomers asking for product 2 arrive according to a Poisson process with rate A;.
Each customer asks for one unit of the concerning product. The two products serve
as substitute for each other, that is, a customer asking for a product that is sold
out is satisfied with the other product when still in stock. What is the probability
distribution of the time until both products are sold out? What is the probability
that product 1 is sold out before product 2?

To answer the first question, observe that both products are sold out as soon as
01 + Q> demands have occurred. The aggregated demand process is a Poisson
process with rate A1 + A;. Hence the time until both products are sold out has an
Erlang (Q1 + Q»2, A1 + Ap) distribution. To answer the second question, observe
that product 1 is sold out before product 2 only if the first Q1 + Q> — 1 aggregated
demands have no more than Q> — 1 demands for product 2. Hence, by (1.1.5), the
desired probability is given by

-1 11—
QZZ (Q[ + Q2 . 1) < )\'2 )k < )\’1 )QI"‘QZ 1-k
k A+ A2 A+ A2 '

k=0
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1.1.3 The M /G /oo Queue*

Suppose that customers arrive at a service facility according to a Poisson process
with rate L. The service facility has an ample number of servers. In other words,
it is assumed that each customer gets immediately assigned a new server upon
arrival. The service times of the customers are independent random variables hav-
ing a common probability distribution with finite mean . The service times are
independent of the arrival process. This versatile model is very useful in applica-
tions. An interesting question is: what is the limiting distribution of the number of
busy servers? The surprisingly simple answer to this question is that the limiting
distribution is a Poisson distribution with mean Apu:

. . - ()\N)k
thm P (k servers are busy at time t) = e T (1.1.6)
—00 !
for k = 0,1,... . This limiting distribution does not require the shape of the

service-time distribution, but uses the service-time distribution only through its
mean p. This famous insensitivity result is extremely useful for applications.
The M/G /oo model has applications in various fields. A nice application is the
(S —1,8) inventory system with back ordering. In this model customers asking
for a certain product arrive according to a Poisson process with rate A. Each cus-
tomer asks for one unit of the product. The initial on-hand inventory is S. Each
time a customer demand occurs, a replenishment order is placed for exactly one
unit of the product. A customer demand that occurs when the on-hand inventory
is zero also triggers a replenishment order and the demand is back ordered until
a unit becomes available to satisfy the demand. The lead times of the replenish-
ment orders are independent random variables each having the same probability
distribution with mean 7. Some reflections show that this (S — 1, S) inventory sys-
tem can be translated into the M /G /oo queueing model: identify the outstanding
replenishment orders with customers in service and identify the lead times of the
replenishment orders with the service times. Thus the limiting distribution of the
number of outstanding replenishment orders is a Poisson distribution with mean
At. In particular,

s
the long-run average on-hand inventory = Z S—k)e
k=0

e Ok
k!

Returning to the M/G /oo model, we first give a heuristic argument for (1.1.6)
and next a rigorous proof.

Heuristic derivation

Suppose first that the service times are deterministic and are equal to the constant
D = p. Fix ¢t with t+ > D. If each service time is precisely equal to the constant

*This section can be skipped at first reading.
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D, then the only customers present at time ¢ are those customers who have arrived
in (¢t — D, t]. Hence the number of customers present at time ¢ is Poisson dis-
tributed with mean A D proving (1.1.6) for the special case of deterministic service
times. Next consider the case that the service time takes on finitely many values
Dy, ..., Ds with respective probabilities py, ..., ps. Mark the customers with the
same fixed service time Dy as type k customers. Then, by Theorem 1.1.3, type k
customers arrive according to a Poisson process with rate Ap;. Moreover the var-
ious Poisson arrival processes of the marked customers are independent of each
other. Fix now ¢ with r > maxy Dy. By the above argument, the number of type k
customers present at time ¢ is Poisson distributed with mean (Apy) Dy. Thus, by the
independence property of the split Poisson process, the total number of customers
present at time ¢ has a Poisson distribution with mean

N
> ApiDy = A
k=1

This proves (1.1.6) for the case that the service time has a discrete distribution
with finite support. Any service-time distribution can be arbitrarily closely approx-
imated by a discrete distribution with finite support. This makes plausible that the
insensitivity result (1.1.6) holds for any service-time distribution.

Rigorous derivation

The differential equation approach can be used to give a rigorous proof of (1.1.6).
Assuming that there are no customers present at epoch 0, define for any ¢ > 0

pj(t) = P{there are j busy servers at time ¢}, j=0,1,....

Consider now p;(t + At) for At small. The event that there are j servers busy at
time ¢ 4+ At can occur in the following mutually exclusive ways:

(a) no arrival occurs in (0,Af) and there are j busy servers at time ¢ + At due to
arrivals in (At, t + At),

(b) one arrival occurs in (0, At), the service of the first arrival is completed before
time ¢t + At and there are j busy servers at time ¢t + Af¢ due to arrivals in
(At t + At),

(c) one arrival occurs in (0, At), the service of the first arrival is not completed
before time ¢ + At and there are j — 1 other busy servers at time ¢ + Az due
to arrivals in (At,t + At),

(d) two or more arrivals occur in (0, Ar) and j servers are busy at time 7 + At.

Let B(t) denote the probability distribution of the service time of a customer.
Then, since a probability distribution function has at most a countable number of



THE POISSON PROCESS 11
discontinuity points, we find for almost all # > 0 that
pit + At) =1 = AA)p;(t) + LALB(t + At) p; (1)
+ AAH{1 — B(t + At)}pj—1(t) + o(At).
Subtracting p;(¢) from p;(t + At), dividing by Ar and letting At — 0, we find
po(®) = —i(1 = B(1)) po(t)
p;() = =a(1 = B®)p;(t) + (1 = BO)pj—1(1), j=12,....

Next, by induction on j, it is readily verified that

[x Jla- B(x))dx]j
I

pi(t) = e+ o= dx . J=0,1,....

By a continuity argument this relation holds for all + > 0. Since fooo[l—
B(x)]dx = p, the result (1.1.6) follows. Another proof of (1.1.6) is indicated
in Exercise 1.14.

Example 1.1.3 A stochastic allocation problem

A nationwide courier service has purchased a large number of transport vehicles
for a new service the company is providing. The management has to allocate these
vehicles to a number of regional centres. In total C vehicles have been purchased
and these vehicles must be allocated to F regional centres. The regional centres
operate independently of each other and each regional centre services its own group
of customers. In region i customer orders arrive at the base station according to
a Poisson process with rate A; for i = 1,..., F. Each customer order requires
a separate transport vehicle. A customer order that finds all vehicles occupied
upon arrival is delayed until a vehicle becomes available. The processing time of
a customer order in region i has a lognormal distribution with mean E(S;) and
standard deviation o (S;). The processing time includes the time the vehicle needs
to return to its base station. The management of the company wishes to allocate
the vehicles to the regions in such a way that all regions provide, as nearly as
possible, a uniform level of service to the customers. The service level in a region
is measured as the long-run fraction of time that all vehicles are occupied (it will
be seen in Section 2.4 that the long-run fraction of delayed customer orders is also
given by this service measure).

Let us assume that the parameters are such that each region gets a large number
of vehicles and most of the time is able to directly provide a vehicle for an arriving
customer order. Then the M/G /oo model can be used as an approximate model
to obtain a satisfactory solution. Let the dimensionless quantity R; denote

Ri=ME(S), i=1,...,F,
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that is, R; is the average amount of work that is offered per time unit in region i.
Denoting by ¢; the number of vehicles to be assigned to region i, we take ¢; of
the form

¢i~Ri+kyR;, i=1,... F,

for an appropriate constant k. By using this square-root rule, each region will
provide nearly the same service level to its customers. To explain this, we use for
each region the M /G /oo model to approximate the probability that all vehicles in
the region are occupied at an arbitrary point of time. It follows from (1.1.6) that
for region i this probability is approximated by

o0 k

et

P k!
when ¢; vehicles are assigned to region i. The Poisson distribution with mean R
can be approximated by a normal distribution with mean R and standard deviation
VR when R is large enough. Thus we use the approximation

0 k
R; ci — R;
—R: N i i .
E e —x~]-—-® , i=1,...,F,
k! <«/Ri)

k:C,‘

where ®(x) is the standard normal distribution function. By requiring that

Cl—R1> <CF—RF)
| —— |~ -~ DP| — ,
<JR_1 VRr

we find the square-root formula for c¢;. The constant k in this formula must be
chosen such that
F

Together this requirement and the square-root formula give
F
C — Z R;
i=1
5 .
> VRi
i=1

This value of k is the guideline for determining the allocation (c1, ... , cF) so that
each region, as nearly as possible, provides a uniform service level. To illustrate
this, consider the numerical data:

c=250,F =511 =5, =10,A3 =10, Ay =50, A5 = 37.5,
E(S1) =2, E(S2) =2.5,E(S3) =3.5,E(S4) =1, E(S5) =2,
g(S1)=15,0(8)=2,0(83) =3,0(84) =1,0(S5) =2.7.

k ~



THE POISSON PROCESS 13

Then the estimate for k is 1.8450. Substituting this value into the square-root
formula for c;, we find ¢; ~ 15.83, c» =~ 34.23, c3 ~ 45.92, ¢4 ~ 63.05 and
¢s ~ 90.98. This suggests the allocation

(ch, &, b, ¢ ch) = (16, 34, 46, 63, 91).

Note that in determining this allocation we have used the distributions of the
processing times only through their first moments. The actual value of the long-run
fraction of time during which all vehicles are occupied in region i depends (to
a slight degree) on the probability distribution of the processing time S;. Using
simulation, we find the values 0.056, 0.058, 0.050, 0.051 and 0.050 for the service
level in the respective regions 1, 2, 3, 4 and 5.

The M /G /oo queue also has applications in the analysis of inventory systems.

Example 1.1.4 A two-echelon inventory system with repairable items

Consider a two-echelon inventory system consisting of a central depot and a num-
ber N of regional bases that operate independently of each other. Failed items
arrive at the base level and are either repaired at the base or at the central depot,
depending on the complexity of the repair. More specifically, failed items arrive
at the bases 1, ..., N according to independent Poisson processes with respective
rates A1, ..., Ay. A failed item at base j can be repaired at the base with probabil-
ity r;; otherwise the item must be repaired at the depot. The average repair time of
an item is pu; at base j and po at the depot. It takes an average time of 7; to ship
an item from base j to the depot and back. The base immediately replaces a failed
item from base stock if available; otherwise the replacement of the failed item is
back ordered until an item becomes available at the base. If a failed item from base
Jj arrives at the depot for repair, the depot immediately sends a replacement item to
the base j from depot stock if available; otherwise the replacement is back ordered
until a repaired item becomes available at the depot. In the two-echelon system
a total of J spare parts are available. The goal is to spread these parts over the
bases and the depot in order to minimize the total average number of back orders
outstanding at the bases. This repairable-item inventory model has applications in
the military, among others.

An approximate analysis of this inventory system can be given by using the
M /G /oo queueing model. Let (So, S1, ..., Sy) be a given design for which Sy
spare parts have been assigned to the depot and §; spare parts to base j for
j=1,..., N such that So + S1 + - -- + Sy = J. At the depot, failed items arrive
according to a Poisson process with rate

N
o=y r—r.
j=I

Each failed item arriving at the depot immediately goes to repair. The failed items
arriving at the depot can be thought of as customers arriving at a queueing system
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with infinitely many servers. Hence the limiting distribution of the number of items
in repair at the depot at an arbitrary point of time is a Poisson distribution with
mean Aoio. The available stock at the depot is positive only if less than Sp items
are in repair at the depot. Why? Hence a delay occurs for the replacement of a
failed item arriving at the depot only if Sp or more items are in repair upon arrival
of the item. Define now

Wy = the long-run average amount of time a failed item at the depot
waits before a replacement is shipped,
Lo = the long-run average number of failed items at the depot

waiting for the shipment of a replacement.

A simple relation exists between Ly and Wy. On average Ag failed items arrive at
the depot per time unit and on average a failed item at the depot waits Wy time
units before a replacement is shipped. Thus the average number of failed items at
the depot waiting for the shipment of a replacement equals Ao Wy. This heuristic
argument shows that

Lo = A Wp.

This relation is a special case of Little’s formula to be discussed in Section 2.3.
The relation Wy = Lg/Ag leads to an explicit formula for Wy, since Ly is given by

Lo= Z(k So)e “ropo Pomo)® o)k .

k!
k=3So

Armed with an explicit expression for Wy, we are able to give a formula for the
long-run average number of back orders outstanding at the bases. For each base j
the failed items arriving at base j can be thought of as customers entering service
in a queueing system with infinitely many servers. Here the service time should be
defined as the repair time in case of repair at the base and otherwise as the time
until receipt of a replacement from the depot. Thus the average service time of a
customer at base j is given by

Bi =rjmj+ (A =1+ Wo)., j=1...N.

The situation at base j can only be modelled approximately as an M /G /oo queue.
The reason is that the arrival process of failed items interferes with the replacement
times at the depot so that there is some dependency between the service times at
base j. Assuming that this dependency is not substantial, we nevertheless use the
M /G /oo queue as an approximating model and approximate the limiting distri-
bution of the number of items in service at base j by a Poisson distribution with
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mean A;B; for j =1,..., N. In particular,
the long-run average number of back orders outstanding at base j
0 k
~ Y (k- Sj)e—*fﬁf%, j=1,...,N.
k=S; ’

This expression and the expression for Wy enables us to calculate the total average
number of outstanding back orders at the bases for a given assignment (Sp, S, ... ,
Sn). Next, by some search procedure, the optimal values of Sg, Si, ..., Sy can be
calculated.

1.1.4 The Poisson Process and the Uniform Distribution

In any small time interval of the same length the occurrence of a Poisson arrival is
equally likely. In other words, Poisson arrivals occur completely randomly in time.
To make this statement more precise, we relate the Poisson process to the uniform
distribution.

Lemma 1.14 Foranyt >0andn=1,2,...,

PISi <x | N(t) =n) = Xn: (’J’) ()tﬁ)’ (1 - ;)"_j (1.1.7)

j=k

for 0 < x <tand 1 <k <n. In particular, for any 1 <k <n,
E(St | N(t) ) —kt d E(S S | N () ) o (1.1.8)
=n) = an — — =n)= . oL
k n+1 k k=1 n+1

Proof Since the Poisson process has independent and stationary increments,

P(S < x.N(t) =n)

P{Sk <x|N@)=n}=

P{N() = n}
_ PIN(xX) =k, N@t) =n}
~ PN =n)
1 n . |
- m}él’wm =i, N@t)—N@&) =n— j}
— ; n ,)\xw 7)\(t,x)w
- e_kt(“)"/"lze e n—j)!

Jj=k

(1)) (-2

Jj=k
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proving the first assertion. Since E(U) = fooo P{U > u}du for any non-negative
random variable U, the second assertion follows from (1.1.7) and the identity

(p+qg+ 1!

1
p‘q' /(‘)yp(l_y)qdyzl’ PJIZO,],....

The right-hand side of (1.1.7) can be given the following interpretation. Let
Ui, ..., U, be n independent random variables that are uniformly distributed on
the interval (0, 7). Then the right-hand side of (1.1.7) also represents the probability
that the smallest kth among Uy, ... , U, is less than or equal to x. This is expressed
more generally in Theorem 1.1.5.

Theorem 1.1.5 Foranyt >0andn=1,2,...,

P{S]Sx]a"'7S}’l§xn|N(t):n}=P{U(1)§x]a"7U(}’l)§~xl’l}a
where Uy denotes the smallest kth among n independent random variables
Ui, ..., U, that are uniformly distributed over the interval (0, t).

The proof of this theorem proceeds along the same lines as that of Lemma 1.1.4.
In other words, given the occurrence of n arrivals in (0, ¢), the n arrival epochs
are statistically indistinguishable from » independent observations taken from the
uniform distribution on (0, #). Thus Poisson arrivals occur completely randomly
in time.

Example 1.1.5 A waiting-time problem

In the harbour of Amsterdam a ferry leaves every 7 minutes to cross the North
Sea canal, where T is fixed. Passengers arrive according to a Poisson process with
rate A. The ferry has ample capacity. What is the expected total waiting time of all
passengers joining a given crossing? The answer is

1
E (total waiting time) = EATZ. (1.1.9)
To prove this, consider the first crossing of the ferry. The random variable N(T')
denotes the number of passengers joining this crossing and the random variable S
represents the arrival epoch of the kth passenger. By conditioning, we find

E (total waiting time)

o
= Z E (total waiting time | N(T) = n) P{N(T) = n}
n=0



THE POISSON PROCESS 17

> L T
SET =S4T =S+ +T =5, | N(T) =n)e """
1

n

n!
> 7 D)
=Y E(T-Un+T-Ug+-+T —Up)e —
n=1 :
This gives
. (1)
E (total waiting time up to time T) = Z EnT — (Ui +---+ Un))e_)‘T—'
n!

n=1

o0
T AT T
= Z nT —n— ef)‘Tu = —AT,
— 2 n! 2

which proves the desired result.

The result (1.1.9) is simple but very useful. It is sometimes used in a somewhat
different form that can be described as follows. Messages arrive at a communication
channel according to a Poisson process with rate A. The messages are stored in
a buffer with ample capacity. A holding cost at rate 2 > 0 per unit of time is
incurred for each message in the buffer. Then, by (1.1.9),

h
E (holding costs incurred up to time 7)) = EATZ. (1.1.10)

Clustering of Poisson arrival epochs

Theorem 1.1.5 expresses that Poisson arrival epochs occur completely randomly
in time. This is in agreement with the lack of memory of the exponential density
Le™** of the interarrival times. This density is largest at x = 0 and decreases as x
increases. Thus short interarrival times are relatively frequent. This suggests that
the Poisson arrival epochs show a tendency to cluster. Indeed this is confirmed by
simulation experiments. Clustering of points in Poisson processes is of interest in
many applications, including risk analysis and telecommunication. It is therefore
important to have a formula for the probability that a given time interval of length
T contains some time window of length w in which n or more Poisson events
occur. An exact expression for this probability is difficult to give, but a simple and
excellent approximation is provided by

rw
1—Pn—1,2w)exp [— <1 — —) MT —w)pn — 1, w)],
n

where p(k, Aw) = e’*w(kw)k/k! and P(n, Aw) = Zzzop(k, Aw). The approxi-
mation is called Alm’s approximation; see Glaz and Balakrishnan (1999). To illus-
trate the clustering phenomenon, consider the following example. In the first five
months of the year 2000, trams hit and killed seven people in Amsterdam, each
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case caused by the pedestrian’s carelessness. In the preceding years such accidents
occurred on average 3.7 times per year. Is the clustering of accidents in the year
2000 exceptional? It is exceptional if seven or more fatal accidents occur during
the coming five months, but it is not exceptional when over a period of ten years
(say) seven or more accidents happen in some time window having a length of
five months. The above approximation gives the value 0.104 for the probability
that over a period of ten years there is some time window having a length of
five months in which seven or more fatal accidents occur. The exact value of the
probability is 0.106.

1.2 COMPOUND POISSON PROCESSES

A compound Poisson process generalizes the Poisson process by allowing jumps
that are not necessarily of unit magnitude.

Definition 1.2.1 A stochastic process {X(t), t > 0} is said to be a compound
Poisson process if it can be represented by

N()

X@)=) D t=0,
i=1

where {N (t), t > 0} is a Poisson process with rate A, and Dy, D2, ... are inde-
pendent and identically distributed non-negative random variables that are also
independent of the process {N(t)}.

Compound Poisson processes arise in a variety of contexts. As an example,
consider an insurance company at which claims arrive according to a Poisson
process and the claim sizes are independent and identically distributed random
variables, which are also independent of the arrival process. Then the cumulative
amount claimed up to time ¢ is a compound Poisson variable. Also, the compound
Poisson process has applications in inventory theory. Suppose customers asking
for a given product arrive according to a Poisson process. The demands of the
customers are independent and identically distributed random variables, which are
also independent of the arrival process. Then the cumulative demand up to time ¢
is a compound Poisson variable.

The mean and variance of the compound Poisson variable X (¢) are given by

E[X(1)]=ME(D;) and o*[X(t)]=ME(D}), t>0. (1.2.1)

This result follows from (A.9) and (A.10) in Appendix A and the fact that both
the mean and variance of the Poisson variable N(¢) are equal to At.
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Discrete compound Poisson distribution
Consider first the case of discrete random variables Dq, D», ...:
aj:P{Dlzj}, ]:0,1,

Then a simple algorithm can be given to compute the probability distribution of
the compound Poisson variable X (¢). For any ¢ > 0, let

ri()=P{X@®)=j}, j=01,....

Define the generating function A(z) by
oo
AR =) a7l 2 =1
j=0

Also, for any fixed ¢ > 0, define the generating function R(z, t) as

]

R(z,t) = er(t)zj, lz] < 1.

j=0
Theorem 1.2.1 For any fixed t > 0 it holds that:

(a) the generating function R(z,t) is given by

R(z, 1) = e MUI=AG 71 <1 (12.2)

(b) the probabilities {rj(t), j =0, 1, ...} satisfy the recursion

—1
M .
rj(t) = 5 Z(, —kyaj_gre(t), j=1,2,..., (1.2.3)
k=0

starting with ro(t) = e~ =40,

Proof Fix r > 0. By conditioning on the number of arrivals up to time ¢,

ri(y =) P{X(®)=j | N() = n}P{N(t) = n}

n=0

n!

o
A"
=ZP{D0+---+Dn=j}e‘“u’ j=01...
n=0

with Dy = 0. This gives, after an interchange of the order of summation,

oo

er(t)zj = Ze_kt%ZP{DO'F“"FDn = j}Zj'

j=0 n=0 ©j=0
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Since the D; are independent of each other, it follows that

ZP{DO 4o+ Dy = j)z) = E@Pot D
=0
= E(ZDO) - E(ZD”) — [A(Z)]n
Thus
R =Y e E i = eri-ae)
=0 n!

which proves (1.2.2). To prove part (b) for fixed ¢, we write R(z) = R(z, t) for ease
of notation. It follows immediately from the definition of the generating function
that the probability r;(z) is given by

1 d/R(z)
rj(l) = —‘ -
j! o dz)

z=0

It is not possible to obtain (1.2.3) directly from this relation and (1.2.2). The
following intermediate step is needed. By differentiation of (1.2.2), we find

R'(z) = mA'(DR@), |zl < 1.
This gives

erj(;)zf*‘ = At [Z kakzkl} [Z re(I)Zﬂ
j=1 k=1

£=0

o0 o0
= Z Z Mkayrg (t)sz_l.

k=1 £=0

Replacing k +/ by j and interchanging the order of summation yields

00 ) x© X .
D=0 ka2

k=1 j=k

00 J
:Z Z)\tkakrj,k(l) =1

j=11 k=1
Next equating coefficients gives the recurrence relation (1.2.3).

The recursion scheme for the r;(¢) is easy to program and is numerically stable.
It is often called Adelson’s recursion scheme after Adelson (1966). In the insurance
literature the recursive scheme is known as Panjer’s algorithm. Note that for the
special case of a; = 1 the recursion (1.2.3) reduces to the familiar recursion
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scheme for computing Poisson probabilities. An alternative method to compute the
compound Poisson probabilities r;(¢), j = 0,1, ... is to apply the discrete FFT
method to the explicit expression (1.2.2) for the generating function of the r;(¢);
see Appendix D.

Continuous compound Poisson distribution

Suppose now that the non-negative random variables D; are continuously dis-
tributed with probability distribution function A(x) = P{D; < x} having the prob-
ability density a(x). Then the compound Poisson variable X (#) has the positive
mass e at point zero and a density on the positive real line. Let

a*(s) = /OO e Fa(x)dx
0

be the Laplace transform of a(x). In the same way that (1.2.2) was derived,

E[e—sX(t)] — e—kt{l—a*(s)}.

Fix t > 0. How do we compute P{X(¢#) > x} as function of x? Several compu-
tational methods can be used. The probability distribution function P{X(¢) > x}
for x > 0 can be computed by using a numerical method for Laplace inver-
sion; see Appendix F. By relation (E.7) in Appendix E, the Laplace transform of
P{X(t) > x} is given by

— e~ M{l=a*(9)}

/00 e YP{X(t) > x}dx =
0 N

If no explicit expression is available for a*(s) (as is the case when the D; are
lognormally distributed), an alternative is to use the integral equation

1 X
P{X (1) >X}=/ [1—A(x)+/ P{X(t —u) >X—y}a(y)dyj| e du.
0 0

This integral equation is easily obtained by conditioning on the epoch of the first
Poisson event and by conditioning on Dj. The corresponding integral equation
for the density of X (¢#) can be numerically solved by applying the discretization
algorithm given in Den Iseger et al. (1997). This discretization method uses spline
functions and is very useful when one is content with an approximation error of
about 1073, Finally, for the special case of the D; having a gamma distribution,
the probability P{X () > x} can simply be computed from

o0

P{X(t) >x}=)_

n=1

At)"
e_)"g{l - B"™(x)}, x>0,
n!

where the n-fold convolution function B"* (x) is the probability distribution func-
tion of Dy + - -+ + D,,. If the D; have a gamma distribution with shape parameter
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« and scale parameter g, the sum D + --- + D, has a gamma distribution with
shape parameter no and scale parameter §. The computation of the gamma distribu-
tion offers no numerical difficulties; see Appendix B. The assumption of a gamma
distribution is appropriate in many inventory applications with X () representing
the cumulative demand up to time z.

1.3 NON-STATIONARY POISSON PROCESSES

The non-stationary Poisson process is another useful stochastic process for counting
events that occur over time. It generalizes the Poisson process by allowing for an
arrival rate that need not be constant in time. Non-stationary Poisson processes
are used to model arrival processes where the arrival rate fluctuates significantly
over time. In the discussion below, the arrival rate function A(¢) is assumed to be
piecewise continuous.

Definition 1.3.1 A counting process {N(t), t > 0} is said to be a non-stationary
Poisson process with intensity function A(t), t > 0, if it satisfies the following
properties:

(a) N(O)=0

(b) the process {N(t)} has independent increments

(c) P{N(t+ At) — N(t) =1} = L(t)At + o(At) as At — 0

(d) P{N(t + At) — N(t) = 2} = o(Ar) as At — O.

The next theorem proves that the total number of arrivals in a given time interval
is Poisson distributed.

Theorem 1.3.1 Foranyt,s >0,

M) —My M +5) = M)
k!

PIN(t+s) —N@t)=k}=e , (1.3.1)

fork=0,1,..., where M(x) = [ A(y)dy, x > 0.

Proof The proof is instructive. Fix ¢ > 0. Put for abbreviation
pk(s)=P{N@t+s)—N@) =k}, k=0,1,....

Consider now pi(s + As) for As small. Since the probability of two or more
arrivals in a small time interval of length As is negligibly small compared with
As as As — 0, it follows that the only possibility for the process to be in state k
at time ¢ 4+ s + As is that the process is either in state k — 1 or in state k at time
t 4+ s. Hence, by conditioning on the state of the process at time ¢ + s and given
that the process has independent increments,

Pr(s + As) = pr—1(8)[A(t + s)As + o(As)] + pr(s)[1 — At + 5)As 4+ 0(As)]
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as As — 0. Subtracting pi(s) from both sides of this equation and dividing by
As, we obtain

Pr($) = =A@t +9)pe(s) — pr—1 ()], k=1,2,... .

For k = 0, we have p(’)(s) = —A(t + 5)po(s). The boundary conditions po(0) = 1
and pr(0) = 0 for k£ > 1 apply. It is well known from the theory of differential
equations that the solution of the first-order differential equation

Y () +a(s)y(s) =b(s), s=>0

is given by
s
y(s) = e A4® / b(x)e ™ dx + ce=4®)
0

for some constant ¢, where A(s) = fOS a(x)dx. The constant ¢ is determined by a
boundary condition on y(0). This gives after some algebra

pols) = e MEFN=M®OI ¢ > ¢,

By induction the expression for py(s) next follows from p,/( )+ 1@+ 5)pr(s) =
A(t 4 ) pr—1(s). We omit the details.

Note that M (t) represents the expected number of arrivals up to time ¢.

Example 1.3.1 A canal touring problem

A canal touring boat departs for a tour through the canals of Amsterdam every T
minutes with 7 fixed. Potential customers pass the point of departure according to
a Poisson process with rate A. A potential customer who sees that the boat leaves
¢ minutes from now joins the boat with probability e ' for 0 < r < T. Which
stochastic process describes the arrival of customers who actually join the boat
(assume that the boat has ample capacity)? The answer is that this process is a
non-stationary Poisson process with arrival rate function A(¢), where

AD) =re ™ TD for0<t<T and A(t)=A(r—T) fors>T.
This follows directly from the observation that for Az small

P{a customer joins the boat in (¢, t + Af)}

= A x e *TD L oA, 0<t<T.

Thus, by Theorem 1.3.1, the number of passengers joining a given tour is Poisson
distributed with mean fOT A dt = W/ p)(1 — e T,
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Another illustration of the usefulness of the non-stationary Poisson process is
provided by the following example.

Example 1.3.2 Replacement with minimal repair

A machine has a stochastic lifetime with a continuous distribution. The machine is
replaced by a new one at fixed times 7, 27, ..., whereas a minimal repair is done at
each failure occurring between two planned replacements. A minimal repair returns
the machine into the condition it was in just before the failure. It is assumed that
each minimal repair takes a negligible time. What is the probability distribution of
the total number of minimal repairs between two planned replacements?

Let F(x) and f(x) denote the probability distribution function and the probability
density of the lifetime of the machine. Also, let r(t) = f(t)/[1 — F(¢)] denote the
failure rate function of the machine. It is assumed that f(x) is continuous. Then
the answer to the above question is

P {there are k minimal repairs between two planned replacements}

_ -my M (DI

, k=0,1,...,
k!

where M(T) = fOT r(t) dt. This result follows directly from Theorem 1.3.1 by not-
ing that the process counting the number of minimal repairs between two planned
replacements satisfies the properties (a), (b), (c) and (d) of Definition 1.3.1. Use
the fact that the probability of a failure of the machine in a small time interval
(t,t + At] is equal to r(¢) At + o(At), as shown in Appendix B.

1.4 MARKOV MODULATED BATCH
POISSON PROCESSES*

The Markov modulated batch Poisson process generalizes the compound Pois-
son process by allowing for correlated interarrival times. This process is used
extensively in the analysis of teletraffic models (a special case is the compos-
ite model of independent on-off sources multiplexed together). A so-called phase
process underlies the arrival process, where the evolution of the phase process
occurs isolated from the arrivals. The phase process can only assume a finite
number of states i = 1,...,m. The sojourn time of the phase process in state
i is exponentially distributed with mean 1/w;. If the phase process leaves state
i, it goes to state j with probability p;;, independently of the duration of the
stay in state i. It is assumed that p; = O for all i. The arrival process of cus-
tomers is a compound Poisson process whose parameters depend on the state of
the phase process. If the phase process is in state i, then batches of customers
arrive according to a Poisson process with rate A; where the batch size has the

*This section contains specialized material that is not used in the sequel.
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discrete probability distribution {a,ii), k=1,2,...}. It is no restriction to assume

that a(()i) = 0; otherwise replace A; by A;(1 — a(()i)) and a,ﬁi) by a,gi)/(l — a(()i))

for k > 1.
Forany t >0andi,j=1,...,m, define

Pjj(k, t) = P{the total number of customers arriving in (0, #) equals k and
the phase process is in state j at time ¢ | the phase process is in
state i at the present time 0}, k=0,1,... .

Also, forany t > 0 and i, j = 1, ..., m, let us define the generating function Pi;f
(z, 1) by
o0
Pr(z.1) =Y Pj(k,n)z", |zl < 1.
k=0

To derive an expression for Pl;f (z, 1), it is convenient to use matrix notation. Let
QO = (g;j) be the m x m matrix whose (i, j)th element is given by

gi = —w; and gq; =w;p; for j#i.
Define the m x m diagonal matrices A and A by
A =diag(h, ..., k) and  Ap = diagal”, ..., aM™), k=1,2,....
(1.4.1)

Let the m x m matrix Dy for k =0, 1, ... be defined by

Do=Q —Aand Dy = ArA, k=1,2,.... (1.4.2)
Using (Dy);; to denote the (i, j)th element of the matrix Dy, define the generating
function D;;(z) by

o
Dj(z) =Y (Dpyz*, 2l < 1.
k=0

Theorem 1.4.1 Let P*(z,t) and D(z) denote the m x m matrices whose (i, j)th
elements are given by the generating functions Pi;‘ (z, 1) and Djj(z). Then, for any
t >0,

P¥(z,1) = PO g <1, (1.4.3)
where eA! is defined by e = £°° A"t" /n!.

Proof The proof is based on deriving a system of differential equations for the
Pjj(k,t). Fix i, j, k and ¢t. Consider P;(k,t + At) for At small. By conditioning
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on what may happen in (¢, r + At), it follows that

Pyj(k. t + At) = Pk, 0)(1 — 3 A0 (1 — ;A + Y Pis(k, D[(@5 A1) X pyj]

i
k—1 )

+ 3 Pyt [(ya0 x af, ] +ocan.
£=0

Using the definition of the g;;, we rewrite this relation as

m
Pk, t + At) = Pylk, t)(1 = A A + Y Pis(k, 1)qyj At

s=1
k—1 '
+ 3 Pyt rja” At + o(Ar),
£=0
which implies that
d m k—1
)
TPk 1) = —1;Py(k. 1) + Zl: Pig(k, 1)gsj + »j /;; Pyt a,.
§S= =

Letting P (k,t) be the m x m matrix whose (i, j)th element is P;(k, t), we have
in matrix notation that
k—1

d
EP(k, 1) =Pk, 1)(Q — A) + Z{; P(L, 1) Ax_rA.

Using the definition of the matrices Dy, we find next that
k—1

d
—P(k,t) = P(k,t)D P, t)Dy_
P = P( )0+§( )Di—¢

k
Z P(,1)Di—y.

£=0

Multiply componentwise both sides of this matrix equation by z¥ and sum over k.
Since the generating function of the convolution of two sequences is the product
of the generating functions of the two sequences, it follows that

%P*(z, 1) = P*z, D).

For each fixed i this equation gives a system of linear differential equations in
Pl;f(z, t) for j = 1,...,m. Thus, by a standard result from the theory of linear
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differential equations, we obtain
* _ D@t px
Pl (z,t) = e P (z,0) (1.4.4)

where P*(z, t) is the ith row of the matrix P*(z,t). Since P/*(z, 0) equals the ith
unit vector ¢; = (0,...,1,...,0), it next follows that P*(z, 1) = P as was
to be proved.

In general it is a formidable task to obtain the numerical values of the prob-
abilities Pj(k, t) from the expression (1.4.4), particularly when m is large.* The
numerical approach of the discrete FFT method is only practically feasible when
the computation of the matrix e”@" is not too burdensome. Numerous algorithms
for the computation of the matrix exponential ¢’ have been proposed, but they do
not always provide high accuracy. The computational work is simplified when the
m x m matrix A has m different eigenvalues w1, ..., w, (say), as is often the case
in applications. It is well known from linear algebra that the matrix A can then be
diagonalized as

A=SxS"!,
where the diagonal matrix x is given by y = diag(uy, ..., in) and the column
vectors of the matrix S are the linearly independent eigenvectors associated with
the eigenvalues g, ..., iy,. Moreover, by A" = § X”S’], it holds that
el = § diag(e™?, ..., ety ST

Fast codes for the computation of eigenvalues and eigenvectors of a (complex)
matrix are widely available.

To conclude this section, it is remarked that the matrix D(z) in the matrix expo-
nential ¢?@ has a very simple form for the important case of single arrivals (i.e.
al’ =1fori=1,... m). It then follows from (1.4.1) and (1.4.2) that

D) =Q0—-—A+Az, |zl <1.

The arrival process with single arrivals is called the Markov modulated Poisson
process. A special case of this process is the switched Poisson process which has
only two arrival rates (m = 2). This model is frequently used in applications. In
the special case of the switched Poisson process, the following explicit expressions
can be given for the generating functions Pl.;‘ (z,1):

PiG.1) = [(r22) = (i (1 = 2) + @)}

r2(z) — r1(2)

—{r@) — (1 =2) +wi)}e*r2<z>f] L i=1.2,

*It is also possible to formulate a direct probabilistic algorithm for the computation of the probabilities
Pjj(k, t). This algorithm is based on the uniformization method for continuous-time Markov chains; see
Section 4.5.
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" e 1@ _ g (0t . e 1@t _ p—r2(2)t
P5(z, 1) = w and Pj(z,1) =wy————

r2(z) — r1(2) r(z) —r1(2)

where

1
r2(2) = 3 A1 —=2)+ o1+ 221 —2) +wr)
+ % [{M(l — D4 w1+l —2) +w)?

172
— 4 =D+ 0Dl = 2) +02) — )]

It is a matter of straightforward but tedious algebra to derive these expressions. The
probabilities Pjj(k, t) can be readily computed from these expressions by applying
the discrete FFT method.

EXERCISES

1.1 A businessman parks his car illegally in the streets of Amsterdam twice a day for a
period of exactly one hour. Parking surveillances occur according to a Poisson process with
an average of A passes per hour. What is the probability of the businessman getting a fine
on a given day?

1.2 At a shuttle station, passengers arrive according to a Poisson process with rate 1. A
shuttle departs as soon as seven passengers have arrived. There is an ample number of
shuttles at the station.

(a) What is the conditional distribution of the time a customer has to wait until departure
when upon arrival the customer finds j other customers waiting for j =0, 1,...,6?

(b) What is the probability that the nth customer will not have to wait? (Hint: distinguish
between the case that n is a multiple of 7 and the case that n is not a multiple of 7.)

(c) What is the long-run fraction of customers who, upon arrival, find j other customers
waiting for j =0,1,...6?

(d) What is the long-run fraction of customers who wait more than x time units until
departure?

1.3 Answer (a), (b) and (c) in Exercise 1.2 assuming that the interarrival times of the
customers have an Erlang (2, A) distribution.

1.4 You leave work at random times between 5 pm and 6 pm to take the bus home. Bus
numbers 1 and 3 bring you home. You take the first bus that arrives. Bus number 1 arrives
exactly every 10 minutes, whereas bus number 3 arrives according to a Poisson process
with the same average frequency as bus number 1. What is the probability that you take bus
number 1 home on a given day? Can you explain why this probability is larger than 1/2?

1.5 You wish to cross a one-way traffic road on which cars drive at a constant speed and
pass according to a Poisson process with rate L. You can only cross the road when no car
has come round the corner for ¢ time units. What is the probability of the number of passing
cars before you can cross the road when you arrive at a random moment? What property of
the Poisson process do you use?

1.6 Consider a Poisson arrival process with rate A. For each fixed ¢ > 0, define the random
variable §; as the time elapsed since the last arrival before or at time ¢ (assume that an
arrival occurs at epoch 0).

(a) Show that the random variable §; has a truncated exponential distribution: P{§; =
fy=eMand P{6; >x}=e ™ for0<x <1.
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(b) Prove that the random variables y; (= waiting time from time 7 until the next arrival)
and é; are independent of each other by verifying P{y; > u,§; > v} = P{yr > u}P{8; > v}
forallu >0and 0 <v < ¢.

1.7 Suppose that fast and slow cars enter a one-way highway according to independent
Poisson processes with respective rates A; and Ap. The length of the highway is L. A
fast car travels at a constant speed of s1 and a slow car at a constant speed of s, with
sp < s1. When a fast car encounters a slower one, it cannot pass it and the car has to
reduce its speed to sp. Show that the long-run average travel time per fast car equals
L/sy — (1/Ax)[1 — exp (—Ap(L/sp — L/s1))]. (Hint: tag a fast car and express its travel
time in terms of the time elapsed since the last slow car entered the highway.)

1.8 Let {N(z)} be a Poisson process with interarrival times X1, X»,... . Prove for any
t,s >0 that foralln,k=0,1,...

P{N(t+s)—=N(t) <k,N(t) =n} = P{N(s) <k}P{N(t) = n}.

In other words, the process has stationary and independent increments. (Hint: evaluate the
probability P{X| +- -+ Xy, <t < X1+ -+ Xpy1, X1+ -+ Xyqh41 >t +5})

1.9 An information centre provides services in a bilingual environment. Requests for service
arrive by telephone. Major language service requests and minor language service requests
arrive according to independent Poisson processes with respective rates of 1| and A, requests
per hour. The service time of each request is exponentially distributed with a mean of 1/}
minutes for a major language request and a mean of 1/u, minutes for a minor language
request.

(a) What is the probability that in the next hour a total of n service requests will arrive?

(b) What is the probability density of the service time of an arbitrarily chosen service
request?

1.10 Short-term parkers and long-term parkers arrive at a parking lot according to indepen-
dent Poisson processes with respective rates A; and A;. The parking times of the customers
are independent of each other. The parking time of a short-term parker has a uniform dis-
tribution on [ay, b1] and that of a long-term parker has a uniform distribution on [a3, b3].
The parking lot has ample capacity.

(a) What is the mean parking time of an arriving car?

(b) What is the probability distribution of the number of occupied parking spots at any
time ¢ > by?

1.11 Oil tankers with world’s largest harbour Rotterdam as destination leave from harbours
in the Middle East according to a Poisson process with an average of two tankers per day.
The sailing time to Rotterdam has a gamma distribution with an expected value of 10 days
and a standard deviation of 4 days. What is the probability distribution of the number of oil
tankers that are under way from the Middle East to Rotterdam at an arbitrary point in time?

1.12 Customers with items to repair arrive at a repair facility according to a Poisson process
with rate A. The repair time of an item has a uniform distribution on [a, b]. There are ample
repair facilities so that each defective item immediately enters repair. The exact repair time
can be determined upon arrival of the item. If the repair time of an item takes longer than
T time units with T a given number between a and b, then the customer gets a loaner for
the defective item until the item returns from repair. A sufficiently large supply of loaners
is available. What is the average number of loaners which are out?

1.13 On a summer day, buses with tourists arrive in the picturesque village of Edam accord-
ing to a Poisson process with an average of five buses per hour. The village of Edam is
world famous for its cheese. Each bus stays either one hour or two hours in Edam with
equal probabilities.

(a) What is the probability distribution of the number of tourist buses in Edam at 4 o’clock
in the afternoon?
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(b) Each bus brings 50, 75 or 100 tourists with respective probabilities 41_1’ % and %.
Calculate a normal approximation to the probability that more than 1000 bus tourists are in
Edam at 4 o’clock in the afternoon. (Hint: the number of bus tourists is distributed as the
convolution of two compound Poisson distributions.)

1.14 Batches of containers arrive at a stockyard according to a Poisson process with rate
A. The batch sizes are independent random variables having a common discrete probability
distribution {8;, j = 1,2, ...} with finite second moment. The stockyard has ample space to
store any number of containers. The containers are temporarily stored at the stockyard. The
holding times of the containers at the stockyard are independent random variables having a
general probability distribution function B(x) with finite mean w. Also, the holding times
of containers from the same batch are independent of each other. This model is called
the batch-arrival MX /G /oo queue with individual service. Let B (z) = ) Bjz’ be the
generating function of the batch size and let {p;} denote the limiting distribution of the
number of the containers present at the stockyard.
(a) Use Theorem 1.1.5 to prove that P (z) = Z?io pjzj is given by

P (z) =exp (—A/{; [1—B{1—-2)B(x)+ Z)]dx) .

(b) Verify that the mean m and the variance v of the limiting distribution of the number
of containers at the stockyard are given by

o0
m=AE(X)w and v = AE(X)j + AE [X(X — 1)]/ {1 — B (x))?dx,
0

where the random variable X has the batch-size distribution {8;}.

(c) Investigate how good the approximation to {p;} performs when a negative binomial
distribution is fitted to the mean m and the variance v. Verify that this approximation is
exact when the service times are exponentially distributed and the batch size is geometrically
distributed with mean g > 1.

1.15 Consider Exercise 1.14 assuming this time that containers from the same batch are
kept at the stockyard over the same holding time and are thus simultaneously removed. The
holding times for the various batches have a general distribution function B (x). This model
is called the batch-arrival MX /G /oo queue with group service.

(a) Argue that the limiting distribution {p;} of the number of containers present at the
stockyard is insensitive to the form of the holding-time distribution and requires only its
mean fL.

(b) Argue that the limiting distribution {p;} is a compound Poisson distribution with
generating function exp (—AD{1 — B(z)}) with D = pu.

1.16 In a certain region, traffic accidents occur according to a Poisson process. Calculate
the probability that exactly one accident has occurred on each day of some week when it is
given that seven accidents have occurred in that week. Can you explain why this probability
is so small?

1.17 Suppose calls arrive at a computer-controlled exchange according to a Poisson process
at a rate of 25 calls per second. Compute an approximate value for the probability that
during the busy hour there is some period of 3 seconds in which 125 or more calls arrive.

1.18 In any given year claims arrive at an insurance company according to a Poisson process
with an unknown parameter A, where A is the outcome of a gamma distribution with shape
parameter o and scale parameter 8. Prove that the total number of claims during a given
year has a negative binomial distribution with parameters « and 8/(8 + 1).

1.19 Claims arrive at an insurance company according to a Poisson process with rate A. The
claim sizes are independent random variables and have the common discrete distribution
ay = —ak[k In(1 — Ot)]_l for k =1,2,..., where « is a constant between 0 and 1. Verify
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that the total amount claimed during a given year has a negative binomial distribution with
parameters —A/In(l — «) and 1 — «.

1.20 An insurance company has two policies with fixed remittances. Claims from the policies
1 and 2 arrive according to independent Poisson processes with respective rates A| and A,.
Each claim from policy i is for a fixed amount of ¢;, where ¢; and ¢; are positive integers.
Explain how to compute the probability distribution of the total amount claimed during a
given time period.

1.21 It is only possible to place orders for a certain product during a random time 7' which

has an exponential distribution with mean 1/u. Customers who wish to place an order

for the product arrive according to a Poisson process with rate A. The amounts ordered

by the customers are independent random variables D1, Dy, ... having a common discrete

distribution {aj, j=12,...}

(a) Verify that the mean m and the variance o2 of the total amount ordered during the

random time 7" are given by

A 5 A

m=—E(D;) and o°=—

" 2

(b) Let {pr} be the probability distribution of the total amount ordered during the random
time 7. Argue that the pj can be recursively computed from

A k
- i, k=1,2,...,
Pk /\+uj;pk jaj

2 ﬁz
E(DD + S5 EXD.

starting with pg = /(A + ).

1.22 Consider a non-stationary Poisson arrival process with arrival rate function A(z). It is
assumed that A(7) is continuous and bounded in 7. Let A > 0O be any upper bound on the
function A(#). Prove that the arrival epochs of the non-stationary Poisson arrival process can
be generated by the following procedure:

(a) Generate arrival epochs of a Poisson process with rate A.

(b) Thin out the arrival epochs by accepting an arrival occurring at epoch s with probability
A(s)/X and rejecting it otherwise.

1.23 Customers arrive at an automatic teller machine in accordance with a non-stationary
Poisson process. From 8 am until 10 am customers arrive at a rate of 5 an hour. Between
10 am and 2 pm the arrival rate steadily increases from 5 per hour at 10 am to 25 per hour
at 2 pm. From 2 pm to 8 pm the arrival rate steadily decreases from 25 per hour at 2 pm
to 4 per hour at 8§ pm. Between 8 pm and midnight the arrival rate is 3 an hour and from
midnight to 8 am the arrival rate is 1 per hour. The amounts of money withdrawn by the
customers are independent and identically distributed random variables with a mean of $100
and a standard deviation of $125.

(a) What is the probability distribution of the number of customers withdrawing money
during a 24-hour period?

(b) Calculate an approximation to the probability that the total withdrawal during 24 hours
is more than $25 000.

1.24 Parking-fee dodgers enter the parking lot of the University of Amsterdam according to
a Poisson process with rate L. The parking lot has ample capacity. Each fee dodger parks
his/her car during an Erlang (2, n) distributed time. It is university policy to inspect the
parking lot every T time units, with 7 fixed. Each newly arrived fee dodger is fined. What
is the probability distribution of the number of fee dodgers who are fined at an inspection?

1.25 Suppose customers arrive according to a non-stationary Poisson process with arrival rate
function A (7). Any newly arriving customer is marked as a type k customer with probability
pr for k = 1,..., L, independently of the other customers. Prove that the customers of
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the types 1, ..., L arrive according to independent non-stationary Poisson processes with
respective arrival rate functions piA(t), ..., ppA(f).

1.26 Consider the infinite-server queueing model from Section 1.1.3, but assume now that
customers arrive according to a non-stationary Poisson process with arrival rate function
A(?). Let B(x) be the probability distribution function of the service time of a customer.
Assuming that the system is empty at epoch 0, prove that the number of busy servers at
time ¢ has a Poisson distribution with mean fé Ax){1 — B(t — x)}dx.

1.27 Consider the M /G /oo queue from Section 1.1.3 again. Let the random variable L be
the length of a busy period. A busy period begins when an arrival finds the system empty
and finishes when there are no longer any customers in the system. Argue that P{L > ¢}
can be obtained from the integral equation

t
P(L>1t)=1—-B(@) +/ {B(t) — B(X)}P{L > t — x}re dx, t>0,
0

where B(t) is the probability distribution function of the service time of a customer. Remark:
it was shown in Shanbhag (1966) that the Laplace transform of P{L > ¢} is given by

X —1
1(1_A+s+1{/'°° exp (—sx—k/ (1—B(y))dy>dx} )
s A A Jo 0

BIBLIOGRAPHIC NOTES

A treatment of the Poisson process can be found in numerous texts. A good treat-
ment is given in the books of Ross (1996) and Wolff (1989). The Poisson process
is fundamental to all areas of applied probability. The infinite-server queue with
Poisson input has many applications. The applications in Examples 1.1.3 and 1.1.4
are taken from papers of Parikh (1977) and Sherbrooke (1968).
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CHAPTER 2

Renewal-Reward Processes

2.0  INTRODUCTION

The renewal-reward model is an extremely useful tool in the analysis of applied
probability models for inventory, queueing and reliability applications, among oth-
ers. Many stochastic processes are regenerative; that is, they regenerate themselves
from time to time so that the behaviour of the process after the regeneration epoch
is a probabilistic replica of the behaviour of the process starting at time zero. The
time interval between two regeneration epochs is called a cycle. The sequence of
regeneration cycles constitutes a so-called renewal process. The long-run behaviour
of a regenerative stochastic process on which a reward structure is imposed can
be studied in terms of the behaviour of the process during a single regeneration
cycle. The simple and intuitively appealing renewal-reward model has numerous
applications.

In Section 2.1 we first discuss some elementary results from renewal theory. A
more detailed treatment of renewal theory will be given in Chapter 8. Section 2.2
deals with the renewal-reward model. It shows how to calculate long-run aver-
ages such as the long-run average reward per time unit and the long-run fraction
of time the system spends in a given set of states. Illustrative examples will be
given. Section 2.3 discusses the formula of Little. This formula is a kind of law
of nature and relates among others the average queue size to the average wait-
ing time in queueing systems. Another fundamental result that is frequently used
in queueing and inventory applications is the property that Poisson arrivals see
time averages (PASTA). This result is discussed in some detail in Section 2.4. The
PASTA property is used in Section 2.5 to obtain the famous Pollaczek—Khintchine
formula from queueing theory. The renewal-reward model is used in Section 2.6 to
obtain a generalization of the Pollaczek—Khintchine formula in the framework of
a controlled queue. Section 2.7 shows how renewal theory and an up- and down-
crossing argument can be combined to derive a relation between time-average and
customer-average probabilities in queues.

A First Course in Stochastic Models H.C. Tijms
© 2003 John Wiley & Sons, Ltd. ISBNs: 0-471-49880-7 (HB); 0-471-49881-5 (PB)
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2.1 RENEWAL THEORY

As a generalization of the Poisson process, renewal theory concerns the study of
stochastic processes counting the number of events that take place as a function
of time. Here the interoccurrence times between successive events are indepen-
dent and identically distributed random variables. For instance, the events could
be the arrival of customers to a waiting line or the successive replacements of
light bulbs. Although renewal theory originated from the analysis of replacement
problems for components such as light bulbs, the theory has many applications to
quite a wide range of practical probability problems. In inventory, queueing and
reliability problems, the analysis is often based on an appropriate identification of
embedded renewal processes for the specific problem considered. For example, in
a queueing process the embedded events could be the arrival of customers who
find the system empty, or in an inventory process the embedded events could be
the replenishment of stock when the inventory position drops to the reorder point
or below it.

Formally, let X, X7, ... be a sequence of non-negative, independent random
variables having a common probability distribution function

Fx)=P{Xy <x}, x=0
fork=1,2,... . Letting u; = E(Xy), it is assumed that
0<pup <oo.

The random variable X, denotes the interoccurrence time between the (n — 1)th
and nth event in some specific probability problem. Define

n

So=0 and S, =) X;, n=12....

i=1

Then S, is the epoch at which the nth event occurs. For each ¢ > 0, let
N(t) = the largest integer n > 0 for which S, <.

Then the random variable N (¢) represents the number of events up to time .

Definition 2.1.1 The counting process {N(t), t > 0} is called the renewal process
generated by the interoccurrence times X1, X, ... .

It is said that a renewal occurs at time ¢ if S,, = ¢ for some n. For each ¢t > 0, the
number of renewals up to time ¢ is finite with probability 1. This is an immediate
consequence of the strong law of large numbers stating that S,/n — E(X;) with
probability 1 as n — oo and thus S, < ¢ only for finitely many n. The Poisson
process is a special case of a renewal process. Here we give some other examples
of a renewal process.
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Example 2.1.1 A replacement problem

Suppose we have an infinite supply of electric bulbs, where the burning times of
the bulbs are independent and identically distributed random variables. If the bulb
in use fails, it is immediately replaced by a new bulb. Let X; be the burning time of
the ith bulb, i =1,2,... . Then N(z) is the total number of bulbs to be replaced
up to time .

Example 2.1.2 An inventory problem

Consider a periodic-review inventory system for which the demands for a single
product in the successive weeks + = 1,2, ... are independent random variables
having a common continuous distribution. Let X; be the demand in the ith week,
i=1,2,... .Then 1+ N(u) is the number of weeks until depletion of the current
stock u.

2.1.1 The Renewal Function

An important role in renewal theory is played by the renewal function M (t) which
is defined by

M(t)=E[N@)], t=>0. (2.1.1)
Forn =1, 2, ..., define the probability distribution function
F,(t) = P{S, <t}, t>0.
Note that F(t) = F(¢). A basic relation is
N(t)>n ifand only if S, <rt. (2.1.2)
This relation implies that
P{N(t)>n}=F,(t), n=12,.... (2.1.3)
Lemma 2.1.1 Foranyt >0,
)
M(t) =" Fy(t). (2.1.4)
n=1

Proof Since for any non-negative integer-valued random variable N,
oo o
E(Ny=) P{N >k} =) P{N=n},
k=0 n=1

the relation (2.1.4) is an immediate consequence of (2.1.3).
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In Exercise 2.4 the reader is asked to prove that M(r) < oo for all + > 0. In
Chapter 8 we will discuss how to compute the renewal function M(¢) in general.
The infinite series (2.1.4) is in general not useful for computational purposes. An
exception is the case in which the interoccurrence times X1, X», ... have a gamma
distribution with shape parameter & > 0 and scale parameter A > 0. Then the sum
X1+ - -+ X, has a gamma distribution with shape parameter no and scale parameter
A. In this case F,(t) is the so-called incomplete gamma integral for which efficient
numerical procedures are available; see Appendix B. Let us explain this in more
detail for the case that « is a positive integer r so that the interoccurrence times
X1, X2, ... have an Erlang (r, 1) distribution with scale parameter A. Then F),(¢)
becomes the Erlang (nr, 1) distribution function

nr—1 k
_ Z _oa (D)
Fn(f)—l—k_oe T, fZO

and thus

o0 nr—1 ()»t)k
M(t)=Z|:l— ZeMT}’ t>0. (2.1.5)

n=1 k=0

In this particular case M (¢) can be efficiently computed from a rapidly converg-
ing series. For the special case that the interoccurrence times are exponentially
distributed (r = 1), the expression (2.1.5) reduces to the explicit formula

M@)=rt, t>0.
This finding is in agreement with earlier results for the Poisson process.

Remark 2.1.1 The phase method

A very useful interpretation of the renewal process {N (f)} can be given when the
interoccurrence times X, X», ... have an Erlang distribution. Imagine that tokens
arrive according to a Poisson process with rate A and that the arrival of each rth
token triggers the occurrence of an event. Then the events occur according to a
renewal process in which the interoccurrence times have an Erlang (r, A) distri-
bution with scale parameter A. The explanation is that the sum of r independent,
exponentially distributed random variables with the same scale parameter A has an
Erlang (r, 1) distribution. The phase method enables us to give a tractable expres-
sion of the probability distribution of N (¢) when the interoccurrence times have an
Erlang (7, A) distribution. In this case P{N (¢) > n} is equal to the probability that
nr or more arrivals occur in a Poisson arrival process with rate A. You are asked
to work out the equivalence in Exercise 2.5.

Asymptotic expansion

A very useful asymptotic expansion for the renewal function M (¢) can be given
under a weak regularity condition on the interoccurrence times. This condition
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will be formulated in Section 8.2. For the moment it is sufficient to assume that
the interoccurrence times have a positive density on some interval. Further it is
assumed that up, = E(X %) is finite. Then it will be shown in Theorem 8.2.3 that

t
lim [M(t) - —} - “_22 —1. 2.1.6)
The approximation
t 2%}
M)~ — + =3 1 for ¢ large
M1 2uy

is practically useful for already moderate values of ¢ provided that the squared
coefficient of variation of the interoccurrence times is not too large and not too
close to zero.

2.1.2 The Excess Variable

In many practical probability problems an important quantity is the random variable
y; defined as the time elapsed from epoch ¢ until the next renewal after epoch 7.
More precisely, y; is defined as

Ve = SN@+1 — 13
see also Figure 2.1.1 in which a renewal epoch is denoted by x. Note that Sy ;)+1
is the epoch of the first renewal that occurs after time 7. The random variable
y; is called the excess or residual life at time ¢. For the replacement problem of

Example 2.1.1 the random variable y; denotes the residual lifetime of the light bulb
in use at time 7.

Lemma 2.1.2 Foranyt > 0,
E(y) =mll+M@)] -1t (2.1.7)

Proof Fix ¢ > 0. To prove (2.1.7), we apply Wald’s equation from Appendix A.
To do so, note that N(t) < n — 1 if and only if X| + --- + X,, > . Hence the

event {N(t) + 1 = n} depends only on X1,..., X, and is thus independent of
Xn+1, Xnt2, ... . Hence
N()+1
E| > Xi|=EX)EIN®)+1,
k=1

which gives (2.1.7).

-~ Vi—>
| |

0 S1 82 SN([) t SN(!) +1 —> Time

Figure 2.1.1 The excess life
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In Corollary 8.2.4 it will be shown that

lim E(y) = 2% and  lim E(y2) = 42> (2.1.8)
t—00 241 t—00 31
with puy = E (X’f) for k = 1,2, 3, provided that the interoccurrence times have a
positive density on some interval. An illustration of the usefulness of the concept
of excess variable is provided by the next example.

Example 2.1.3 The average order size in an (s, S) inventory system

Suppose a periodic-review inventory system for which the demands X1, X», ...
for a single product in the successive weeks 1,2,... are independent random
variables having a common probability density f(x) with finite mean « and finite
standard deviation o. Any demand exceeding the current inventory is backlogged
until inventory becomes available by the arrival of a replenishment order. The
inventory position is reviewed at the beginning of each week and is controlled by
an (s, S) rule with 0 < s < S. Under this control rule, a replenishment order of
size S — x is placed when the review reveals that the inventory level x is below the
reorder point s; otherwise, no ordering is done. We assume instantaneous delivery
of every replenishment order.

We are interested in the average order size. Since the inventory process starts
from scratch each time the inventory position is ordered up to level S, the operating
characteristics can be calculated by using a renewal model in which the weekly
demand sizes Xi, X»,... represent the interoccurrence times of renewals. The
number of weeks between two consecutive orderings equals the number of weeks
needed for a cumulative demand larger than S — s. The order size is the sum of
S — s and the undershoot of the reorder point s at the epoch of ordering (see
Figure 2.1.2 in which a renewal occurrence is denoted by an x). Denote by {N (¢)}
the renewal process associated with the weekly demands X1, X»,... . Then the
number of weeks needed for a cumulative demand exceeding S — s is given by
1+ N(S — ). The undershoot of the reorder point s is just the excess life ys_; of
the renewal process. Hence

Elorder size] = S — 5 + E(ys_y).

From (2.1.8) it follows that the average order size can be approximated by

. o2 +a?
Elorder size]|~ § —s + —
2a
<X <—Xo—> <Vs_s—>
L !
0 S-s —> Cumulative demand

Figure 2.1.2 The inventory process modelled as a renewal process



RENEWAL-REWARD PROCESSES 39

provided that § — s is sufficiently large compared with E(weekly demand). In
practice this is a useful approximation for S—s > « when the weekly demand is not
highly variable and has a squared coefficient of variation between 0.2 and 1 (say).

Another illustration of the importance of the excess variable is given by the
famous waiting-time paradox.

Example 2.1.4 The waiting-time paradox

We have all experienced long waits at a bus stop when buses depart irregularly and
we arrive at the bus stop at random. A theoretical explanation of this phenomenon is
provided by the expression for lim;_, o, E(y;). Therefore it is convenient to rewrite
(2.1.8) as

. T
tlggo E(y) = 5(1 + X, (2.1.9)
where 5
2 o(X1)
CX = B
E“(X1)
is the squared coefficient of variation of the interdeparture times X1, X5, ... . The

equivalent expression (2.1.9) follows from (2.1.8) by noting that
_ 2
1+ =1+ 2208 (2.1.10)
M1 M1
The representation (2.1.9) makes clear that

lm By = | <M Tex<t
1—00 > (U if ¢ > 1.

Thus the mean waiting time for the next bus depends on the regularity of the bus
service and increases with the coefficient of variation of the interdeparture times. If
we arrive at the bus stop at random, then for highly irregular service (cg( > 1) the
mean waiting time for the next bus is even larger than the mean interdeparture time.
This surprising result is sometimes called the waiting-time paradox. A heuristic
explanation is that it is more likely to hit a long interdeparture time than a short
one when arriving at the bus stop at random. To illustrate this, consider the extreme
situation in which the interdeparture time is O minutes with probability 9/10 and is
10 minutes with probability 1/10. Then the mean interdeparture time is 1 minute,
but your mean waiting time for the next bus is 5 minutes when you arrive at the
bus stop at random.

2.2 RENEWAL-REWARD PROCESSES

A powerful tool in the analysis of numerous applied probability models is the
renewal-reward model. This model is also very useful for theoretical purposes. In
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Chapters 3 and 4, ergodic theorems for Markov chains will be proved by using
the renewal-reward theorem. The renewal-reward model is a simple and intuitively
appealing model that deals with a so-called regenerative process on which a cost
or reward structure is imposed. Many stochastic processes have the property of
regenerating themselves at certain points in time so that the behaviour of the process
after the regeneration epoch is a probabilistic replica of the behaviour starting at
time zero and is independent of the behaviour before the regeneration epoch.
A formal definition of a regenerative process is as follows.

Definition 2.2.1 A stochastic process {X (t),t € T} with time-index set T is said
to be regenerative if there exists a (random) epoch S| such that:

(a) {X(t + S1),t € T} is independent of {X(¢),0 <t < S1},
(b) {X(t+ S1),t € T} has the same distribution as {X (t),t € T}.

It is assumed that the index set T is either the interval T = [0, co) or the count-
able set T = {0, 1, ...}. In the former case we have a continuous-time regenerative
process and in the other case a discrete-time regenerative process. The state space
of the process {X(¢)} is assumed to be a subset of some Euclidean space.

The existence of the regeneration epoch S; implies the existence of further
regeneration epochs S,, S3, ... having the same property as Sj. Intuitively speak-
ing, a regenerative process can be split into independent and identically distributed
renewal cycles. A cycle is defined as the time interval between two consecutive
regeneration epochs. Examples of regenerative processes are:

(i) The continuous-time process {X (¢), t > 0} with X (¢#) denoting the number of
customers present at time ¢ in a single-server queue in which the customers
arrive according to a renewal process and the service times are independent
and identically distributed random variables. It is assumed that at epoch 0 a
customer arrives at an empty system. The regeneration epochs S, Sz, ... are
the epochs at which an arriving customer finds the system empty.

(ii)) The discrete-time process {I,,n = 0,1, ...} with I, denoting the inventory
level at the beginning of the nth week in the (s, S) inventory model dealt with
in Example 2.1.3. Assume that the inventory level equals S at epoch 0. The
regeneration epochs are the beginnings of the weeks in which the inventory
level is ordered up to the level S.

Let us define the random variables C,, = S, — S,_1,n=1,2, ..., where Sop =0
by convention. The random variables Cy, Cs, ... are independent and identically
distributed. In fact the sequence {C1, C3, ...} underlies a renewal process in which
the events are the occurrences of the regeneration epochs. Hence we can interpret
C, as

C, = the length of the nth renewal cycle, n=1,2,... .
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Note that the cycle length C,, assumes values from the index set 7'. In the following
it is assumed that

0 < E(Cy) < o0.

In many practical situations a reward structure is imposed on the regenerative
process {X(¢),t € T}. The reward structure usually consists of reward rates that
are earned continuously over time and lump rewards that are only earned at certain
state transitions. Let

R,, = the total reward earned in the nth renewal cycle, n=1,2,... .

It is assumed that Ry, Ry, ... are independent and identically distributed random
variables. In applications R, typically depends on C,. In case R, can take on both
positive and negative values, it is assumed that E(|R;|) < oo. Let

R(t) = the cumulative reward earned up to time ¢.

The process {R(t),t > 0} is called a renewal-reward process. We are now ready
to prove a theorem of utmost importance.

Theorem 2.2.1 (renewal-reward theorem)

i RO _ ER)
im — =
=00t E(Cy)

with probability 1.

In other words, for almost any realization of the process, the long-run average
reward per time unit is equal to the expected reward earned during one cycle divided
by the expected length of one cycle.

To prove this theorem we first establish the following lemma.

Lemma 2.2.2 For anyt > 0, let N(t) be the number of cycles completed up to
time t. Then
. N(@)
lim — =
t—>oo E(Cy)

with probability 1.

Proof By the definition of N(¢), we have
Ci+--+Cnepy <t <Ci1+ -+ Cnp)+1-
Since P{C| +---+ C, < oo} =1 for all n > 1, it is not difficult to verify that
[1_1)120 N(t) = co with probability 1.
The above inequality gives

C1+~-~+CN(1)< t <C1+'-'+CN(t)+1N(t)+1
N(t) ~ N(@® N(r)+1 N(@)
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By the strong law of large numbers for a sequence of independent and identically
distributed random variables, we have

G+t Gy
lim ——
n

n—o0

= E(Cy) with probability 1.

Hence, by letting ¢+ — oo in the above inequality, the desired result follows.

Lemma 2.2.2 is also valid when E(C;) = oo provided that P{C| < oo} = 1. The
reason is that the strong law of large numbers for a sequence {C,} of non-negative
random variables does not require that E(C) < oco. Next we prove Theorem 2.2.1.

Proof of Theorem 2.2.1 For ease, let us first assume that the rewards are non-
negative. Then, for any ¢ > 0,

N(1) N(t)+1

YD R<R®=< ) R
i=1 i=l1

This gives
N(t) N(@)+1
2R 2 R
i=I N() _ R@) i=I N +1
X < < X .
N(1t) t — t T N®+1 t

By the strong law of large numbers for the sequence {R,}, we have

1 n
lim — Z R; = E(Ry) with probability 1.
n—-oon o
As pointed out in the proof of Lemma 2.2.2, N(t) — oo with probability 1 as
t — oo. Letting t — oo in the above inequality and using Lemma 2.2.2, the desired
result next follows for the case that the rewards are non-negative. If the rewards can
assume both positive and negative values, then the theorem is proved by treating

the positive and negative parts of the rewards separately. We omit the details.

In a natural way Theorem 2.2.1 relates the behaviour of the renewal-reward
process over time to the behaviour of the process over a single renewal cycle. It is
noteworthy that the outcome of the long-run average actual reward per time unit
can be predicted with probability 1. If we are going to run the process over an
infinitely long period of time, then we can say beforehand that in the long run the
average actual reward per time unit will be equal to the constant E(R)/E(Cy) with
probability 1. This is a much stronger and more useful statement than the statement
that the long-run expected average reward per time unit equals E(R1)/E(Cy) (it
indeed holds that lim;—. o E[R(t)]/t = E(R1)/E(C1); this expected-value version
of the renewal-reward theorem is a direct consequence of Theorem 2.2.1 when
R(t)/t is bounded in ¢ but otherwise requires a hard proof). Also it is noted that for
the case of non-negative rewards R,, the renewal-reward theorem is also valid when
E(R1) = oo (the assumption E(C|) < oo cannot be dropped for Theorem 2.2.1).
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Example 2.2.1 Alternating up- and downtimes

Suppose a machine is alternately up and down. Denote by Uy, Ua, ... the lengths
of the successive up-periods and by Djp, D, ... the lengths of the successive
down-periods. It is assumed that both {U,} and {D, } are sequences of independent
and identically distributed random variables with finite positive expectations. The
sequences {U, } and {D,} are not required to be independent of each other. Assume
that an up-period starts at epoch 0. What is the long-run fraction of time the machine
is down? The answer is

the long-run fraction of time the machine is down
E(D1)

= ——— " with probability 1. 2.2.1)
E(UD) + E(D1) P Y

To verify this, define the continuous-time stochastic process {X (¢), ¢ > 0} by

1 if the machine is up at time ¢,
X1 = .
0 otherwise.

The process {X(#)} is a regenerative process. The epochs at which an up-period
starts can be taken as regeneration epochs. The long-run fraction of time the
machine is down can be interpreted as a long-run average cost per time unit
by assuming that a cost at rate 1 is incurred while the machine is down and
a cost at rate 0 otherwise. A regeneration cycle consists of an up-period and a
down-period. Hence

E (Iength of one cycle) = E(U; + Dy)
and
E (cost incurred during one cycle) = E(Dy).

By applying the renewal-reward theorem, it follows that the long-run average cost
per time unit equals E(D1)/[E(U1) + E(Dy)], proving the result (2.2.1).

The intermediate step of interpreting the long-run fraction of time that the process
is in a certain state as a long-run average cost (reward) per time unit is very helpful
in many situations.

Limit theorems for regenerative processes

An important application of the renewal-reward theorem is the characterization
of the long-run fraction of time a regenerative process {X(¢),t € T} spends in
some given set B of states. For the set B of states, define for any t € T the
indicator variable

1 if X(t) € B,

Is0=1, if X(1) ¢ B.
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Also, define the random variable

Tp = the amount of time the process spends in the set B of states during
one cycle.

Note that T = fOSI Ip(u) du for a continuous-time process {X (¢)}; otherwise, Tp
equals the number of indices 0 < k < §7 with X (k) € B. The following theorem
is an immediate consequence of the renewal-reward theorem.

Theorem 2.2.3 For the regenerative process {X (t)} it holds that the long-run
fraction of time the process spends in the set B of states is E(Tg)/E(Cy) with
probability 1.
That is,
t
im ~ [ 1p@) du = Z5)
t=oot Jo E(Cy)

with probability 1

for a continuous-time process {X (t)} and

1 « E(T,
lim ~ Y Ig(k) = T8 ith probability 1
n—o0o n Pt E(Cy)

for a discrete-time process {X (n)}.

Proof The long-run fraction of time the process {X(¢)} spends in the set B of
states can be interpreted as a long-run average reward per time unit by assuming
that a reward at rate 1 is earned while the process is in the set B and a reward at
rate O is earned otherwise. Then

E (reward earned during one cycle) = E(Tp).
The desired result next follows by applying the renewal-reward theorem.

Since E(Ip(t)) = P{X(t) € B}, we have as consequence of Theorem 2.2.3 and
the bounded convergence theorem that, for a continuous-time process,
E(Tp)
E(Cy)’

1 1
lim —/ P{X(u) € B}du =
t—oo 0

Note that (1/¢) f(; P{X(u) € B}du can be interpreted as the probability that an
outside observer arriving at a randomly chosen point in (0, ¢) finds the process in
the set B.

In many situations the ratio E(7Tg)/E(C1) could be interpreted both as the long-
run fraction of time the process {X (z)} spends in the set B of states and as the
probability of finding the process in the set B when the process has reached sta-
tistical equilibrium. This raises the question whether lim,_, o, P{X (t) € B} always
exists. This ordinary limit need not always exist. A counterexample is provided by
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periodic discrete-time Markov chains; see Chapter 3. For completeness we state
the following theorem.

Theorem 2.2.4 For the regenerative process {X(t),t € T},

: E(Tp)
lim P{X(t) € B} = ———
t—00 E(Cy)

provided that the probability distribution of the cycle length has a continuous part
in the continuous-time case and is aperiodic in the discrete-time case.

A distribution function is said to have a continuous part if it has a positive
density on some interval. A discrete distribution {a;, j = 0,1,...} is said to
be aperiodic if the greatest common divisor of the indices j > 1 for which
aj > 0 is equal to 1. The proof of Theorem 2.2.4 requires deep mathematics
and is beyond the scope of this book. The interested reader is referred to Miller
(1972). It is remarkable that the proof of Theorem 2.2.3 for the time-average limit
limy— o0 (1/1) f(; Ip(u) du is much simpler than the proof of Theorem 2.2.4 for
the ordinary limit lim;_, o, P{X(#) € B}. This is all the more striking when we
take into account that the time-average limit is in general much more useful
for practical purposes than the ordinary limit. Another advantage of the time-
average limit is that it is easier to understand than the ordinary limit. In interpret-
ing the ordinary limit one should be quite careful. The ordinary limit represents
the probability that an outside person will find the process in some state of the
set B when inspecting the process at an arbitrary point in time after the process
has been in operation for a very long time. It is essential for this interpretation
that the outside person has no information about the past of the process when
inspecting the process. How much more concrete is the interpretation of the time-
average limit as the long-run fraction of time the process will spend in the set B
of states!

To illustrate Theorem 2.2.4, consider again Example 2.2.1. In this example we
analysed the long-run average behaviour of the regenerative process {X (¢)}, where
X (¢) = 1 if the machine is up at time ¢ and X () = O otherwise. It was shown that
the long-run fraction of time the machine is down equals E(D)/[E(U) + E(D)],
where the random variables U and D denote the lengths of an up-period and a
down-period. This result does not require any assumption about the shapes of the
probability distributions of U and D. However, some assumption is needed in order
to conclude that

E(D)

—_—. (2.2.2)
EWU) + E(D)

lim P{the system is down at time ¢} =
—00

It is sufficient to assume that the distribution function of the length of an up-period
has a positive density on some interval.
We state without proof a central limit theorem for the renewal-reward process.
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Theorem 2.2.5 Assume that R(t) > 0 with E(C}) < oo and E(R}) < cc. Then

limP{R(t)_gt< } ! /x -1y >0
— = <xt=— e 27 dy, x>0,
=00 vt/ 11 V2 J- Y

where j1y = E(C), i = E(C}), g = E(R1)/E(Cy) and v* = E(Ry — gC1)*.

A proof of this theorem can be found in Wolff (1989). In applying this theo-
rem, the difficulty is usually to find the constant v. In specific applications one
might use simulation to find v. As a special case, Theorem 2.2.5 includes a central
limit theorem for the renewal process {N(¢)} studied in Section 2.1. Taking the
rewards R, equal to 1 it follows that the renewal process { N (¢)} is asymptotically
N(t/u1, Uzt/u?) distributed with 02 = py — //L%.

Next we give two illustrative examples of the renewal-reward model.

Example 2.2.2 A stochastic clearing system

In a communication system messages requiring transmission arrive according to
a Poisson process with rate A. The messages are temporarily stored in a buffer
having ample capacity. Every T time units, the buffer is cleared from all messages
present. The buffer is empty at time = 0. A fixed cost of K > 0 is incurred for
each clearing of the buffer. Also, for each message there is a holding cost of 4 > 0
for each time unit the message has to wait in the buffer. What is the value of T
for which the long-run average cost per time unit is minimal?

We first derive an expression for the average cost per time unit for a given
value of the control parameter 7. To do so, observe that the stochastic process
describing the number of messages in the system regenerates itself each time the
buffer is cleared from all messages present. This fact uses the lack of memory of
the Poisson arrival process so that at any clearing epoch it is not relevant how
long ago the last message arrived. Taking a cycle as the time interval between two
successive clearings of the buffer, we have

the expected length of one cycle =T.
To specify the expected cost incurred during one cycle, we need an expression for

the total waiting time of all messages arriving during one cycle. It was shown in
Example 1.1.4 that

1
E[total waiting time in (0, T)] = EATZ.

This gives
1
E[cost incurred during one cycle] = K + EhATZ.
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Hence, by the renewal-reward theorem,
. . 1 1 2
the long-run average cost per time unit = T K + Eh)\T

with probability 1. When K = 0 and & = 1, the system incurs a cost at rate j
whenever there are j messages in the buffer, in which case the average cost per
time unit gives the average number of messages in the buffer. Hence

1
the long-run average number of messages in the buffer = EAT.

Putting the derivative of the cost function equal to 0, it follows that the long-run

average cost is minimal for
- 2K
ha’

Example 2.2.3 A reliability system with redundancies

An electronic system consists of a number of independent and identical compo-
nents hooked up in parallel. The lifetime of each component has an exponential
distribution with mean 1/u. The system is operative only if m or more components
are operating. The non-failed units remain in operation when the system as a whole
is in a non-operative state. The system availability is increased by periodic main-
tenance and by putting r redundant components into operation in addition to the
minimum number m of components required. Under the periodic maintenance the
system is inspected every T time units, where at inspection the failed components
are repaired. The repair time is negligible and each repaired component is again
as good as new. The periodic inspections provide the only repair opportunities.
The following costs are involved. For each component there is a depreciation cost
of I > 0 per time unit. A fixed cost of K > 0 is made for each inspection and
there is a repair cost of R > 0 for each failed component. How can we choose
the number r of redundant components and the time 7 between two consecutive
inspections such that the long-run average cost per time unit is minimal subject to
the requirement that the probability of system failure between two inspections is
no more than a prespecified value «?

We first derive the performance measures for given values of the parameters r
and T. The stochastic process describing the number of operating components is
regenerative. Using the lack of memory of the exponential lifetimes of the compo-
nents, it follows that the process regenerates itself after each inspection. Taking a
cycle as the time interval between two inspections, we have

E(length of one cycle) = T.
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Further, using the fact that a given component fails within a time 7" with probability
1 — e it follows that

P{the system as a whole fails between two inspections}

m+r
_ Z <m]-€|rr) (1 — =T ykg=nT (mtr—k)

k=r+1
and
E (number of components that fail between two inspections)
=(m+r)(1—eHT),
Hence

E(total costs in one cycle) = m +r)I x T+ K + (m +r)(1 — e’“T)R.

This gives
the long-run average cost per time unit

1
= ZL0n+ 11 X T + K+ (m +r)(1 - e M"TYR)
with probability 1. The optimal values of the parameters » and 7 are found from
the following minimization problem:

1
Minimize ?[(m +)IXxT+K+m+r{d-— e_“T)R]

m+r
subject to Y <m2'r) (1 — e ATykg=nTmtr—k) ¢
k=r+1

Using the Lagrange method this problem can be numerically solved.

Rare events*

In many applied probability problems one has to study rare events. For example,
a rare event could be a system failure in reliability applications or buffer overflow
in finite-buffer telecommunication problems. Under general conditions it holds that
the time until the first occurrence of a rare event is approximately exponentially
distributed. Loosely formulated, the following result holds. Let {X (¢)} be a regen-
erative process having a set B of (bad) states such that the probability ¢ that
the process visits the set B during a given cycle is very small. Denote by the
random variable U the time until the process visits the set B for the first time.
Assuming that the cycle length has a finite and positive mean E(T'), it holds that
P{U > t} ~ e 1/E(M) for t > 0; see Keilson (1979) or Solovyez (1971) for

*This section may be skipped at first reading.
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a proof. The result that the time until the first occurrence of a rare event in a
regenerative process is approximately exponentially distributed is very useful. It
gives not only quantitative insight, but it also implies that the computation of the
mean of the first-passage time suffices to get the whole distribution.

In the next example we obtain the above result by elementary arguments.

Example 2.2.4 A reliability problem with periodic inspections

High reliability of an electronic system is often achieved by employing redundant
components and having periodic inspections. Let us consider a reliability system
with two identical units, where one unit is in full operation and the other unit is in
warm standby. The operating unit has a constant failure rate of Ao and the unit in
standby has a constant failure rate of A{, where 0 < | < Ag. Upon failure of the
operating unit, the standby unit is put into full operation provided the standby is not
in the failure state. Failed units are replaced only at the scheduled times 7', 27, ...
when the system is inspected. The time to replace any failed unit is negligible.
A system failure occurs if both units are down. It is assumed that (Ao + A1)7T is
sufficiently small so that a system failure is a rare event. In designing highly reliable
systems a key measure of system performance is the probability distribution of the
time until the first system failure.

To find the distribution of the time until the first system failure, we first compute
the probability ¢ defined by

q = P{system failure occurs between two inspections}.
To do so, observe that a constant failure rate A for the lifetime of a unit implies that
the lifetime has an exponential distribution with mean 1/A. Using the fact that the
minimum of two independent exponentials with respective means 1/Ag and 1/1;

is exponentially distributed with mean 1/(Ag+ A1), we find by conditioning on the
epoch of the first failure of a unit that

T
q= / il — e_)‘O(T_x)} (Ao + A1) e~ Gotrx gy
0

_q o B0 A) er 20 —etanT
MM A

Assuming that both units are in good condition at epoch 0, let
U = the time until the first system failure.

Since the process describing the state of the two units regenerates itself at each
inspection, it follows that

P{U>nT}=0-¢)", n=0,1,....
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Assuming that the failure probability ¢ is close to 0, the approximations (1 —g)" ~
1 —ng and e ~ 1 — nq apply. Thus we find that

P{U>1tt~e T >0.

In other words, the time until the first system failure is approximately exponentially
distributed.

2.3 THE FORMULA OF LITTLE

To introduce the formula of Little, we consider first two illustrative examples. In
the first example a hospital admits on average 25 new patients per day. A patient
stays on average 3 days in the hospital. What is the average number of occupied
beds? Let A = 25 denote the average number of new patients who are admitted
per day, W = 3 the average number of days a patient stays in the hospital and L
the average number of occupied beds. Then L = AW =25 x 3 = 75 beds. In the
second example a specialist shop sells on average 100 bottles of a famous Mexican
premium beer per week. The shop has on average 250 bottles in inventory. What is
the average number of weeks that a bottle is kept in inventory? Let A = 100 denote
the average demand per week, L = 250 the average number of bottles kept in stock
and W the average number of weeks that a bottle is kept in stock. Then the answer
is W = L/A = 250/100 = 2.5 weeks. These examples illustrate Little’s formula
L = AW. The formula of Little is a ‘law of nature’ that applies to almost any
type of queueing system. It relates long-run averages such as the long-run average
number of customers in a queue (system) and the long-run average amount of time
spent per customer in the queue (system). A queueing system is described by the
arrival process of customers, the service facility and the service discipline, to name
the most important elements. In formulating the law of Little, there is no need to
specify those basic elements. For didactical reasons, however, it is convenient to
distinguish between queueing systems with infinite queue capacity and queueing
systems with finite queue capacity.

Infinite-capacity queues

Consider a queueing system with infinite queue capacity, that is, every arriving
customer is allowed to wait until service can be provided. Define the following
random variables:

L, (t) = the number of customers in the queue at time ¢
(excluding those in service),

L(t) = the number of customers in the system at time ¢
(including those in service),
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D,, = the amount of time spent by the nth customer in the queue
(excluding service time),

U,, = the amount of time spent by the nth customer in the system
(including service time).

Let us assume that each of the stochastic processes {L,(?)}, {L(t)}, {D,} and {U,}
is regenerative and has a cycle length with a finite expectation. Then there are
constants L,, L, W, and W such that the following limits exist and are equal to
the respective constants with probability 1:

1 t
tlim " Ly,(u)du =L, (the long-run average number in queue),
— 00 0

t

1
lim — L(u)du = L (the long-run average number in system),
t—=oot Jy

n
lim — Z Dy = W, (the long-run average delay in queue per customer),
n—oon
k=1
n
lim — Z Uy = W (the long-run average sojourn time per customer).
n—-oon =1

Now define the random variable
A(t) = the number of customers arrived by time 7,

It is also assumed that, for some constant A,

lim AD) = A with probability 1.
t—oo
The constant A gives the long-run average arrival rate of customers. The limit
A exists when customers arrive according to a renewal process (or batches of
customers arrive according to a renewal process with independent and identically
distributed batch sizes).
The existence of the above limits is sufficient to prove the basic relations

Ly =W, 2.3.1)

and
L=\W (2.3.2)

These basic relations are the most familiar form of the formula of Little. The reader
is referred to Stidham (1974) and Wolff (1989) for a rigorous proof of the formula
of Little. Here we will be content to demonstrate the plausibility of this result. The
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formula of Little is easiest understood (and reconstructed) when imagining that each
customer pays money to the system manager according to some non-discrimination
rule. Then it is intuitively obvious that

the long-run average reward per time unit earned by the system
= (the long-run average arrival rate of paying customers) (2.3.3)

X (the long-run average amount received per paying customer).

In regenerative queueing processes this relation can often be directly proved by
using the renewal-reward theorem; see Exercise 2.26. Taking the ‘money principle’
(2.3.3) as starting point, it is easy to reproduce various representations of Little’s
law. To obtain (2.3.1), imagine that each customer pays $1 per time unit while
waiting in queue. Then the long-run average amount received per customer equals
the long-run average time in queue per customer (= W,). On the other hand, the
system manager receives $; for each time unit that there are j customers waiting
in queue. Hence the long-run average reward earned per time unit by the system
manager equals the long-run average number of customers waiting in queue (= L,).
The average arrival rate of paying customers is obviously given by A. Applying the
relation (2.3.3) gives next the formula (2.3.1). The formula (2.3.2) can be seen by
a very similar reasoning: imagine that each customer pays $1 per time unit while
in the system. Another interesting relation arises by imagining that each customer
pays $1 per time unit while in service. Denoting by E(S) the long-run average
service time per customer, it follows that

the long-run average number of customers in service = LE(S). 2.3.4)

If each customer requires only one server and each server can handle only one
customer at a time, this relation leads to

the long-run average number of busy servers = ALE(S). (2.3.5)

Finite-capacity queues

Assume now there is a maximum on the number of customers allowed in the
system. In other words, there are only a finite number of waiting places and each
arriving customer finding all waiting places occupied is turned away. It is assumed
that a rejected customer has no further influence on the system. Let the rejection
probability Py; be defined by

Py,j = the long-run fraction of customers who are turned away,

assuming that this long-run fraction is well defined. The random variables L(¢),
L, (), D, and U, are defined as before, except that D, and U, now refer to the
queueing time and sojourn time of the nth accepted customer. The constants W,
and W now represent the long-run average queueing time per accepted customer
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and the long-run average sojourn time per accepted customer. The formulas (2.3.1),
(2.3.2) and (2.3.4) need only slight modification:

Ly =x(1—Pej))W, and L =xr(1— Pyj)W, (2.3.6)
the long-run average number of customers in service
= A1 = P)E(S). (2.3.7)

Heuristically, these formulas follow by applying the money principle (2.3.3) and
taking only the accepted customers as paying customers.

2.4 POISSON ARRIVALS SEE TIME AVERAGES

In the analysis of queueing (and other) problems, one sometimes needs the long-
run fraction of time the system is in a given state and sometimes needs the long-
run fraction of arrivals who find the system in a given state. These averages can
often be related to each other, but in general they are not equal to each other. To
illustrate that the two averages are in general not equal to each other, suppose that
customers arrive at a service facility according to a deterministic process in which
the interarrival times are 1 minute. If the service of each customer is uniformly
distributed between % minute and % minute, then the long-run fraction of time the
system is empty equals % whereas the long-run fraction of arrivals finding the
system empty equals 1. However the two averages would have been the same if
the arrival process of customers had been a Poisson process. As a prelude to the
generally valid property that Poisson arrivals see time averages, we first analyse
two specific problems by the renewal-reward theorem.

Example 2.4.1 A manufacturing problem

Suppose that jobs arrive at a workstation according to a Poisson process with rate
A. The workstation has no buffer to store temporarily arriving jobs. An arriving job
is accepted only when the workstation is idle, and is lost otherwise. The processing
times of the jobs are independent random variables having a common probability
distribution with finite mean 8. What is the long-run fraction of time the workstation
is busy and what is the long-run fraction of jobs that are lost?

These two questions are easily answered by using the renewal-reward theorem.
Let us define the following random variables. For any ¢ > 0, let

1) = 1 if the workstation is busy at time ¢,
“ o otherwise.

Also, foranyn=1,2,..., let

I — :1 if the workstation is busy just prior to the nth arrival,
=

0 otherwise.
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The continuous-time process {/(¢)} and the discrete-time process {I,} are both
regenerative. The arrival epochs occurring when the workstation is idle are regen-
eration epochs for the two processes. Why? Let us say that a cycle starts each
time an arriving job finds the workstation idle. The long-run fraction of time the
workstation is busy is equal to the expected amount of time the workstation is
busy during one cycle divided by the expected length of one cycle. The expected
length of the busy period in one cycle equals 8. Since the Poisson arrival process
is memoryless, the expected length of the idle period during one cycle equals the
mean interarrival time 1/A. Hence, with probability 1,

the long-run fraction of time the workstation is busy

__B
B+1/x"

The long-run fraction of jobs that are lost equals the expected number of jobs lost
during one cycle divided by the expected number of jobs arriving during one cycle.
Since the arrival process is a Poisson process, the expected number of (lost) arrivals
during the busy period in one cycle equals A x E(processing time of a job) = AS.
Hence, with probability 1,

(2.4.1)

the long-run fraction of jobs that are lost

__M
Y

Thus, we obtain from (2.4.1) and (2.4.2) the remarkable result

(2.4.2)

the long-run fraction of arrivals finding the workstation busy

= the long-run fraction of time the workstation is busy. (2.4.3)

Incidentally, it is interesting to note that in this loss system the long-run fraction
of lost jobs is insensitive to the form of the distribution function of the processing
time but needs only the first moment of this distribution. This simple loss system
is a special case of Erlang’s loss model to be discussed in Chapter 5.

Example 2.4.2 An inventory model

Consider a single-product inventory system in which customers asking for the
product arrive according to a Poisson process with rate A. Each customer asks
for one unit of the product. Each demand which cannot be satisfied directly from
stock on hand is lost. Opportunities to replenish the inventory occur according to
a Poisson process with rate p. This process is assumed to be independent of the
demand process. For technical reasons a replenishment can only be made when
the inventory is zero. The inventory on hand is raised to the level Q each time a
replenishment is done. What is the long-run fraction of time the system is out of
stock? What is the long-run fraction of demand that is lost?
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In the same way as in Example 2.4.1, we define the random variables

[(t) = {1 if the system is out of stock at time ¢,

0 otherwise.
and
I 1 if the system is out of stock when the nth demand occurs,
"o otherwise.

The continuous-time process {/(¢)} and the discrete-time process {I,} are both
regenerative. The regeneration epochs are the demand epochs at which the stock
on hand drops to zero. Why? Let us say that a cycle starts each time the stock on
hand drops to zero. The system is out of stock during the time elapsed from the
beginning of a cycle until the next inventory replenishment. This amount of time
is exponentially distributed with mean 1/u. The expected amount of time it takes
to go from stock level Q to 0 equals Q/A. Hence, with probability 1,

the long-run fraction of time the system is out of stock

__n
1/n+Q/x
To find the fraction of demand that is lost, note that the expected amount of demand

lost in one cycle equals A x E(amount of time the system is out of stock during
one cycle) = A/u. Hence, with probability 1,

(2.4.4)

the long-run fraction of demand that is lost

__Mu
Mup+Q

Together (2.4.4) and (2.4.5) lead to this remarkable result:

(2.4.5)

the long-run fraction of customers finding the system out of stock

= the long-run fraction of time the system is out of stock. (2.4.6)

The relations (2.4.3) and (2.4.6) are particular instances of the property ‘Poisson
arrivals see time averages’. Roughly stated, this property expresses that in statistical
equilibrium the distribution of the state of the system just prior to an arrival epoch
is the same as the distribution of the state of the system at an arbitrary epoch
when arrivals occur according to a Poisson process. An intuitive explanation of
the property ‘Poisson arrivals see time averages’ is that Poisson arrivals occur
completely randomly in time; cf. Theorem 1.1.5.

Next we discuss the property of ‘Poisson arrivals see time averages’ in a broader
context. For ease of presentation we use the terminology of Poisson arrivals. How-
ever, the results below also apply to Poisson processes in other contexts. For some
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specific problem let the continuous-time stochastic process {X (¢), # > 0} describe
the evolution of the state of a system and let {N(¢),? > 0} be a renewal process
describing arrivals to that system. As examples:

(a) X () is the number of customers present at time ¢ in a queueing system.
(b) X(r) describes jointly the inventory level and the prevailing production rate at

time ¢ in a production/inventory problem with a variable production rate.

It is assumed that the arrival process {N(¢), t > 0} can be seen as an exogenous
factor to the system and is not affected by the system itself. More precisely, the
following assumption is made.

Lack of anticipation assumption For each u > 0 the future arrivals occurring
after time u are independent of the history of the process {X (t)} up to time u.

It is not necessary to specify how the arrival process {/N(¢)} precisely interacts
with the state process {X (¢)}. Denoting by t, the nth arrival epoch, let the random
variable X, be defined by X (7,7). In other words,

X,, = the state of the system just prior to the nth arrival epoch.

Let B be any set of states for the {X(#)} process. For each ¢t > 0, define the
indicator variable

1) = {1 if X(1) € B,

0 otherwise.
Also, for each n =1, 2, ..., define the indicator variable I,,(B) by
1 if X, € B,
1(B) = s
0 otherwise.

The technical assumption is made that the sample paths of the continuous-time
process {Ip(t),t > 0} are right-continuous and have left-hand limits. In practical
situations this assumption is always satisfied.

Theorem 2.4.1 (Poisson arrivals see time averages) Suppose that the arrival
process {N(t)} is a Poisson process with rate A. Then:

(a) Foranyt > 0,

E[number of arrivals in (0, t) finding the system in the set B]

t
=AE [/ IB(u)du] .
0
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(b) With probability 1, the long-run fraction of arrivals who find the system in the
set B of states equals the long-run fraction of time the system is in the set B of
states. That is, with probability 1,

1< 1 [t
lim —Zlk(B)z lim —/ Ip(u)du.
n—-oon =1 t—o00 t 0

Proof See Wolff (1982).

It is remarkable in Theorem 2.4.1 that E[number of arrivals in (0, ) finding the
system in the set B] is equal to A x E[amount of time in (0, ¢) that the system is
in the set B], although there is dependency between the arrivals in (0, #) and the
evolution of the state of the system during (0, 7). This result is characteristic for
the Poisson process.

The property ‘Poisson arrivals see time averages’ is usually abbreviated as
PASTA. Theorem 2.4.1 has a useful corollary when it is assumed that the continu-
ous-time process {X (¢)} is a regenerative process whose cycle length has a finite
positive mean. Define the random variables Tp and Np by

Tp = amount of time the process {X (¢)} is in the set B of states
during one cycle,

Np = number of arrivals during one cycle who find the process {X ()}
in the set of B states.

The following corollary will be very useful in the algorithmic analysis of queueing
systems in Chapter 9.

Corollary 2.4.2 [fthe arrival process {N (t)} is a Poisson process with rate A, then
E(Np) = LE(Tp).

Proof Denote by the random variables 7 and N the length of one cycle and the
number of arrivals during one cycle. Then, by Theorem 2.2.3,
! E(Tp)

o1
zl—lfgo? A Igp(u)du = ET)

with probability 1

and

1 E(Np) . .
nhﬁn;() - ];Ik(B) = EN) with probability 1.

It now follows from part (b) of Theorem 2.4.1 that E(Np)/E(N) = E(Tp)/E(T).
Thus the corollary follows if we can verify that E(N)/E(T) = A. To do so, note
that the regeneration epochs for the process {X (¢)} are also regeneration epochs
for the Poisson arrival process. Thus, by the renewal-reward theorem, the long-
run average number of arrivals per time unit equals E(N)/E(T), showing that
E(N)/E(T) = A
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To conclude this section, we use the PASTA property to derive in a heuristic
way one of the most famous formulas from queueing theory.

2.5 THE POLLACZEK-KHINTCHINE FORMULA

Suppose customers arrive at a service facility according to a Poisson process with
rate 1. The service times of the customers are independent random variables having
a common probability distribution with finite first two moments E(S) and E (8%).
There is a single server and ample waiting room for arriving customers finding the
server busy. Each customer waits until service is provided. The server can handle
only one customer at a time. This particular queueing model is abbreviated as the
M /G /1 queue; see Kendall’s notation in Section 9.1. The offered load p is defined
by

p = AE(S)

and it is assumed that p < 1. By Little’s formula (2.3.5) the load factor p can be
interpreted as the long-run fraction of time the server is busy. Important perfor-
mance measures are

L, = the long-run average number of customers waiting in queue,

W, = the long-run average time spent per customer in queue.

The Pollaczek—Khintchine formula states that

LE(S?)

=50y 2.5.1)

This formula also implies an explicit expression for L, by Little’s formula
Ly = AWy; (2.5.2)

see Section 2.3. The Pollaczek—Khintchine formula gives not only an explicit
expression for W,, but more importantly it gives useful qualitative insights as
well. It shows that the average delay per customer in the M/G/1 queue uses
the service-time distribution only through its first two moments. Denoting by
cb% = 02(5) / EZ(S) the squared coefficient of variation of the service time and
using the relation (2.1.10), we can write the Pollaczek—Khintchine formula in the

more insightful form

PE(S)

T (2.5.3)

1 2

Wy =5 +c5)

Hence the Pollaczek—Khintchine formula shows that the average delay per cus-
tomer decreases according to the factor %(l + c%) when the variability in the
service is reduced while the average arrival rate and the mean service time are kept
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fixed. Noting that c% = 1 for exponentially distributed service times, the expression
(2.5.3) can also be written as

1
Wy =50+ c5)W, (exp), (2.5.4)
where W, (exp) = pE(S)/(1 — p) denotes the average delay per customer for the
case of exponential services. In particular, writing W, = W, (det) for deterministic
services (c% = 0), we have

W, (det) = %Wq (exp). (2.5.5)

It will be seen in Chapter 9 that the structural form (2.5.4) is very useful to design
approximations in more complex queueing models.

Another important feature shown by the Pollaczek—Khintchine formula is that
the average delay and average queue size increase in a non-linear way when the
offered load p increases. A twice as large value for the offered load does not imply
a twice as large value for the average delay! On the contrary, the average delay
and the average queue size explode when the average arrival rate becomes very
close to the average service rate. Differentiation of W, as a function of p shows
that the slope of increase of W, as a function of p is proportional to (1 — )2
As an illustration a small increase in the average arrival rate when the load p =
0.9 causes an increase in the average delay 25 times greater than it would cause
when the load p = 0.5. This non-intuitive finding demonstrates the danger of
designing a stochastic system with too high a utilization level, since then a small
increase in the offered load will in general cause a dramatic degradation in system
performance.

We have not yet proved the Pollaczek—Khintchine formula. First we give a
heuristic derivation and next we give a rigorous proof.

Heuristic derivation

Tag a customer who arrives when the system has reached statistical equilibrium.
Denote its waiting time in queue by the random variable D,. Heuristically,
E(Dyg) = W,. By the PASTA property, the expected number of customers in
queue seen upon arrival by the tagged customer equals L,. Noting that p is the
long-run fraction of time the server is busy, it also follows that the tagged customer
finds the server busy upon arrival with probability p. Using the result (2.1.8) for
the excess variable, it is plausible that the expected remaining service time of the
customer seen in service by a Poisson arrival equals %E (S2)/E(S). Putting the
pieces together, we find the relation

E(S?)
2E(S)”

E(Diyg) = LG4E(S) + p
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Substituting E (D) = W, and L, = AW,, the relation becomes

PE(S%)

W, = LE(S)W, + ES)

yielding the Pollaczek—Khintchine formula for W,,.

Rigorous derivation

A rigorous derivation of the Pollaczek—Khintchine formula can be given by using
the powerful generating-function approach. Define first the random variables

L(t) = the number of customers present at time ¢,

Q, = the number of customers present just after the nth service
completion epoch,

L, = the number of customers present just before the nth arrival epoch.

The processes {L(t)}, {O,} and {L,} are regenerative stochastic processes with
finite expected cycle lengths. Denote the corresponding limiting distributions by

pj = lim P{L(t)=j}, gj = lim P{Q,=j} and =7; = lim P{L, = j}
11— 00 n—oo n—oQ

for j =0,1,... . The existence of the limiting distributions can be deduced from
Theorem 2.2.4 (the amount of time elapsed between two arrivals that find the sys-
tem empty has a probability density and the number of customers served during
this time has an aperiodic distribution). We omit the details. The limiting probabil-
ities can also be interpreted as long-run averages. For example, ¢; is the long-run
fraction of customers leaving j other customers behind upon service completion
and 75 is the long-run fraction of customers finding j other customers present upon
arrival. The following important identity holds:

TTj = pj =(4j, j=0,],... . (2.5.6)

Since the arrival process is a Poisson process, the equality 7r; = p; is readily veri-
fied from Theorem 2.4.1. To verify the equality 7r; = g;, define the random variable
Lf,j ) as the number of customers over the first # arrivals ‘who see j other customers
present upon arrival and define the random variable Q;’ ) as the number of service
completion epochs over the first n service completions at which j customers are
left behind. Customers arrive singly and are served singly. Thus between any two
arrivals that find j other customers present there must be a service completion
at which j customers are left behind and, conversely, between any two service
completions at which j customers are left behind there must be an arrival that sees
j other customers present. By this up- and downcrossing argument, we have for
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each j that

‘L;”—Q,S”‘fl, n=12,....

Consequently, 7; = lim,_ oo Lfij)/n = lim;_ 0 inj)/n = g; for all j. We are now
ready to prove that

lim E(z%) — (I —2)g0A(2)

2.5.
n— 00 A(Z) —Z ’ ( 3 7)

where ~
A(z) = / e MU=Dpt) di
0

with b(¢) denoting the probability density of the service time of a customer. Before
proving this result, we note that the unknown gq is determined by the fact that
the left-hand side of (2.5.7) equals 1 for z = 1. By applying L’Hospital’s rule, we
find go = 1 — p, in agreement with Little’s formula 1 — py = p. By the bounded
convergence theorem in Appendix A,

o0 oo
lim E@9) = lim 3 P{On=j}’ =) ¢z, I<1.

n—o00
j=0 j=0

Hence, by (2.5.6) and (2.5.7),

im, _(1=p) (1 —2AR)
izl = .

2.5.8
A(z) —z ( )

j=0
Since the long-run average queue size L, is given by
oo o
Ly=) (G ~=Vpj=) i~ (1~ po
j=1 j=0

(see Exercise 2.28), the Pollaczek—Khintchine formula for L, follows by differen-
tiating the right-hand side of (2.5.8) and taking z = 1 in the derivative. It remains
to prove (2.5.7). To do so, note that

ananl_B(anl)‘FAna n=1725"‘7

where §(x) = 1 for x > 0, 6(x) =0 for x =0 and A,, is the number of customers
arriving during the nth service time. By the law of total probability,

o0 At k
P{A, =k} =/ e_“%b(t)dt, k=0,1,...
O .
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and so

o0 00
> PlA, =k = / e MU bty dr.
k=0 0

Since the random variables Q,,_1 —6(Q,—1) and A,, are independent of each other,
E(z9") = E(z21 2@y g (). (2.5.9)

We have

oo
E 017200 = P(Qy1 = 0} + ) 27 P{Qus = )
j=1

1
= P{Qy—1 =0} + ;[E(an—n) — P{Qn_1 =0}].
Substituting this in (2.5.9), we find
EGEP) = [ECO) = (1= 9P(Qam1 =0} A,

Letting n — o0, we next obtain the desired result (2.5.7). This completes the proof.
Before concluding this section, we give an amusing application of the Pol-
laczek—Khintchine formula.

Example 2.5.1 Ladies in waiting*

Everybody knows women spend on average more time in the loo than men. As
worldwide studies show, women typically take 89 seconds to use the loo—about
twice as long as the 39 seconds required by the average man. However, this does
not mean that the queue for the women’s loo is twice as long as the queue for
the men’s. The sequence for the women’s loo is usually far longer. To explain
this using the Pollaczek—Khintchine formula, let us make the following reasonable
assumptions:

1. Men and women arrive at the loo according to independent Poisson processes
with the same rates.

2. The expected amount of time people spend in the loo is twice as large for
women as for men.

3. The coefficient of variation of the time people spend in the loo is larger for
women than for men.

4. There is one loo for women only and one loo for men only.

*This application is based on the article ‘Ladies Waiting’ by Robert Matthews in New Scientist, Vol. 167,
Issue 2249, 29 July 2000.
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Let 1, and X,, denote the average arrival rates of women and men. Let u,, and
¢y denote the mean and the coefficient of variation of the amount of time a woman
spends in the loo. Similarly, u,, and c,, are defined for men. It is assumed that
Awty < 1. Using the assumptions Ay, = Ay, iy = 2y, and ¢y > ¢y, it follows
from (2.5.2) and the Pollaczek—Khintchine formula (2.5.3) that

the average queue size for the women’s loo

1 M) 1 2hmiim)?

=—-( +C2w)M > —(1 +C;)M

2 I — Ayt — 2 1 —2 i
()\mlbbm)2

> 4 _1(1+2)
X
C

m

1 _)\mﬂm.

Hence
the average queue size for the women’s loo

> 4 x (the average queue size for the men’s loo).

The above derivation uses the estimate 1 —2A,, i, < 1 — A, Uy, and thus shows
that the relative difference actually increases much faster than a factor 4 when the
utilization factor A, u,, becomes closer to 1.

Laplace transform of the waiting-time probabilities™

The generating-function method enabled us to prove the Pollaczek—Khintchine
formula for the average queue size. Using Little’s formula we next found the
Pollaczek—Khintchine formula for the average delay in queue of a customer. The
latter formula can also be directly obtained from the Laplace transform of the
waiting-time distribution. This Laplace transform is also of great importance in
itself. The waiting-time probabilities can be calculated by numerical inversion of
the Laplace transform; see Appendix F. A simple derivation can be given for the
Laplace transform of the waiting-time distribution in the M/G/1 queue when
service is in order of arrival. The derivation parallels the derivation of the generating
function of the number of customers in the system.

Denote by D, the delay in queue of the nth arriving customer and let the random
variables S, and 7, denote the service time of the nth customer and the time elapsed
between the arrivals of the nth customer and the (n+1)th customer. Since D, .1 =0
if D, + S, < t, and D, 41 = D, + S, — 1, otherwise, we have

Dp1=MDy+ S, —t)T, n=1,2,..., (2.5.10)

where xV is the usual notation for x = max(x, 0). From the recurrence formula
(2.5.10), we can derive that for all s with Re(s) >0andn =1,2,...

(A —5)E (e—SDnH) = AE (e—fDn) b*(s) — s P{Dns1 = 0}, 2.5.11)

*This section can be skipped at first reading.
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where b*(s) = fooo e **b(x) dx denotes the Laplace transform of the probabil-
ity density b(x) of the service time. To prove this, note that D,, S, and 7, are
independent of each other. This implies that, for any x > 0,

E[emsPrtsimm) | D, 4 5, = ]

X o
:/ e dy +/ e dy
0 X

A 1
— - _s(e—sx _e—AX) _I_E—Ax — - _S(Ae—sx _SE—AX)

for s # A (using L’Hospital’s rule it can be seen that this relation also holds for
s = A). Hence, using (2.5.10),

()\' _ S)E (estnJrl) — )"E I:e*s(Dn+Sn):| _ SE I:e*)‘(Dn+Sn):| .
Since P{(D, + S, —t,)T =0 | D, + S, =x} = e~ we also have
P(Dysy = 0) = E [ HPrtS0 ]

The latter two relations and E [e‘S(D"+S")] =FE (e_SD”) E (e—ss,,) lead to (2.5.11).
The steady-state waiting-time distribution function W, (x) is defined by

Wy(x) = nlggo P{D, <x}, x=>0.

The existence of this limit can be proved from Theorem 2.2.4. Let the random vari-
able D, have W, (x) as probability distribution function. Then, by the bounded con-
vergence theorem in Appendix A, E (e *P*) = lim,_, oo E(e*Pr). Using (2.5.6), it
follows from lim,,_, oo P{D;41 = 0} = mp and gp = 1 — p that lim,,_, oo P{Dy+1 =
0} =1 — p. Letting n — oo in (2.5.11), we find that

—sDoo ) _ (1 - p)S
E <e ) = (2.5.12)

Noting that P{Dy, < x} = W, (x) and using relation (E.7) in Appendix E, we get
from (2.5.12) the desired result:

OO —sx _ ps — k4 Ab*(s)
/O 1= Wyw) dr = BT (25.13)

Taking the derivative of the right-hand side of (2.5.13) and putting s = 0, we obtain

00 LE(S?)
1—-W, dx = ————,
/0 =W} dx=355—

in agreement with the Pollaczek—Khintchine formula (2.5.1).
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Remark 2.5.1 Relation between queue size and waiting time

Let the random variable LEIOO) be distributed according to the limiting distribution of
the number of customers in queue at an arbitrary point in time. That is, P{L,(Ioo) =
Jj} = pjy1 for j > 1 and P{Lfloo) = 0} = po + p1. Then the generating function
of L((fo) and the Laplace transform of the delay distribution are related to each
other by

EGH) = Ele1-9Px] |z < 1. (2.5.14)

A direct probabilistic proof of this important relation can be given. Denote by
L, the number of customers left behind in queue when the nth customer enters
service. Since service is in order of arrival, L, is given by the number of customers
arriving during the delay D, of the nth customer. Since the generating function of
a Poisson distributed variable with mean § is exp (=6 (1 — z)), it follows that for
any x > 0and n > 1,

E(ZLHIDn =x)= e*)»x(]fz)‘

Hence
E(ZLH) — E[e—)»(l—Z)Dn]’ n> 1. (2515)

The limiting distribution of L, as n — oo is the same as the probability distribu-
tion of L,(Ioo). This follows from an up- and downcrossing argument: the long-run
fraction of customers leaving j other customers behind in queue when entering ser-
vice equals the long-run fraction of customers finding j other customers in queue
upon arrival. Noting that there is a single server and using the PASTA property, it
follows that the latter fraction equals p;ji; for j > 1 and pg + p; for j = 0. This
proves that the limiting distribution of L, equals the distribution of L,(IOO). Note
that, by Theorem 2.2.4, L, has a limiting distribution as n — oo. Letting n — oo
in (2.5.15), the result (2.5.14) follows.

Letting wy (x) denote the derivative of the waiting-time distribution function
W, (x) for x > 0, note that for the M/G/1 queue the relation (2.5.14) can be
restated as

o0 N j
Pji+1 = e‘“@wq x)dx, j=1,2,....
0 J!

The relation (2.5.14) applies to many other queueing systems with Poisson arrivals.
The importance of (2.5.14) is that this relation enables us to directly obtain the
Laplace transform of the waiting-time distribution function from the generating
function of the queue size. To illustrate this, note that E (zL‘(IOQ)) = po+ % [P (z)—pol
for the M/G/1 queue, where P(z) = ) 72, p;z/ is given by (2.5.8). Using this
relation together with (2.5.8) and noting that A (z) = b* (A (1 — 7)), it follows from
the basic relation (2.5.14) that E(e~*P~) is indeed given by (2.5.12).
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2.6 A CONTROLLED QUEUE WITH REMOVABLE SERVER*

Consider a production facility at which production orders arrive according to a
Poisson process with rate A. The production times 7y, 72, ... of the orders are
independent random variables having a common probability distribution function
F with finite first two moments. Also, the production process is independent of the
arrival process. The facility can only work on one order at a time. It is assumed
that E(tr;) < 1/A; that is, the average production time per order is less than
the mean interarrival time between two consecutive orders. The facility operates
only intermittently and is shut down when no orders are present any more. A
fixed set-up cost of K > 0 is incurred each time the facility is reopened. Also a
holding cost 4 > 0 per time unit is incurred for each order waiting in queue. The
facility is only turned on when enough orders have accumulated. The so-called
N-policy reactivates the facility as soon as N orders are present. For ease we
assume that it takes a zero set-up time to restart production. How do we choose
the value of the control parameter N such that the long-run average cost per time
unit is minimal?

To analyse this problem, we first observe that for a given N-policy the stochastic
process describing jointly the number of orders present and the status of the facility
(on or off) regenerates itself each time the facility is turned on. Define a cycle as
the time elapsed between two consecutive reactivations of the facility. Clearly,
each cycle consists of a busy period B with production and an idle period / with
no production. We deal separately with the idle and the busy periods. Using the
memoryless property of the Poisson process, the length of the idle period is the
sum of N exponential random variables each having mean 1/A. Hence

N
E(length of the idle period 1) = o

Similarly,

N -1 1
E (holding cost incurred during I) = h (T 4+ X) .

To deal with the busy period, we define for n = 1, 2, ... the quantities

t, = the expected time until the facility becomes empty given that
at epoch 0 a production starts with n orders present,

and

h,, = the expected holding costs incurred until the facility becomes empty
given that at epoch 0 a production starts with n orders present.

These quantities are independent of the control rule considered. In particular, the
expected length of a busy period equals 7y and the expected holding costs incurred

*This section contains specialized material and can be skipped at first reading.



A CONTROLLED QUEUE WITH REMOVABLE SERVER 67
during a busy period equals & y. By the renewal-reward theorem,

(h/2ONN — 1)+ K +hy
N/Xx+tn

the long-run average cost per time unit =

with probability 1. To find the functions f, and &,, we need

a; = the probability that j orders arrive during the production time of
a single order.

Assume for ease that the production time has a probability density f(x). By con-
ditioning on the production time and noting that the number of orders arriving in
a fixed time y is Poisson distributed with mean Ay, it follows that

PN VSO L .
a; :/ e M,—‘f(y)dy, j=0,1,....
0 J:
It is readily verified that
o o
Y jaj=1rE(m) and Y j*aj =A’E(]) + AE(11). (2.6.1)

j=1 j=1

We now derive recursion relations for the quantities ¢, and h,. Suppose that at
epoch 0 a production starts with n orders present. If the number of new orders
arriving during the production time of the first order is j, then the time to empty
the system equals the first production time plus the time to empty the system
starting with n — 1 4 j orders present. Thus

9]
tw=E@)+ ) ti-t4jaj, n=12...,
Jj=0

where #9 = 0. Similarly, we derive a recursion relation for the /4,. To do so, note
that relation (1.1.10) implies that the expected holding cost for new orders arriving
during the first production time 7| equals %hAE (rlz). Hence

1 "
hn = (0 = DRE(T) + ShAE(T)) + Y hnigja, n=1.2,...,
j=0

where hg = 0. In a moment it will be shown that ¢, is linear in n and A, is
quadratic in n. Substituting these functional forms in the above recursion relations
and using (2.6.1), we find after some algebra that forn =1,2, ...,

nE(ty)

= ke 2.6.2)

n
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h

hy = ———
"T1—XE(t)

(2.6.3)

1 AnE(z})
En(n —DE(T)) + .

2{1 = AE(z1)}

To verify that 7, is linear in n and h, is quadratic in n, a brilliant idea due to
Takdacs (1962) is used. First observe that 7, and %, do not depend on the specific
order in which the production orders are coped with during the production process.
Imagine now the following production discipline. The # initial orders Oy, ..., O,
are separated. Order O is produced first, after which all orders (if any) are produced
that have arrived during the production time of O, and this way of production is
continued until the facility is free of all orders but O, ..., O,. Next this procedure
is repeated with order O», etc. Thus we find that ¢, = nt;, proving that #, is linear
in n. The memoryless property of the Poisson process is crucial in this argument.
Why? The same separation argument is used to prove that 4, is quadratic in n.
Since hy + (n — k) x ht; gives the expected holding cost incurred during the time
to free the system of order Oy and its direct descendants until only the orders
Ok+1, ... , Oy are left, it follows that

h —i{h 4+ (n — k)ht1} = nh +lhn(n—l)t
n—ki1 1 1 =nhi+ 3 1-

Combining the above results we find for the N-policy that

the long-run average cost per time unit (2.6.4)
M= pK N ME(TH N-1
N N 2(1 —p) 2 |

where p = AE (7). It is worth noting here that this expression needs only the first
two moments from the production time. Also note that, by putting K = 0 and
h=11n (2.6.4),

the long-run average number of orders waiting in queue
ME(Td) N-1
C2(1—p) 2

For the special case of N = 1 this formula reduces to the famous Pol-
laczek—Khintchine formula for the average queue length in the standard M/G/1
queue; see Section 2.5.

The optimal value of N can be obtained by differentiating the right-hand side
of (2.6.4), in which we take N as a continuous variable. Since the average cost is
convex in N, it follows that the average cost is minimal for one of the two integers

nearest to
N — [20(1 = p)K
7}1 .
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2.7 AN UP- AND DOWNCROSSING TECHNIQUE

In this section we discuss a generally applicable up- and downcrossing technique
that, in conjunction with the PASTA property, can be used to establish relations
between customer-average and time-average probabilities in queueing systems. To
illustrate this, we consider the so-called GI/M /1 queue. In this single-server sys-
tem, customers arrive according to a renewal process and the service times of the
customers have a common exponential distribution. The single server can handle
only one customer at a time and there is ample waiting room for customers who
find the server busy upon arrival. The service times of the customers are indepen-
dent of each other and are also independent of the arrival process. Denoting by A
the average arrival rate (1/A = the mean interarrival time) and by S the service
rate (1/8 = the mean service time), it is assumed that A < f.

The continuous-time stochastic process {X(t), + > 0} and the discrete-time
stochastic process {X,, n = 1,2, ...} are defined by

X (t) = the number of customers present at time ¢,
and
X, = the number of customers present just prior to the nth arrival epoch.

The stochastic processes {X ()} and {X,} are both regenerative. The regeneration
epochs are the epochs at which an arriving customer finds the system empty. It
is stated without proof that the assumption of 1/8 < 1 implies that the processes
have a finite mean cycle length. Thus we can define the time-average and the
customer-average probabilities p; and 7; by

pj = the long-run fraction of time that j customers are present

and
7 = the long-run fraction of customers who find j other customers
present upon arrival
for j =0,1,... . Time averages are averages over time, and customer averages

are averages over customers. To be precise, p; = lim; o (1/1) fé Ij(u) du and
wp = lim, o0 (1/n) Y i1 Ik (j), where Ij(t) = 1 if j customers are present at
time ¢ and [;(¢) = O otherwise, and /,,(j) = 1 if j other customers are present just
before the nth arrival epoch and I,(j) = O otherwise. The probabilities p; and m;
are related to each other by

At =Bpi, J=1,2... . 2.7.1)

The proof of this result is instructive and is based on three observations. Before
giving the three steps, let us say that the continuous-time process {X(¢)} makes
an upcrossing from state j — 1 to state j if a customer arrives and finds j — 1
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other customers present. The process {X(¢#)} makes a downcrossing from state j
to state j — 1 if the service of a customer is completed and j — 1 other customers
are left behind.

Observation 1 Since customers arrive singly and are served singly, the long-run
average number of upcrossings from j — 1 to j per time unit equals the long-run
average number of downcrossings from j to j — 1 per time unit. This follows by
noting that in any finite time interval the number of upcrossings from j — 1 to j
and the number of downcrossings from j to j — 1 can differ at most by 1.

Observation 2 The long-run fraction of customers seeing j — 1 other customers
upon arrival is equal to

the long-run average number of upcrossings from j — 1 to j per time unit

the long-run average number of arrivals per time unit

for j = 1,2,... . In other words, the long-run average number of upcrossings
from j — 1 to j per time unit equals Am;_j.

The latter relation for fixed j is in fact a special case of the Little relation (2.4.1)
by assuming that each customer finding j — 1 other customers present upon arrival
pays $1 (using this reward structure observation 2 can also be obtained directly
from the renewal-reward theorem). Observations 1 and 2 do not use the assumption
of exponential services and apply in fact to any regenerative queueing process in
which customers arrive singly and are served singly.

Observation 3 For exponential services, the long-run average number of down-
crossings from j to j—1 per time unit equals Bp; with probability 1 for each j > 1.

The proof of this result relies heavily on the PASTA property. To make this
clear, fix j and note that service completions occur according to a Poisson process
with rate 8 as long as the server is busy. Equivalently, we can assume that an
exogenous Poisson process generates events at a rate of 8, where a Poisson event
results in a service completion only when there are j customers present. Thus, by
part (a) of Theorem 2.4.1,

BE[I;(t)] = E[Dj(t)] fort >0 (2.7.2)

for any j > 1, where I;(¢) is defined as the amount of time that j customers are
present during (0, ] and Dj(z) is defined as the number of downcrossings from
J to j —1in (0,r]. Letting the constant d; denote the long-run average number
of downcrossings from j to j — 1 per time unit, we have by the renewal-reward
theorem that lim; . D;(¢)/t = d; with probability 1. Similarly, lim, , o 1; (¢)/t =
pj with probability 1. The renewal-reward theorem also holds in the expected-value
version. Thus, for any j > 1,

lim E[D;(1)]

t—00 t

E[I;: (¢
=d; and lim M:

1—00 t Pj-

Hence relation (2.7.2) gives that d; = Bp; for all j > 1. By observations 1 and 2
we have d; = Am;_y. This gives Aw; | = Bp; for all j > 1, as was to be proved.



EXERCISES 71

In Chapter 3 the method of embedded Markov chains will be used to derive an
explicit expression for the customer-average probabilities ;.

EXERCISES

2.1 A street lamp is replaced by a new one upon failure and upon scheduled times 7', 27, ... .
There is always a replacement at the scheduled times regardless of the age of the street
lamp in use. The lifetimes of the street lamps are independent random variables and have a
common Erlang (2, ) distribution. What is the expected number of street lamps used in a
scheduling interval?

2.2 The municipality of Gotham City has opened a depot for temporarily storing chemical
waste. The amount of waste brought in each week has a gamma distribution with given
shape parameter « and scale parameter A. The amounts brought in during the successive
weeks are independent of each other.

(a) What is the expected number of weeks until the total amount of waste in the depot
exceeds the critical level L?

(b) Give an asymptotic estimate for the expected value from question (a).

2.3 Limousines depart from the railway station to the airport from the early morning till
late at night. The limousines leave from the railway station with independent interdeparture
times that are uniformly distributed between 10 and 20 minutes. Suppose you plan to arrive
at the railway station at 3 o’clock in the afternoon. What are the estimates for the mean and
the standard deviation of your waiting time at the railway station until a limousine leaves
for the airport?

2.4 Consider the expression (2.1.4) for the renewal function M (¢).
(a) Prove that for any k =0, 1, ...

o]

Z Fo(t) < Fr())F (1)
1 —F()
n=k+1

forany ¢ with F(t) < 1. (Hint:use P{X1+- -+ X, <t} < P{X1+ -+ Xy <t}P{Xp41 <
t}-- P{Xp <1t})
(b) Conclude that M(t) < oo for all + > 0.

2.5 Consider a renewal process with Erlang (r, A) distributed interoccurrence times. Use the
phase method to prove:
(a) For any ¢ > 0,

o]

P{N(t) > k} = Z
j=k+1)r

)/
e—“(,—), k=0,1,....
J!

(b) The excess variable y; is Erlang (j, 1) distributed with probability

0 kr—j
i AD) .
piy=) eM——  j=1,...,r

2.6 Consider a continuous-time stochastic process {X (¢),t > 0} that can assume only the
two states 1 and 2. If the process is currently in state i, it moves to the next state after an
exponentially distributed time with mean 1/A; for i = 1,2. The next state is state 1 with
probability p; and state 2 with probability pp = 1— p; irrespective of the past of the process.
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(a) Use the renewal-reward model to find the long-run fraction of time the process {X (#)}
is in state { for i = 1,2. Does lim;— oo P{X(t) = i} exist for i = 1,2? If so, what is
the limit?

(b) Consider a renewal process in which the interoccurrence times have an H; distribution
with density pjije= 1 + padse 2. Argue that

P22 —hix " P2M —dox

R x >0.
P1r2 + P2y P1r2 + P2

lim P{y; > x} =
—00

2.7 Consider a renewal process with Erlang (r, A) distributed interoccurrence times. Let the
probability p;(¢) be defined as in part (b) of Exercise 2.5. Use the renewal-reward model
to argue that lim;— oo pj (t)y=1/r for j =1,...,r and conclude that

i—1

. Iy 0¥

tgn;OP{y;>x}:;Zlkzoe T x >0.
Jj=1 k=

Generalize these results when the interoccurrence time is distributed as an Erlang (j, A)
random variable with probability g; for j =1,...,r.

2.8 Consider the E,/D /oo queueing system with infinitely many servers. Customers arrive
according to a renewal process in which the interoccurence times have an Erlang (r,1)
distribution and the service time of each customer is a constant D. Each newly arriving
customer gets immediately assigned a free server. Let p,(¢) denote the probability that n
servers will be busy at time ¢. Use an appropriate conditioning argument to verify that

i—1
QU (uD)¥
li 1) = - E E —uD
Jm_ po(t) = — ¢

!
j=1k=0 k!
1 Sl Dy —J+1Hn—Dr+k
lim pn(t):—ZZe_“D (,u.) , n>1
t—00 rj—lk—O r—j+14+m—Dr+k!

(Hint: the only customers present at time ¢ are those customers who have arrived in
(t—=D,1])

2.9 The lifetime of a street lamp has a given probability distribution function F(x) with
probability density f(x). The street lamp is replaced by a new one upon failure or upon
reaching the critical age T, whichever occurs first. A cost of ¢y > 0 is incurred for each
failure replacement and a cost of ¢, > 0 for each preventive replacement, where ¢ < cf.
The lifetimes of the street lamps are independent of each other.

(a) Define a regenerative process and specify its regeneration epochs.

(b) Show that the long-run average cost per time unit under the age-replacement rule
equals g(T) = [cp + (cf — cp)F(T)]/fOT{l — F(x)}dx.

(¢) Verify that the optimal value of T satisfies g(T) = (cy — cp)r(T), where r(x) is the
failure rate function of the lifetime.
2.10 Consider the M /G /oo queue from Section 1.1.3 again. Let the random variable L be
the length of a busy period. A busy period begins when an arrival finds the system empty
and ends when there are no longer any customers in the system. Use the result (2.2.1) to
argue that E(L) = (eM — 1)/A.

2.11 Consider an electronic system having n identical components that operate independently
of each other. If a component breaks down, it goes immediately into repair. There are ample
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repair facilities. Both the running times and the repair times are sequences of independent
and identically distributed random variables. It is also assumed that these two sequences are
independent of each other. The running time has a positive density on some interval. Denote
by « the mean running time and by B the mean repair time.

(a) Prove that

lim P{k components are in repair at time ¢} = <Z> pk(l - p)"_k

t—>0o0

fork=0,1,...,n, where p = B/(x + B).

(b) Argue that the limiting distribution in (a) becomes a Poisson distribution with mean
A8 when n — oo and 1/a — 0 such that n/« remains equal to the constant . Can you
explain the similarity of this result with the insensitivity result (1.1.6) for the M/G /oo
queue in Section 1.1.3?

2.12 A production process in a factory yields waste that is temporarily stored on the factory
site. The amounts of waste that are produced in the successive weeks are independent and
identically distributed random variables with finite first two moments 1£; and po. Opportuni-
ties to remove the waste from the factory site occur at the end of each week. The following
control rule is used. If at the end of a week the total amount of waste present is larger than
D, then all the waste present is removed; otherwise, nothing is removed. There is a fixed
cost of K > 0O for removing the waste and a variable cost of v > 0 for each unit of waste
in excess of the amount D.

(a) Define a regenerative process and identify its regeneration epochs.

(b) Determine the long-run average cost per time unit.

(c) Assuming that D is sufficiently large compared to p1, give an approximate expression
for the average cost.

2.13 At a production facility orders arrive according to a renewal process with a mean
interarrival time 1/A. A production is started only when N orders have accumulated. The
production time is negligible. A fixed cost of K > 0 is incurred for each production set-up
and holding costs are incurred at the rate of #j when j orders are waiting to be processed.

(a) Define a regenerative stochastic process and identify its regeneration epochs.

(b) Determine the long-run average cost per time unit.

(c) What value of N minimizes the long-run average cost per time unit?

2.14 Consider again Exercise 2.13. Assume now that it takes a fixed set-up time 7 to start a
production. Any new order that arrives during the set-up time is included in the production
run. Answer parts (a) and (b) from Exercise 2.13 for the particular case that the orders arrive
according to a Poisson process with rate A.

2.15 How do you modify the expression for the long-run average cost per time unit in
Exercise 2.14 when it is assumed that the set-up time is a random variable with finite first
two moments?

2.16 Consider Example 1.3.1 again. Assume that a fixed cost of K > 0 is incurred for each
round trip and that a fixed amount R > 0 is earned for each passenger.

(a) Define a regenerative stochastic process and identify its regeneration epochs.

(b) Determine the long-run average net reward per time unit.

(c) Verify that the average reward is maximal for the unique value of T satisfying the
equation e T (RAT + RA/u) = Ri/it — K when Ri/p > K.

2.17 Passengers arrive at a bus stop according to a Poisson process with rate A. Buses
depart from the stop according to a renewal process with interdeparture time A. Using
renewal-reward processes, prove that the long-run average waiting time per passenger equals
E(A?) /2E(A). Specity the regenerative process you need to prove this result. Can you give
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a heuristic explanation of why the answer for the average waiting time is the same as the
average residual life in a renewal process?

2.18 Consider a renewal process in which the interoccurrence times have a positive density
on some interval. For any time ¢ let the age variable §; denote the time elapsed since the
last occurrence of an event. Use the renewal-reward model to prove that lim;— oo E(8;) =
n2/2m1, where py is the kth moment of the interoccurrence times. (Hint: assume a cost at
rate x when a time x has elapsed since the last occurrence of an event.)

2.19 A common car service between cities in Israel is a sheroot. A sheroot is a seven-seat cab
that leaves from its stand as soon as it has collected seven passengers. Suppose that potential
passengers arrive at the stand according to a Poisson process with rate A. An arriving person
who sees no cab at the stand goes elsewhere and is lost for the particular car service. Empty
cabs pass the stand according to a Poisson process with rate ;. An empty cab stops only at
the stand when there is no other cab.

(a) Define a regenerative process and identify its regeneration epochs.

(b) Determine the long-run fraction of time there is no cab at the stand and determine
the long-run fraction of customers who are lost. Explain why these two fractions are equal
to each other.

2.20 Big Jim, a man of few words, runs a one-man business. This business is called upon by
loan sharks to collect overdue loans. Big Jim takes his profession seriously and accepts only
one assignment at a time. The assignments are classified by Jim into n different categories
J =1,...,n. An assignment of type j takes him a random number of 7; days and gives
a random profit of &; dollars for j = 1,...,n. Assignments of the types I,...,n arrive
according to independent Poisson processes with respective rates A, ... , A,. Big Jim, once
studying at a prestigious business school, is a muscleman with brains. He has decided to
accept those type j assignments for which E(&;)/E(z;) is at least g* dollars per day for a
carefully chosen value of g* (in Exercise 7.4 you are asked to use Markov decision theory
to determine g*). Suppose that Big Jim only accepts type j assignments for j = 1,... , ng.
An assignment can only be accepted when Big Jim is not at work on another assignment.
Assignments that are refused are handled by a colleague of Big Jim.

(a) Define a regenerative process and identify its regeneration epochs.

(b) Determine the long-run average pay-off per time unit for Big Jim.

(c) Determine the long-run fraction of time Big Jim is at work and the long-run fraction
of the assignments of the types 1,...,nq that are not accepted. Explain why these two
fractions are equal to each other.

2.21 Consider the (S — 1, S) inventory model with back ordering from Section 1.1.3. What
is the long-run fraction of customer demand that is back ordered? What is the long-run
average amount of time a unit is kept in stock?

2.22 Consider a machine whose state deteriorates through time. The state of the machine is
inspected at fixed times + = 0, 1, ... . In each period between two successive inspections
the machine incurs a random amount of damage. The amounts of damage accumulate. The
amounts of damage incurred in the successive periods are independent random variables
having a common exponential distribution with mean 1/o. A compulsory repair of the
machine is required when an inspection reveals a cumulative amount of damage larger than
a critical level L. A compulsory repair involves a fixed cost of R. > 0. A preventive repair
at a lower cost of R, > 0 is possible when an inspection reveals a cumulative amount of
damage below or at the level L. The following control limit rule is used. A repair is done
at each inspection that reveals a cumulative amount of damage larger than some repair limit
z with 0 < z < L. It is assumed that each repair takes a negligible time and that after each
repair the machine is as good as new.

(a) Define a regenerative process and identify its regeneration epochs.

(b) What is the expected number of periods between two successive repairs? What is the
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probability that a repair involves the high repair cost R.? Give the long-run average cost
per time unit.

(c) Verify that the average cost is minimal for the unique solution z to the equation
az exp[—a(L —2)] = Rp/(Rc — Rp) when aL > Rp/(Rc — Rp).

2.23 A group of N identical machines is maintained by a single repairman. The machines
operate independently of each other and each machine has a constant failure rate p. Repair
is done only if the number of failed machines has reached a given critical level R with
1 < R < N. Then all failed machines are repaired simultaneously. Any repair takes a
negligible time and a repaired machine is again as good as new. The cost of the simultaneous
repair of R machines is K + c¢R, where K, ¢ > 0. Also there is an idle-time cost of o > 0
per time unit for each failed machine.

(a) Define a regenerative process and identify its regeneration epochs.

(b) Determine the long-run average cost per time unit.

2.24 The following control rule is used for a slow-moving expensive product. No more than
one unit of the product is kept in stock. Each time the stock drops to zero a replenishment
order for one unit is placed. The replenishment lead time is a positive constant L. Customers
asking for the product arrive according to a renewal process in which the interarrival times
are Erlang (r, 1) distributed. Each customer asks for one unit of the product. Each demand
occurring while the system is out of stock is lost.

(a) Define a regenerative process and identify its regeneration epochs.

(b) Determine the long-run fraction of demand that is lost.

(c) Determine the long-run fraction of time the system is out of stock. (Hint: use part (b)
of Exercise 2.5.)

2.25 Jobs arrive at a station according to a renewal process. The station can handle only one
job at a time, but has no buffer to store other jobs. An arriving job that finds the station busy
is lost. The handling time of a job has a given probability density /(x). Use renewal-reward
theory to verify for this loss system that the long-run fraction of jobs that are rejected is
given by fooo M (x)h(x)dx divided by 1 + fooo M (x)h(x)dx, where M (x) is the renewal
function in the renewal process describing the arrival of jobs. What is the long-run fraction
of time that the station is busy? Simplify the formulas for the cases of deterministic and
Poisson arrivals.

2.26 Use the renewal-reward theorem to prove relation (2.3.3) when customers arrive accord-
ing to a renewal process and the stochastic processes {L(#)} and {U,} regenerate themselves
each time an arriving customer finds the system empty, where the cycle lengths have finite
expectations. For ease assume the case of an infinite-capacity queue. Use the following
relations:

(1) the long-run average reward earned per time unit = (the expected reward earned in
one cycle)/(expected length of one cycle),

(i1) the long-run average amount paid per customer = (the expected amount earned in
one cycle)/(expected number of arrivals in one cycle),

(iii) the long-run average arrival rate = (expected number of arrivals in one cycle)/(expec-
ted length of one cycle).

2.27 Let {X(z),t > 0} be a continuous-time regenerative stochastic process whose state
space is a subset of the non-negative reals. The cycle length is assumed to have a finite
expectation. Denote by P(y) the long-run fraction of time that the process {X (¢)} takes on
a value larger than y. Use the renewal-reward theorem to prove that

1 t oo
lim — X(u)du = / P(y)dy with probability 1.
0 0

t—oo t

2.28 Consider a queueing system in which the continuous-time process {L(#)} describing
the number of customers in the system is regenerative, where the cycle length has a finite
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expectation. Let p; denote the long-run fraction of time that j customers are in the system
and let L denote the long-run average number of customers in the system. Apply the result
of Exercise 2.27 to conclude that L = Zj’i 1Jpj-

2.29 Verify that the Pollaczek—Khintchine formula for the average waiting time in the
M/G/1 queue can also be written as

Wy = (1 — c2) W, (det) + c2 W, (exp).

This interpolation formula is very useful and goes back to Cox (1955).

2.30 A professional cleaner in the harbour of Rotterdam is faced with the decision to acquire
a new clean installation for oil tankers. Oil tankers requiring a clean arrive according to a
Poisson process with rate A. The amount of time needed to clean a tanker has a given
probability distribution with mean « and standard deviation 8 when the standard Fadar
installation is used. Cleaning costs at a rate of ¢ > 0 are incurred for each time unit this
installation is in use. However, it is also possible to buy another installation. An installation
that works z times as fast as the standard Fadar installation involves cleaning costs at a rate
of ¢z2 per time unit. In addition to the cleaning costs, a holding cost at rate of & > 0 is
incurred for each tanker in the harbour. What is the long-run average cost per time unit as
function of z? Assume that the cleaning installation can handle only one tanker at a time
and assume that the cleaner has ample berths for tankers.

2.31 Liquid is put into an infinite-capacity buffer at epochs generated by a Poisson process
with rate A. The successive amounts of liquid that are put in the buffer are independent and
identically distributed random variables with finite first two moments w; and w,. The buffer
is emptied at a constant rate of ¢ > 0 whenever it is not empty. Use the PASTA property
to give an expression for the long-run average buffer content.

2.32 Consider the M/G/1 queue with two types of customers. Customers of the types 1 and
2 arrive according to independent Poisson processes with respective rates A and A,. The
service times of the customers are independent of each other, where the service times of
type i customers are distributed as the random variable S; having finite first two moments.
Customers of type 1 have priority over customers of type 2 when the server is ready to
start a new service. It is not allowed to interrupt the service of a type 2 customer when a
higher-priority customer arrives. This queueing model is called the non-pre-emptive priority
M/G/1 queue. Letting p; = A; E(S;), it is assumed that p1 + pp < 1.

(a) Use Little’s formula to argue that the long-run fraction of time the server is servicing
type i customers equals p; for i = 1, 2. What is the long-run fraction of customers finding
the server servicing a type i customer upon arrival?

(b) Extend the heuristic derivation of the Pollaczek—Khintchine formula to show

_ MEGSD +MES)) ind _ MESD +E(S3)
al 21— p1) 2720 —p1—p)

where W; is defined as the long-run average waiting time in queue per type i customer for
i=1,2.

(c) Use Little’s formula to give a direct argument for the result that the overall average
waiting time Wy 1A1/(A1 +A2) + Wgohp/ (k1 + A2) per customer is the same as the average
waiting time per customer in the M/G/1 queue in which customers are served in order of
arrival (view the non-pre-emptive priority rule as a rule that merely changes the order in
which the customers are served).

2.33 Customers arrive at a single-server station according to a Poisson process with rate
A. A customer finding the server idle upon arrival gets served immediately, otherwise the
customer enters a so-called orbit. A customer in orbit tries whether the server is idle after an



EXERCISES 77

exponentially distributed time with mean 1/v. If the server is idle, the customer gets served,
otherwise the customer returns to orbit and tries again after an exponentially distributed time
until the server is found free. The customers in orbit act independently of each other. The
service times of the customers are independent random variables having the same general
probability distribution. Letting the random variable S denote the service time of a customer,
it is assumed that p = AE(S) is less than 1. For this model, known as the M/G/1 queue
with retrials, define L(¢) as the number of customers in the system (service station plus
orbit) at time ¢ and define Q, as the number of customers in orbit just after the nth service
completion. Let p; = lim;— oo P{L(t) = j} and ¢q; = limy— 00 P{Qn = j} for j > 0.
(a) Use an up- and downcrossing argument to argue that p; = g; for all j > 0.

(b) Letting Q (z) = Zfio quj , prove that

0(2) = A@AR@) + VR (2)),

where A(z) is the generating function of the number of new customers arriving during
the service time S and R(z) is defined by R(z) = f'io quj/(k + jv). (Hint: under the
condition that Q,_; =i it holds that O, = Q,_1 + C, with probability A/(A +iv) and
On = 0,1 — 1+ C, with probability iv/(: +iv), where C,, denotes the number of new
customers arriving at the nth service time.)

(c) Prove that

00) = 1-pd- Z)A(z)exp [/\ /IZ 1—A@) du:|.

AZ) —z v)]i Aw) —u

(Hint: use that Q(z) = AR(z) +vzR’(z), which follows directly from the definition of R(z).)
(d) Show that the long-run average number of customers in the system is given by

B +A2E(S2) A2E(S)
TP T —p)

Retrial queues are in general much more difficult to analyse than queues without retrials.
The Laplace transform for the waiting-time distribution in the M/G/1 queue with retrials
is very complex; see also Artalejo et al. (2002).

2.34 Consider again the production system from Section 2.6 except that the system is now
controlled in a different way when it becomes idle. Each time the production facility becomes
empty of orders, the facility is used during a period of fixed length T for some other work
in order to utilize the idle time. After this vacation period the facility is reactivated for
servicing the orders only when at least one order is present; otherwise the facility is used
again for some other work during a vacation period of length 7'. This utilization of idle
time is continued until at least one order is present after the end of a vacation period. This
control policy is called the T-policy. The cost structure is the same as in Section 2.6. Use
renewal-reward theory to show that K (1—iu)(1—e *T)/ T+ %hkT + %h)\zp.z/(l —Aur)
gives the long-run average cost per time unit under a 7-policy.

2.35 Suppose that, at a communication channel, messages of types 1 and 2 arrive according
to independent Poisson processes with respective rates A1 and A,. Messages of type 1 finding
the channel occupied upon arrival are lost, whereas messages of type 2 are temporarily stored
in a buffer and wait until the channel becomes available. The channel can transmit only one
message at a time. The transmission time of a message of type i has a general probability
distribution with mean w; and the transmission times are independent of each other. It is
assumed that Apuo < 1. Use the renewal-reward theorem to prove that the long-run fraction
of time the channel is busy equals (o1 + p2)/(1 + p1), where p; = A;ju; fori = 1,2.
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(Hint: use results from Section 2.6 to obtain the expected amount of time elapsed between
two arrivals finding the channel free.)

BIBLIOGRAPHIC NOTES

The very readable monograph of Cox (1962) contributed much to the populariza-
tion of renewal theory. A good account of renewal theory can also be found in the
texts Ross (1996) and Wolff (1989). A basic paper on renewal theory and regen-
erative processes is that of Smith (1958), a paper which recognized the usefulness
of renewal-reward processes in the analysis of applied probability problems. The
book of Ross (1970) was influential in promoting the application of renewal-reward
processes. The renewal-reward model has many applications in inventory, queue-
ing and reliability. The illustrative queueing example from Section 2.6 is taken
from the paper of Yadin and Naor (1963), which initiated the study of control
rules for queueing systems. Example 2.2.3 is adapted from the paper of Vered and
Yechiali (1979).

The first rigorous proof of L = AW was given by Little (1961) under rather
strong conditions; see also Jewell (1967). Under very weak conditions a sample-
path proof of L = AW was given by Stidham (1974). The important result that
Poisson arrivals see time averages was taken for granted by earlier practitioners.
A rigorous proof was given in the paper of Wolff (1982). The derivation of the
Laplace transform of the waiting-time distribution in the M/G/1 queue is adapted
from Cohen (1982) and the relation between this transform and the generating
function of the queue size comes from Haji and Newell (1971).
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CHAPTER 3

Discrete-Time Markov
Chains

3.0 INTRODUCTION

The notion of what is nowadays called a Markov chain was devised by the Russian
mathematician A.A. Markov when, at the beginning of the twentieth century, he
investigated the alternation of vowels and consonants in Pushkin’s poem Onegin.
He developed a probability model in which the outcomes of successive trials are
allowed to be dependent on each other such that each trial depends only on its
immediate predecessor. This model, being the simplest generalization of the prob-
ability model of independent trials, appeared to give an excellent description of
the alternation of vowels and consonants and enabled Markov to calculate a very
accurate estimate of the frequency at which consonants occur in Pushkin’s poem.

The Markov model is no exception to the rule that simple models are often
the most useful models for analysing practical problems. The theory of Markov
processes has applications to a wide variety of fields, including biology, computer
science, engineering and operations research. A Markov process allows us to model
the uncertainty in many real-world systems that evolve dynamically in time. The
basic concepts of a Markov process are those of a state and of a state transition.
In specific applications the modelling ‘art’ is to find an adequate state descrip-
tion such that the associated stochastic process indeed has the Markovian property
that the knowledge of the present state is sufficient to predict the future stochastic
behaviour of the process. In this chapter we consider discrete-time Markov pro-
cesses in which state transitions only occur at fixed times. Continuous-time Markov
processes in which the state can change at any time are the subject of Chapter 4.
The discrete-time Markov chain model is introduced in Section 3.1. In this section
considerable attention is paid to the modelling aspects. Most students find the
modelling more difficult than the mathematics. Section 3.2 deals with the n-step
transition probabilities and absorption probabilities. The main interest, however, is
in the long-run behaviour of the Markov chain. In Section 3.3 we discuss both the
existence of an equilibrium distribution and the computation of this distribution.

A First Course in Stochastic Models H.C. Tijms
© 2003 John Wiley & Sons, Ltd. ISBNs: 0-471-49880-7 (HB); 0-471-49881-5 (PB)
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Several applications will be discussed as well. For didactical reasons not all of
the results that are stated in Section 3.3 are proved in this section. Some of the
proofs are deferred to a later section. In Section 3.4 we discuss computational
methods for solving the equilibrium equations of the Markov chain. In particular,
we give a simple but powerful method for computing the equilibrium distribution
of an infinite-state Markov chain whose state probabilities exhibit a geometric tail
behaviour. Section 3.5 deals with theoretical issues such as the state classification
for Markov chains and proofs of the ergodic theorems used in earlier sections.

3.1 THE MODEL

A discrete-time Markov chain is a stochastic process which is the simplest gen-
eralization of a sequence of independent random variables. A Markov chain is a
random sequence in which the dependency of the successive events goes back only
one unit in time. In other words, the future probabilistic behaviour of the process
depends only on the present state of the process and is not influenced by its past
history. This is called the Markovian property. Despite its very simple structure the
Markov chain model is extremely useful in a wide variety of practical probability
problems. Let us first give an illustrative example.

Example 3.1.1 The drunkard’s random walk

A drunkard starts a random walk in the middle of a square; see Figure 3.1.1. He
performs a sequence of independent unit steps. Each step has equal probability le
of going north, south, east or west as long as the drunkard has not reached the edge
of the square. The drunkard never leaves the square. Should he reach the boundary
of the square, his next step is equally likely to be in one of the three remaining
directions if he is not at a corner point, and is equally likely to be in two remaining
directions otherwise. What stochastic process describes the drunkard’s walk? What
is the expected number of steps he needs to return to his starting point?
Forn =0,1, ..., we define the random variable

X,, = the position of the drunkard just after the nth step

with the convention Xy = (0, 0). Let us say that the process {X,} is in state
(x, ¥) when the current position of the drunkard is described by point (x, y). Then
{X,,n=0,1,...} is a discrete-time stochastic process with state space

I ={(x,y) | x,yinteger, — N <x,y < N}.

The successive states of the drunkard’s process are not independent of each other,
but are dependent. However, the dependence goes only one step back. The next
position of the drunkard depends only on the current position and is not influenced
by the earlier positions in the path of the drunkard. In other words, the drunkard’s



THE MODEL 83

N, N) ® ® (N, N)
L
@
(0,0)
[
(-N,-N) ® ® (N, -N)

Figure 3.1.1 The drunkard’s random walk

process {X,} has the Markovian property. We are now ready to give the general
definition of a Markov chain.

Let {X,,n =0, 1, ...} be a sequence of random variables with state space 1. We
interpret the random variable X, as the state of some dynamic system at time 7.
The set of possible values of the process is denoted by I and is assumed to be
finite or countably infinite.

Definition 3.1.1 The stochastic process {X,,n = 0, 1, ...} with state space I is
called a discrete-time Markov chain if, for eachn =0, 1, ...,

P{Xn+] = ip+1 | Xo=1i0,..., Xy =1p} = P{Xn+l = ip+1 | X» =in} (3.1.1)
for all possible values of iy, ... ,in+1 € 1.

In the following, we consider only Markov chains with time-homogeneous tran-
sition probabilities; that is, we assume that

P Xpp1=jlXp=il=py, i, j€I,

independently of the time parameter n. The probabilities p;; are called the one-step
transition probabilities and satisfy

pj =0, i jel, and Y py=1 i€l
jel
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The Markov chain {X,,n =0, 1, ...} is completely determined by the probability
distribution of the initial state X( and the one-step transition probabilities p;;. In
applications of Markov chains the art is:

(a) to choose the state variable(s) such that the Markovian property (3.1.1) holds,
(b) to determine the one-step transition probabilities p;;.

Once this (difficult) modelling step is done, the rest is simply a matter of applying
the theory that will be developed in the next sections. The student cannot be urged

strongly enough to try the problems at the end of this chapter to acquire skills to
model new situations. Let us return to the drunkard’s walk.

Example 3.1.1 (continued) The drunkard’s random walk

In this example we have already defined the state variable as the position of the
drunkard. The process {X,} with X,, denoting the state just after the nth step of the
drunkard is indeed a discrete-time Markov chain. The one-step transition probabil-
ities are as follows. For any interior state (x, y) with —N < x,y < N, we have

for v, w)=x+1,y),x—-1Ly), & y+1),x,y—1D),
0  otherwise.

FN.

Pyyww) = {

For any boundary state (x, N) with —N < x < N, we have

I for (v, w)=@x+1,N),(x—1,N), (x,N—1),

Peyww) = {O otherwise.

For the boundary state (x, —N) with —N < x < N, (N, y) and (N, —y) with
—N < y < N, the one-step transition probabilities follow similarly. For the corner
point (x,y) = (N, N), we have

|3 forww)y=W—-1,N).,(N.N -1,
Paw.w) = 0 otherwise.
Similarly, for the corner points (x, y) = (=N, N), (—N, —N) and (N, —N).

A variant of the drunkard’s random walk problem is the problem in which the
drunkard never chooses the same direction as was chosen in the previous step.
Then we have to augment the state with an extra state variable in order to satisfy
the Markovian property. The state of the drunkard after each step is now defined as
(x,y,2), where (x, y) denotes the position of the drunkard and z € {N, S, W, L}
denotes the direction of the last step. Letting X,, be the state of the drunkard’s
process just after the nth step (with the convention Xg = (0, 0)), the stochastic
process {X,} is a discrete-time Markov chain. It is left to the reader to write down
the one-step transition probabilities of this process.
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Example 3.1.2 A stock-control problem

The Johnson hardware shop carries adjustable-joint pliers as a regular stock item.
The demand for this tool is stable over time. The total demand during a week
has a Poisson distribution with mean A. The demands in the successive weeks are
independent of each other. Each demand that occurs when the shop is out of stock
is lost. The owner of the shop uses a so-called periodic review (s, S) control rule
for stock replenishment of the item. The inventory position is only reviewed at
the beginning of each week. If the stock on hand is less than the reorder point s,
the inventory is replenished to the order-up point §; otherwise, no ordering is
done. Here s and § are given integers with 0 < s < S. The replenishment time is
negligible. What is the average ordering frequency and what is the average amount
of demand that is lost per week?

These questions can be answered by the theory of Markov chains. In this example
we take as state variable the stock on hand just prior to review. Let

X,, = the stock on hand at the beginning of the nth week just prior to review,

then the stochastic process {X,} is a discrete-time Markov chain with the finite
state space I = {0,1,...,S}. It will be immediately clear that the Markovian
property (3.1.1) is satisfied: the stock on hand at the beginning of the current week
and the demand in the coming week determine the stock on hand at the beginning
of the next week. It is not relevant how the stock level fluctuated in the past. To
find the one-step transition probabilities p; = P{X,4+1 = j | X, = i} we have
to distinguish the cases i > s and i < s. In the first case the stock on hand just
after review equals i, while in the second case the stock on hand just after review
equals S. For state i > s, we have

pij = P{the demand in the coming week is i — j}

A=
=P ———, j=1,...,i
@ — N

Note that this formula does not hold for j = 0. Then we have for i > s,

pio = P{the demand in the coming week is i or more}

o) k i—1 k
A A
— =24 1 -2
- Z e K 1 Z e k!’
k=i k=0
The other p;; are zero for i > s. Similarly, we find for i < s
pij = P{the demand in the coming week is § — j}

W M
:e_ T j=1,...,S,
S - n!
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pio = P{the demand in the coming week is S or more}

00 k S—1 k
A A
_ —A _ _ -\
=) ¢ i D e K
k=S k=0

The following example illustrates the powerful technique of embedded Markov
chains. Many stochastic processes can be analysed by using properly chosen embed-
ded stochastic processes that are discrete-time Markov chains. A classic example
is the single-server M /G /1 queue with Poisson arrivals and general service times.
The embedded process describing the number of customers left behind at the ser-
vice completion epochs is a discrete-time Markov chain; see also Section 2.5.
Another example is provided by the ‘dual’ queue with general interarrival times
and exponential service times.

Example 3.1.3 The GI /M/1 queue

Customers arrive at a single-server station according to a renewal process, that is,
the interarrival times of the customers are independent and identically distributed
random variables. It is assumed that the interarrival time has a probability den-
sity a(t). A customer who finds upon arrival that the server is idle enters service
immediately; otherwise the customer waits in line. The service times of the suc-
cessive customers are independent random variables having a common exponential
distribution with mean 1/u. The service times are also independent of the arrival
process. A customer leaves the system upon service completion. This queueing
system is usually abbreviated as the GI/M/1 queue. For any ¢ > 0, define the
random variable X (¢) by

X (t) = the number of customers present at time ¢.

The continuous-time stochastic process {X (¢), t > 0} does not possess the Marko-
vian property that the future behaviour of the process depends only on its present
state. Clearly, to predict the future behaviour of the process, the knowledge of the
number of customers present does not suffice in general but the knowledge of the
time elapsed since the last arrival is required too. Note that, by the memoryless
property of the exponential distribution, the elapsed service time of the service
in progress (if any) is not relevant. However, we can find an embedded Markov
chain for the continuous-time process {X (#)}. Consider the process embedded at
the epochs when customers arrive. At these epochs the time elapsed since the last
arrival is known and equals zero. Define forn =0, 1, ...,

X, = the number of customers present just prior to the nth arrival epoch

with Xo = 0 by convention. The embedded stochastic process {X,,,n =0, 1, ...}
is a discrete-time Markov chain, since the exponential services are memoryless.
This Markov chain has the countably infinite state space I = {0, 1, ...}. To find
the one-step transition probabilities p; of the Markov chain, denote by A, the
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time between the arrival epochs of the nth and (n + 1)th customer and let C,
denote the number of customers served during the interarrival time A,. Note that
Xu+1 = X, + 1 — C,,. The probability distribution of C,, obviously depends on
X, (= the number of customers seen by the nth arrival). The easiest way to find
the probability distribution of C, is to use the observation that service completions
occur according to a Poisson process with rate © as long as the server is busy.
This observation is a consequence of the assumption of exponentially distributed
service times and the relation between the Poisson process and the exponential
distribution. By conditioning on the interarrival time A, and using the law of total
probability, we find for each state i that

pijZP{Xn+1:j|Xn:i}
o0
= / P{i + 1 — j service completions during A, | A, = t}a(t)dt
0

oo ¢t i+1—j
=f oot DT, l<j<i+l. (3.1.2)
0 @+1-
This formula does not hold for j = 0. Why not? The probability p;¢ is easiest to
compute from

i+1
Pio=1—Zpij, i=0,1,....
j=1

Obviously, p;; =0 for j > i + 1 for each state i.

3.2 TRANSIENT ANALYSIS

This section deals with the transient analysis of the Markov chain {X,,n =
0,1,...} with state space / and one-step transition probabilities p;; for i, j € I.
We first show how the one-step transition probabilities determine the probability of
going from state i to state j in the next n steps. The n-step transition probabilities
are defined by

p = PXy=jlXo=i), i.jel

for any n = 1,2, ... Note that pg.l)

j = Ppij- Itis convenient to define

o _ )1 ifj=i
i o ifj#i

Theorem 3.2.1 (Chapman-Kolmogoroff equations) Foralln,m =0,1,...,

Pi(jnm) = prf)l’zg-")’ i,j €l (3.2.1)
kel
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Proof A formal proof is as follows. By conditioning on the state of the Markov
chain at time t = n, we find

P{Xuim=Jj Xo=i} =) P{Xpim =j | Xo=1i, X, =K}P{X, =k | Xo = i}

kel

=Y P{Xpym=j | X =K}P{X, =k | Xo =i}
kel

=Y P{Xp=j|Xo=kP{X,=k|Xo =i},
kel

which verifies (3.2.1). Note that the second equality uses the Markovian property
and the last equality uses the assumption of time homogeneity.

The theorem states that the probability of going from i to j in n + m steps is
obtained by summing the probabilities of the mutually exclusive events of going
first from state i to some state k in n steps and then going from state k to state j in
m steps. This explanation is helpful to memorize the equation (3.2.1). In particular,
we have foranyn =1,2,...,

i .
Py =Y P by ijel (3.2.2)
kel

Hence the n-step transition probabilities p@ can be recursively computed from

ij

the one-step transition probabilities p;;. In fact the pffl) are the elements of the
n-fold matrix product P*, where P denotes the matrix whose (i, j)th element is
the one-step transition probability p;;. If the state space [ is finite, the probabilities
pl.(j") can also be found by computing the eigenvalues and the eigenvectors of the

matrix P.

Example 3.2.1 The weather as Markov chain

On the Island of Hope the weather each day is classified as sunny, cloudy or rainy.
The next day’s weather depends only on the weather of the present day and not
on the weather of the previous days. If the present day is sunny, the next day will
be sunny, cloudy or rainy with respective probabilities 0.70, 0.10 and 0.20. The
transition probabilities are 0.50, 0.25 and 0.25 when the present day is cloudy and
they are 0.40, 0.30 and 0.30 when the present day is rainy. An interesting question
is how often the weather is sunny, cloudy and rainy over a long period of time.
Let us first answer a simpler question, namely what the probability is of sunny
weather three days later when the present day is rainy. To answer this question, we
define a Markov chain {X,} with three states 1, 2 and 3. The process is in state 1
when the weather is sunny, in state 2 when the weather is cloudy and in state 3
when the weather is rainy. The matrix P of one-step transition probabilities p;; is
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given by

0.70 0.10 0.20
P=]050 025 025
0.40 030 0.30

To obtain the probability of having sunny weather three days from now, we need
the matrix product P3:

0.6015000 0.1682500 0.2302500
P3 = [ 05912500 0.1756250 0.2331250
0.5855000 0.1797500 0.2347500

This matrix shows that it will be sunny three days from now with probability 0.5855
when the present day is rainy. You could also ask: what is the probability distri-
bution of the weather after many days? Intuitively you expect that this probability
distribution does not depend on the present weather. This is indeed confirmed by
the calculations:

0.5963113  0.1719806 0.2317081
P> = | 0.5957781 0.1723641 0.2318578
0.5954788 0.1725794  0.2319418

0.5960265 0.1721854 0.2317881
P2 = | 0.5960265 0.1721854 0.2317881 | = PP =P = ... .
0.5960265 0.1721854 0.2317881

In this example the n-step transition probability pl.(j") converges forn — oo to a
limit which is independent of the initial state i. You see that the weather after many
days will be sunny, cloudy or rainy with respective probabilities 0.5960, 0.1722 and
0.2318. Intuitively it will be clear that these probabilities also give the proportions
of time the weather is sunny, cloudy and rainy over a long period. The limiting
behaviour of the n-step transition probabilities is the subject of Section 3.3.

3.2.1 Absorbing States

A useful Markov chain model is the model with one or more absorbing states. A
state is absorbing if the process cannot leave this state once it entered this state.

Definition 3.2.1 A state i is said to be an absorbing state if p;; = 1.

The next example shows the usefulness of the Markov model with absorbing states.

Example 3.2.2 Success runs in roulette

A memorable event occurred in the casino of Monte Carlo on the evening of 18
August 1913. The roulette ball hit a red number 26 times in a row. In European
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roulette the wheel has 37 compartments numbered O, 1, ..., 36, where the odd
numbers are black and the even numbers except for the zero are red. An interesting
question that naturally arises is: what is the probability that during the next m spins
of the wheel there will be some sequence of r consecutive spins that all result either
in 7 black numbers or in r red numbers for a given value of r?

This question can be answered by Markov chain theory. The idea is to define a
Markov chain with r 4 1 states including an absorbing state. The process is said to
be in state O when the last spin of the wheel resulted in a zero, while the process is
said to be in state i with 1 <i < r when the same colour (red or black) appeared
in the last i spins but this colour did not appear in the spin preceding the last i
spins. The process is said to be in state » when the last » spins of the wheel have
resulted in the same colour. The state r is taken as an absorbing state; imagine that
the wheel sticks to the colour of the success run once a success run of length r
has occurred. A success run of length r is said to occur when state r is reached.
Denote by X,, the state of the process after the nth spin of the wheel, with Xy =0
by convention. The stochastic process {X,} is a discrete-time Markov chain. Its
one-step transition probabilities are given by

1 36
Poo = 3= Po1 = 7=
18 1 ,
Piitl = Pit = 7=, pi0 = 35 fori=1,...,r—1
prr=1~

The other p;; are zero. Since state r is absorbing, it is not possible that the process
has visited state r before time # when the process is in some state i # r at time 7.
Hence

P{more than m spins are needed to get a success run of length r}
=P{Xy#rfork=1,...,m| Xo=0}
=P{Xn#r|Xo=0}=1-P{X, =r]| Xo=0}
=1- p(()rr").

The desired probability that a success run of length r will occur during the first m
spins of the wheel is thus p(()':’). How can we calculate this probability for r = 26
when N is of order 8 million (a rough estimate for the number of spins of the
roulette wheel in Monte Carlo between the date of the founding of the casino and
the date of 18 August 1913)? It is not advised to multiply the 27 x 27 matrix

P = (p;j) 8 million times by itself. A more clever computation is based on
P> =P x P,P* =P? x P2, P’ = P* x P, etc.

Taking k = 23, we have 2k is about 8 million. Hence it suffices to do 23 matrix
multiplications to get p(()mz)6 for m = 2%3. This gives the probability 0.061. Another
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approach to analysing success runs is given in Appendix C and uses generating
functions.

Example 3.2.3 A coin-tossing surprise

A fair coin is repeatedly flipped until the last three tosses either show the combi-
nation TTH or the combination THH. Here H means that the outcome of a toss
is a head and T that it is a tail. What is the probability that the combination TTH
occurs before the combination THH ?

To answer this question, we define a Markov chain with eight states, including
two absorbing states. Let state 0 mean the beginning of a game, state 1 = the first
toss is H, state 2 = the first toss is 7', state 3 = the last two tosses show HH,
state 4 = the last two tosses show HT, state 5 = the last two tosses show 77, state
6 = the last two tosses show TH, state 7 = the last three tosses show 7TH and
state 8 = the last three tosses show THH. The states 7 and 8 are taken absorbing.
It is implicit in the definition of the states 3, 4, 5, 6 that the combinations TTH
and THH have not appeared before. The Markov chain that describes the evolution
of the state of the system has the one-step transition probabilities

POl = P02 = %, P13 = P14 = 5, P25 = P26 = 5.
P33 = P34 = %, P45 = D46 = 5, P55 = P57 = 5.
D63 = P68 = % p11 =1, pgg =1, the other p;; = 0.

The Markov chain will ultimately be absorbed in one of the states 7 and 8 (this
fact can formally be proved by proceeding as in the proof of Theorem 3.2.2 below
and replacing the states 7 and 8 by a single absorbing state). Denote by f; the
probability that the Markov chain is ultimately absorbed in state 7 starting from
state i. The probability fy gives the desired probability that the combination TTH
occurs before the combination THH. The probabilities fo, ..., fs satisfy a system
of linear equations. The equation for f; follows by conditioning on the next state
after the current state i. This gives

fo=3h+3Hh, A=is+if h=if+1f,
fB=tpa+in, fa=li+if,
fs=5f+3x1, fo=5f3+%x0.

The solution of these equations is (fo, ..., f6) = (%, %, %, %, %, 1, %). The desired
2

probability is thus 5. A surprising result for many people. Can you give a simple
explanation why the sought probability is not equal to %?
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3.2.2 Mean First-Passage Times

Example 3.1.1 asked how to find the expected number of steps the drunkard needs
to return to his starting point. More generally, consider a Markov chain {X,} for
which

(a) the state space [ is finite,

(b) there is some state r such that for each state i € [ there is an integer n(= n;)
()
such that p;” > 0.

What is the mean return time from state r to itself? Let
t=min{n >1| X, =r},
To calculate u,, = E(t|Xo = r), we need the mean visit times
wir = E(t | Xo =1)
for each state i # r. By conditioning on the next state after state r,

pr =14 D Pty (3.2.3)
JEl, j#r
The w; with i # r are found by solving a system of linear equations. For notational
convenience, number the states as 1, ..., N and let state » be numbered as N.

Theorem 3.2.2 The mean visit times Wy fori # N are the unique solution to the
linear equations

N-1

Mw==1+§:pWWW i=1,...,N—1. (3.2.4)
j=1

Proof The equation for u;y follows by conditioning on the next state visited after
state i. To prove that the linear equations have a unique solution we use the trick
of making state N absorbing for a modified Markov chain. Let P = (ﬁ,'j), i,jel
be the Markov matrix obtained by replacing the Nth row in the matrix P = (pj;),
i,j€1Iby(0,0,...,1). The mean first passage times u;y for j = 1,... , N—1are
not changed by making state N absorbing. Denote by Q = (g;;) the (N—1) x(N—1)
submatrix that results by omitting the Nth row and the Nth column in the matrix
P. Let the vectors & = (11N, ... , un—1,5) ande = (1, ..., 1). Then we can write
(3.2.4) in matrix notation as

nw=e+Qu. (3.2.5)
Since state N is absorbing for the Markov matrix /I; we have for each n > 1 that

ﬁ”:@@ ij=1,...,N—1, (3.2.6)
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where the qi(j") and the 1’5[5") are the elements of the n-fold matrix products Q"

and P". State N can be reached from each starting state i # N under the Markov
matrix P, since by assumption (b) ;'TI(N") > pl.(]'\;) > 0 for some n > 1. Further, state

N is absorbing under P. This implies that

lim 5" =0 foralli,j=1,...,N—1,
n—oo Y

as a special case of Lemma 3.2.3 below. Hence, by (3.2.6), lim,_, o, Q" = 0. By
a standard result from linear algebra, it now follows that (3.2.5) has the unique
solution

w=>0-Q e (3.2.7)

This completes the proof that the linear equations (3.2.4) have a unique solution.

Example 3.1.1 (continued) The drunkard’s random walk

The drunkard moves over a square with the corner points (N, N), (=N, N),
(—=N,—N) and (—N, N). It is interesting to see how the mean return time to
the starting point depends on N. Let ©oo(N) denote the expected number of steps
the drunkard needs to return to the starting point (0, 0). For fixed N the mean
return time poo(N) can be computed by solving a system of linear equations of
the form (3.2.4) and next using (3.2.3). Table 3.2.1 gives the values of upo(N) for
several values of N. The computations indicate that ppo(N) — oo as N — oo.
This result is indeed true and can be theoretically proved by the theory of Markov
chains; see for example Feller (1950).

3.2.3 Transient and Recurrent States

Many applications of Markov chains involve chains in which some of the states
are absorbing and the other states are transient. An absorbing state is a special
case of a recurrent state. To define the concepts of transient states and recurrent
states, we need first to introduce the first-passage time probabilities. Let {X,} be
a discrete-time Markov chain with state space [/ (finite or countably infinite) and
one-step transition probabilities p;;, i, j € I. For any n = 1,2, ..., let the first-
passage time probability fi]("l) be defined by

£V =PXy=j Xe#jfor lsk<n—1|Xo=i}, i.jel. (328

Table 3.2.1 The mean return time to the origin
N 1 2 5 10 25 50

Hoo(N) 6 20 110 420 2550 10100
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In other words, fi](") is the probability that the first transition of the process into

state j is at time ¢t = n when the process starts in state i. Next define the proba-
bilities fj; by

o0

fi=>_ £ (3.2.9)

n=1

Then f;; = P{X, = j for some n > 1| Xo = i} denotes the probability that the
process ever makes a transition into state j when the process starts in state i.

Definition 3.2.2 A state i is said to be transient if fi; < 1 and is said to be
recurrent if fi; = 1.

Denoting for each state i € / the probability Q; by
Qii = P{X,, =i for infinitely many values of n | Xo =i},

it is not difficult to verify that Q;; = 0 if i is transient and Q;; = 1 if i is recurrent.
A useful characterization of a transient state is given by the result that a state i is
transient if and only if

o0
> pl < o (3.2.10)
n=1

To see this, fix i € I and define the indicator variable I,, as I, = 1 if X,, =i and
I, = 0 otherwise. Then ZZOZI I,, represents the number of visits of the Markov
chain to state i over the epochs r = 1,2,... . Since E({, | Xo = i) = P{X, =
i|Xo=i}=p™, it follows that

i

o0 o0 o0
E(Z[n|X0=i> :ZE(IH|X0=i)=Zp;?), (3.2.11)
n=1 n=1 n=I

where the interchange of expectation and summation is justified by the non-
negativity of the 7,. On the other hand, letting N = > o2, I,, the distribution

of the number of visits to state i satisfies P{N >k | Xo =i} = (fl-,-)k for k > 0
and so, by the well-known relation E(N) = Z;io P{N > j}, we find

E (Z I | Xo = i) =y (.
n=1 k=1

Hence E (Z;’lil I, | Xo= i) = oo when f;; = 1 and equals f;; /(1— fi;) < oo oth-
erwise. This result and (3.2.11) prove that state i is transient only if (3.2.10) holds.
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Lemma 3.2.3 Suppose that state j is transient. Then, for any state i € I,

lim p(n) 0.

n—oo

Proof By (3.2.10), > o2, p;;) < oo and thus lim,_, p;;) = 0. Take now a

starting state i with i # j. By conditioning on the first epoch at which the process
makes a transition into state j, we obtain the useful relation

—k k
p,(,") ij(n >fl.j<,>, n=12,.... (3.2.12)

Since lim,,_, oo p;j exists and Y _po fl(k) fij < oo, it follows from the bounded
convergence theorem in Appendix A that

lim pi" = f; lim pj/). (3.2.13)

n—oo

Since lim,,_, o p(”) = 0, the lemma now follows.

The limiting behaviour of pl.(.") as n — oo for a recurrent state j will be dis-
cussed in Section 3.3. It will be seen that this limit does not always exist. For a
recurrent state j an important concept is the mean recurrence time jij; which is
defined by

o]

wi=y f(”). (3.2.14)

n=1

In other words, wj; is the expected number of transitions needed to return from
state j to itself. A recurrent state j is said to be positive recurrent if pj; < oo
and is said to be null-recurrent if pj; = oo. In Section 3.5 it will be seen that
null-recurrency can only occur in Markov chains with an infinite state space. To
illustrate this, consider the Markov chain {X,} describing the drunkard’s walk on
an infinite square in Example 3.1.1 (N = o0). It can be shown for this infinite-
state random walk that each state (x, y) is recurrent, but the mean recurrence time
of each state is co so that all states are null-recurrent. The same holds for the
infinite-state Markov chain describing the symmetric random walk on the integers
(Pii+1 = pii—1 = % for any integer i). However, for the symmetric random
walk on an infinite lattice in three or more dimensions, the corresponding Markov
chain has the property that all states are transient (in three dimensions, the prob-
ability of ever returning to the origin when starting there equals 0.3405). These
remarkable results will not be proved here, but are mentioned to show that Markov
chains with an infinite state space are intrinsically more complex than finite-state
Markov chains.
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3.3 THE EQUILIBRIUM PROBABILITIES

This section deals with the long-run behaviour of the Markov chain {X,,}. In partic-
ular, we discuss the characterization of the equilibrium distribution of the process
and a formula for the long-run average cost per time unit when a cost structure is
imposed on the Markov chain. In this section the emphasis is on giving insights
into the long-run behaviour of the Markov chain. Most of the proofs are deferred
to Section 3.5.

3.3.1 Preliminaries

A natural question for a Markov chain {X,} is whether the n-step probabilities
pl( ") always have a limit as n — oo. The answer to this question is negative
as shown by the following counterexample. Consider a Markov chain with state
space I = {1, 2} and one-step transition probabilities p;; with pjo = p1 =1 and
p11 = p22 = 0. In this example the n-step transition probabilities p(") alternate
between 0 and 1 for n = 1,2, ... and hence have no limit as n — oo. The reason
is the periodicity in this Markov chain example. In our treatment of Markov chains
we will not give a detailed discussion on the relation between the limiting behaviour
of the p(”) and the issue of periodicity. The reason is that our treatment of Markov
chains emphasizes the study of long-run averages. As explained in Section 2.2,
the long-run average behaviour of a stochastic process is in general much easier to
handle than its limiting behaviour. More importantly, long-run averages are usually
required in the analysis of practical applications. In the next theorem we prove that
for each Markov chain {X,} the Cesaro limit of the n-step transition probabilities
always exists.

Theorem 3.3.1 Foralli, j € I, lim,_oo(1/n) Y }_, pi(/.k) always exists. For any
jel, '

1 . ..
lim L Z o6 F if state j is recurrent, (33.0)
n—00 1 u if state j is transient,

where j; denotes the mean recurrence time from state j to itself. Also,

o _ o o b (k)
nllllgo n Z Pij = Ji nli>n(}o n kX: Pjj (3.32)

foranyi, j € I, where fj; is the probability that the process ever makes a transition
into state j when the process starts in state i.

Proof For a transient state j we have by Lemma 3.2.3 that lim,_ p( n o~
for all i € I. Using the well-known result that the Cesaro limit is equal to the
ordinary limit whenever the latter limit exists, the results (3.3.1) and (3.3.2) follow
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for transient states j. Fix now a recurrent state j. By the definition of recurrence,
we have fj; = 1. The times between successive visits to state j are independent
and identically distributed random variables with mean (j;. In other words, visits
of the Markov chain to state j can be seen as renewals. Denote by N (¢) the number
of visits of the Markov chain to state j during the first # transition epochs. Then,
by Lemma 2.2.2,

lim M = L with probability 1. (3.3.3)

t—>o0 f /ij

This limiting result holds for both uj; < 0o and pj; = oo. In other words, the
long-run average number of transitions to state j per time unit equals 1/ with
probability 1 when the process starts in state j. Define the indicator variable

I — 1 if the process visits state j at time &,
k=10 otherwise.

Since N(n) = I + - - - 4+ I,, we can rewrite (3.3.3) as

1 & 1
lim — Y Iy = — with probability 1. (3.3.4)
n—-oon =1 :U*jj

Obviously,
. . . k

Noting that (1/n) Y ;_, Ir is bounded by 1 and using the bounded convergence
theorem from Appendix A, it follows from (3.3.4) that

1 .l _ . I ¢ :
t—e(m 2> a1 x0=5) = g (1320

Hii k=1

n—o0 n—oon

1 1 «
T : e 1 1 (k)
= lim . kg_l E (I | Xo=j)= lim kg_l P -

It remains to prove that (3.3.2) holds for any state i # j. To do so, we use the
relation (3.2.12) which was derived in the proof of Lemma 3.2.3. Averaging this

relation over n = 1,...,m, interchanging the order of summation and letting
m — 00, the relation (3.3.2) follows in the same way as (3.2.13).

Another natural question is under which condition the effect of the initial state
of the process fades away as time increases so that lim,_, oo (1/n) Y j_, pl.(jk) does
not depend on the initial state Xo =i for each j € I. We need some condition as
the following example shows. Take a Markov chain with state space I = {1, 2} and
the one-step transition probabilities p;; with p1; = p22 = 1 and p;2 = p21 =0.1In

this example pi'}) =1 and pg{) =0 for all n > 1 so that lim,_o(1/n) > ;_, pi(llc)
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depends on the initial state i. The reason is that in this Markov chain example there
are two disjoint closed sets of states.

Definition 3.3.1 A non-empty set C of states is said to be closed if
pij =0 fori eCandj ¢ C,
that is, the process cannot leave the set C once the process is in the set C.

For a finite-state Markov chain having no two disjoint closed sets it is proved
in Theorem 3.5.7 that f;; = 1 for all i € I when j is a recurrent state. For such
a Markov chain it then follows from (3.3.2) that lim, 0 (1/n) Y 4_, pj;’ does
not depend on the initial state i when j is recurrent. This statement is also true
for a transient state j, since then the limit is always equal to O for all i € I by
Lemma 3.2.3. For the case of an infinite-state Markov chain, however, the situation

is more complex. That is why we make the following assumption.

Assumption 3.3.1 The Markov chain {X,} has some state r such that f; = 1 for
alli € I and p, < o0.

In other words, the Markov chain has a regeneration state r that is ultimately
reached from each initial state with probability 1 and the number of steps needed to
return from state r to itself has a finite expectation. The assumption is satisfied in
most practical applications. For a finite-state Markov chain the Assumption 3.3.1
is automatically satisfied when the Markov chain has no two disjoint closed sets;
see Theorem 3.5.7. The state r from Assumption 3.3.1 is a positive recurrent state.
Assumption 3.3.1 implies that the set of recurrent states is not empty and that there
is a single closed set of recurrent states. Moreover, by Lemma 3.5.8 we have for
any recurrent state j that f;; = 1 for all i € I and uj; < co. Summarizing, under
Assumption 3.3.1 we have both for a finite-state and an infinite-state Markov chain
that lim, oo (1/n) > p_, pl.(jk) does not depend on the initial state i for all j € I.
In the next subsection it will be seen that the Cesaro limits give the equilibrium
distribution of the Markov chain.

3.3.2 The Equilibrium Equations
We first give an important definition for a Markov chain {X,} with state space /

and one-step transition probabilities p;;, i, j € 1.

Definition 3.3.2 A probability distribution {r;, j € 1} is said to be an equilibrium
distribution for the Markov chain {X,} if

mj=Y mpy. Jjel (3.3.5)
kel
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An explanation of the term equilibrium distribution is as follows. Suppose that the
initial state of the process {X,} is chosen according to

PiXo=jl=m. jel
Then, foreachn =1,2, ...,
P{X,=j}=m, jelL

In other words, starting the process according to the equilibrium distribution leads
to a process that operates in an equilibrium mode. The proof is simple and is based
on induction. Suppose that P{X,, = j} =n;, j € I for some m > 0. Then

P(Xpy1 = j} =) P{Xps1 = j | X = k}P{X,, =k}
kel

= Zpkjnk =mn;, Jjel.
kel

An important question is: does the Markov chain have an equilibrium distribution,
and if it has, is this equilibrium distribution unique? The answer to this question
is positive when Assumption 3.3.1 is satisfied.

Theorem 3.3.2 Suppose that the Markov chain {X,} satisfies Assumption 3.3.1.
Then the Markov chain {X,} has a unique equilibrium distribution {r;, j € I}. For
each state j,

S RN
lim ;Z ) =m7; (3.3.6)
k=1

independently of the initial state i. Moreover, let {x;, j € I} with Zjel |xj| < 00
be any solution to the equilibrium equations

Xp=Y xpg. Jjel (3.3.7)
kel

Then, for some constant c, xj = cmj forall j € I.

The proof of this important ergodic theorem is given in Section 3.5. It follows
from Theorem 3.3.2 that the equilibrium probabilities m; are the unique solution
to the equilibrium equations (3.3.5) in conjunction with the normalizing equation

Y omi=1. (3.3.8)

jel
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Interpretation of the r;

Using elementary results from renewal theory, we have already seen from the proof
of Theorem 3.3.1 that for any state j,

the long-run average number of visits to state j
per time unit = 7r;  with probability 1 339

when the process starts in state j. Under Assumption 3.3.1, the interpretation (3.3.9)
can easily be shown to hold for each starting state i € [ (this is obvious for a
transient state j and, by Lemma 3.5.8, a recurrent state j will be reached from
each initial state Xo = i after finitely many transitions with probability 1). The
proof of Theorem 3.3.1 also showed that

= L for each recurrent state j, (3.3.10)
Mjj
where wj; is the mean recurrence time from state j to itself. The interpretation
(3.3.9) is most useful for our purposes. Using this interpretation, we can also
give a physical interpretation of the equilibrium equation (3.3.5). Each visit to
state j means a transition to state j (including self-transitions) and subsequently a
transition from state j. Thus

the long-run average number of transitions from state j

per time unit = 7;
and

the long-run average number of transitions from state k to state j

per time unit = 7y py;.
This latter relation gives
the long-run average number of transitions to state j

per time unit = Z Tk Pk -
kel

By physical considerations, the long-run average number of transitions fo state j
per time unit must be equal to the long-run average number of transitions from
state j per time unit. Why? Hence the equilibrium equations express that the
long-run average number of transitions from state j per time unit equals the long-
run average number of transitions fo state j per time unit for all j € I. The
simplest way to memorize the equilibrium equations is provided by the following

heuristic. Suppose that lim,_, o p” l.(j”). Next apply

M exists so that ; = lim, o p
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the heuristic reasoning

M =P{Xo=j} =) P{Xeo=j | Xoo1 =k}P{Xo_1 =k}
kel

= pgme. el (3.3.11)
kel

Example 3.2.1 (continued) The weather as Markov chain

In this example the three-state Markov chain {X,} has no two disjoint closed sets
and thus has a unique equilibrium distribution. The equilibrium probabilities 7y,
m and w3 can be interpreted as the fractions of time the weather is sunny, cloudy
or rainy over a very long period of time. The probabilities y, 7> and w3 are the
unique solution to the equilibrium equations

w1 = 0.701 + 0.507, 4+ 0.4073
my = 0.101 + 0.2575 + 0.3073
w3 = 0.20m; + 0.2573 4+ 0.3073

together with the normalizing equation mj + 72 4+ 73 = 1. To get a square system
of linear equations, it is permitted to delete one of the equilibrium equations. The
solution is

w1 = 0.5960, mp = 0.1722, w3 = 0.2318

in accordance with earlier calculations in Section 3.2.

Example 3.1.2 (continued) A stock-control problem

In this example the Markov chain {X,} describing the stock on hand just prior to
review has a finite state space and has no two disjoint closed sets (e.g. state O can be
reached from each other state). Hence the Markov chain has a unique equilibrium
distribution. The equilibrium probability 7; denotes the long-run fraction of weeks

for which the stock on hand at the end of the week equals j for j =0,1,..., S.
Thus
s—1
the long-run average frequency of ordering = Z T
Jj=0
N

the long-run average stock on hand at the end of the week = Z J7j
j=0
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with probability 1. Using the expressions for the p;; given in Section 3.1, we obtain
for the r; the equilibrium equations

S—1 )»[ k—1 )\g
7T0=<1—Z(:)€_kz>(ﬂo+ g 1)+Z( Ze E)”k,
o=

=0
s—1 S— N k—
AT A
—A

Tp= e nk+Ze 770k 1<j<s-—1,

k=0 (s k=s (k—=7)

s—1
T = e y'rk+ e k S<j=<S§
' k=0 Z (k_])'

These equations together with the normalizing equation Z,fzo 7w = 1 determine
uniquely the equilibrium probabilities 77;, j =0, 1, ..., S. If one of the equilibrium
equations is omitted to obtain a square system of linear equations, the solution of
the resulting system is still uniquely determined.

Example 3.1.3 (continued) The GI/M/1 queue

In this example the Markov chain {X,,} describing the number of customers present
just prior to arrival epochs has the infinite state space I = {0, 1, ...}. In order to
ensure that Assumption 3.3.1 is satisfied, we have to assume that the arrival rate
of customers is less than the service rate. Thus, denoting by X the reciprocal of the
mean interarrival time, it is assumed that

A< . (3.3.12)

We omit the proof that under this condition Assumption 3.3.1 is satisfied (with
state 0 as regeneration state »). In the G//M /1 queueing example the equilibrium
probability 7; can be interpreted as the long-run fraction of customers who see j
other customers present upon arrival for j =0, 1, ... . In particular, 1 — g is the
long-run fraction of customers who have to wait in queue. Using the specification
of the p;; given in Section 3.1, we obtain the equilibrium equations

)k+lfj

3 nkf e MY iayar, j> 1. (3.3.13)
S O T

The equilibrium equation for my is omitted since it is not needed. An explicit
solution for the 7; can be given. This solution is

mi=0—-mn/, j=0.1,... (3.3.14)

where 7 is the unique solution of the equation

o0
n —f e M= aydr =0 (3.3.15)
0
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on the interval (0, 1). Using the condition (3.3.12), it is readily verified that the
equation (3.3.15) has a unique solution on (0, 1). The result (3.3.14) can be proved
in several ways. A direct way is to try a solution of the form m; = yni, j =0
for constants y > 0 and 0 < n < 1 and substituting this form into (3.3.13).
By doing so, one then finds that 5 satisfies the equation (3.3.15). The constant y
follows from Zﬁo 7j = 1. More sophisticated proofs of result (3.3.14) are given
in Sections 3.4.2 and 3.5.2.

3.3.3 The Long-run Average Reward per Time Unit

A very useful applied probability model is the Markov chain model on which a
reward or cost structure is imposed. Suppose that a reward f(j) is earned each
time the Markov chain visits state j for j € I. The ergodic theorem shows how
to compute the long-run average reward per time unit in terms of the equilibrium
probabilities ;. In addition to Assumption 3.3.1 involving the regeneration state
r, we need the following assumption.

Assumption 3.3.2 (a) The total reward earned between two visits of the Markov
chain to state r has a finite expectation and Zjel | f()Imj < oo.

(b) For each initial state Xo = i with i # r, the total reward earned until the
first visit of the Markov chain to state r is finite with probability 1.

This assumption is automatically satisfied when the Markov chain has a finite
state space and satisfies Assumption 3.3.1.

Theorem 3.3.3 Suppose the Markov chain {X,} satisfies Assumptions 3.3.1 and
3.3.2. Then the long-run average reward per time unit is

1 , . ”
nl;rrgo o ]; f(Xp) = ZI f(j)m; with probability 1
= j€

for each initial state Xo = i.

Intuitively this theorem is obvious by noting that the long-run average number
of visits to state j per time unit equals 7; with probability 1 for each state j € I.
A formal proof of Theorem 3.3.3 is given in Section 3.5.2.

Remark 3.3.1 A useful modification of Theorem 3.3.3

In Theorem 3.3.3 the renewal function refers to an immediate reward f(j) that is
earned each time the Markov chain visits state j. However, in practical applications
it happens often that rewards are gradually earned during the time between the state
transitions of the Markov chain. Define for those situations the reward function

f () by

f(j) = the expected reward earned until the next state transition
when a state transition has just occurred to state j.
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Then it remains true that the long-run average reward per time unit is » jel f()m;
with probability 1. This can be directly seen from the proof of Theorem 3.3.3 that
is given in Section 3.5.2. This proof uses the idea that the long-run average reward
per time unit equals

E(reward earned in one cycle)

E(length of one cycle)

with probability 1, where a cycle is defined as the time elapsed between two
successive visits to a given recurrent state. The expression for E(reward earned
during one cycle) is not affected whether f(j) represents an immediate reward or
an expected reward.

Example 3.2.1 (continued) A stock-control problem

Suppose that the following costs are made in the stock-control problem. A fixed
ordering cost of K > 0 is incurred each time the stock is ordered up to level S. In
each week a holding cost of 4 > 0 is charged against each unit that is still in stock
at the end of the week. A penalty cost of b > 0 is incurred for each demand that
is lost. Denoting by c(j) the expected costs incurred in the coming week when the
current stock on hand is j just prior to review, it follows that

S—1 Ak 00 Ak
N —A —A .
c(N=K+hY (S—ke H+bZ(k—S)e o 0<is<s
k=0 k=S+1
i L i Ak
cN=hY) (—Kemtb 3 k=peiy, s<js<s.
k=0 k=j+1

The long-run average cost per week equals Zf:o c(j)m; with probability 1. In
evaluating this expression, it is convenient to replace Y po. i1 =5k e A%/ k! by
Jj—A— Zi:o(j — k) e *Ak/k! in the expression for c(j). Note that by taking
b =1and K = h = 0, the long-run average cost per week reduces to the long-
run average demand lost per week. Dividing this average by the average weekly
demand A we get the long-run fraction of demand that is lost.

Example 3.3.1 An insurance problem

A transport firm has effected an insurance contract for a fleet of vehicles. The
premium payment is due at the beginning of each year. There are four possible
premium classes with a premium payment of P; in class i, where P;4; < P; for
i = 1,2,3. The size of the premium depends on the previous premium and the
claim history during the past year. If no damage is claimed in the past year and
the previous premium is P;, the next premium payment is P;+; (with Ps = P,
by convention), otherwise the highest premium P; is due. Since the insurance
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contract is for a whole fleet of vehicles, the transport firm has obtained the option
to decide only at the end of the year whether the accumulated damage during
that year should be claimed or not. If a claim is made, the insurance company
compensates the accumulated damage minus an own risk which amounts to r;
for premium class i. The total damages in the successive years are independent
random variables having a common probability distribution function G(s) with
density g(s). What is a reasonable claim strategy and what is the long-run average
cost per year?

An obvious claim strategy is the rule characterized by four parameters oy, . .. , 4.
If the current premium class is class i, then the transport firm claims at the end of the
year only damages larger than «;, otherwise nothing is claimed. Consider now a given
claim rule (o1, ... ,04) with; > r; fori = 1,...,4. For this rule the average
cost per year can be obtained by considering the stochastic process which describes
the evolution of the premium class for the transport firm. Let

X, = the premium class for the firm at the beginning of the nth year.

Then the stochastic process {X,} is a Markov chain with four possible states
i = 1,...,4. The one-step transition probabilities p; are easily found. A one-
step transition from state i to state 1 occurs only if at the end of the present year
a damage is claimed, otherwise a transition from state i to state i + 1 occurs (with
state 5 = state 4). Since for premium class i only cumulative damages larger than
«; are claimed, it follows that

pit=1-G(y), i=1,...,4,
piiv1 =G(o), i=1,2,3 and pa=G(as).
The other one-step transition probabilities p;; are equal to zero. The Markov chain

has no two disjoint closed sets. Hence the equilibrium probabilities 7;, 1 < j < 4,
are the unique solution to the equilibrium equations

4 = G(a3)ms + G(ag)my,
m3 = G(az)m2,
m = G(ay)my,

m ={1 = GaD}m +{1 = Ga)}ma + {1 — G(a3)}m3 + {1 — G(aa)}ms

together with the normalizing equation w1 +m2+m3+7m4 = 1. These linear equations
can be solved recursively. Starting with 4 := 1, we recursively compute 73, 72
and 7 from the first three equations. Next we obtain the true values of the m;
from 7; :=7;/ 22:1 7. Denote by c¢(j) the expected costs incurred during a year
in which premium P; is paid. Then by Theorem 3.3.3 we have that the long-run
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Table 3.3.1 The optimal claim limits and the minimal costs

Gamma Lognormal
h=1 ch=4 3 =25 =1 3 =4 c}=25
af 5908 6008 6280 6015 6065 6174
oy 7800 7908 8236 7931 7983 8112
of 8595 8702 9007 8717 8769 8890
oy 8345 8452 8757 8467 8519 8640
g* 9058 7698 6030 9174 8318 7357

average cost per year is

4

glat, ... an) =) c(Pm

j=1

with probability 1. The one-year cost ¢(j) consists of the premium P; and any
damages not compensated that year by the insurance company. By conditioning on
the cumulative damage in the coming year, it follows that

c(j) = P; +/O " sg(s)ds +ri[1 — G(a))].

The optimal claim limits follow by minimizing the function g(«, ..., oq) with
respect to the parameters o, ..., aq. Efficient numerical procedures are widely
available to minimize a function of several variables. Table 3.3.1 gives for a number
of examples the optimal claim limits &, ... , a} together with the minimal average
cost g*. In all examples we take

Py =10000, P, =7500, P;=06000, P4=>5000,
r1 = 1500, rp = 1000, r3 =750, r4 = 500.

The average damage size is 5000 in each example; the squared coefficient of
variation of the damage size D takes three values: czD =1, 4 and 25. To see the
effect of the shape of the probability density of the damage size on the claim limits,
we take the gamma distribution and the lognormal distribution both having the same
first two moments. In particular, the minimal average cost becomes increasingly
sensitive to the distributional form of the damage size D when 02D gets larger. Can
you explain why the minimal average cost per year decreases when the variability
of the claims increases?

3.4 COMPUTATION OF THE EQUILIBRIUM PROBABILITIES

In this section it is assumed that the Markov chain {X,,} satisfies Assumption 3.3.1.
The Markov chain then has a unique equilibrium distribution {r;, j € I}. The 7;
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are determined up to a multiplicative constant by the equilibrium equations

njzzn’kpkj, ]EI (341)
kel

The multiplicative constant is determined by the normalizing equation

> mi=1. (3.4.2)

jel

In Section 3.4.1 we consider the case of a finite space / and discuss several methods
to compute the equilibrium probabilities 7. The infinite-state model is dealt with
in Section 3.4.2. It is shown that brute-force truncation is not necessary to get a
finite system of linear equations when the state space I = {0, 1, ...} and the state
probabilities ; exhibit a geometric tail behaviour as j — oco. For this situation,
which naturally arises in many applications, an elegant computational method for
the state probabilities can be given. Markov chains with a multidimensional state
space are prevalent in stochastic networks and in such applications it often happens
that the equilibrium probabilities are known up to a multiplicative constant. If
the number of states is too large for a direct computation of the multiplicative
constant, the Metropolis—Hastings algorithm and the Gibbs sampler may be used
to obtain the equilibrium probabilities. These powerful methods are discussed in
Section 3.4.3.

3.4.1 Methods for a Finite-State Markov Chain

In general there are two methods to solve the Markov chain equations:

(a) direct methods,

(b) iterative methods.

To discuss these methods, let us assume that the states of the Markov chain are
numbered or renumbered as 1, ..., N.

Direct methods

A convenient direct method is a Gaussian elimination method such as the
Gauss—Jordan method. This reliable method is recommended as long as the dimen-
sion N of the system of linear equations does not exceed the order of thousands.
The computational effort of Gaussian elimination is proportional to N3. Reliable
and ready-to-use codes for Gaussian elimination methods are widely available. A
Gaussian elimination method requires that the whole coefficient matrix is stored,
since this matrix must be updated at each step of the algorithm. This explains why
a Gaussian elimination method suffers from computer memory problems when N
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gets large. In some applications the transition probabilities p;; have the property
that for each state i the probability p; = 0 for j <i—2 (or p; =0 for j > i+2).
Then the linear equations are of the Hessenberg type. Linear equations of the
Hessenberg type can be efficiently solved by a special code using the very stable
OR method. In solving the Markov chain equations (3.4.1) and (3.4.2) by a direct
method, one of the equilibrium equations is omitted to obtain a square system of
linear equations.

Iterative method of successive overrelaxation

Iterative methods have to be used when the size of the system of linear equations
gets large. In specific applications an iterative method can usually avoid computer
memory problems by exploiting the (sparse) structure of the application. An iter-
ative method does not update the matrix of coefficients each time. In applications
these coefficients are usually composed from a few constants. Then only these
constants have to be stored in memory when using an iterative method. In addition
to the advantage that the coefficient matrix need not be stored, an iterative method
is easy to program for specific applications.

The iterative method of successive overrelaxation is a suitable method for solving
the linear equations of large Markov chains. The well-known Gauss—Seidel method
is a special case of the method of successive overrelaxation. The iterative methods
generate a sequence of vectors X — x( — x@® — . converging towards
a solution of the equilibrium equations (3.4.1). The normalization is done at the
end of the calculations. To apply successive overrelaxation, we first rewrite the
equilibrium equations (3.4.1) in the form

N
x,-:E a,'jx]', i=1,...,N,

j=1
J#

where

aj = . i j=1,...,N,j#i

The standard successive overrelaxation method uses a fixed relaxation factor w
for speeding up the convergence. The method starts with an initial approximation
vector X9 £ 0. In the kth iteration of the algorithm an approximation vector x* is
found by a recursive computation of the components x® such that the calculation

i
(k)

of the new estimate x;" uses both the new estimates x}k) for j < i and the old

estimates x;k_l) for j > i. The steps of the algorithm are as follows:

Step 0. Choose a non-zero vector . Let k := 1.

Step 1. Calculate successively fori = 1,..., N the component x l.(k) from
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i—1 N
xi(k) =(- w)xl-(kfl) + w Za,-jx;k) + Z aijx;kfl)
j=1 j=itl1
Step 2. If the stopping criterion
3

i=

N
xi(k) — xi(k_l)‘ <e Z ‘xl.(k)‘
i=1

is satisfied with ¢ > 0, a prespecified accuracy number, then go to step 3. Otherwise
k:=k+ 1 and go to step 1.
Step 3. Calculate the solution to (3.4.1) and (3.4.2) from

®)
xf=— , 1<i<N.

The specification of the tolerance number ¢ typically depends on the particular
problem considered and the accuracy required in the final answers. In addition to
the stopping criterion, it may be helpful to use an extra accuracy check for the
equilibrium probabilities of the underlying Markov chain. An extra accuracy check
may prevent a decision upon a premature termination of the algorithm when the
tolerance number ¢ is not chosen sufficiently small. Notice that the normalizing
equation (3.4.2) is used only at the very end of the algorithm. In applying succes-
sive overrelaxation it is highly recommended that all of the equilibrium equations
(3.4.1) are used rather than omitting one redundant equation and substituting the
normalizing equation (3.4.2) for it.

The convergence speed of the successive overrelaxation method may dramati-
cally depend on the choice of the relaxation factor w, and even worse the method
may diverge for some choices of w. A suitable value of w has to be determined
experimentally. Usually 1 < w < 2. The choice w = 1.2 is often recommended.
The optimal value of the relaxation factor w depends on the structure of the partic-
ular problem considered. It is pointed out that the iteration method with w = 1 is
the well-known Gauss—Seidel method. This method is convergent in all practical
cases. The ordering of the states may also have a considerable effect on the con-
vergence speed of the successive overrelaxation algorithm. In general one should
order the states such that the upper diagonal part of the matrix of coefficients is as
sparse as possible. In specific applications the transition structure of the Markov
chain often suggests an appropriate ordering of the states.

Krylov iteration method

The Gauss—Seidel iteration method can further be refined to obtain orthogonal basis
vectors for a so-called Krylov space. The construction of an appropriate Krylov
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basis is strongly dependent of the structure of the system of linear equations to
be solved and is typically a matter of experimentation. However, it is worthwhile
to try such an experimentation when an extremely large but structured system of
linear equations has to be solved many times. Enormous reductions in computing
times can be achieved by Krylov iteration methods; see Stewart (1994).

Recursive method

The linear equations (3.4.1) and (3.4.2) become a Hessenberg system when the p;;
have the property that for each state i = 1,... , N,

pij =0 forall j <i—2. (3.4.3)

In this special case the equilibrium probabilities 7z; can also be computed by a
simple recursion scheme. To obtain this recursion scheme, we extend the ‘rate
out = rate in’ principle discussed in Section 3.3. For each set A of states with
A # I, we have that the long-run average number of transitions per time unit
from a state inside A to a state outside A equals the long-run average number of
transitions per time unit from a state outside A to a state inside A.

Under the property (3.4.3) the set A = {i,i + 1,..., N} with i # 1 can be
left only through state i. Applying the ‘rate out = rate in’ principle to this set A,

we find
i—1

N
p,-,i_lnizznk Zpkj , i=2,...,N. (3.4.4)
k=1 j=i

This recursion starts with the value of ;. Since the equilibrium equations determine
the probabilities 7z; up to a multiplicative constant, it is no problem that the value
of 1 is not known beforehand. We initialize the recursion with an arbitrary non-
zero value for 71 and normalize at the end of the recursion. In applying (3.4.4) it
is no restriction to assume that p; ;1 > 0 for all i > 2.

Algorithm

Step 0. Initialize 7 := 1.
Step 1. Compute successively 7o, ... , Ty from (3.4.4).
Step 2. Normalize the 7; according to

N
7T,‘=ﬁi/2ﬁk, i=1,2,...,N.
k=1

The recursion scheme (3.4.4) involves no subtractions and is thus numerically
stable. However, very large numbers 7; may build up when N is large. In those
situations it is recommended to do a renormalization at intermediate steps of the
recursion. The recursion method can also be used for a Markov chain with an
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infinite state space / = {1, 2, ...} and one-step transition probabilities p;; satisfying
(3.4.3). Then a truncation integer N must be used.

3.4.2 Geometric Tail Approach for an Infinite State Space

Many applications of Markov chains involve an infinite state space. What one
usually does to solve numerically the infinite set of equilibrium equations is to
approximate the infinite-state Markov model by a truncated model with finitely
many states so that the probability mass of the deleted states is very small. Indeed,
for a finite-state truncation with a sufficiently large number of states, the differ-
ence between the two models will be negligible from a computational point of
view. However, such a truncation often leads to a finite but very large system of
linear equations whose numerical solution will be quite time-consuming, although
an arsenal of good methods is available to solve the equilibrium equations of
a finite Markov chain. Moreover, it is somewhat disconcerting that we need a
brute-force approximation to solve the infinite-state model numerically. Usually
we introduce infinite-state models to obtain mathematical simplification, and now
in its numerical analysis using a brute-force truncation we are proceeding in the
reverse direction. Fortunately, many applications allow for a much simpler and
more satisfactory approach to solving the infinite set of state equations. Under
rather general conditions the state probabilities exhibit a geometric tail behaviour
that can be exploited to reduce the infinite system of state equations to a finite set
of linear equations. The geometric tail approach results in a finite system of linear
equations whose size is usually much smaller than the size of the finite system
obtained from a brute-force truncation. It is a robust approach that is easy to use
by practitioners.

Consider a discrete-time Markov chain whose state space is one-dimensional and
is given by

I={0,1,...}.

Let us assume that the equilibrium probabilities 7;, j € I, exhibit the geometric
tail behaviour

i~ yn! as j — oo (3.4.5)

for some constants y > 0 and 0 < n < 1. Here f(x) ~ g(x) as x — 0o means
that lim, o0 f(x)/g(x) = 1. Below we will discuss conditions under which (3.4.5)
holds. First we demonstrate how the geometric tail behaviour can be exploited to
reduce the infinite system of state equations to a finite system of linear equations.
It will be seen below that the decay factor n in (3.4.5) can usually be computed
beforehand by solving a non-linear equation in a single variable. Solving a non-
linear equation in a single variable is standard fare in numerical analysis. In most
applications it is not possible to compute the constant y beforehand. Fortunately,
we do not need the constant y in our approach. The asymptotic expansion is only
used by
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L
lim —— =n.
j—o0 Tj—1
In other words, for a sufficiently large integer M,
T oy ™, j=M.
Replacing 7; by ayun/~M for j > M in equations (3.4.1) and (3.4.2) leads to the

following finite set of linear equations:

M
mp=Y apm, j=0.1,....M—1,
k=0

M—1 T
Z”./WLI—M =1,
j=0 -7

where for any j =0,1,..., M — 1 the coefficients aj, are given by
a,_{pkj, k=0,1,...,M—1,
jk Z?iM nt_Mpiﬁ k=M.

How large an M should be chosen has to be determined experimentally and
depends, of course, on the required accuracy in the calculated values of the equilib-
rium probabilities. However, empirical investigations show that in specific appli-
cations remarkably small values of M are already good enough for practical pur-
poses. We found in all practical examples that the system of linear equations is
non-singular, irrespective of the value chosen for M. An appropriate value of M is
often in the range 1-200 when a reasonable accuracy (perhaps seven-digit accu-
racy) is required for the equilibrium probabilities. A Gaussian elimination method
is a convenient method for solving linear equations of this size. Fast and reliable
codes for Gaussian elimination are widely available. The geometric tail approach
combines effectivity with simplicity.

Conditions for the geometric tail behaviour

A useful but technical condition for (3.4.5) to hold can be given in terms of
the generating function Zﬁo mw;z/ of the equilibrium probabilities ;. In many
applications the following condition is satisfied.

Condition A (a) The generating function Z]Qio JTJ'Zj for |z| < 1 has the form

. N(2)
E : L
2 Tz = @ (3.4.6)
j=0
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where N (z) and D(z) are functions that have no common zeros. The functions N (z)
and D(z) are analytic functions that can be analytically continued outside the unit
circle |z] < 1.

(b) Letting R > 1 be the largest number such that both functions N (z) and D(z)
are analytic in the region |z| < R in the complex plane, the equation

D(x)=0 (3.4.7)
has a smallest root xqg on the interval (1, R).

In specific applications the denominator D(z) in (3.4.6) is usually a nice function
that is explicitly given (this is usually not true for the numerator N (z)). It is only
the denominator D(z) that is needed for our purposes. Theorem C.1 in Appendix C
shows that under Condition A plus some secondary technical conditions the state
probabilities 7; allow for the asymptotic expansion (3.4.5) with

n=—. (3.4.8)
X0

Condition A is a condition that seems not to have a probabilistic interpretation.
Next we give a probabilistic condition for (3.4.5) to hold. This condition is in
terms of the one-step transition probabilities p;; of the Markov chain.

Condition B (a) There is an integer r > 0 such that p;; depends on i and j only
through j —i wheni >r and j > 1.
(b) There is an integer s > 1 such that

pij =0 forj>i+sandi>0.

(c) Letting aj_; denote p;j fori >r and 1 < j <i+s, the constants ay satisfy
s
oy >0 and Z koy < 0.
k=—00
Under Condition B the equilibrium equation for 7; has the form
o
= Z aj_gmy for j >r+s.
k=j—s

This is a homogeneous linear difference equation with constant coefficients. A stan-
dard method to solve such a linear difference equation is the method of particular
solutions. Substituting a solution of the form 7; = w/ in the equilibrium equations
for the 7r; with j > r + s, we find the so-called characteristic equation

o0
w — Zas,ew‘f =0. (3.4.9)
=0
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This equation can be shown to have s roots in the interior of the unit circle |w| <
1. Assume now that the roots wi, ..., w, are distinct (as is typically the case
in applications). Then, by a standard result from the theory of linear difference
equations, there are constants ci, ... , ¢y such that

s
mp=Y cw] j=r. (3.4.10)
k=1

The root wy having the largest modulus must be real and positive. Why? Denoting
this root by 7, the asymptotic expansion (3.4.5) then follows.

Example 3.1.3 (continued) The GI /M /1 queue

The Markov chain {X,} describing the number of customers present just prior to
arrival epochs satisfies Condition B with

r=0 and s=1,

as directly follows from the one-step transition probabilities p;; given in (3.1.2).
The constants oy are given by

e ()
= M————a@t)dt, k<1I.
ok /0 e (1_k)!a() =

It is directly verified that oy > 0 and Z,](:_OO ko =1 — pu/A < 0. Thus we can
directly conclude from (3.4.10) that the equilibrium probabilities 7; are of the form
yn! for all j > 0 for constants y > 0 and 0 < < 1. The characteristic equation
(3.4.9) coincides with the equation (3.3.15).

Next we give an application in which Condition A is used to establish the
asymptotic expansion (3.4.5).

Example 3.4.1 A discrete-time queueing model

Messages arrive at a communication system according to a Poisson process with
rate A. The messages are temporarily stored in a buffer which is assumed to have
infinite capacity. There are ¢ transmission channels. At fixed clock times ¢ =
0, 1,... messages are taken out of the buffer and are synchronously transmitted.
Each channel can only transmit one message at a time. The transmission time of
a message is one time slot. Transmission of messages can only start at the clock
times t =0, 1, ... . It is assumed that

A <ec,

that is, the arrival rate of messages is less than the transmission capacity.
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To analyse this queueing model, define the random variable X,, by

X, = the number of messages in the buffer (excluding any message

in transmission) just prior to clock time ¢ = n.

Then {X,,,n = 0,1,...} is a discrete-time Markov chain with the infinite state

space I = {0, 1, ...}. The one-step transition probabilities are given by
A)‘j
pj=e¢*—, O<i<cand j=0,1,...
J!
L Aj—i-{—c

= — i>cand j=i—c,i—c+1,....

Py G—i+to)! /

By the assumption A < ¢ the Markov chain can be shown to satisfy Assump-
tion 3.3.1. Hence the equilibrium probabilities ;, j = 0,1, ... exist and are the

unique solution to the equilibrium equations

)L)\" ctj )Lj—k—l—c
= Zﬂ’k+2 mﬂk, j=0,1,...
k=c

in conjunction with the normalizing equation Z;io mj = 1. Multiplying both sides
of the equilibrium equation for 7; by z/ and summing over j, we find

S j ctj kj—k+c
ZszJ Ze —zJerk+szZ 7_]{4_ )'nk
= ! = = c)!
c—1 o] . oo )Lj—k+c ) '
_ e—)»(l—z) Z T + Z n,kzk—c Z e—A — 'Zj_k—H
k=0 k=c j=k—c (U —k+o!

c—1 00 c—1
_ 00 [Z —_ (Z it kaﬂ |
k=0 k=0 k=0
This gives

e—H1-2) [Zi Ve -z )nk]

oo

iy -
E T <1
2% € — 12 > [l

The generating function Z On]zf is the ratio of two functions N(z) and D(z).
Both functions can be analytlcally continued to the whole complex plane. The
denominator D(z) is indeed a nice function in an explicit form (the function N(z)
involves the unknowns g, ..., m.—1). Denote by x¢ the unique solution of the
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equation
x¢ — e—A(l—x) =0

on the interval (1, co) and let n = 1/x. Then it can be verified from Theorem C.1
in Appendix C that

nj~y77j as j — 0o

for some constant ¥ > 0. Thus the geometric approach enables us to compute the
mj by solving a finite and relatively small system of linear equations.

3.4.3 Metropolis—Hastings Algorithm

In the context of stochastic networks, we will encounter in Chapter 5 Markov
chains with a multidimensional state space and having the feature that the equilib-
rium probabilities are known up to a multiplicative constant. However, the number
of possible states is enormous so that a direct calculation of the normalization con-
stant is not practically feasible. This raises the following question. Suppose that

Ti,..., TN are given positive numbers with a finite sum § = ZIN: | ;. How do
we construct a Markov chain whose equilibrium probabilities are given by 7;/S
for j = 1,..., N? For ease of presentation, we restrict ourselves to N < oo. To

answer the question, we need the concept of a reversible Markov chain. Let {X,,}
be a Markov chain with a finite state space I and one-step transition probabilities
pij- It is assumed that {X,,} has no two disjoint closed sets. Then the Markov chain
has a unique equilibrium distribution {7;}. Assume now that a non-null vector (g;),
j € I exists such that

8jPjk = 8kPkj» J. k€l (3.4.11)
Then, for some constant ¢ # 0,
gj = c7;j. (3.4.12)

The proof is simple. Fix j € I and sum both sides of (3.4.11) over k. This gives

g =) apy. Jjel
kel

These equations are exactly the equilibrium equations of the Markov chain {X,}.
Hence, by Theorem 3.3.2, we have that (3.4.12) holds. By (3.4.11) and (3.4.12),

Tjpjk = TkPkj,» J. k€l (3.4.13)

A Markov chain {X,,} having this property is called a reversible Markov chain. The
property (3.4.13) states that the long-run average number of transitions from state
j to state k per time unit is equal to the long-run average number of transitions
from state k to state j per time unit for all j, k € 1.
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Let us return to the problem of constructing a Markov chain with equilibrium
probabilities {7; = 7;/S, j = 1,...,N} when 7y, ...,y are given positive
numbers with a finite sum S. To do so, choose any Markov matrix M = (mlj),
i, j=1,..., N with positive elements m;;. Next construct a Markov chain {X,}
with state space I = {1, ..., N} and one-step transition probabilities

mijaj, Jj#i,

pij = ul
/ miioi + > mp (1 — o), j =1,

where the «;; are appropriately chosen numbers between 0 and 1 with a;; = 1 for
i =1,...,N. The state transitions of the Markov chain {X,} are governed by the
following rule: if the current state of the Markov chain {X,} is i, then a candidate
state k is generated according to the probability distribution {m;;, j =1,..., N}
The next state of the Markov chain {X,} is chosen equal to the candidate state
k with probability «j and is chosen equal to the current state i with probability
1 — aj. By an appropriate choice of the «;;, we have

ﬁjpjk Iﬁkpkj, j,k=1,... N, (3.4.14)

implying that the Markov chain {X,} has the equilibrium distribution

N
7 =—j/z—k, j=1,...,N. (3.4.15)

. T jmji L.
al'j = min <_—71>1 ls]=17"' 1N (3'4‘16)
TTimij

(use that aj; = 1 if ajj = 7;jmj; /7;m;;). Note that the sum § = Z,](V:l Tk is not
needed to define the Markov chain {X,,}.

Summarizing, the following algorithm generates a sequence of successive states
of a Markov chain {X,} whose equilibrium distribution is given by (3.4.15).

Metropolis— Hastings algorithm

Step 0. Choose a Markov matrix M = (my), i, j = 1,..., N with positive ele-
ments. Let Xg :=i forsome 1 <i < N and let n := 0.

Step 1. Generate a candidate state Y from the probability distribution P{Y = j} =
my, jfor j=1,... N.IfY =k, then set X, equal to k with probability ax, «
and equal to X,, with probability 1 — ax, x, where the «;; are given by (3.4.16).
Step 2. n :==n + 1 and repeat step 1.
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For the generated sequence of successive states Xg, X1, ..., it holds that
1 n N
Jim /; f(Xy) = 21: f(j)m; with probability 1
= J:

for any given function f. Thus the Metropolis—Hastings algorithm can be used to
find performance measures of the Markov chain {X,} such as the long-run average
cost per time unit when a cost structure is imposed on the Markov chain.

The most widely used version of the Metropolis—Hastings algorithm is the
Gibbs sampler. Suppose that (Ny, ..., Ng) is a d-dimensional stochastic vector
whose probability distribution

p(x1,...,xq) = P{Ny =x1,..., Ng = x4}

is known up to a multiplicative constant. This situation will be encountered in
Section 5.6 in the context of a closed queueing network. In this particular applica-
tion the univariate conditional distribution

P{Ny = x¢|N; = xj for j =1,...,d with j # k} (3.4.17)

is explicitly known for each k = 1, ... ,d. In order to apply the Gibbs sampler,
it is required that the univariate conditional distributions in (3.4.17) are known.
The Gibbs sampler generates a sequence of successive states (xi, ..., xg) from a
Markov chain whose equilibrium distribution is given by p(xy, ..., xq).

Gibbs sampler

Step 0. Choose an initial state x = (xq, ... , Xgq).

Step 1. For the current state X choose a coordinate which is equally likely to be
any of the coordinates 1, ... , d. If coordinate k is chosen, then generate a random
variable Y whose probability distribution is given by

PY =y} =P{Xy =y|X; =xjfor j=1,...,d with j # k}.

If Y =y, let the candidate state y = (X1, ..., Xk—1, V5 Xk+1s--- » Xd)-
Step 2. The next state X = (x1,...,xg) is set equal to y. Repeat step 1 with this
new state X.

The Gibbs sampler uses the Metropolis— Hastings algorithm with the choice
1
myy = EP{Xk =y|X;=x;for j=1,...,d with j # k}

for the Markov matrix M. It is not difficult to verify that for this choice the
acceptance probability ay y is given by

) (p(y)p(X) )
axy=min | ———— 1) =1
pX)p(y)

Hence the candidate state is always accepted as the next state of the Markov chain.
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3.5 THEORETICAL CONSIDERATIONS

In this section we give some background material. First the state classification of
Markov chains is discussed. Next we prove the results that were used earlier in the
analysis of the long-run behaviour of Markov chains.

3.5.1 State Classification

The concepts of a transient state and a recurrent state were introduced in Section 3.2
and the following lemma was proved for the Markov chain {X,}.

Lemma 3.5.1 A state i is transient only if Y oo pgq) < 00 and a state i is recur-

rent only if Y o2, pl.(l.") = 0.

To analyse the transient states and recurrent states in more detail, we need the
concept of accessibility.

Definition 3.5.1 State j is said to be accessible from state i if pi(j”) > 0 for some
n > 0. Two states i and j are said to communicate if j is accessible from i and i is
accessible from j.

Since pfio ) =1 by definition, we always have that any state i is accessible
from itself. It is convenient to write i — j if state j is accessible from state i.
The concept of communication enables us to split up the state space in a natural
way into disjoint closed sets of recurrent states and a set of transient states (for
the finite-state Markov chain an algorithm is given at the end of this subsection).
Recall that a non-empty set C of states is called a closed set if p;; =0 fori € C
and j ¢ C. That is, the Markov chain cannot leave the set C once it is in the set
C. By definition the state space / is always a closed set. A closed set C is called
irreducible when the set C contains no smaller closed set.

Lemma 3.5.2 Let C be a closed set of states. The set C is irreducible if and only
if all states in C communicate with each other.

Proof For each i € C, define the set S(i) by
S@OH={jli—>j}

The set S(7) is not empty since i — i. Since the set C is closed, we have S(i) € C.
First suppose that C is irreducible. The ‘only if” part of the lemma then follows by
showing that S(i) = C for all i. To do so, it suffices to show that S(i) is closed.
Assume now to the contrary that S(i) is not closed. Then there is a state r € S(i)

and a state s ¢ S(i) with p,; > 0. Since r € S(i) we have pF”) > 0 for some
(n+1)
>0

r
n > 0and so png) > pl.(f)prs > 0; use relation (3.2.2). The inequality p;;

contradicts the fact that s ¢ S(i). This completes the proof of the ‘only if” part of
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the lemma. To prove the other part, assume to the contrary that C is not irreducible.
Then there is a closed set § € C with § % C. Choose i € S and let the set S(i) be
as above. Since S is closed, we have S(i) C S. Hence S(i) # C, which contradicts
the assumption that all states in C communicate.

We are now able to prove the following interesting theorem.

Theorem 3.5.3 (a) Let C be an irreducible set of states. Then either all states in
C are recurrent or all states in C are transient.

(b) Let C be an irreducible set consisting of recurrent states. Then fi; =1 for all
i, j € C. Moreover, either wjj < oo forall j € C or ujj = oo forall j € C.
Proof (a) By Lemma 3.5.1, state i is transient if and only if 22021 pl(l” ) < 00.

Choose now i, j € C with j # i. By Lemma 3.5.2 we have that the states i and j
(v)

communicate. Hence there are integers v > 1 and w > 1 such that p; > 0 and
p;l-w) > 0. Next observe that for any n > 0,
+v+ +v+
P = pp ) and pgtT = pl ) pi, (3.5.1)
These inequalities imply that 372 | p{"” < oo if and only if "2, pi” < co. This

proves part (a). In fact the proof shows that i — j and j — i implies that both
states i and j are recurrent or that both states i and j are transient.

(b) Since the states of C are recurrent, we have by definition that f;; = 1 for all
i € C. Choose now i, j € C with j # i. By Lemma 3.5.2 j — i. Hence there is

an integer m > 1 with p](lm ) 5 0. Let r be the smallest integer m > 1 for which

p;lm) > 0. Then

Since fj;j =1, we get from this inequality that f;; = 1. The inequalities in (3.5.1)
imply that the sequence { pl(lk ), k > 1} has a positive Cesaro limit if and only if the
sequence { pj(/.k), k > 1} has a positive Cesaro limit. It now follows from (3.3.1) in
Theorem 3.3.1 that pj; < oo if and only if u; < oo.

Theorem 3.5.4 Let R be the set of recurrent states of the Markov chain. Suppose
that the set R is not empty. Then

(a) the set R is a closed set,

(b) the set R can be uniquely split into disjoint irreducible subsets Ri, Ra, ...
(called recurrent subclasses).

Proof (a) Choose any state r € R. Let s be any state such that p,; > 0. The set
R is closed if we can show that s € R. Since state r is recurrent and state s is
accessible from state r, state » must also be accessible from state s. If not, there
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would be a positive probability of never returning to state r, contradicting the fact
that state r is recurrent. Hence there is a positive integer v such that ps(f) > 0. For
any integer k,

pTED > p p® p,.

implying that ) 7 ps(?) > Pg) Prs 2 peq pﬁlr{). Since state r is recurrent, it now
follows from Lemma 3.5.1 that state s is recurrent. Hence s € R.

(b) We first observe that the following two properties hold:

(P1) If state i communicates with state j and state i communicates with state k,
then the states j and k communicate.

(P2) If state j is recurrent and state k is accessible from state j, then state j is
accessible from state k.

The first property is obvious. The second property was in fact proved in part (a).
Define now for each i € R the set C(i) as the set of all states j that communicate
with state i. The set C (i) is not empty since i communicates with itself by definition.
Further, by part (a), C(i) € R. To prove that the set C(i) is closed, let j € C(i)
and let k be any state with pj > 0. Then we must verify that i — k and k — i.
From i — j and j — k it follows that i — k. Since j — i, the relation k — i
follows when we can verify that k — j. The relation k — j follows directly
from property P2, since j is recurrent by the proof of part (a) of Theorem 3.5.3.
Moreover, the foregoing arguments show that any two states in C (i) communicate.
It now follows from Lemma 3.5.2 that C (i) is an irreducible set. Also, using the
properties P1 and P2, it is readily verified that C (i) = C(j) if i and j communicate
and that C (i) N C(j) is empty otherwise. This completes the proof of part (b).

Definition 3.5.2 Let i be a recurrent state. The period of state i is said to be d if
d is the greatest common divisor of the indices n > 1 for which pl.(l.") > 0. A state i
with period d = 1 is said to be aperiodic.

Lemma 3.5.5 (a) Let C be an irreducible set consisting of recurrent states. Then
all states in C have the same period.

(b) If state i is aperiodic, then there is an integer ng such that pl(ln ) >0 for all
n = nop.

Proof (a) Denote by d(k) the period of state k € C. Choose i, j € C with j #i.
By Lemma 3.5.2 we have i — j and j — i. Hence there are integers v, w > 1

such that p,.(jv) > 0 and p™ > 0. Let n be any positive integer with p}/.") > 0. Then

Ji
(n+v+w)

the first inequality in (3.5.1) implies that p > 0 and so n+v+w is divisible

un
by d(i). Thus we find that n is divisible by d (i) whenever p;;” > 0. This implies
that d(i) < d(j). For reasons of symmetry, d(j) < d(i). Hence d(i) = d(j) which
verifies part (a).

) Let A=1{n=>1]| pl.(i") > 0}. The index set A is closed in the sense that

(n+m) (n)

n+me A whenn € Aand m € A. This follows from p;; > p;; pl.(lm). Since
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state i is aperiodic, there are integers a € A and b € A whose greatest common
divisor is equal to 1. An elementary result in number theory states that there exist
integers r and s such that gcd (a, b) = ar + bs. The integers r and s are not
necessarily non-negative. Let p and g be any positive integers such that both p and
q are larger than a x max(|r|, |s|). Take m = pa+qb. Since m+a = (p+1)a+qb,
part (b) of the lemma follows by proving that m +k € A fork =0,...,a — 1.
We then have pl(l" ) 5 0 for all n > m. Noting that ar + bs = 1, it follows that
m+k = pa+ qgb+ k(ar + bs) = (p + kr)a + (g + ks)b. The integers p + kr
and g + ks are positive. Hence, by the closedness of A, the integers (p + kr)a and
(g + ks)b belong to A and so the integer m +k € A forany k =0,...,a — 1.

Finite state space

There are a number of basic results that hold for finite-state Markov chains but not
for Markov chains with infinitely many states. In an infinite-state Markov chain
it may happen that there is no recurrent state, as is demonstrated by the Markov
chain example with state space I = {1, 2, ...} and one-step transition probabilities
with p; ;41 = 1 for all i > 1. In this example all states are transient. The next
lemma shows that a finite-state Markov chain always has recurrent states.

Lemma 3.5.6 Each finite closed set of states has at least one recurrent state.

Proof Let C be a closed set of states. Then, for any i € C,

Zp}jf”zl, n=1,2,.... (3.5.2)
jeC

Assume now that all states j € C are transient. In Lemma 3.2.3 it was shown that
lim,, s oo pi(j”) = 0 for all i € [ if state j is transient. Let n — oo in (3.5.2). By the
finiteness of C, it is permissible to interchange the order of limit and summation.
Hence we obtain the contradiction 0 = 1 when all states in C are transient. This
ends the proof.

In most applications the Markov chain has no two disjoint closed sets (usually
there is a state that is accessible from any other state). The next theorem summarizes
a number of useful results for finite-state Markov chains having no two disjoint
closed sets.

Theorem 3.5.7 Let {X,} be a finite-state Markov chain. Suppose that the Markov
chain has no two disjoint closed sets. Denote by R the set of recurrent states. Then
(a) fij=1forallielandje€R.

(b) nj <ooforalli €l and j € R, where the mean first-passage times [1jj are
defined by i =y .2, nfl](n)
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(c) If the recurrent states are aperiodic, then there is an integer v > 1 such that
pl.(jv) >O0foralli el and j € R.

Proof Since the Markov chain has no two disjoint closed sets, the closed set R of

recurrent states is irreducible by Theorem 3.5.4. Hence, by Lemma 3.5.2, any two

states in R communicate with each other. This implies that for any i, j € R there

is an integer n > 1 such that p(") > (. Next we prove that foranyi € I and j € R

there is an integer n > 1 such that p( " = 0. To verify this, assume to the contrary
that there is a transient state i € [ such that no state j € R is accessible from i.
Then there is a closed set that contains i and is disjoint from R. This contradicts
the assumption that the Markov chain has no two disjoint closed sets. Hence for
any transient state i € R there is a state j € R that is accessible from i. Thus any
state j € R is accessible from any i € I, since any two states in R communicate
with each other.

To verify parts (b) and (c), define under the condition Xy = i the random variable
Nij by

Nij =min{n > 1| X, = j}.

Fix now j € R. For each i € I, let r; be the smallest positive integer n for which
pl(]") > 0. Define

r =maxr; and p—mmp
iel iel

Since [ is finite, we have r < co and p > 0. Next observe that
P{Nj >r} < P{N;j >r}=1- f" <l-p, iel
Thus, for any i € I,
P{N; >kr}<(1—p), k=0,1,....

Since the probability P{N;; > n} is decreasing in n and converges to 0 as n — 00,
it follows from 1 — f;; = lim,_, o, P{N;; > n} that f;; = 1. Since P{N;; > n} is
decreasing in n, we also obtain

,u,]_ZP{NU>n}_1+Z Z P{N; > ¢}

k=1 t=r(k—1)+1

o
<14) r(i-pk

k=1

showing that p;; < oo. This completes the proof of part (b).
It remains to prove (c). Fix i € [ and j € R. As shown above, there is an integer
v > 1 such that p( () By part (b) of Lemma 3.5.5 there is an integer ngp > 1

(v-+n) (v) (n)

such that p(") > 0 for all n > ng. Hence, by P =Py P it follows that
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pl.(j") > ( for all n > v + ng. Using the finiteness of I, part (c) of the theorem now
follows.

Appendix: The Fox— Landi algorithm for state classification

In a finite-state Markov chain the state space can be uniquely split up into a finite
number of disjoint recurrent subclasses and a (possibly empty) set of transient
states. A recurrent subclass is a closed set in which all states communicate. To
illustrate this, consider a Markov chain with five states and the following matrix
P = (p;;) of one-step transition probabilities:

02 08 O 0 0
07 03 O 0 0
P=101 0 02 03 04
0 04 03 0 03
0 0 0 0 1

For such small examples, a state diagram is useful for doing the state classification.
The state diagram uses a Boolean representation of the p;;. An arrow is drawn from
state i to state j only if p; > 0. The state diagram is given in Figure 3.5.1. By
inspection it is seen that the set of transient states is 7 = {3, 4} and the set of
recurrent states is R = {1, 2, 5}. The set R of recurrent states can be split into two
disjoint recurrent subclasses Ry = {1, 2} and R, = {5}. State 5 is absorbing.

This example was analysed by visual inspection. In general it is possible to give a
systematic procedure for identifying the transient states and the recurrent subclasses
in a finite-state Markov chain. The Fox—Landi algorithm (Fox and Landi 1968)
first transforms the one-step transition matrix P = (p;;) into a Boolean matrix
B = (bjj) by

bij={1 if p;j >0,

0 otherwise.

Figure 3.5.1 The state diagram for a Markov chain
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The states are numbered or renumbered as i = 1, ..., N. The algorithm uses the
following four rules:

(a) State i is absorbing if and only if b; =1 and b;; = 0 for j # 1.
(b) If state j is absorbing and b;; = 1, then state i is transient.
(c) If state j is transient and b; = 1, then state i is transient.

(d) If state i communicates with state j and state j communicates with state k,
then state i communicates with state k.

The goal of the algorithm is to find all recurrent subclasses and the set of transient
states. The algorithm rules (a), (b), (¢) and (d). In particular, make repeated use of
rule (d) is used to reduce the size of the Boolean matrix B whenever possible. The
algorithm works using the following steps:

Step 1. Initialize the set 7'(i) := {i} for any state i. Find all absorbing states by
using rule (a) and classify 7'(i) = {i} as a recurrent subclass for each absorbing
state i. Classify any state i such that b; = 1 for some absorbing state j as a
transient state.

Step 2. If all states are classified, then stop; otherwise, go to step 3.

Step 3. Take an unclassified state iy. Since state i( is not absorbing, there is another
state i1 (say) that can be reached from state i in one step (i.e. b;y;, = 1). Continuing
in this way, construct a chain of states i, i1, ... until one of the following two
exclusive possibilities occurs:

e A transient state ig is found. Then all states in T (ip) UT (i{) U...UT (iz_1) are

classified as transient according to rule (c).

e A state i is found that was already encountered during the development of the
chain, i.e. iy = i, for some r < s. Go to step 4.

Step 4. The circuit of communicating states i,, ... , iy is replaced by a single aggre-
gated state i, and the Boolean matrix B is adjusted accordingly. This is done as
follows:

e Replace column i, by the union of the columns i,, ..., i;_; and replace row i,
by the union of the rows i,, ..., is—1 (the union of two Boolean vectors x and y
to a Boolean vector z is defined by z; = 0 if x; = y; = 0 and z; = 1 otherwise).

e Delete the row i; and the column iy fork=r+1,...,s — 1.

e Let T(i,) =T@G)UT(rq1)U...UT(5-1).
Having done this, there are two possibilities:

e State i, is absorbing for the new Boolean matrix B. Then T (i) is classified as
a recurrent subclass of states. Classify any state that can reach the set 7'(i,) in
one step as a transient state (rule (b)). Go to step 2.



126 DISCRETE-TIME MARKOV CHAINS

e State i, is not absorbing. Then there exists a state j with b;,; = 1. Go to step 3
and continue the chain i, ... , i, for the new Boolean matrix.

3.5.2 Ergodic Theorems

The theoretical analysis of Markov chains is much more subtle for the case of
infinitely many states than for the case of finitely many states. A finite-state Markov
chain is always a regenerative process with a finite mean cycle length. This is not
true for infinite-state Markov chains. Recall the example with I = {1,2,...}
and p;;+1 = 1 for all i € I and recall the example of the symmetric random
walk with I = {0, £1,£2,...} and p;i+1 = pii—1 = % for all i. In the first
example the Markov chain is not regenerative, while in the other example the
Markov chain is regenerative but has an infinite mean cycle length. In practical
applications these pathological situations occur very rarely. Typically there is a
positive recurrent state that will ultimately be reached from any other state with
probability one. We therefore restrict our theoretical analysis to Markov chains
which satisfy Assumption 3.3.1. Let R denote the set of recurrent states of the
Markov chain {X,}. We first prove the following lemma.

Lemma 3.5.8 Suppose that the Markov chain {X,} satisfies Assumption 3.3.1.
Then the set R is not empty and is an irreducible set consisting of positive recurrent
states. For any j € R, it holds that fij =1 for all i € I and jj; < oo.

Proof The regeneration state r from Assumption 3.3.1 is recurrent and so R is
not empty. Since f; = 1 for all i € I, the Markov chain {X,} has no two disjoint
closed sets. Hence, by Theorem 3.5.4, the set R is an irreducible set of recurrent
states. Since ,r < 00, it follows from part (b) of Theorem 3.5.3 that u; < oo for
all j € R. In other words, each state j € R is positive recurrent. Also, by part (b)
of Theorem 3.5.3, f;; =1 for all j € R. Together with the assumption f; =1 for
all 7 this implies f;; =1 for all i when j € R. This ends the proof.

Define now the probabilities 7z; by
7 = lim 1i‘p9"> jel. (3.5.3)
J n—oon P U/

In Theorem 3.3.1 it was shown that these limits exist. Under Assumption 3.3.1,
we have

1 n
. k _ _ .
nl;rr;o; E py; =mj, i,j€ 1 (3.54)
k=1
and
1 .
mp=—>0, jeER 3.5.5)

]
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(all states in R are positive recurrent). These results follow directly from Theo-
rem 3.3.1 by noting that 77; = O when j is transient and f;; = 1 for all i € I when
Jj 1is recurrent. We are now able to prove a main result.

Theorem 3.5.9 Suppose that the Markov chain {X,} satisfies Assumption 3.3.1.
Then the probabilities 7j, j € I defined by (3.5.3) constitute the unique equilibrium
distribution of the Markov chain. Moreover, letting {x;, j € I} with Zj |xj| < o0
be any solution to the equilibrium equations

xj=Y xipg. Jjel (3.5.6)
kel

it holds that, for some constant ¢, x; = cmj for all j € I.

Proof We first show that the ; satisfy (3.5.6) and

an =1. (3.5.7)

Jjel

To do so, we use the relation (3.2.1) for the n-step transition probabilities. Averaging
this relation over n, we obtain for any m > 1

I w1 ¢ (n)
;Zl’ij :;ZZP&P@'

n=1 n=1 kel
l m
=2 (Z 2. p}?) Py, el (3.58)
kel n=1

where the interchange of the order of summation is justified by the non-negativity
of the terms. Next let m — 00 in (3.5.8). On the right-hand side of (3.5.8) it is not
allowed to interchange limit and summation (except when [ is finite). However,
we can apply Fatou’s lemma from Appendix A. Using (3.5.4), we find

mj =y mpy. JeEl
kel

Next we conclude that the equality sign must hold in this relation for each j € I,
otherwise we would obtain the contradiction

5= 2 (Smm) = S S = T

jel jel \kel kel jel kel

We have now verified that the m; satisfy the equilibrium equations (3.5.6). The

equation (3.5.7) cannot be directly concluded from Zje I pl.(j") =1 foraln>1.
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However, by letting m — oo in

Ly | _ I w
531 bt IS o 5 o

n=1 \jel jel n=1

and using Fatou’s lemma from Appendix A, we can conclude that
domi<l (3.5.9)
jel

Since the set R of recurrent states is not empty, we have by (3.5.5) that

> @ >0. (3.5.10)

jel

Next we prove that the solution to the equilibrium equations (3.5.6) is uniquely
determined up to a multiplicative constant. As a by-product of this proof we will
find that Zjel m; must be equal to 1. Let {x;} with " [x;| < oo be any solution
to the equation (3.5.6). Substituting this equation into itself, we find

xXj = Z (Z xzpz%) Pij = le Zl’fékpkj

kel \tel tel kel
(2) :
=2 xepys el
lel

where the interchange of the order of summation in the second equality is jus-
tified by Theorem A.1 in Appendix A. By repeated substitution we find x; =

Zee,x@pg), j € I for all n > 1. Averaging this equation over n, we find
after an interchange of the order of summation (again justified by Theorem A.1 in
Appendix A) that

l — ,
xj=ng<n—12pg)>, jelandm>1.
n=1

el

Letting m — oo and using (3.5.4) together with the bounded convergence theorem
from Appendix A, it follows that

Xj =7j j{:.xg, jel.
tel

This proves that any solution to (3.5.6) is uniquely determined up to a multiplicative
constant. Summing both sides of the latter equation over j, we find

Y=Y (2)%).

jel jel lel
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Taking x; = m; for all j and using (3.5.10), it follows that Zjel mj = 1. This ends
the proof.

Though we are mainly concerned with the Cesaro limit of the n-step transition
probabilities, we also state a result about the ordinary limit. If the regeneration
state  from Assumption 3.3.1 is aperiodic, then by Theorem 2.2.4, lim,_, pg?)
exists for all j. From this result it is not difficult to obtain that '

lim p™ =, i,jel (3.5.11)
n—o0" ¥
when the positive recurrent state r from Assumption 3.3.1 is aperiodic.

Before giving the remaining proof of Theorem 3.3.2, we give an interesting

interpretation of the ratio 7r; /7; for two recurrent states i and j.

Lemma 3.5.10 Suppose that the Markov chain {X,} satisfies Assumption 3.3.1.
Then for any two recurrent states s and ¢

.. . .. T
E (number of visits to state { between two successive visits to state s) = —.
7

Proof Fix states £, s € R. The Markov chain can be considered as a regenerative
process with the epochs at which the process visits state s as regeneration epochs.
Defining a cycle as the time elapsed between two successive visits to state s, it
follows from the definition of the mean recurrence time g that

E(length of one cycle) = .

By Lemma 3.5.8 the mean cycle length g, is finite. Imagine that the Markov chain
earns a reward of 1 each time the process visits state £. Assuming that the process
starts in state s, we have by the renewal-reward theorem from Chapter 2 that

the long-run average reward per time unit

E (reward earned during one cycle)

E (length of one cycle)

1
—— E (number of visits to state £ in one cycle) (3.5.12)
I’LSS

with probability 1. On the other hand,

the long-run average reward per time unit

= the long-run average number of visits to state £ per time unit.
In the proof of Theorem 3.3.1 we have seen that

the long-run average number of visits to state £ per time unit

=y, with probability 1 (3.5.13)
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when Xo = £. However, this result also holds when the Markov chain starts in state
s. To see this, define the indicator variable I; equal to 1 if X; = £ and I; equal to
0 otherwise. Let w = (s, iy, i2,...) be any realization of the Markov chain with
ix denoting the realized state at the kth state transition. Since f;; = 1, we have
for almost all w that there is a finite integer t = #(w) such that i; = £. Hence, for
n > t(w),

t(w) n

%Z (@) = %Zlk(w) + % Z Ii(w).
k=1 k=1

k=t(w)+1

Letting n — oo, the first term on the right-hand side of this equation converges
to zero and the second term converges to my. This proves that (3.5.13) also holds
when X¢ = s. Together (3.5.12), (3.5.13) and the relation 1/ug = 7, yield

1wy = s E (number of visits to state £ in one cycle),
which proves the desired result.

In Example 3.1.3, dealing with the GI/M/1 queue, we tried a solution of the
form m; = yrj , J = 0 for the equilibrium distribution of the Markov chain
{X,} describing the number of customers present just prior to the arrival epochs.
This geometric form can be proved by using Lemma 3.5.10. Since the arrival rate
is less than the service rate, Assumption 3.3.1 is satisfied with the regeneration
state 0. Since any two states of the Markov chain {X,,} communicate, it follows
from Lemma 3.5.2 and Theorem 3.5.3 that the state space [ is an irreducible set
consisting of (positive) recurrent states. Hence, by Lemma 3.5.10, we have for the
GI/M/1 queue that

E (number of visits to state j 4+ 1 between two successive returns to state j)
-
= forj=0,1,... . (3.5.14)
Ty

Some reflections show that the left-hand side of this equation is independent of j
by the memoryless property of the exponential distribution for the service times.
Hence, for some constant 1, 7j1/7m; = n for all j > 0 showing that 7; = mon’
for j > 0.

Next we prove Theorem 3.3.3. The proof is very similar to that of Lemma 3.5.10.
Assume that the Markov chain earns a reward f(j) each time it visits state j.

Theorem 3.5.11 Suppose that the Markov chain {X,} satisfies the Assumptions
3.3.1 and 3.3.2. Then

n—oo n

1 n
lim — Zf(Xk) = Zf(j)nj with probability 1
k=1 jel

for each initial state Xo = i.
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Proof Assume first that the initial state of the process is the regeneration state »
from Assumptions 3.3.1 and 3.3.2. The Markov chain can be seen as a regenerative
process with the epochs at which the process visits state r as regeneration epochs.
Define a cycle as the time elapsed between two successive visits to state r. The
expected cycle length equals the mean recurrence time w, and is finite. By the
renewal-reward theorem from Chapter 2,

E (reward earned during one cycle)

n—oo n

1 n
lim — Xi) =
; F(Xe) E(length of one cycle)
with probability 1. Lemma 3.5.10 states that £ (number of visits to state j in one
cycle) = j/m, for any recurrent state j. This relation is also valid for a transient
state j, since a transient state is not accessible from a recurrent state and 7; = 0
for j transient. Hence

. T
E(reward earned during one cycle) = E f(H—.
- Ty
jel

Since E (length of one cycle) = w, = 1/m, by (3.5.5), the assertion of the theorem
is now proved when Xo = r. Take next any initial state Xo = i. As in the proof
of Lemma 3.5.10, let = (ip, i1, i2, ...) be any realization of the Markov chain
with i9p = i and let i; denote the realized state at the kth state transition. Since
fir = 1, we have for almost all @ that there is a finite integer + = ¢(w) such that
iy = r. Hence

t(w)

1 « 1 |
S fXu@) =~ fXe@) +~ Y f(Xew)).
k=1 k=1

k=t (w)+1

Letting n — o0, it follows from part (b) of Assumption 3.3.2 that the first term
on the right-hand side of the equation tends to zero, while by the above proof the

second term converges to Y jer fUDm;. This completes the proof.

Markov’s proof and exponential convergence

It is interesting to examine the original proof of Markov (1906) for the existence
of a limiting distribution in a finite-state Markov chain. The proof is not just of
historical interest and the ideas it uses are still very much alive. The proof also
establishes the rate of convergence to the limiting distribution. An aperiodic finite-
state Markov chain with no two disjoint closed sets is assumed. The Markov chain
is said to be aperiodic when the period of the recurrent states is equal to 1; see
Lemma 3.5.5.

Theorem 3.5.12 Let {X,} be a finite-state Markov chain with no two disjoint
closed sets. Suppose that the Markov chain is aperiodic. Then there exists a proba-
bility distribution {r;, j € 1} and numbers o > 0 and 0 < B < 1 such that for all
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i,jel,

|pi(J.")—7pj|§aﬂ", n=12,....

In particular,

lim p

=mnj, i,jel.
n—oo " Y P b

Proof Let s be any recurrent state of the Markov chain. Since the Markov chain
is aperiodic, we have by part (c) of Theorem 3.5.7 that there exists an integer
v > 1 and a number p > 0 such that

pf:)zp iel.

For any j € I, define the sequences {Mj(”), n > 0} and {mj(."), n > 0} by

(n)

(n) (n) ()
M’ =max p. and m:~ = min
J iel Pij J iel p

Note that M j(()) =1and mj(.o) = 0. Applying relation (3.2.2), we find
MY = maprikp(r.l) < maprikMgn) =M™ max Z Dik»
J il & ki = ier — J el

and so, for any j € I,
M;”H) < M;"), n=0,1,....

Similarly, we find for any j € [ that

m;n+l) = ™

=m;, n=0,1,....

Since the sequences {M 1.(") } and {mj(.")} are bounded and monotone, they have finite
limits. Next we establish the inequality

0< Mj(") - mj(."> <(1- p)[Mj("_U) - mj(."‘”)], n>v (3.5.15)

for any j € I. Suppose for the moment that we have proved this inequality. A
repeated application of the inequality shows that

0=M™ —m{ < 1= M® —m®), n=01...., (3.5.16)

where [x] denotes the largest integer contained in x. Here we used the fact that

Mj(") —mj(.") is decreasing in n. By (3.5.16), we have that the limits of the monotone

sequences {M j(”)} and {mj(.")} coincide. Denote the common limit by ;. Hence

lim M" = lim m"” = x;.
n—00 n—oo J
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Using the inequalities mj( m < pl(j”) Mj(”) and mj(.”) <mj < M;"), we find

p =il <M —m”, n=0.1,... (3.5.17)

for any i, j € I. Together the inequalities (3.5.16) and (3.5.17) yield the assertion

of the theorem except that we have still to verify that {z;} represents a probability

distribution. Obviously, the 7r; are non-negative. Since ) _; jel pfj ") = 1 for all n and

pl(]") — 7 as n — 00, we obtain from the finiteness of / that the 7z; sum to 1.

It remains to verify (3.5.15). To do so, fix j € I and n > v. Let x and y be the

states for which M () — p)(g") and m; ) p)]) Then

(n) (") _ . (n) (n) (v) (n—v) ) (n—v)
0=<M;" - =Py TPy = prk Pij vak Py

kel kel

_ v) (V) (ﬂ V)
Z{ka Py
kel

_ Z{p(\)) (v) pl(q’l v) Z{p)(d\;) _p‘()z)} p(" V)’
kel kel

where a™ = max(a, 0) and a~ = — min(a, 0). Hence, by a*,a™ > 0,
0= M — ™ <SP — pOY MO 3 )
kel kel
_Z{p(v) ;Z)}-l- M(" V) ;n_v)]’
kel

where the last equality uses the fact that Y, af = Y, a; if Y, ax = 0. Using
the relation (a — b)* = a — min(a, b), we next find

(n) (m) e (V) (n—v) (n—v)
0§Mj —m; = |:1—Zm1n(pxk pyk ):| [Mj —m; ]

kel

(v)

Since Pii =P for all i, we find

1= min(py, pi) < 1 —min(p, p{) < 1 -
kel

which implies the inequality (3.5.15). This completes the proof.

Exponential convergence of the n-step transition probabilities does not hold in
general for an infinite-state Markov chain. Strong recurrence conditions should be
imposed to establish exponential convergence in infinite-state Markov chains.
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EXERCISES

3.1 A production machine has two crucial parts which are subject to failures. The two parts
are identical. The machine works as long as one of the two parts is functioning. A repair is
done when both parts have failed. A repair takes one day and after each repair the system is
as good as new. An inspection at the beginning of each day reveals the exact condition of
each part. If at the beginning of a day both parts are in good condition, then at the end of the
day both parts are still in good condition with probability 0.50, one of them is broken down
with probability 0.25 and both are broken down with probability 0.25. If at the beginning
of the day only one part is in good condition, this part is still in good condition at the end
of the day with probability 0.50. Define a Markov chain to describe the functioning of the
machine and specify the one-step transition probabilities.

3.2 To improve the reliability of a production system, two identical production machines are
connected in parallel. For the production process only one of the machines is used; the other
machine is standby. At the end of the day the used machine is inspected. Regardless how
long the machine has already been in uninterrupted use, the probability that an inspection
reveals the necessity for revision is % A revision takes exactly two days. During the revision
the other machine takes over the production if that machine is available. The production
process must be stopped when both machines are in revision. Assuming that there are two
repairmen, define an appropriate Markov chain to describe the functioning of the production
system and specify the one-step transition probabilities of the Markov chain.

3.3 Containers are temporarily stored at a stockyard with ample capacity. At the beginning
of each day precisely one container arrives at the stockyard. Each container stays a certain
amount of time at the stockyard before it is removed. The residency times of the contain-
ers are independent of each other. Specify for each of the following two cases the state
variable(s) and the one-step transition probabilities of a Markov chain that can be used to
analyse the number of containers present at the stockyard at the end of each day.

(a) The residency time of a container is exponentially distributed with a mean of 1/u
days.

(b) The residency time of a container has an exponential distribution whose mean is 1/x¢1
days with probability p and is 1/u, days with probability 1 — p.

3.4 Two teams, A and B, meet each other in a series of games until either of the teams has
won three games in a row. Each game results in a win for either of the teams (no draw is
possible). The outcomes of the games are independent of each other. Define an appropriate
Markov chain to determine the probability distribution of the length of the match when the
two teams are equally strong.

3.5 Consider Exercise 3.4 again, but assume now that team A wins a given game with a
probability larger than %

(a) Use Markov chain analysis to determine the probability distribution of the length of
the match. Explain how to calculate the probability that team A wins the match.

(b) Explain how to modify the Markov chain analysis when a draw between the teams is
possible with positive probability?

3.6 You play the following game. A fair coin is flipped until heads appears three times in a
row. You get $12 each time this happens, but you have to pay $1 for each flip of the coin.
Use Markov chain analysis to find out whether this game is fair.

3.7 Consider the following variant of the coupon-collecting problem. A fair die is thrown
until each of the six possible outcomes 1, 2, ... , 6 has appeared. Use a Markov chain with
seven states to calculate the probability distribution of the number of throws needed.

3.8 The gambler Joe Dalton has $100 and his goal is to double this amount. Therefore he
plays a gambling game in which he loses his stake with probability 0.60, but wins two or
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three times his stake with respective probabilities 0.25 and 0.15. His strategy is to bet $5 each
time his payroll is more than $50 dollars and $10 otherwise. Define an appropriate Markov
chain to compute the probability that Joe reaches his goal. Also calculate the expected
number of bets placed by Joe until he has gone broke or reached his goal.

3.9 A training program consists of three parts, each having a length of one month. Fifty
percent of the starting students immediately pass the first part after one month, 30% drop
out before the end of the first month and 20% take the first part again. Seventy percent
of the last group pass the first part after a second trial and the other 30% still drop out.
Eighty percent of the students taking the second part pass this second part after the first
trial, 10% drop out after the first trial and the other 10% move on after a second trial of the
first part. Any student streaming into the third part of the training program will complete it
successfully. Calculate the probability that a starting student will be successful.

3.10 Consider a finite-state Markov chain {X,} with no two disjoint closed sets. The matrix
of one-step transition probabilities is called doubly stochastic when for each column the sum
of the column elements equals 1. Verify that the equilibrium distribution of such a Markov
chain is a uniform distribution.

3.11 A gambling device is tuned such that a player who wins (loses) on a given play will
win on the next play with probability 0.25 (0.50). The player pays $1 for each play and
receives $2.50 for each play that is won. Use Markov chain analysis to find out whether the
game is fair or not.

3.12 A factory has a storage tank with a capacity of 4 m? for temporarily storing waste
produced by the factory. Each week the factory produces O, 1, 2 or 3 m> waste with
respective probabilities pg = %, p1 = %, P2 = }T, and p3 = é If the amount of waste
produced in one week exceeds the remaining capacity of the tank, the excess is specially
removed at a cost of $30 per cubic metre. At the end of each week there is a regular
opportunity to remove waste from the storage tank at a fixed cost of $25 and a variable cost
of $5 per cubic metre. The following policy is used. If at the end of the week the storage
tank contains more than 2 m® of waste, the tank is emptied; otherwise no waste is removed.
Use Markov chain analysis to find the long-run average cost per week.

3.13 In a series of repeated plays, you can choose each time between games A and B.
During each play you win $1 or you lose $1. You are also allowed to play when your
capital is not positive (a negative capital corresponds to a debt). In game A there is a single

coin. This coin lands heads with probability % — ¢ (¢ = 0.005) and tails with probability

% + ¢. In game B there are two coins. One coin lands heads with probability % — ¢ and

the other coin lands heads with probability % — ¢. If you play game B, then you must take
the first coin when your current capital is a multiple of 3 and you must take the other coin
otherwise. In each play of either game you win $1 if the coin lands heads and you lose $1
otherwise.

(a) Use Markov chain analysis to verify that the long-run fraction of plays you win is
0.4957 when you always play game B (Hint: a three-state Markov chain suffices.)

(b) Suppose you alternately play the games A, A, B, B, A, A, B, B, ... . Use an appro-
priate Markov chain to verify that the long-run fraction of plays you win is 0.5064.

This problem shows that in special cases with dependencies, a combination of two
unfavourable games may result in a favourable game. This paradox is called Parrondo’s
paradox after the Spanish physicist Juan Parrondo.

3.14 At the beginning of each day, a crucial piece of electronic equipment is inspected and
then classified as being in one of the working conditions i = 1,..., N. Here the working
condition i is better than the working condition i 4 1. If the working condition is i = N
the piece must be replaced by a new one and such an enforced replacement takes two days.
If the working condition is i with i < N there is a choice between preventively replacing
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the piece by a new one and letting the piece operate for the present day. A preventive
replacement takes one day. A new piece has working condition i = 1. A piece whose
present working condition is i has the next day working condition j with known probability
gij where g;; = 0 for j < i. The following replacement rule is used. The current piece is
only replaced by a new one when its working condition is greater than the critical value m,
where m is a given integer with 1 <m < N.

(a) Define an appropriate Markov chain and specify its one-step transition probabilities.

(b) Explain how to calculate the long-run fraction of days the equipment is inoperative
and the fraction of replacements occurring in the failure state N.

3.15 Consider a stochastically failing piece of equipment with two identical components
that operate independently of each other. The lifetime in days of each component has a
discrete probability distribution {p;, j = 1,..., M}. A component in the failure state at the
beginning of a day is replaced instantaneously. It may be economical to preventively replace
the other working component at the same time the failed component has to be replaced. The
cost of replacing only one component is K, while the cost of replacing simultaneously
both components equals K, with 0 < K» < 2K;. The control rule is as follows. Replace
a component upon failure or upon reaching the age of R days, whichever occurs first. If
a component is replaced and the other component is still working, the other component is
preventively replaced when it has been in use for » or more days. The parameters » and R
are given integers with 1 <r < R.

(a) Define an appropriate Markov chain and specify its one-step transition probabilities.

(b) How can you calculate the long-run average cost per day?

3.16 A transmission channel transmits messages one at a time, and transmission of a message
can only start at the beginning of a time slot. The time slots have unit length and the
transmission time of a message is one time slot. However, each transmission can fail with
some probability f. A failed transmission is tried again at the beginning of the next time
slot. The numbers of new messages arriving during the time slots are independent random
variables with a common discrete distribution {ag, k =0, 1, ...}. Newly arriving messages
are temporarily stored in a buffer of ample capacity. It is assumed that the average arrival
rate of new messages is smaller than the average number of attempts needed to transmit
a message successfully, that is, Y ; kap < 1/f. The goal is to find the long-run average
throughput per time unit.

(a) Define an appropriate Markov chain with a one-dimensional state space and specify
its one-step transition probabilities.

(b) Can you give a recursive algorithm for the computation of the state probabilities?
Express the average throughput in terms of the state probabilities.

3.17 Messages arrive at a transmission channel according to a Poisson process with rate A.
The channel can transmit only one message at a time and a new transmission can only start
at the beginnings of the time slots r = 1,2, ... . The transmission time of a message is one
time slot. The following access-control rule is used. The gate is closed for newly arriving
messages when the number of messages awaiting transmission has reached the level R and
is opened again when the number of messages awaiting transmission has dropped to the
level r, where the parameters » and R are given integers with 0 < r < R. The goal is to
study the long-run fraction of lost messages as function of r and R.

(a) Define an appropriate Markov chain and specify its one-step transition probabilities.

(b) Show how to calculate the long-run fraction of lost messages.

3.18 In Example 3.5.1 we have determined for the GI/M/1 queue the customer-average
probability 7; denoting the long-run fraction of customers who find j other customers
present upon arrival. Denote by the time-average probability p; the long-run fraction of
time that j customers are present for j =0, 1,... . Use Theorem 3.3.3 and Lemma 1.1.4
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to verify that

= ol &t .
pj = Z Tk b Z me T a(t)dt, J > 1.
k=j—1 l=k+1—j ’
J J

(Hint: fix j and assume that the process incurs a cost at rate 1 whenever j customers are
present and a cost at rate O otherwise. Imagine that the server continues servicing fictitious
customers when the system is empty so that actual or fictitious service completions occur
according to a Poisson process with rate x.)

3.19 In each time unit a job arrives at a conveyor with a single workstation. The workstation
can process only one job at a time and has a buffer with ample capacity to store the arriving
jobs that find the workstation busy. The processing times of the jobs are independent random
variables having a common Erlang (r, u) distribution. It is assumed that r/p < 1.

(a) Define an appropriate Markov chain to analyse the number of jobs in the buffer just
prior to the arrival epochs of new jobs and specify the one-step transition probabilities.

(b) Explain how to calculate the long-run average delay in the buffer per job.

(c) Prove that the equilibrium distribution of this Markov chain has a geometric tail.

3.20 Consider Exercise 3.19 again but now assume that the buffer has finite capacity. Any
arriving job that finds the buffer full is lost. Show how to calculate the long-run fraction
of lost jobs and the long-run fraction of time the workstation is busy (Hint: use Little’s
formula for the latter performance measure).

3.21 At the telephone exchange, calls arrive according to a Poisson process with rate A.
The calls are first put in an infinite-capacity buffer before they can be processed further.
The buffer is periodically scanned every 7 time units, and only at those scanning epochs
are calls in the buffer allocated to free transmission lines. There are ¢ transmission lines
and each transmission line can handle only one call at a time. The transmission times of
the calls are independent random variables having a common exponential distribution with
mean 1/u.

(a) Use Markov chain analysis to find the equilibrium distribution {r;} of the number of
calls in the buffer just prior to the scanning epochs.

(b) Argue that the long-run average number of calls in the buffer is given by

ad 1
Ly= ) (J —O)mj + 54T
j=c+1

(Hint: imagine that each call is marked upon arrival and is unmarked at the next scanning
epoch. Argue that the average number of marked calls in the buffer is %AT.)
(c) What is the long-run average delay in the buffer per call?

3.22 Consider Example 3.4.1 with Poisson arrivals of messages.

(a) Prove the validity of the relation A = Z;;ll jmi + CZJQiC 7; and note that this
relation can be used as an accuracy check on the calculated values of the state probabilities
7w, j=0,1,....

(b) Use the hint in Exercise 3.21 to prove that the long-run average number of messages
in the buffer equals Zﬁc+1(j —omj + %AT.

(c) What is the long-run average delay in the buffer per message?

3.23 Consider Example 3.4.1 again but assume now that the buffer for temporarily storing
arriving messages has a finite capacity K. Each arriving message that finds the buffer full
is lost.
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(a) Modify the one-step transition probabilities of the Markov chain {X;} describing the
number of messages in the buffer at the end of the time slots.

(b) Denoting by {r J.(K ). j = 0,1,...,K} the equilibrium distribution of the Markov
chain, argue that the long-run fraction of messages lost is

—1 K
1 - . K K
Tiogs (K) = - )»—Zlﬂfj( ey

(Hint: the sum of the average number of messages lost per time unit and the average number
of messages transmitted per time unit equals A.)

(c) Let K(«) be the smallest value of K for which . (K) < o for a given value of «.
Letting p = A/c, compute for p = 0.90, 0.95 and ¢ =1, 5, 10 the values of K («) as given
in the table below. Note that K («) increases logarithmically in « as « increases. What does
this mean for the asymptotic behaviour of ., (K) as K gets large?

o =0.80 p =0.95

o c=1 ¢c=5 c¢c=10 c=1 ¢=5 c¢c=10

106 29 32 36 107 110 114
10-8 40 42 46 152 155 159
10710 50 53 57 197 200 204

3.24 Suppose that a conveyer belt is running at a uniform speed and transporting items on
individual carriers equally spaced along the conveyer. There are two workstations i = 1, 2
placed in order along the conveyer, where station 1 is the first one. In each time unit
an item for processing arrives and is handled by the first workstation that is idle. Any
station can process only one item at a time and has no storage capacity. An item that finds
both workstations busy is lost. The processing time of an item at station i has an Erlang-r;
distribution with mean m;, i = 1, 2. Give a Markov chain analysis aimed at the computation
of the loss probability. Solve these two cases:

(a) The processing times at the stations 1 and 2 are exponentially distributed with respec-
tive means m| = 0.75 and my, = 1.25 (answer 0.0467).

(b) The processing times at the stations 1 and 2 are Erlang-3 distributed with respective
means m| = 0.75 and my = 1.25 (answer 0.0133).

3.25 Leaky bucket control is a control procedure used in telecommunication networks. It
controls the average packet input into the network and the maximum number of packets
transmitted in succession. To achieve this, a token buffer is used. An arriving packet is
admitted to the network only if the token buffer is not empty, otherwise the packet is
rejected. If the token buffer is not empty when a packet arrives, the packet immediately
removes one token from the token buffer and enters the network. The token buffer is of
size M. Tokens are generated periodically every D time units and are stored in the token
buffer. Tokens generated when the token buffer is full are lost. Packets arrive at the network
according to a Poisson process with rate A.

(a) Analyse the embedded Markov chain describing the number of tokens in the pool just
before a token is generated.

(b) What is the average number of packets admitted in one token generation interval? For
several values of M investigate how the average input curve behaves as a function of AD.
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BIBLIOGRAPHIC NOTES

Many good textbooks on stochastic processes are available and most of them treat
the topic of Markov chains. My favourite books include Cox and Miller (1965),
Karlin and Taylor (1975) and Ross (1996), each offering an excellent introduction
to Markov chain theory. A very fundamental treatment of denumerable Markov
chains can be found in the book of Chung (1967). An excellent book on Markov
chains with a general state space is Meyn and Tweedie (1993). The concept of the
embedded Markov chain and its application in Example 3.1.3 are due to Kendall
(1953). The idea of using the geometric tail behaviour of state probabilities goes
back to Feller (1950) and was successfully used in the papers of Everett (1954)
and Takahashi and Takami (1976).
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CHAPTER 4

Continuous-Time Markov
Chains

4.0 INTRODUCTION

In the continuous-time analogue of discrete-time Markov chains the times between
successive state transitions are not deterministic, but exponentially distributed.
However, the state transitions themselves are again governed by a (discrete-time)
Markov chain. Equivalently, a continuous-time Markov chain can be represented
by so-called infinitesimal transition rates. This is in analogy with the ‘At-represen-
tation’ of the Poisson process. The representation by infinitesimal transition rates
leads naturally to the flow rate equation approach. This approach is easy to visualize
and is widely used in practice. The continuous-time Markov chain model is intro-
duced in Section 4.1. In Section 4.2 we discuss the flow rate equation approach.
The discussion in Section 4.2 concentrates on giving insights into this powerful
approach but no proofs are given. The proofs are given in Section 4.3. Results for
discrete-time Markov chains are the basis for the proofs of the ergodic theorems
for continuous-time Markov chains.

In Section 4.4 we discuss specialized methods to solve the equilibrium equations
for continuous-time Markov chains on a semi-infinite strip in two-dimensional
space. Many applications of continuous-time Markov chains have this structure.
Section 4.5 deals with transient analysis for continuous-time Markov chains. The
basic tools for the computation of the transient state probabilities and first pas-
sage time probabilities are Kolmogoroff’s method of linear differential equations
and the probabilistic method of uniformization. Both methods will be discussed.
In Section 4.6 we give algorithms for the computation of the transient proba-
bility distribution of the cumulative reward in a continuous-time Markov chain
model with a reward structure. A special case of this model is the computation
of the transient distribution of the sojourn time of the process in a given set
of states.

A First Course in Stochastic Models H.C. Tijms
© 2003 John Wiley & Sons, Ltd. ISBNs: 0-471-49880-7 (HB); 0-471-49881-5 (PB)
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4.1 THE MODEL

In Chapter 3 we considered Markov processes in which the changes of the state only
occurred at fixed times t = 0, 1, ... . However, in numerous practical situations,
changes of state may occur at each point of time. One of the most appropriate
models for analysing such situations is the continuous-time Markov chain model.
In this model the times between successive transitions are exponentially distributed,
while the succession of states is described by a discrete-time Markov chain. A
wide variety of applied probability problems can be modelled as a continuous-time
Markov chain by an appropriate state description.

In analogy with the definition of a discrete-time Markov chain, a continuous-time
Markov chain is defined as follows.

Definition 4.1.1 A continuous-time stochastic process {X (t),t > 0} with discrete
state space 1 is said to be a continuous-time Markov chain if

P{X(tn) = in | X(t0) = i0, ..., X(tn—1) = in-1}
= P{X(tn) = in | X(tnfl) = infl}
forall0<ty<---<ty_1 <typandig,...,in—1,in € 1.

Just as in the discrete-time case, the Markov property expresses that the condi-
tional distribution of a future state given the present state and past states depends
only on the present state and is independent of the past. In the following we
consider time-homogeneous Markov chains for which the transition probability
P{X(t+u)=j| X(u)=1i} is independent of u. We write

pi®) =P{Xt+u) =j|Xw) =i}

The theory of continuous-time Markov chains is much more intricate than the the-
ory of discrete-time Markov chains. There are very difficult technical problems
and some of them are not even solved at present time. Fortunately, the stagger-
ing technical problems do not occur in practical applications. In our treatment of
continuous-time Markov chains we proceed pragmatically. We impose a regular-
ity condition that is not too strong from a practical point of view but avoids all
technical problems.

As an introduction to the modelling by a continuous-time Markov chain, let us
construct the following Markov jump process. A stochastic system with a discrete
state space / jumps from state to state according to the following rules:

Rule (a) If the system jumps to state i, it then stays in state i for an exponentially
distributed time with mean 1/v; independently of how the system reached state i
and how long it took to get there.

Rule (b) If the system leaves state i, it jumps to state j(j F# i) with probability
pij independently of the duration of the stay in state i, where i Pij =1 for all
iel
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The convention p;; = 0 for all states i is convenient and natural. This conven-
tion ensures that the sojourn time in a state is unambiguously defined. If there
are no absorbing states, it is no restriction to make this convention (the sum of a
geometrically distributed number of independent lifetimes with a common expo-
nential distribution is again exponentially distributed). Throughout this chapter the
following assumption is made.

Assumption 4.1.1 In any finite time interval the number of jumps is finite with
probability 1.

Define now the continuous-time stochastic process {X (¢), t > 0} by
X (t) = the state of the system at time ¢.

The process is taken to be right-continuous; that is, at the transition epochs the
state of the system is taken as the state just after the transition. The process {X (¢)}
can be shown to be a continuous-time Markov chain. It will be intuitively clear
that the process has the Markov property by the assumption of exponentially dis-
tributed sojourn times in the states. Assumption 4.1.1 is needed to exclude patho-
logical cases. For example, suppose the unbounded state space I = {1, 2, ...}, take
pii+1 =1landv; =i 2 for all i. Then transitions occur faster and faster so that the
process will ultimately face an explosion of jumps. With a finite state space the
Assumption 4.1.1 is always satisfied.

Example 4.1.1 Inventory control for an inflammable product

An inflammable product is stored in a special tank at a filling station. Customers
asking for the product arrive according to a Poisson process with rate A. Each
customer asks for one unit of the product. Any demand that occurs when the tank is
out of stock is lost. Opportunities to replenish the stock in the tank occur according
to a Poisson process with rate p. The two Poisson processes are assumed to be
independent of each other. For reasons of security it is only allowed to replenish the
stock when the tank is out of stock. At those opportunities the stock is replenished
with Q units for a given value of Q.

To work out the long-run average stock in the tank and the long-run fraction of
demand that is lost, we need to study the inventory process. For any ¢ > 0, define

X (t) = the amount of stock in the tank at time ¢.

The stochastic process {X(¢),# > 0} is a continuous-time Markov chain with
state space I = {0, 1,..., Q}. The sojourn time in each state is exponentially
distributed, since both the times between the demand epochs and the times between
the replenishment opportunities are exponentially distributed. Thus the sojourn time
in state i has an exponential distribution with parameter

o i=1,....0,
U’_{u, i=0.
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The state transitions are governed by a discrete-time Markov chain whose one-step
transition probabilities have the simple form

pii—1=1 fori=1,...,0,
poo =1 and the other p;; =0.

Infinitesimal transition rates

Consider the general Markov jump process {X ()} that was constructed above. The
sojourn time in any state { has an exponential distribution with mean 1/v; and
the state transitions are governed by a Markov chain having one-step transition
probabilities p;; for i, j € I with p; = 0 for all i. The Markov process allows for
an equivalent representation involving the so-called infinitesimal transition rates.
To introduce these rates, let us analyse the behaviour of the process in a very small
time interval of length Ar. Recall that the exponential (sojourn-time) distribution
has a constant failure rate; see Appendix B. Suppose that the Markov process
{X (#)} is in state i at the current time 7. The probability that the process will leave
state i in the next At time units with A¢ very small equals v; At + o(At) by the
constant failure rate representation of the exponential distribution. If the process
leaves state i, it jumps to state j (# i) with probability p;;. Hence, for any ¢ > 0,

Vi At X pij +0o(At), j#I,

p{x(;+Az)=jIX(l)=i}:[1_u,-At+0(At) Jj=i

as At — 0. One might argue that in the next Ar time units state j could be reached
from state i by first jumping from state i to some state k and next jumping in the
same time interval from state k to state j. However, the probability of two or more
state transitions in a very small time interval of length Ar is of the order (Ar)?
and is thus o(At); that is, this probability is negligibly small compared with Ar as
At — 0. Define now

qij = ViDij, i,jel with j #i.

The non-negative numbers g;; are called the infinitesimal transition rates of the
continuous-time Markov chain {X(#)}. Note that the g;; uniquely determine the
sojourn-time rates v; and the one-step transition probabilities p;; by v; = Zj £i dij
and p; = g;j/vi. The g;; themselves are not probabilities but transition rates.
However, for At very small, g;; At can be interpreted as the probability of moving
from state i to state j within the next Ar time units when the current state is state i.

In applications one usually proceeds in the reverse direction. The infinitesimal
transition rates g;; are determined in a direct way. They are typically the result
of the interaction of two or more elementary processes of the Poisson type. Con-
trary to the discrete-time case in which the one-step transition probabilities deter-
mine unambiguously a discrete-time Markov chain, it is not generally true that the
infinitesimal transition rates determine a unique continuous-time Markov chain.
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Here we run into subtleties that are well beyond the scope of this book.* Note
that fundamental difficulties may arise when the state space is infinite, but these
difficulties are absent in almost all practical applications. To avoid the technical
problems, we make the following assumption for the given data g;;.

Assumption 4.1.2 The rates v; = Zj# gij are positive and bounded in i € I.

The boundedness assumption is trivially satisfied when [ is finite and holds in
most applications with an infinite state space. Using very deep mathematics it can
be shown that under Assumption 4.1.2 the infinitesimal transition rates determine a
unique continuous-time Markov chain {X (#)}. This continuous-time Markov chain
is precisely the Markov jump process constructed according to the above rules (a)
and (b), where the leaving rates are given by v; = Z#i gjj and the p; by p;j =
qij /vi- The continuous-time Markov chain {X ()} does indeed have the property

qij At + o(Ar), Jj#£i,

1 —viAt+o(AD), j=i. @.1.0)

PIXt+An=j|X(t)=i}= [
It is noted that Assumption 4.1.2 implies that the constructed continuous-time
Markov chain {X (¢)} automatically satisfies Assumption 4.1.1.

In solving specific problems it suffices to specify the infinitesimal transition rates
gij- We now give two examples. In these examples the g;; are determined as the
result of the interaction of several elementary processes of the Poisson type. The
gjj are found by using the interpretation that g;; At represents the probability of
making a transition to state j in the next At time units when the current state is i
and At is very small.

Example 4.1.1 (continued) Inventory control for an inflammable product

The stochastic process {X(¢),t > 0} with X(¢) denoting the stock on hand at
time ¢ is a continuous-time Markov chain with state space / = {0, 1,..., Q}. Its
infinitesimal transition rates ¢g;; are the result of the interaction of the two indepen-
dent Poisson processes for the demands and the replenishment opportunities. The
gq;j are given by

gii-1=X fori=1,...,0,

goo = p and the other g;; = 0.
To see this, note that for any state i with i > 1,
PXt+A)=i—-1|X(@) =i}
= P{a demand occurs in (¢, t + At]} + o(At)
= AAt + o(At)

*Conditions under which the infinitesimal parameters determine a unique continuous-time Markov chain
are discussed in depth in Chung (1967).
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Figure 4.1.1 The transition rate diagram for the inventory process

and

P{X(t+ A1) = Q| X() =0}
= P{a replenishment opportunity occurs in (¢, r + Az]} + o(Atr)
= uAt + o(At)

for At — 0. In the analysis of continuous-time Markov chains, it is very helpful
to use a transition rate diagram. The nodes of the diagram represent the states and
the arrows in the diagram give the possible state transitions. An arrow from node
i to node j is only drawn when the transition rate ¢g;; is positive, in which case the
arrow is labelled with the value g;;. The transition rate diagram not only visualizes
the process, but is particularly useful when writing down its equilibrium equations.
Figure 4.1.1 shows the transition rate diagram for the inventory process.

Example 4.1.2 Unloading ships with an unreliable unloader

Ships arrive at a container terminal according to a Poisson process with rate 1. The
ships bring loads of containers. There is a single unloader for unloading the ships.
The unloader can handle only one ship at a time. The ships are unloaded in order
of arrival. It is assumed that the dock has ample capacity for waiting ships. The
unloading time of each ship has an exponential distribution with mean 1/p. The
unloader, however, is subject to breakdowns. A breakdown can only occur when
the unloader is operating. The length of any operating period of the unloader has
an exponential distribution with mean 1/§. The time to repair a broken unloader
is exponentially distributed with mean 1/8. Any interrupted unloading of a ship
is resumed at the point it was interrupted. It is assumed that the unloading times,
operating times and repair times are independent of each other and are independent
of the arrival process of the ships.

The average number of waiting ships, the fraction of time the unloader is down,
and the average waiting time per ship, these and other quantities can be found by
using the continuous-time Markov chain model. For any ¢ > 0, define the random
variables

X1(t) = the number of ships present at time ¢
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and

Xo(1) = 1 if the unloader is available at time ¢,
27710 if the unloader is in repair at time ¢.

Since the underlying distributions are exponential, the process {(X1(z), X2(¢))} is
a continuous-time Markov chain. This process has the state space

I={G0)]i=12..YU{GD]i=01,...}.

The next step is to determine the infinitesimal transition rates of the process. Putting
for abbreviation X (¢) = (X(¢), X2(¢)), we have

PIXt+At)=(@,1)| X(t) = (1,0}

= P{the running repair is finished in (¢, r + Ar) and
no arrival occurs in (¢, + At)}

= BAt (1 — AAt) + 0 (At) = BAt + o(At)
for At — 0. This gives
qi,0)G,1) = ,3 fori = 1, 2, e .

Alternatively, ¢ 0)(,1) could have been obtained by noting that the sojourn time in
state (i, 0) is exponentially distributed with parameter § 4+ A and noting that with
probability 8/(8 + 1) the running repair time is finished before an arrival occurs.
Also,

P{X(t+ A1) =@+ 1,0)[X(1) = (i, 0)}

= P{an arrival occurs in (¢, + At) and the running repair time
is not finished in (z, t + At)}

= AAt(1 — BAt) 4+ o(At) = LAt 4+ o(Ar)
for At — 0. This gives
qa.0)i+1,00 = A fori > 1.
Similarly, we find
96100 =6,  qina+1,) =+ and  gini-1,1) =p fori > 1.

The state transitions and transition rates are summarized in Figure 4.1.2.

4.2 THE FLOW RATE EQUATION METHOD

This section discusses the flow rate equation method for obtaining the equilibrium
distribution of a continuous-time Markov chain. The emphasis is to give insight
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Figure 4.1.2 The transition rate diagram for the unloader

into this powerful method, which is widely used by practitioners. The proofs of
the results below are deferred to Section 4.3.

The starting point is a continuous-time Markov chain {X (¢)} with state space [
and infinitesimal transition rates g;; for i, j € I with j # i. As before, let

Vi = Zq,’j, iel.
J#i
The quantity v; is the parameter of the exponentially distributed sojourn time in

state i. It is assumed that the v; satisfy Assumption 4.1.2. For any ¢ > 0, define
the probability p;; (¢) by

pij)=P{X()=j1XO0) =i}, i jel

The computation of the transient probabilities p;; (t) will be discussed in Section
4.5. A deep result from continuous-time Markov chain theory is that lim,_, « p;; (¢)
always exists for all i, j € I. The issue of possible periodicity in the state transitions
is not relevant for continuous-time Markov chains, since the times between state
transitions have a continuous distribution. To ensure that the limits of the p;; (¢)
are independent of the initial state i and constitute a probability distribution, we
need the following assumption.

Assumption 4.2.1 The process {X(t),t > 0} has a regeneration state r such that
P{t, <00 | X(0)=i}=1 forall iel and E(t. | X(0)=r) < oo,

where T, is the first epoch beyond epoch 0 at which the process {X (t)} makes a
transition into state r.

In other words, state r will ultimately be reached with probability 1 from any
other state and the mean recurrence time from state r to itself is finite. Under this
assumption it can be proved that there is a probability distribution {p;, j € I}
such that

lim pj()=p;, jel,
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independently of the initial state i. The interested reader is referred to Chung
(1967) for a proof. The limiting probability p; can be interpreted as the probability
that an outside observer finds the system in state j when the process has reached
statistical equilibrium and the observer has no knowledge about the past evolution
of the process. The notion of statistical equilibrium relates not only to the length
of time the process has been in operation but also to our knowledge of the past
evolution of the system. But a more concrete interpretation which better serves our
purposes is that

the long-run fraction of time the process will be in state j 4.2.1)
= p; with probability 1,

independently of the initial state X (0) = i. More precisely, denoting for fixed j
the indicator variable [;(z) by

1 ifx@ =1,
lj@0) = {0 otherwise,

it holds for any j € I that

1 t
lim — | Ij(u)du = p; with probability 1,
t—oo t Jy

independently of the initial state X (0) =i. A proof of this result will be given in
Section 4.3 using the theory of renewal-reward processes. In Section 4.3 we also
prove the following important theorem.

Theorem 4.2.1 Suppose the continuous-time Markov chain {X(t)} satisfies
Assumptions 4.1.2 and 4.2.1. Then the probabilities p;, j € I are the unique solution
to the linear equations

vixj =Y qixi. je€l (4.2.2)
k]
> xi=1 (4.2.3)
jel

in the unknowns x;, j € 1. Moreover, let {xj, j € I} be any solution to (4.2.2) with
Zj |xj| < 00. Then, for some constant ¢, xj = cpj forall j € I.

The linear equations (4.2.2) are called the equilibrium equations or balance
equations of the Markov process. The equation (4.2.3) is a normalizing equation.
The probabilities p; are called the equilibrium probabilities of the continuous-time
Markov chain. They can be computed by solving a system of linear equations.
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Interpretation of the equilibrium equations
A physical explanation of the equilibrium equations can be given by using the
obvious principle that over the long run

the average number of transitions out of state j per time unit

= the average number of transitions into state j per time unit. (4.2.4)

Since p; is the long-run fraction of time the process is in state j and the leaving
rate out of state j is v;, it is intuitively obvious that

the long-run average number of transitions out of state j

per time unit = v; p;. 4.2.5)
Also, the following result will be intuitively obvious:

the long-run average number of transitions from state k to state j

per time unit = gy; px. (4.2.6)

For a better understanding of (4.2.6), it is helpful to point out that g can be
interpreted as the long-run average number of transitions per time unit to state j
when averaging over the time the process is in state k. A rigorous proof of the
result (4.2.6) is given in Section 4.3. By (4.2.6),

the long-run average number of transitions into state j

per time unit = Z qkj Pk- 4.2.7)
k#j

Together (4.2.4), (4.2.5) and (4.2.7) give the equilibrium equations (4.2.2). These
equations may be abbreviated as

rate out of state j = rate into state j. (4.2.8)

This principle is the flow rate equation method. To formulate the equilibrium
equations in specific applications, it is convenient to use the transition rate diagram
that was introduced in the previous section. Putting the transition rate diagram in a
physical context, one might think that particles with a total mass of 1 are distributed
over the nodes according to the equilibrium distribution {p;}. Particles move from
one node to another node according to the transition rates g;;. In the equilibrium
situation the rate at which particles leave any node must be equal to the rate at
which particles enter that node. The ‘rate in = rate out’ principle (4.2.8) allows for
a very useful generalization. More generally, for any set A of states with A # I,

rate out of the set A = rate into the set A. 4.2.9)
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In mathematical terms,

ijij‘k = ZPkZij-

jeA  k¢A k¢A  jeA

The balance principle (4.2.9) enables us to write down a recursive equation for the
pj when

I={0,1,...,N} and g¢; =0fori>1and j <i-2,

where N < oo. Then, by taking A = {i,..., N} with i # 0 and applying the
balance principle (4.2.9), we get

i—1 N
Qi,i—lpiZZPkZij, i=1...,N. (4.2.10)
k=0 j=i

This recursive relation is used quite often in queueing applications; see Chapter 5.
In queueing applications it is often the case that direct transitions from any state i
are either to higher states or to the state i — 1 directly below state i. A recursive
computation of the state probabilities is usually much faster than a computation by
any other method. Also the recursion scheme (4.2.10) is numerically stable since
it involves no subtractions.

Next we apply the flow rate equation method to the two examples discussed in
the previous section.

Example 4.1.1 (continued) Inventory control for an inflammable product

In this example the equilibrium probability p; represents the long-run fraction of
time that the stock in the tank equals j units. Assumptions 4.1.2 and 4.2.1 are
trivially satisfied (e.g. take state Q as regeneration state r). Using the transition
rate diagram in Figure 4.1.1 and equating the rate at which the process leaves state
i to the rate at which the process enters state i, it follows that

upo = Ap1,
)“pjz}“pj-‘rls j=1’27"-’Q_17
APQ = UPo.

These equilibrium equations together with the equation pg + p1 +---+ pg =1
have a unique solution (in this special case an explicit solution can be given:
po=0+0u/M)Vand pj = = po = (u/A)po). Next we can answer the

questions posed earlier:
0

the long-run average stock on hand = Z Jpj 4.2.11)
j=0

the long-run fraction of demand that is lost = py. 4.2.12)
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A few words of explanation are in order. Intuitively, (4.2.11) may be obvious by
noting that p; gives the long-run fraction of time the stock on hand is j. The long-
run average stock on hand is defined as lim;_, oo (1/1) fot X (1) du. This long-run
average can be seen as a long-run average cost per time unit by imagining that a
cost at rate j is incurred when the stock on hand is j. Using this interpretation,
the result (4.2.11) can be seen as a consequence of Theorem 4.2.2, which will be
discussed below. The result (4.2.12) uses the PASTA property: in the long run the
fraction of customers who find the system out of stock upon arrival equals the
fraction of time the system is out of stock. Further, we have

the long-run average number of stock replenishments per time unit = upg.

This result follows from (4.2.6) by noting that the average replenishment frequency
equals the average number of transitions from state O to state Q per time unit.

Example 4.1.2 (continued) Unloading ships with an unreliable unloader

In this example we need a regularity condition to ensure that Assumption 4.2.1 is
satisfied (Assumption 4.1.2 trivially holds). Let y denote the expected amount of
time needed to complete the unloading of a ship. It is not difficult to verify that
y = u~'(148/B); see (A.5) in Appendix A. In order to satisfy Assumption 4.2.1
it should be required that the arrival rate of ships is less than the reciprocal of the
expected completion time y. That is, the assumption

Bu

A< ——
B+

should be made. The proof is omitted that under this condition the expected cycle
length in Assumption 4.2.1 is finite (take state (0, 1) for the regeneration state
r). Denote the equilibrium probabilities by p(j,0) and p(j, 1). The probability
p(j, 1) gives the long-run fraction of time that j ships are present and the unloader
is available and the probability p(j, 0) gives the long-run fraction of time that j
ships are present and the unloader is in repair. Using the transition rate diagram
in Figure 4.1.2 and applying the ‘rate in = rate out’ principle, we obtain the
equilibrium equations:
Ap(0, 1) = pp(1, 1),
A+pu+d)plE, D)=2apG =L D +upupi+1,1)+p0,0), i=12...,
A +p)p,0) =dp(1, 1),
A +pB)pE,0) =p(i —1,0)+pG, 1), i=23,....

This infinite system of linear equations together with the normalizing equation

Y PG 0+ > pi. =1
i =0 i=1
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has a unique solution. A brute-force method for solving the equilibrium equations
is to truncate this infinite system through a sufficiently large integer N (to be found
by trial and error) such that Z?i N+1Lp (@, 0) + p(@i, 1)] < e for some prespecified
accuracy number &. In Section 4.4 we discuss a more sophisticated method to
solve the infinite system of linear equations. Once the state probabilities have been
computed, we find

o0
the long-run average number of ships in the harbour = Z ilp, 0)+ p(, 1)],

i=1

o
the fraction of time the unloader is in repair = Z p@,0),
i=1

the long-run average amount of time spent in the harbour per ship
1 o0
=+ 2_ilpG.0) + pG, DI
i=1

The latter result uses Little’s formula L = AW.

Continuous-time Markov chains with rewards

In many applications a reward structure is imposed on the continuous-time Markov
chain model. Let us assume the following reward structure. A reward at a rate of
r(j) per time unit is earned whenever the process is in state j, while a lump
reward of Fj is earned each time the process jumps from state j to state k (# j).
In addition to Assumption 4.2.1 involving the regeneration state r, we make the
following assumption.

Assumption 4.2.2 (a) The total reward earned between two visits of the process
{X (t)} to state r has a finite expectation and

D lrDlpj+ D pi Y al Fiel < oo.

jeI jel  k#j

(b) For each initial state X (0) = i with i # r, the total reward earned until the
first visit of the process {X (1)} to state r is finite with probability 1.

This assumption is automatically satisfied when the state space [ is finite and
Assumption 4.2.1 holds. For each ¢ > 0, define the random variable R(¢) by

R(t) = the total reward earned up to time .

The following very useful result holds for the long-run average reward.
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Theorem 4.2.2 Suppose the continuous-time Markov chain {X(t)} satisfies
Assumptions 4.1.2, 4.2.1 and 4.2.2. Then, for each initial state X (0) = i,

. R@) . . .
tl_l)ngo - = Zr(])pj + ij quijk with probability 1.
jel jel  k#j

A proof of this ergodic theorem will be given in Section 4.3. Intuitively the
theorem can be seen by noting that p; gives the long-run fraction of time the
process is in state j and p;qi gives the long-run average number of transitions
from state j to state k per time unit.

Example 4.1.1 (continued) Inventory control for an inflammable product

Suppose that the following costs are made in the inventory model. For each unit
kept in stock, a holding cost & > 0 is incurred for each unit of time the unit is
kept in stock. Penalty costs R > 0 are incurred for each demand that is lost and
fixed costs K > 0 are made for each inventory replenishment. Then the long-run
average cost per time unit equals

0

hy_ jpj + Ripo + K upo.
j=0

Strictly speaking, the cost term RApg is not covered by Theorem 4.2.2. Alterna-
tively, by using part (a) of Theorem 2.4.1 it can be shown that the long-run average
amount of demand that is lost per time unit equals Apy.

4.3 ERGODIC THEOREMS

In this section we prove Theorems 4.2.1 and 4.2.2. The proofs rely heavily on
earlier results for the discrete-time Markov chain model. In our analysis we need
the embedded Markov chain {X,,,n =0, 1, ...}, where X,, is defined by

X,, = the state of the continuous-time Markov chain just
after the nth state transition

with the convention that Xo = X (0). The one-step transition probabilities of the
discrete-time Markov chain {X,} are given by

i/vis ] #FI,
pif = {gl,// ; ;ii; @3.1)

see Section 4.1. It is readily verified that Assumption 4.2.1 implies that the embed-
ded Markov chain {X,} satisfies the corresponding Assumption 3.3.1 and thus state
r is a positive recurrent state for the Markov chain {X,}.
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Definition 4.3.1 A probability distribution {pj, j € 1} is said to be an equilibrium
distribution for the continuous-time Markov chain {X (t)} if

vipj =Y pka, J €I
k#j

Just as in the discrete-time case, the explanation of the term ‘equilibrium dis-
tribution’ is as follows. If P{X(0) = j} = p; for all j € I, then for any ¢ > 0,
P{X(t) = j} = p; for all j € I. The proof is non-trivial and will not be given.
Next we prove Theorem 4.2.1 in a somewhat more general setting.

Theorem 4.3.1 Suppose that the continuous-time Markov chain {X (t)} satisfies
Assumptions 4.1.2 and 4.2.1. Then:

(a) The continuous-time Markov chain {X (t)} has a unique equilibrium distribution
{pj, j € I}. Moreover
__T/v
Pj

- Zﬂk/vk7

kel

jel, 4.3.2)

where {7t;} is the equilibrium distribution of the embedded Markov chain {X,}.

(b) Let {x;} be any solution to v;x; = Zk# Xiqij, j € 1, with Zj lxj| < oo. Then,
for some constant ¢, x; = cpj forall j € I.

Proof We first verify that there is a one-to-one correspondence between the solu-
tions of the two systems of linear equations

VjXj = Zxquj, jel
k#j

and

uj = Zukpkj, jel
kel

If {u;} is a solution to the second system with ) |u;| < oo, then {x; = u;/v;}isa
solution to the first system with ) |x;| < oo, and conversely. This is an immediate
consequence of the definition (4.3.1) of the p;;. The one-to-one correspondence
and Theorem 3.5.9 imply the results of Theorem 4.3.1 provided we verify

Yo <. (4.3.3)

v
jel

The proof that this condition holds is as follows. By Assumption 4.2.1, the process
{X (t)} regenerates itself each time the process makes a transition into state r. Let a
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cycle be defined as the time elapsed between two consecutive visits of the process
to state r. Using Wald’s equation, it is readily seen that

1

E(length of one cycle) = Z E (number of visits to state j in one cycle) x —.
v
jel J

Thus, by Lemma 3.5.10,

1 T
E (length of one cycle) = — Z iy
Ty el Vj

Since E(length of one cycle) is finite by Assumption 4.2.1, the result now follows.
This completes the proof.

Next it is not difficult to prove Theorem 4.2.2

Proof of Theorem 4.2.2 We first prove the result for initial state X (0) = r, where
r is the regeneration state from Assumptions 4.2.1 and 4.2.2. The process {X (¢)}
regenerates itself each time the process makes a transition into state r. Let a cycle
be defined as the time elapsed between two consecutive visits of the process to
state r. In the proof of the above theorem we have already shown

Tk

1
E(length of one cycle) = — —.
" kel Yk

The expected length of a cycle is finite. Next apply the renewal-reward theorem
from Chapter 2. This gives

. R(?) E(reward earned during one cycle)
im =

4.34)
t—oo t E(length of one cycle)

with probability 1. Using Wald’s equation, E(reward earned during one cycle) is

E E (number of visits to state j during one cycle) x M + E Djk Fik
D
jel T k)

Hence, by Lemma 3.5.10 and relation (4.3.1),

E(reward earned during one cycle) = Z il M + Z Dik Fik
Tr | v '

jel k#j
1 TTj .
=— > T |ri)+ 2 ank
"jer k#j

Taking the ratio of the expressions for the expected reward earned during one cycle
and the expected length of one cycle and using relation (4.3.2), we get the result
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of Theorem 4.2.2 for initial state r. It remains to verify that the result also holds
for any initial state X (0) = i with i # r. This verification proceeds along the same
lines as the proof of the corresponding result in Theorem 3.5.11.

By choosing an appropriate reward structure, Theorem 4.2.2 provides a rigorous
proof of earlier interpretations we gave to the quantities p; and gj p;.

Corollary 4.3.2 Suppose that the continuous-time Markov chain {X (t)} satisfies
Assumptions 4.1.2 and 4.2.1. Then

(a) For each state k € 1, the long-run fraction of time the process is in state k
equals py with probability 1, independently of the initial state X (0) = i.

(b) Forall j, k € I with j # k, the long-run average number of transitions from
state k to state j per unit time equals prqy; with probability 1, independently of the
initial state X (0) = i.

44 MARKOYV PROCESSES ON A SEMI-INFINITE STRIP*

Many practical (queueing) problems can be modelled as a continuous-time Markov
chain {X(¢)} on a semi-infinite strip in the plane. That is, the Markov process has
the two-dimensional state space

I={G>s)]i=0,1,...;5=0,1,... ,m} 4.4.1)

for some finite positive integer m. Assuming that the continuous-time Markov chain
{X (1)} satisfies Assumption 4.2.1, denote its equilibrium probabilities by p(i, s) for
i=0,1,...and s =0, 1, ..., m. These probabilities are determined by an infinite
system of linear equations. In many cases, however, this infinite system can be
reduced to a finite system of linear equations of moderate size. This can be done
by using the geometric tail approach, discussed for discrete-time Markov chains in
Section 3.4.2. Under rather general conditions the equilibrium probabilities p(i, s)
exhibit a geometric tail behaviour as i — oo, where the decay factor does not
depend on s. That is, for constants y; > 0 and a constant n with 0 < n < 1,

p@,s) ~ ysni as i — 00, 4.4.2)

where the constant 7 does not depend on s. Then, for a sufficiently large choice of
integer M, we have for each s that

1,
M ~ 777 l > [\47
p(i,s)

or equivalently

pl, ) ~nMpM,s), i>M.

*This section is more specialized and can be omitted at first reading.
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Usually the constant 1 can be computed beforehand by solving a non-linear equation
in a single variable. Once 7 is known, the infinite system of equilibrium equations
is reduced to a finite system of linear equations by replacing any p(i, s) withi > M
by '™ p(M, s). It turns out that in practical applications a relatively small value
of M usually suffices. As will be seen below, the asymptotic expansion (4.4.2) is
valid in the unloader problem of Example 4.1.2.

Markov processes with quasi-birth-death rates

Suppose that the Markov process {X (7)} satisfies the following assumption.

Assumption 4.4.1 In state (i, s) the only possible transitions are:

e from state (i, s) to state (i + 1,s) withrate .y i =0,1,...;5s=0,1,...,m),

e from state (i, s) to state (i — 1,s) withrate ug (i =1,2,...;5s =0,1,...,m),

e from state (i, s) to state (i,s + 1) with rate Bs i = 0,1,...;s = 0,1,...,
m—1),

e from state (i, s) to state (i,s — 1) withrate 5 i =0,1,...;s =1,2,...,m).

It is assumed that the transition rates A;, us, Bs and §s are such that the
Markov chain {X (#)} satisfies Assumption 4.2.1 and thus has a unique equilib-
rium distribution {p(i, s)}. Under Assumption 4.4.1 the equilibrium equations for
the continuous-time Markov chain {X ()} are as follows. Then for i = 1,2, ...
and with 0 < s < m,

(As + s + Bs +8)p(, ) = Aspi — 1,8) + usp@ +1,5)
+Bs—1pi,s — 1) +81p@, s +1) (4.4.3)

provided we put f_1 = B, = 80 = Sm+1 = 0 and define p(i, —1) = p(i,m+1) =
0.Fori=0and 0 <s <m,

(As + Bs +05)p0,5) = psp(1,5) + Bs—1p(0, 5 — 1) + 8541p(0, s + 1). (4.4.4)

Next we use the powerful tool of generating functions. Define for 0 < s < m the
generating function G(z) by

o
Gsx) =) pli, 9" Izl <1.
=0

For notational convenience, define G_1(z) = Gm+1(z) = 0. Multiplying both sides
of (4.4.3) and (4.4.4) by 7' and summing over i, we find for each s that
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o
(hs + ts + Bs +80) Y p(i, )z — s p(0, 5)
i=0

o o oo
= Y pli— 1,97 + 1y pli+ 1,97 + 1y pli,s = D'

i=1 i=0 i=0

9]
+8ee1 ) plis + 12
i=0

This gives for s =0, 1,...,m,
"
(As + s + Bs +085)G5(2) — s p(0, 5) = Az2G4(2) + f[Gs(Z) — p(0, )]
+ Bs—1G5-1(2) + 85+1G5+1(2).
We rewrite this as

[)‘522 + s — (As + g + Bs + 85)21G5(2) + Bs—12G5-1(2) + 85412G541(2)
=us(1 —2)p@,s), s=0,1,...,m. 4.4.5)

This is a system of linear equations in the unknowns Go(z), ..., Gy (2). To see
what the solution looks like, it is convenient to write (4.4.5) in matrix notation. To
do so, define the diagonal matrices A and M by

A =diag(ho, A1, ..., Ap) and M = diag(uo, L1, --- » m)-
Define the transition rate matrix T = (#,5) with a,b=0,1,... ,m by
ts.s—1 = Bs—1, ts.s+1 = 8s+1, tss = —(Bs + &5) and t4, = O otherwise.
Finally, define the matrix A(z) by
AR =AZ—~A-T+M)z+M

and the column vectors pg and g(z) by

po = (p(0,0),...,p(0,m)) and g(z) = (Go(2),...,Gn(2).
Then the linear equations (4.4.5) in matrix notation are

A(2)g(2) = (1 — z2)Mp, (4.4.6)

By Cramer’s rule for linear equations, the solution of (4.4.6) is given by

det A (z)

=0,1,...,m, 4.4.7)
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where A;(z) is the matrix that results from replacing the (s + 1)th column vec-
tor of A(z) by the vector (I — z)Mp,. The functions det A;(z) and detA(z) are
polynomials in z and are thus defined on the whole complex plane. Assuming that
the function N(z) = detA(z) satisfies the conditions stated in Theorem C.1 in
Appendix C, the representation (4.4.7) implies the following result.

Theorem 4.4.1 Foreachs =0,1,...,m, there is a constant ys such that
p@,s) ~ ysni asi — 00, 4.4.8)
where 1 is the reciprocal of the smallest root of the equation
detA(x) =0 (4.4.9)
on the interval (1, 00).

How do we solve (4.4.9) in general? A possible way is to use a basic result
from linear algebra stating that det A(x) equals the product of the eigenvalues of
the matrix A(x). It is a routine matter to determine the eigenvalues of a matrix by
using standard software. A search procedure such as bisection can next be used to
find the root of (4.4.9). Another approach to compute the roots of detA(z) = 0
was proposed in Chapter 3 of Daigle (1991). The zeros of det A(z) are equivalent
to the inverses of the eigenvalues of the 2(m + 1)-dimensional square matrix

Ap— [M‘I(A -T+M) —M—lA]
I (0] ’
where O is the matrix with all entries equal to zero. Note that M~! exists. To see
this, let o be any zero of detA(z) and let X, be any non-trivial column vector
such that A(o)x, = 0. Let y, = oX,. Then, by the definition of A(z), we have
o2Ax, — o(A =T + M)x, +Mx, = 0. By definition, y, —o0X, = 0. Combining
these two systems gives

[t R S 9] [ M RO

This system is equivalent to

M 'A-=T+M) -MIA 1/1 O %] _,
I 0] o \0 1 Yo |~

This proves that the zeros of det A(z) are equivalent to the inverses of the eigenval-
ues of the expanded matrix Ag. The largest of the eigenvalues in (0, 1) gives the
decay factor 5 of the geometric tail of the equilibrium probabilities p(i, s). Daigle
(1991) gives a more sophisticated algorithm for the computation of the p(i, s).
Using the eigenvalues and the eigenvectors of the matrix A, this algorithm com-
putes for each s the probabilities p(i,s) for i > 1 as a linear combination of a
finite number of geometric terms. The interested reader is referred to Daigle’s book
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for details. The algorithm in Chapter 3 of Daigle (1991) is in fact a special case
of the spectral expansion method discussed in full generality in Mitrani and Mitra
(1992). This is a general method for computing the equilibrium probabilities of a
Markov process whose state space is a semi-infinite strip in the two-dimensional
plane and whose equilibrium equations can be represented by a vector difference
equation with constant coefficients. The solution of that equation is expressed in
terms of the eigenvalues and eigenvectors of its characteristic polynomial. Another
generally applicable method to compute the equilibrium probabilities for the two-
dimensional Markov process with quasi-birth-death rates is the matrix-geometric
method of Neuts (1981). This method requires solving a matrix quadratic equation.
This can be done by a probabilistic and numerically stable algorithm discussed
in Latouche and Ramaswami (1993). The computational effort of this algorithm
increases logarithmically when the server utilization gets larger. The computational
burden of the spectral method, however, is relatively insensitive to the server uti-
lization of the analysed system. Unlike the Latouche—Ramaswami algorithm, the
spectral method often becomes numerically unreliable when the server utilization
gets very close to 1. For the practitioner, the geometric tail approach is much eas-
ier to apply than the other two methods. This approach combines simplicity with
effectiveness. The two steps of the geometric tail algorithm are:

(a) Compute the zero of a non-linear equation in a single variable.

(b) Solve a finite system of linear equations.

These steps are simple, and standard software can be used to perform them. The
finite system of linear equations is usually relatively small for practical examples.
In general it is not possible to use the above computational methods on two-
dimensional continuous-time Markov chain problems in which both state variables
are unbounded. An example of such a problem is the shortest-queue problem in
which arriving customers are assigned to the shortest one of two separate queues
each having their own server. Special methods for this type of problem are the
so-called compensation method and the power-series algorithm discussed in Adan
et al. (1993), Blanc (1992) and Hooghiemstra et al. (1988).

Example 4.1.2 (continued) Unloading ships with an unreliable unloader

The continuous-time Markov chain in the unloader problem satisfies Assump-
tion 4.4.1 except that the Markov chain cannot take on state (0, 0). The unloader
can only break down when it is in operation. However, the assumption made in the
foregoing analysis can be released somewhat. Assume that for some integer N > 1
the state space I = Iy U I, where Iy = {(i,s) |[i=N,N+1,...;5s=0,...,m}
and [ is a non-empty subset of {(i,s) |i =0,...,N—1; s =0,...,m}. The
conditions in Assumption 4.4.1 are only assumed for the states (i, s) with i > N.
Further it must be assumed that the only way to enter the set /; from the set I is
through the states (&, s). Then a minor modification of the above analysis shows
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that Theorem 4.4.1 remains valid with the same matrix A(z). For the particular case
of the unloader problem, we find that (4.4.9) reduces to the polynomial equation

+B -2 A +pu— A +u+8)z) +8682=0.

Special case of linear birth-death rates

Suppose that the transition rates A, ug, Bs and 8 have the special form
As=by x (m —s)+cis, py=b_1 X ([m—s)+c_ys

Bs =ag x (m —s) and 8 = dos (4.4.10)

for constants ag, by, b_1, c1, c—1 and dy. Then the numerical problem of computing
the roots of det A(z) = O can be circumvented. The decay factor 5 in (4.4.2) is
then the unique solution of the equation

B(x)+C(x) —x[A(1)+ B(1)+C()+ D)) + \/F()c)2 +4A(x)D(x) =0
on the interval (0,1), where

A(x) = agx, B(x) =b; +b_1x>, C(x) =c| 4+ c_1x>, D(x) = dox,
F(x)=[A)+ B(1) - C1) - D()]x + C(x) — B(x).

In a more general context this result has been proved in Adan and Resing (1999). It
also follows from this reference that Assumption 4.2.1 holds when do(b—1 — b1) +
aop(c—1—c1) > 0. The condition (4.4.10) is satisfied for several interesting queueing
models. For example, take a queueing model with m traffic sources which act inde-
pendently of each other. Each traffic source is alternately on and off, where the on-
times and off-times have exponential distributions with respective means 1/ and
1/B. The successive on- and off-times are assumed to be independent of each other.
During on-periods a source generates service requests according to a Poisson pro-
cess with rate A. There is a single server to handle the service requests and the server
can handle only one request at a time. The service times of the requests are inde-
pendent random variables that have a common exponential distribution with mean
1/w. This queueing problem can be modelled as a continuous-time Markov chain
whose state space is given by (4.4.1) with i denoting the number of service requests
in the system and s denoting the number of sources that are on. This Markov chain
has the property (4.4.10) with Ay = As, us = u, Bs = B x (m — 5) and §5 = 6s.

4.5 TRANSIENT STATE PROBABILITIES

In many practical situations one is not interested in the long-run behaviour of a
stochastic system but in its transient behaviour. A typical example concerns airport
runway operations. The demand profile for runway operations shows considerable
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variation over time with peaks at certain hours of the day. Equilibrium models
are of no use in this kind of situation. The computation of transient solutions for
Markov systems is a very important issue that arises in numerous problems in
queueing, inventory and reliability. In this section we discuss two basic methods
for the computation of the transient state probabilities of a continuous-time Markov
chain. The next section deals with the computation of the transient distribution of
the cumulative reward in a continuous-time Markov chain with a reward structure.

The transient probabilities of a continuous-time Markov chain {X (¢), ¢ > 0} are
defined by

piit) =P{X@®)=j|XO0)=i}, i,jelandt>0.

In Section 4.5.1 we discuss the method of linear differential equations. The proba-
bilistic method of uniformization will be discussed in Section 4.5.2. In Section 4.5.3
we show that the computation of first passage time probabilities can be reduced to
the computation of transient state probabilities by introducing an absorbing state.

4.5.1 The Method of Linear Differential Equations

This basic approach has a solid backing by tools from numerical analysis. We first
prove the following theorem.

Theorem 4.5.1 (Kolmogoroff’s forward differential equations) Suppose that
the continuous-time Markov chain {X (t),t > 0} satisfies Assumption 4.1.2. Then
foranyi €I,

Pty = qiipi(t) —vipy(t), j€landt>0. 4.5.1)
k)

Proof We sketch the proof only for the case of a finite state space /. The proof
of the validity of the forward equations for the case of an infinite state space is
very intricate. Fix i € [ and t > 0. Let us consider what may happen in (¢, r + At]
with Ar very small. The number of transitions in any finite time interval is finite
with probability 1, so we can condition on the state that will occur at time #:

pij(t+ Aty = P{X(t + At) = j | X(0) = i}
= ZP{X(t+At) =j|X0) =i, X(t)=k}
kel
x P{X(t) =k | X(0) = i}

=Y P{X(t+At) = j| X(®) =k}p (1)
kel

=Y qi Atpi (1) + (1 — v AD py (1) + (A1),
ket j
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since a finite sum of o(At) terms is again o(At). Hence

o(At)
At

pij (t + At) — p;j (1)
At

= ZCijpik(l) —vipi () +
oy

Letting At — 0 yields the desired result.

The linear differential equations (4.5.1) can be explicitly solved only in very
special cases.

Example 4.5.1 An on-off source

A source submitting messages is alternately on and off. The on-times are indepen-
dent random variables having a common exponential distribution with mean 1/«
and the off-times are independent random variables having a common exponential
distribution with mean 1/8. Also the on-times and the off-times are independent
of each other. The source is on at time 0. What is the probability that the source
will be off at time #?

This system can be modelled as a continuous-time Markov chain with two states.
Let the random variable X (¢) be equal to O when the source is off at time ¢ and
equal to 1 otherwise. Then {X (¢)} is a continuous-time Markov chain with state
space I = {0, 1}. The transient probabilities p1o(¢) and p;;(¢) satisfy

Plo®) = —Bpio@®) +apii(t), >0,
P = Bpro®) —apii (@), t=0.

A standard result from the theory of linear differential equations states that the
general solution of this system is given by

(P10(1), p11(1)) = c1e™'x) + c2e™'xy, >0

provided that the coefficient matrix

a=(7%)

has distinct eigenvalues A1 and A. The vectors x; and X, are the corresponding
eigenvectors. The constants ¢ and ¢ are determined by the boundary conditions
p10(0) = 0 and p11(0) = 1. The eigenvalues of the matrix A are A; = 0 and
A2 = —(a+B) with corresponding eigenvectors x| = B aHandx, = (1, —1).
Next it follows from ¢;/8 4+ ¢» =0 and ¢| /o — cp = 1 that ¢; = af/(a + B) and
¢y = —a/(a + B). This yields

o o
_ —(a+p)t
pioll) = —— —— , t>0.
10( ) ,3 ,Be =



TRANSIENT STATE PROBABILITIES 165
Example 4.5.2 Transient analysis for the M /M /1 queue

In the M/M/1 queue customers arrive according to a Poisson process with rate
A and the service times of the customers have an exponential distribution with
mean 1/p. Letting X (¢#) denote the number of customers present at time ¢, the pro-
cess {X (¢)} is a continuous-time Markov chain. Kolmogoroff’s forward differential
equations are as follows for the M /M /1 queue:

P (®) = upi j+1 (@) +Api j-1(t) = A+ )pi (1), i, j=0,1,... and 7 >0

with p; _1(#) = 0. An explicit solution of these equations is given by

2 .. T o—hty(y) (1— j 1
(1) = ZpU=D/2 (Vs p)p!,  p <1,
=—- —_— d
pit) =20 /0 Y () ai(y)aj(7) y+{0, p=>1,
for i,j = 0,1,..., where p = A/u and the functions y(y) and ar(y) are

defined by

y() =14+p—2/pcos(y) and ar(y)=sin(ky) — /psin[(k + 1)y].

A proof of this explicit solution is not given here; see Morse (1955) and Takacs
(1962). The trigonometric integral representation for p;; (t) is very convenient for
numerical computations. A recommended numerical integration method is Gauss—
Legendre integration. Integral representations can also be given for the first two
moments of the number of customers in the system. The formulas will only be
given for the case of p < 1. Denoting by L(i, t) the number of customers in the
system at time ¢ when initially there are i customers present, we have

2 .
E[L(G.D)] = —p“*’)/z/
T 0

T o=ty (y) 0
———ai(y)sin(y)dy + ——
v I—p

and

— . T o—uty(y)
BIL 0 = 20000 [y siny) dy

+2p(1 — p)~2 — E[LG, 1)],

assuming that p < 1. If p < 1, the transient probabilities p;; () converge to the
equilibrium probabilities p; = (1 — p)p/ as t — oo and, similarly, E[L(i,1)]
converges to p/(1 — p) as t — 00. A natural question is how fast the convergence
occurs. A heuristic answer to this question has been given by Odoni and Roth (1983)
in the context of the M/G/1 queue. Letting c% denote the squared coefficient of
variation of the service time, the M/G/1 queue will ‘forget’ its initial state after a
time comparable to
(14 cHE(S)

2.8(1 = /p)?
provided that the system is empty at epoch O.

relax =
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In general the linear differential equations (4.5.1) have to be solved numerically.
Let us assume in the remainder of this section that the state space I of the Markov
chain is finite. There are several possibilities to numerically solve the homoge-
neous system (4.5.1) of linear differential equations with constant coefficients. In
most applications the matrix of coefficients has distinct eigenvalues and is thus
diagonalizable. In those situations one might compute the eigenvalues A, ..., A,
of the matrix and the corresponding eigenvectors. The transient probabilities p;; (f)
are then a linear combination of pure exponential functions e*!?, ... , e*! (zero is
always among the eigenvalues and the corresponding eigenvector gives the equilib-
rium distribution of the Markov process up to a multiplicative constant). In general,
however, one uses a so-called Runge—Kutta method to solve the linear differen-
tial equations numerically. Standard codes for this method are widely available.
From a numerical point of view, the Runge—Kutta method is in general superior
to the eigenvalue approach. The Runge—Kutta method has the additional advan-
tage that it can also be applied to continuous-time Markov processes with time-
dependent transition rates. Another possible way to compute the p;;(7) is to use
the discrete FFT method when an explicit expression for the generating function

P(t,z) = ZJ-EI Dij 7/, |z| <1 is available.

4.5.2 The Uniformization Method

This method falls back on an earlier construction of a continuous-time Markov
chain in Section 4.1. In this construction the process leaves state i after an expo-
nentially distributed time with mean 1/v; and then jumps to another state j(j # i)
with probability p;;. Letting X, denote the state of the process just after the nth
state transition, the discrete-time stochastic process {X,} is an embedded Markov
chain with one-step transition probabilities p;;. The jump probabilities p;; and the
infinitesimal transition rates g;; are related to each other by

qij = ViDij, i,jel with j #i. 4.5.2)

To introduce the uniformization method, consider first the special case in which
the leaving rates v; of the states are identical, say v; = v for all i. Then the
transition epochs are generated by a Poisson process with rate v. In this situation an
expression for p;;j () is directly obtained by conditioning on the number of Poisson
events up to time ¢ and using the n-step transition probabilities of the embedded
Markov chain {X,}. However, the leaving rates v; are in general not identical.
Fortunately, there is a simple trick for reducing the case of non-identical leaving
rates to the case of identical leaving rates. The uniformization method transforms
the original continuous-time Markov chain with non-identical leaving rates into
an equivalent stochastic process in which the transition epochs are generated by
a Poisson process at a uniform rate. However, to achieve this, the discrete-time
Markov chain describing the state transitions in the transformed process has to
allow for self-transitions leaving the state of the process unchanged.
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To formulate the uniformization method, choose a finite number v with
v>v, 1€l

Define now {X,} as the discrete-time Markov chain whose one-step transition
probabilities p;; are given by
_ {(vi/vm-,-, j# i,

P 1=y, =i,

for any i € I. Let {N(¢),t > 0} be a Poisson process with_rate v such that the
process is independent of the discrete-time Markov chain {X,}. Define now the
continuous-time stochastic process {X(¢),t > 0} by

X(t)=Xn@, t=>0. (4.5.3)

In other words, the process {X ()} makes state transitions at epochs generated by a
Poisson process with rate v and the state transitions are governed by the discrete-
time Markov chain {X,} with one-step transition probabilities Djj- Each time the
Markov chain {X,} is in state i, the next transition is the same as in the Markov
chain {X,} with probability v; /v and is a self-transition with probability 1 — v; /v.
The transitions out of state i are in fact delayed by a time factor of v/v;, while the
time itself until a state transition from state i is condensed by a factor of v; /v. This
heuristically explains why the continuous-time process {X(¢)} is probabilistically
identical to the original continuous-time Markov chain {X(¢)}. Another heuristic
way to see that the two processes are identical is as follows. For any i, j € I with

JFi
P{X(t+ A1) = j | X(1) =i} = vAt X Py + (A1)
=V At x pjj +0o(Ar) = gjj At + o(Ar)
=P{Xt+At)=j| X)) =i} for At — 0.

In the next theorem we give a formal proof that the two processes {X(¢)} and
{X(¢)} are probabilistically equivalent.

Theorem 4.5.2 Suppose that the continuous-time Markov chain {X (t)} satisfies
Assumption 4.1.2. Then

pi(t)=P{X(t)=j|X(©0) =i}, i,jelandt>O0.

Proof For any ¢ > 0, define the matrix P(t) by P(¢) = (p;;(?)), i, j € 1. Denote
by Q the matrix Q = (g;j), i, j € I, where the diagonal elements g;; are defined by

qgii = —Vi.
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Then Kolmogoroff’s forward differential equations can be written as P/ () = P(1)Q
for any ¢ > 0. It is left to the reader to verify that the solution of this system of
differential equations is given by

P =e®=3"20Q" 120 (4.5.4)

The matrix P = (ﬁij), i, j € I, can be written as P= Q/v + 1, where I is the
identity matrix. Thus

P(t) = Q= eV ®=D _ P, —vil _ —vi viP Z vt (vt) P’

On the other hand, by conditioning on the number of Poisson events up to time ¢
in the {X(r)} process, we have

PIX()=j 1 XO0) =i} = X_ge‘”’ (vntv) Py

where ﬁg’) is the n-step transition probability of the discrete-time Markov chain
{X,}. Together the latter two equations yield the desired result.

Corollary 4.5.3 The probabilities p;; (t) are given by
o0
o D" .
pij(t) = Zoe ”Tpg”, i,jelandt >0, (4.5.5)
n=

where the probabilities ﬁgl) can be recursively computed from

ﬁl(/ﬂ) Zp(n l)ﬁk]v n=1,2,... (4.5.6)
kel

starting with ﬁ;io) =1 and ﬁg)) =0for j #i.

This probabilistic result is extremely useful for computational purposes. The
series in (4.5.5) converges much faster than the series expansion (4.5.4). The com-
putations required by (4.5.5) are simple and transparent. For fixed ¢ > 0 the infinite
series can be truncated beforehand, since

o0 o
ot WD) _ o )"
vt n vt
XA:/IE T P = 211:/16 n! -
n= n=

For a prespecified accuracy number ¢ > 0, we choose M such that the right-hand
side of this inequality is smaller than ¢. By the normal approximation to the Poisson
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distribution, the truncation integer M can be chosen as
M = vt + c/vt

for some constant ¢ with 0 < ¢ < cp(¢e), where co(e) depends only on the tolerance
number e. As a consequence the computational complexity of the uniformization
method is O (vtN?) where N is the number of states of the Markov chain. Hence
the uniformization method should be applied with the choice

V = maxv;.

iel

The number vt is a crucial factor for the computational complexity of the uni-
formization method, as it is for the Runge—Kutta method, and is called the index
of stiffness. Also, the following remark may be helpful. For fixed initial state i,
the recursion scheme (4.5.6) boils down to the multiplication of a vector with the
matrix P. In many applications the matrix P is sparse. Then the computational effort
can be considerably reduced by using a data structure for sparse matrix multiplica-
tions. The uniformization results (4.5.5) and (4.5.6) need only a minor modification
when the initial state X (0) has a given probability distribution {wo(i),i € 1}. The
probability p(") should then be replaced by p(") Y i ol )ﬁg” and this prob-
ability can recursively be computed from p(n) D kel ﬁ,({"fl) Dij starting with
p; ) = mo(j) for j € I. For example, this modification may be used to compute
the transient state probabilities in finite-capacity queueing systems with a non-
stationary Poisson arrival process and exponential services, where the arrival rate
function A(¢) is (approximately) a piecewise-constant function. One then computes
the transient state probabilities for each interval separately on which A(¢) is constant
and uses the probability distribution of the state at the beginning of the interval as
the distribution of the initial state.

Expected transient rewards

Assume that a reward at rate r(j) is earned whenever the continuous-time Markov
chain {X(¢)} is in state j, while a lump reward of Fj is earned each time the
process makes a transition from state j to state k (% j). Let

R(t) = the total reward earned up to time #, ¢ > 0.

The following lemma shows that it is a simple matter to compute the expected
value of the reward variable R(¢). The computation of the probability distribution
of R(¢) is much more complex and will be addressed in Section 4.6.

Lemma 4.5.4 Suppose that the continuous-time Markov chain {X (t)} satisfies
Assumption 4.1.2. Then

E[R®) | X(©0) =i]=Y r(DE;t)+ > Ej®) Y quFx. t>0, (457)

jel jel k)
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where E;jj (t) is the expected amount of time that the process {X (t)} is in state j up
to time t when the process starts in state i. For any i, j € I,

Ey(1) = - Z ‘“’(W) Zﬁf.jf’), t > 0. 4.5.8)

n=0

Proof The first term on the right-hand side of the relation for the expected reward
is obvious. To explain the second term, we use the PASTA property. Fix j, k €
with k #£ j. Observe that the transitions out of state j occur according to a Poisson
process with rate v; whenever the process {X (¢)} is in state j. Hence, using part (b)
of Theorem 1.1.3, transitions from state j to state k(# j) occur according to a
Poisson process with rate gjx (= pjxv;) whenever the process {X (¢)} is in state j.
Next, by applying part (a) of Theorem 2.4.1, it is readily seen that the expected
number of transitions from state j to state K up to time ¢ equals gj; times the
expected amount of time the process {X (¢)} is in state j up to time ¢. This proves
(4.5.7). To prove (4.5.8), note that the representation (4.5.5) implies

t
Eij(t)=/0 py(u)du:f [Z —vu (”“.) —(n)] du

n=0

—(n) / —vu (vu) du.

Except for a factor v we have an integral over an Erlang (n + 1, v) density. Thus

EU(I)— Z—(") Z —vt (l)l‘) ]

k=n+1

By interchanging the order of summation, we next get the desired result.

4.5.3 First Passage Time Probabilities

In this section it is assumed that the state space I of the continuous-time Markov
chain {X(#)} is finite. For a given set C of states with C # [, define

tc = the first epoch at which the continuous-time Markov chain {X ()}
makes a transition into a state of the set C.

Also, define the first passage time probability Q;c (¢) by
Qic(t)y=Pltc >t X0) =i}, i¢Candr>0.

The computation of the first passage time probabilities Q;c (t) can be reduced to
the computation of the transient state probabilities in a modified continuous-time
Markov chain with an absorbing state. The most convenient way to model an
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absorbing state is to take its leaving rate equal to zero. In the modified continuous-
time Markov chain the set C is replaced by a single absorbing state to be denoted
by a. The state space I* and the leaving rates v in the modified continuous-time
Markov chain are taken as

v, iel\C,

! 0, i=a.

I* = (I\C)U{a} and ﬁ:{

The infinitesimal transition rates ql.’;. are taken as

g i, j e I\C with j #1,

4; = 2kec ik, 1 €I\C, j=a,
0, l’:a7 ] c I\C

Denoting by p?‘j (#) the transient state probabilities in the modified continuous-time
Markov chain, it is readily seen that

Qic(t)y=1—p; @), i¢Candt>0.

The p;‘j (t) can be computed by using the uniformization algorithm in the previous
subsection (note that p}, = 1 in the uniformization algorithm).

Example 4.5.3 The Hubble space telescope

The Hubble space telescope is an astronomical observatory in space. It carries a
variety of instruments, including six gyroscopes to ensure stability of the telescope.
The six gyroscopes are arranged in such a way that any three gyroscopes can keep
the telescope operating with full accuracy. The operating times of the gyroscopes
are independent of each other and have an exponential distribution with failure
rate A. Upon a fourth gyroscope failure, the telescope goes into sleep mode. In
sleep mode, further observations by the telescope are suspended. It requires an
exponential time with mean 1/ to put the telescope into sleep mode. Once the
telescope is in sleep mode, the base station on earth receives a sleep signal. A shuttle
mission to the telescope is next prepared. It takes an exponential time with mean
1/n before the repair crew arrives at the telescope and has repaired the stabilizing
unit with the gyroscopes. In the meantime the other two gyroscopes may fail. If
the last gyroscope fails, a crash destroying the telescope will be inevitable. What
is the probability that the telescope will crash in the next T years?

This problem can be analysed by a continuous-time Markov chain with an
absorbing state. The transition diagram is given in Figure 4.5.1. The state labelled
as the crash state is the absorbing state. As explained above, this convention enables
us to apply the uniformization method for the state probabilities to compute the
first passage time probability

Q(T) = P{no crash will occur in the next T years
when currently all six gyroscopes are working}.
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Figure 4.5.1 The transition rate diagram for the telescope

Taking one year as time unit, consider the numerical example with the data
A=0.1, u =100 and n =5.

The uniformization method is applied with the choice v = 100 for the uniformized
leaving rate v (the value O is taken for the leaving rate from the state crash). The
calculations yield the value 0.000504 for the probability 1 — Q(T) that a crash will
occur in the next 7 = 10 years. Similarly, one can calculate that with probability
0.3901 the sleep mode will not be reached in the next 10 years. In other words,
the probability of no shuttle mission in the next 10 years equals 0.3901. However,
if one wishes to calculate the probability distribution of the number of required
shuttle missions in the next 10 years, one must use the Markov reward model with
lump rewards (assume a lump reward of 1 each time the process jumps from either
state 2 or state 1 to the sleep mode). This Markov reward model is much more
difficult to solve and will be discussed in the next section.

4.6 TRANSIENT DISTRIBUTION OF CUMULATIVE REWARDS

A basic and practically important problem is the calculation of the transient prob-
ability distribution of the cumulative reward in a continuous-time Markov chain.
For example, a practical application is an oil-production platform which has to
meet a contractually agreed production level over a specified time period. The pro-
duction rate is not constant but depends on the stochastically varying state of the
platform. In this example a continuous-time Markov chain with reward rates may
be appropriate, where the reward rate r (j) represents the production rate in state j.

In Section 4.6.1 we first consider the special case of a Markov reward model
with reward rates that are either 0 or 1. The cumulative reward in this model
corresponds to the cumulative sojourn time of the process in a certain set of (good)
states. A nice and simple extension of the uniformization method can be given to
compute the transient distribution of the cumulative sojourn time in some given
set of states. The general Markov reward model with both reward rates and lump
rewards is dealt with in Section 4.6.2. A discretization algorithm will be discussed
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for this model. Throughout this section it is assumed that the continuous-time
Markov chain {X(¢)} has a finite state space I.

4.6.1 Transient Distribution of Cumulative Sojourn Times

Consider a continuous-time Markov chain {X(#)} whose finite state space I is
divided into two disjoint subsets Iy and Iy with

Iy = the set of operational states and Iy = the set of failed states.

Define for any ¢ > 0 the indicator random variable I (¢) by

1 i X €I,
I = {O otherwise.

Then the random variable
t
o) = / I(u)du
0

represents the cumulative operational time of the system during (0, 7). The transient
probability distribution of O(#) can be calculated by a nice probabilistic algorithm
that is based on the uniformization method.

To find P{O(t) < x}, we first uniformize the continuous-time Markov chain
{X (1)} according to (4.5.3). Denoting by O(t) the cumulative operational time in
the uniformized process {X(¢)}, we have

P{O(1) < x} = P{O(1) < x},

since the uniformized process is probabilistically equivalent with the original pro-
cess. By conditioning on the number of state transitions of the uniformized process
during (0, ¢), we have

o0

P{O(t) <x} = Z P{O(t) < x | the uniformized process makes n state
n=0

L 00"

transitions in (0, 1)} e '
n!

The next key step in the analysis is the relation between the Poisson process
and the uniform distribution. In the uniformized process the epochs of the state
transitions are determined by a Poisson process that is independent of the discrete-
time Markov chain governing the state transitions. Under the condition that the
uniformized process has made n state transitions during (0, ¢), the joint distribution
of the epochs of these state transitions is the same as the joint distribution of the
order statistics U, ..., U™ of n independent random variables Uy, ... , U, that
are uniformly distributed on (0, 7); see Theorem 1.1.5. Note that U () is the smallest
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kth of the U;. The n state transitions in the interval (0, ¢) divide this interval into
n + 1 intervals whose lengths are given by

=0 v=vu?-uM . . y,=0"-U"" and V1 =1 - U™,
The random variables Yi, ..., Y,4+1 are obviously dependent variables, but they
are exchangeable. That is, for any permutation iy, ... ,i,+1 of 1,... ,n+1,

P{Y;, <x1, Y, <x2,...Y,, <xpr1}=P{Y1 <x1,Y2 <x2,...,Yuy1 < Xpp1}.

As a consequence
PYi, +---+Y, <x}=P{Y1+ -+ Y <x}

for any sequence (Y;,, ..., Y;,) of k interval lengths. The probability distribution
of Y; +---+ Y is easily given. Let k <n. Then Y| +--- + ¥} = U® and so

P{Yi 4+ + Y <x}=P{UP < x} = Plat least k of the U; are < x}
n . .
n X\/ X\"n—J
= (=) (1-= .
>() 6003

The next step of the analysis is to condition on the number of times the uniformized
process visits operational states during (0, #) given that the process makes n state
transitions in (0, #). If this number of visits equals k£ (k < n+1), then the cumulative
operational time during (0, ¢) is distributed as Y1 + - - - 4+ Y. For any given n > 0,
define

a(n, k) = P{the uniformized process visits k times an operational
state in (0, #) | the uniformized process makes n
state transitions in (0, 1)}

fork =0,1,...,n+ 1. Before showing how to calculate the «(n, k), we give the
final expression for P{O(¢#) < x}. Note that O(¢) has a positive mass at x = t.
Choose x < t. Using the definition of «(n, k) and noting that O(r) < x only if the
uniformized process visits at least one non-operational state in (0, #), it follows that

P{O(t) < x | the uniformized processes makes 7 state transitions in (0, 1)}
n
= Z P{O(t) < x | the uniformized process makes n state transitions
k=0

in (0, ) and visits k times an operational state in (0, #)} a(n, k)
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n
=Y PYi+ -+ Y <x}a(n k)
k=0

= Yewh3: ()E) (-2 o=a=

This gives the desired expression
> , (v " " /n\ /x\J x\n—J
- —vr AP V(1.2
P{OG) < x} = n}_oe — k}_oa(n,k) j}k: (J) (I) (1 t) (4.6.1)

for 0 < x < . The random variable O(¢) assumes the value ¢ if the uniformized
process visits only operational states in (0, 7). Thus

e )"
P{O(t)_t}_nX:(:)a(n,n+1)e —

The above expression for P{O(¢) < x} is well suited for numerical computations,
since the summations involve only positive terms. As before, the infinite sum can
be truncated to M terms, where the error associated with the truncation is bounded
by Y02, e " (v1)"/n! so that M can be determined beforehand for a given error
tolerance.

Computation of the a(n, k)

The probabilities (1, k) are determined by the discrete-time Markov chain {X,}
that governs the state transitions in the uniformized process. The one-step transition
probabilities of this discrete-time Markov chain are given by p; = (vi/v)p;; for
Jj #iand p; = 1—v;/v, where p;; = g;;/v;. To calculate the a(n, k), let a(n, k, j)
be the joint probability that the discrete-time Markov chain {X,} visits k times an
operational state over the first n state transitions and is in state j after the nth
transition. Then

an. k)= am k. j). k=0.1,....n+landn=01,....
jel

The probabilities «(n, k, j) can be recursively computed. In the recursion we have
to distinguish between states j € Iy and states j € Ir. Obviously,

an. k. j)=> am—1k=1,0p;. jel
iel
and

an.k, j) =Y an—1.ki)p;. jely.

iel
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Denoting by {o;} the probability distribution of the initial state of the original
process {X (#)}, we have the boundary conditions

(0,1, j) =aj, «(0,0,j) =0, jel
and

«(0,0, j) =aj, (0,1,j) =0, jel.

Example 4.5.3 (continued) The Hubble telescope problem

Assume that the telescope is needed to make observations of important astronomical
events during a period of half a year two years from now. What is the probability
that during this period of half a year the telescope will be available for at least
95% of the time when currently all six gyroscopes are in perfect condition? The
telescope is only working properly when three or more gyroscopes are working.
In states 1 and 2 the telescope produces blurred observations and in states sleep 2,
sleep 1 and crash the telescope produces no observations at all. Let us number the
states sleep 2, sleep 1 and crash as the states 7, 8 and 9. To answer the question
posed, we split the state space I = {1, 2, ..., 9} into the set Iy of operational states
and the set Iy of failed states with

Ip=16.5.4,3} and I; = {2,1,7,8,9}.

Before applying the algorithm (4.6.1) with t = % and x = 0.95¢, we first use
the standard uniformization method from Section 4.5 to compute the probability
distribution of the state of the telescope two years from now. Writing «; = pg; (2),
we obtain the values

a; =3.83 x 1077, ap = 0.0001938, a3 = 0.0654032, ay = 0.2216998,
as = 0.4016008, ag = 0.3079701, a7 = 0.0030271, ag = 0.0000998,
a9 = 0.0000050

for the data A = 0.1, © = 100 and n = 5. Next the algorithm (4.6.1) leads to the
value 0.9065 for the probability that the telescope will be properly working for at
least 95% of the time in the half-year that comes two years from now.

4.6.2 Transient Reward Distribution for the General Case

In the general case the continuous-time Markov chain {X ()} earns a reward at rate
r(j) for each unit of time the process is in state j and earns a lump reward of Fj
each time the process makes a state transition from state j to another state k. It
is assumed that the r(j)and the Fj, are both non-negative. It is possible to extend
the algorithm from Section 4.6.1 to the general case. However, the generalized
algorithm is very complicated and, worse, it is not numerically stable. For this
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reason we prefer to present a simple-minded discretization approach for the general
reward case. For fixed r > 0, let

R(t) = the cumulative reward earned up to time ¢.

Assume that for each state j € I the joint probability distribution function P{R(t) <
x, X (t) = j} has a density with respect to the reward variable x (a sufficient
condition is that 7(j) > O for all j € I). Then we can represent P{R(t) < x} as

P{R(1) 5x}=2f fit,y)dy, x>0,
jel 0

where f;(t, x) is the joint probability density of the cumulative reward up to time
t and the state of the process at time ¢. The idea is to discretize the reward variable
x and the time variable ¢ in multiples of A, where A > 0 is chosen sufficiently
small (the probability of more than one state transition in a time period of length
A should be negligibly small). The discretized reward variable x can be restricted
to multiples of A when the following assumptions are made:

(a) the reward rates r(j) are non-negative integers,
(b) the non-negative lump rates Fj are multiples of A.
For practical applications it is no restriction to make these assumptions. How do

we compute P{R(¢) < x} for fixed ¢ and x? It is convenient to assume a probability
distribution

a =P{X0) =i}, iel
for the initial state of the process. In view of the probabilistic interpretation
fit,x)Ax ~ P{x < R(t) <x+ Ax, X(t) =j} for Ax small,

we approximate for fixed A > 0 the density fj(u,y) by a discretized function
fjA(r, r). The discretized variables T and r run through multiples of A. For fixed

A > 0 the discretized functions fjA(r, r) are defined by the recursion scheme

[R@r =A@ —Ar—r(Ha) A —v;A)
+Y T = Ar = r(k)A = Fg)gi A
k#j

fort =0,A,...,t/A)Aandr =0,A,...,(x/A) A (for ease assume that x
and ¢ are multiples of A). For any j € I, the boundary conditions are

A . % /A s r = 0,
ff ©.r) = {O, otherwise,
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and
f/A(r, r)=0 forany t >0 whenr <O.

Using the simple-minded approximation

x/A—1

/O fie,yydy~ Y[R LA,
=0

the desired probability P{R(¢) < x} is approximated by

x/A=1
PRy <x}~ ) > frLA)A. (4.6.2)

jel ¢=0

For fixed x and ¢, the computational effort of the algorithm is proportional to
1/A? and so it quadruples when A is halved. Hence the computation time of the
algorithm will become very large when the probability P{R(¢) < x} is desired at
high accuracy and there are many states. Another drawback of the discretization
algorithm is that no estimate is available for the discretization error. Fortunately,
both difficulties can be partially overcome. Let

x/A—1

P(A) =YY" fhen)a

jel =0
be the first-order estimate for P{R(¢) < x} and let the error term
e(A) = P(A) — P{R(t) < x}.
The following remarkable result was empirically found:
e(A) ~ P(2A) — P(A)

when A is not too large. Thus the first-order approximation P(A) to P{R(t) < x}
is much improved when it is replaced by

P(A) = P(A) — [PQ2A) — P(A)]. (4.6.3)

Example 4.5.3 (continued) The Hubble telescope problem

What is the probability distribution of the number of repair missions that will
be prepared in the next 10 years when currently all six gyroscopes are in perfect
condition? To consider this question we impose the following reward structure on
the continuous-time Markov chain that is described in Figure 4.5.1 (with the states
sleep 2 and sleep 1 numbered as the states 7 and 8). The reward rates 7 (j) and the
lump rewards Fj, are taken as

r(j)=0forall j, Fy;=Fig=1 and the other Fjy =0.
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Then the cumulative reward variable R(¢) represents the number of repair missions
that will be prepared up to time ¢. Note that in this particular case the stochas-
tic variable R(¢) has a discrete distribution rather than a continuous distribution.
However, the discretization algorithm also applies to the case of a reward variable
R(t) with a non-continuous distribution. For the numerical example with A = 0.1,
© =100 and n = 5 we found that P{R(t) > k} has the respective values 0.6099,
0.0636 and 0.0012 for k = 0, 1 and 2 (accurate to four decimal places with
A =1/256).

EXERCISES

4.1 A familiar sight in Middle East street scenes are the so-called sheroots. A sheroot is a
seven-seat cab that drives from a fixed stand in a town to another town. A sheroot leaves
as soon as all seven seats are occupied by passengers. Consider a sheroot stand which has
room for only one sheroot. Potential passengers arrive at the stand according to a Poisson
process at rate A. If upon arrival a potential customer finds no sheroot present and seven
other customers already waiting, the customer goes elsewhere for transport; otherwise, the
customer waits until a sheroot departs. After a sheroot leaves the stand, it takes an exponential
time with mean 1/u until a new sheroot becomes available.

Formulate a continuous-time Markov chain model for the situation at the sheroot stand.
Specify the state variable(s) and the transition rate diagram.

4.2 In a certain city there are two emergency units, 1 and 2, that cooperate in responding
to accident alarms. The alarms come into a central dispatcher who sends one emergency
unit to each alarm. The city is divided in two districts, 1 and 2. The emergency unit i
is the first-due unit for response area i for i = 1,2. An alarm coming in when only
one of the emergency units is available is handled by the idle unit. If both units are not
available, the alarm is settled by some unit from outside the city. Alarms from the districts
1 and 2 arrive at the central dispatcher according to independent Poisson processes with
respective rates A; and A,. The amount of time needed to serve an alarm from district
J by unit i has an exponential distribution with mean 1/u;;. The service times include
travel times.

Formulate a continuous-time Markov chain model to analyse the availability of the emer-
gency units. Specify the state variable(s) and the transition rate diagram.

4.3 An assembly line for a certain product has two stations in series. Each station has only
room for a single unit of the product. If the assembly of a unit is completed at station 1, it
is forwarded immediately to station 2 provided station 2 is idle; otherwise the unit remains
in station 1 until station 2 becomes free. Units for assembly arrive at station 1 according to
a Poisson process with rate A, but a newly arriving unit is only accepted by station 1 when
no other unit is present in station 1. Each unit rejected is handled elsewhere. The assembly
times at stations 1 and 2 are exponentially distributed with respective means 1/p1 and 1/u5.

Formulate a continuous-time Markov chain to analyse the situation at both stations. Spec-
ify the state variable(s) and the transition rate diagram.

4.4 Cars arrive at a gasoline station according to a Poisson process with an average of
10 customers per hour. A car enters the station only if less than four other cars are present.
The gasoline station has only one pump. The amount of time required to serve a car has an
exponential distribution with a mean of four minutes.

(a) Formulate a continuous-time Markov chain to analyse the situation of the gasoline
station. Specify the state diagram.

(b) Solve the equilibrium equations.
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(c) What is the long-run average number of cars in the station?
(d) What is the long-run fraction of potential customers that are lost?

4.5 A production hall contains a fast machine and a slow machine to process incoming
orders. Orders arrive according to a Poisson process with rate A. An arriving order that finds
both machines occupied is rejected. Unless both machines are occupied, an arriving order
is assigned to the fast machine if available; otherwise, the order is assigned to the slow
machine. The processing time of an order is exponentially distributed with mean 1/u at
the fast machine and mean 1/u, at the slow machine. It is not possible to transfer an order
from the slow machine to the fast machine.

(a) Formulate a continuous-time Markov chain to analyse the situation in the production
hall. Specify the state variable(s) and the transition rate diagram

(b) Specity the equilibrium equations for the state probabilities. What is the long-run
fraction of time that the fast (slow) machine is used? What is the long-run fraction of
incoming orders that are lost?

4.6 In Gotham City there is a one-man taxi company. The taxi company has a stand at the
railway station. Potential customers arrive according to a Poisson process with an average
of four customers per hour. The taxi leaves the station immediately a customer arrives. A
potential customer finding no taxi present waits until the taxi arrives only if there are less
than three other customers waiting; otherwise, the customer goes elsewhere for alternative
transport. If the taxi returns to the stand and finds waiting customers, it picks up all waiting
customers and leaves. The amount of time needed to return to the stand has an exponential
distribution with mean 1/u; when the taxi leaves the stand with i customers, i = 1, 2, 3.

(a) Formulate a continuous-time Markov chain to analyse the situation at the taxi stand.
Specity the state variable(s) and the transition rate diagram.

(b) What is the long-run fraction of time the taxi waits idle at the taxi stand? What is the
long-run fraction of potential customers who go elsewhere for transport?

4.7 A container terminal has a single unloader to unload trailers which bring loads of
containers. The unloader can serve only one trailer at a time and the unloading time has
an exponential distribution with mean 1/p1. After a trailer has been unloaded, the trailer
leaves but the unloader needs an extra finishing time for the unloaded containers before
the unloader is available to unload another trailer. The finishing time has an exponential
distribution with mean 1/u,. A leaving trailer returns with the next load of containers after
an exponentially distributed time with mean 1/A. There are a finite number of N unloaders
active at the terminal.

(a) Formulate a continuous-time Markov chain to analyse the situation at the container
terminal. Specify the state variable(s) and the transition rate diagram.

(b) What is the long-run fraction of time the unloader is idle? What is the long-run
average number of trailers unloaded per time unit?

(c) What is the long-run average number of trailers waiting to be unloaded? What is the
long-run average waiting time per trailer?

(d) Write a computer program to compute the performance measures in (b) and (c) for
the numerical data N = 10, w1 = 1/3, up =2 and A = 1/50.

4.8 Messages for transmission arrive at a communication channel according to a Poisson
process with rate A. The channel can transmit only one message at a time. The transmission
time is exponentially distributed with mean 1/u. The following access control rule is used.
A newly arriving message is accepted as long as less than R other messages are present at
the communication channel (including any message in transmission). As soon as the number
of messages in the system has dropped to r, newly arriving messages are again admitted to
the transmission channel. The control parameters r and R are given integers with0 < r < R.

(a) Formulate a continuous-time Markov chain to analyse the situation at the communi-
cation channel. Specify the state variable(s) and the transition rate diagram.
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(b) What is the long-run fraction of time the channel is idle? What is the long-run fraction
of messages that are rejected?

(c) What is the long-run average number of messages waiting to be transmitted? What is
the long-run average delay in queue per accepted message?

4.9 An information centre has one attendant; people with questions arrive according to a
Poisson process with rate A. A person who finds n other customers present upon arrival
joins the queue with probability 1/(n + 1) forn =0, 1, ... and goes elsewhere otherwise.
The service times of the persons are independent random variables having an exponential
distribution with mean 1/pu.

(a) Verify that the equilibrium distribution of the number of persons present has a Poisson
distribution with mean A/u.

(b) What is the long-run fraction of persons with requests who actually join the queue?
What is the long-run average number of persons served per time unit?

4.10 (a) Consider Exercise 4.1 again. Specify the equilibrium equations for the state prob-
abilities. What is the long-run average waiting time of a carried passenger? What is the
long-run fraction of potential customers who are lost?

(b) Answer the questions in (a) again for the modified situation in which a potential
customer only waits when, upon his arrival, a sheroot is present.

4.11 Consider Exercise 4.2 again and denote by S;; the time needed to serve an alarm for
district j by unit i. Assume that S;; has a Coxian-2 distribution for all 7, j. Show how to
calculate the following performance measures: 7 = the fraction of alarms that is lost and
P; = the fraction of time that unit / is busy for i = 1, 2. Letting m;; and clz denote the

mean and the squared coefficient of variation of Sij, assume the numerical data A; = 0.25,
A =0.25, my; =0.75, mp = 1.25, my; = 1.25 and mop = 1. Write a computer program
to verify the following numerical results:

(1) mry, = 0.0704, P = 0.2006, Py = 0.2326 when Ci2j =1 forall i, Js

(i) 77, = 0.0708, P = 0.2004, P, = 0.2324 when Ci2/ =1 for all i, j;

>iii) 77, = 0.0718, P; = 0.2001, P, = 0.2321 when Cizj =4 for all i, j.

Here the values %2 = %, 1 and 4 correspond to the E, distribution, the exponential distri-

bution and the H, distribution with balanced means.

4.12 In an inventory system for a single product the depletion of stock is due to demand
and deterioration. The demand process for the product is a Poisson process with rate A. The
lifetime of each unit product is exponentially distributed with mean 1/u. The stock control
is exercised as follows. Each time the stock drops to zero an order for Q units is placed. The
lead time of each order is negligible. Determine the average stock and the average number
of orders placed per time unit.

4.13 Messages arrive at a communication channel according to a Poisson process with rate
X. The message length is exponentially distributed with mean 1/u. An arriving message
finding the line idle is provided with service immediately; otherwise the message waits until
access to the line can be given. The communication line is only able to submit one message
at a time, but has available two possible transmission rates o; and o, with 0 < o1 < 07.
Thus the transmission time of a message is exponentially distributed with mean 1/(o; 1)
when the transmission rate o; is used. It is assumed that 1/(oou) < 1. At any time the
transmission line may switch from one rate to the other. The transmission rate is controlled
by a rule that uses a single critical number. The transmission rate o is used whenever less
than R messages are present, otherwise the faster transmission rate o5 is used. The following
costs are involved. There is a holding cost at rate #j whenever there are j messages in the
system. An operating cost at rate ; > 0 is incurred when the line is transmitting a message
using rate o;, while an operating cost at rate rg > 0 is incurred when the line is idle.
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(a) Derive a recursion scheme for computing the limiting distribution of the number of
messages present and give an expression for the long-run average cost per time unit.

(b) Write a computer program for calculating the value of R which minimizes the average
cost and solve for the numerical data A = 0.8, u =1,01 = 1,00 =15, h=1,ryg =0,
ry =5 and rp = 25.

4.14 Customers asking for a certain product arrive according to a Poisson process with
rate A. The demand sizes of the customers are independent random variables and have a
common discrete probability distribution {pg,k = 1,2,...}. Any demand that cannot be
directly satisfied from stock on hand is back ordered. The control rule is based on the
inventory position, which is defined as the stock on hand minus the amount back ordered
plus the amount on order. Each time the inventory position reaches the reorder level s or
drops below it, the smallest multiple of the basic quantity Q is ordered to bring the inventory
position level above s. The lead time of any replenishment order is a fixed constant L >
0.

(a) Prove that the limiting distribution of the inventory position is a discrete uniform
distribution. (Hint: use relation (4.3.2) and verify that the one-step transition matrix of the
embedded Markov chain is doubly stochastic.)

(b) Derive the limiting distribution of the stock on hand.

(c) What is the average replenishment frequency and what is the average stock on hand?

(d) What is the fraction of customers whose demands are (partially) back ordered? What
is the fraction of demand that is not satisfied directly from stock on hand?

4.15 Consider the transient probabilities p;j (1) in a continuous-time Markov chain with finite
space I = {1,...,n}. Let the n x n matrix Q be defined as in the proof of Theorem 4.5.2.
Assume that the matrix Q has n different eigenvalues Ay, ..., A,. Let a; be an eigenvector
corresponding to the eigenvalue A fork =1, ... ,n and let S be the n x n matrix whose kth
column vector is ag. For each initial state i, denote by p; (¢) the vector whose jth element
equals p;; (). Use results from Section 1.4 to verify the representation

n
axt
pi() =) cxear, 1=0,
k=1

for constants c;q, ..., cj,, where the vector ¢; = (cj1,...,cjy) is given by ¢; = S_lei
with e; denoting the ith unit vector (0,...,1,...,0).

4.16 An operating system has r + s identical units where r units must be operating and s
units are in preoperation (warm standby). A unit in operation has a constant failure rate of
A, while a unit in preoperation has a constant failure rate of g with 8 < A. Failed units enter
a repair facility that is able to repair at most ¢ units simultaneously. The repair of a failed
unit has an exponential distribution with mean 1/x. An operating unit that fails is replaced
immediately by a unit from the warm standby if one is available. The operating system
goes down when less than 7 units are in operation. Show how to calculate the probability
distribution function of the time until the system goes down for the first time when all of
the r + s units are in good condition at time O.

4.17 An electronic system uses one operating unit but has built-in redundancy in the form
of R standby units. The standby units are not switched on (cold standby). The operating
unit has an exponentially distributed lifetime with mean 1/A. If the operating unit fails,
it is immediately replaced by a standby unit if available. Each failed unit enters repair
immediately and is again available after an exponentially distributed repair time with mean
1/p. It is assumed that the mean repair time is much smaller than the mean lifetime. There
are ample repair facilities. The system is down when all R 4 1 units are in repair. Assuming
that all R 4 1 units are in perfect condition at time 0, let the random variable t be the time
until the first system failure.
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(a) Use the uniformization method to compute E(7), o(t) and P{r > ¢t} fort =2, 5 and
10 when A =1, u = 10 and the number of standby units is varied as R = 1, 2 and 3.

(b) Extend the analysis in (a) for the case that the repair time has a Coxian-2 distribution
and investigate how sensitive the results in (a) are to the second moment of the repair-time
distribution.

4.18 Messages arrive at a node in a communication network according to a Poisson process
with rate L. Each arriving message is temporarily stored in an infinite-capacity buffer until
it can be transmitted. The messages have to be routed over one of two communication lines
each with a different transmission time. The transmission time over the communication
line is i exponentially distributed with mean 1/u;(i = 1,2), where 1/u; < 1/uo and
1+ o > A. The faster communication line is always available for service, but the slower
line will be used only when the number of messages in the buffer exceeds some critical
level. Each line is only able to handle one message at a time and provides non-pre-emptive
service. With the goal of minimizing the average sojourn time (including transmission time)
of a message in the system, the following control rule with switching level L is used. The
slower line is turned on for transmitting a message when the number of messages in the
system exceeds the level L and is turned off again when it completes a transmission and
the number of messages left behind is at or below L. Show how to calculate the average
sojourn time of a message in the system. This problem is taken from Lin and Kumar (1984).

4.19 Two communication lines in a packet switching network share a finite storage space
for incoming messages. Messages of the types 1 and 2 arrive at the storage area according
to two independent Poisson processes with respective rates A and A,. A message of type j
is destined for communication line j and its transmission time is exponentially distributed
with mean 1/u;, j = 1,2. A communication line is only able to transmit one message at
a time. The storage space consists of M buffer places. Each message requires exactly one
buffer place and occupies the buffer place until its transmission time has been completed.
A number N; of buffer places are reserved for messages of type j and a number Ny of
buffer places are to be used by messages of both types, where Ng + Ni + Ny = M. That
is, an arriving message of type j is accepted only when the buffer is not full and less than
No + Nj other messages of the same type j are present; otherwise, the message is rejected.
Discuss how to calculate the optimal values of Ny, N1 and N, when the goal is to minimize
the total rejection rate of both types of message. Write a computer program and solve for
the numerical data M = 15, A = X = 1 and pu; = pp = 1. This problem is based on
Kamoun and Kleinrock (1980).

4.20 A traffic source is alternately on and off, where the on- and off-times are exponentially
distributed with respective means 1/§ and 1/8. During on-periods the traffic source gener-
ates messages for a transmission channel according to a Poisson process with rate A. The
transmission channel can handle only one message at a time and the transmission time of a
message has an exponential distribution with mean 1/u. The on-times, off-times and trans-
mission times are independent of each other. Further, it is assumed that A8/[(§ + B8)] < 1.
Let the states (i, 0) and (i, 1) correspond to the situation that there are i messages at the
transmission channel and the traffic source is off or on respectively.

(a) Verity for the numerical values A = 1, u = 1, 8 = 2, § = 0.5 that the system of
linear equations (4.4.6) is given by

1-3z 0.5z Go(@)\ _ ( (1 =2)poo
2z 2-25:+1)\ G ) ~\A=2po )"

Verify the roots of detA(z) =0 are zg = 1, z1 = 0.2712865 and z, = 1.2287136.
(b) Use the roots zq and z1 and the fact that G;(z) is analytic for |z|] < 1 to find pgp and

pPo1-
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(c) Use partial-fraction expansion to show that p(i, s) = ys (Zz)_i fori =1,2,... and
s = 0, 1. Specify the values of yp and y;.

4.21 Consider a multi-server queueing system with ¢ unreliable servers. Jobs arrive according
to a Poisson process with rate A. The required service times of the jobs are independent
random variables having a common exponential distribution with mean 1/u. The service of
a job may be interrupted by a server breakdown. The server operates uninterruptedly during
an exponentially distributed time with mean 1/§. It takes an exponentially distributed time
with mean 1/8 to bring a broken-down server to the operative state. Any interrupted service
is resumed at the point it was interrupted. It is assumed that an interrupted service is taken
over by the first available server.

Denote by p(i, s) the limiting probability of having i jobs present and s operative servers
fori > 0 and 0 < s < c. Prove that the probabilities p(i, s) can be computed by using the
geometric tail approach. In particular, verify that

p(,s) ~ ysni as [ — 00

for a constant yy, where 7 is the reciprocal of the smallest root of det[M(z)] = O on the
interval (1, 00). Here M(z) = (mg(z)),s,t =0,1,...,c is a tridiagonal (c + 1) x (c 4+ 1)
matrix with mgs(z) = Az — [A+s(u +8) + (c —$)Bl +s1/2, mg 5_1(2) = (c—s+ DB
and mg ;4 1(z) = (s + 1)8. This problem is based on Mitrani and Avi-Itzhak (1968).

4.22 Consider the unloader problem from Example 4.1.2 again. Assume now that the unload-
ing time of a ship has an Erlang (L, u) distribution and the repair time of the unloader has
an Erlang (R, B) distribution. Letting p = (AL/)(1 +38R/B), it is assumed that the server
utilization p is less than 1. Interpret the unloading time of a ship as a sequence of L inde-
pendent unloading phases each having an exponential distribution with mean 1/ux. Also,
interpret the repair time of the unloader as a sequence of R independent repair phases each
having an exponential distribution with mean 1/8. Let state (i,0) correspond to the situ-
ation the unloader is available and i uncompleted unloading phases are present (i > 0).
Let state (i, r) correspond to the situation that there are i uncompleted unloading phases
(i = 1) and the unloader is in repair with r remaining repair phases (1 < r < R). Denote by
p(i, s) the equilibrium probability of state (i, s) and define the generating functions G(z)
by Go(z) = Y 2 p(i, 002" and G, (z) = Y2 p(i,r)Z* for |z < 1.
(a) Verify that

GS(Z):ei, s=0,1,...,R.

Here A(z) is the (R + 1) x (R + 1) matrix A(z) = (1 — )M — rz(1 — )T+ zQT, where
M = diag(u,0,...,0) and QT is the transpose of the transition matrix Q = (g;;) with
qor = —q00 = 6, q;,i—1 = —q;; = P for 1 <i < R and the other g;; = 0. The matrix
A (z) results from replacing the (s + 1)th column vector of A(z) by the vector b(z) with
b7 (2) = (u(1 = 2) = 82)p(0,0),0, ..., 0).
(b) Conclude that for any s =0,1,..., R,
pli.s) ~ysn' asi— oo
for a constant yg, where 1 is the reciprocal of the smallest root of detA(x) = 0 on the
interval (1, oo). Note that for Erlangian service the polynomial equation
detAz) = (=R Oz — 2F) — w1 — 2) + 82} rz(1 — 25y + )R
—82(8)"1=0

is obtained by expanding det A(z) in the cofactors of its first row.
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4.23 Repeat the analysis in Exercise 4.22 when the repair time is H, distributed with param-
eters (p1, V1, p2, v2) rather than Erlang (R, 1) distributed. Verify that the results remain the
same when we take R = 2 and replace the matrix Q by

=8 8p1 Sp>
Q =] V] —V] 0
v 0 —u

4.24 At a facility for train maintenance, work is done on a number of separate parallel tracks.
On each of these tracks there is room for two trains on a front part and a back part. Trains
can leave the tracks only on the same side they enter the tracks. That is, upon completion of
its maintenance a train may be locked in by another train that arrived later on the same track
but has not yet completed its maintenance. For each of the tracks there are two maintenance
crews, one for the train at the front part of the track and one for the train at the back. Trains
requesting maintenance arrive at the maintenance facility according to a Poisson process
with rate L. A train immediately receives maintenance when it finds a free place at one of
the tracks upon arrival; otherwise, the train waits until a maintenance place becomes free.
A newly arriving train is directed to a front part if both a front part and a back part are free.
The amount of time needed to serve a train has an exponential distribution with mean 1/p.
It is assumed that A < %cp,.

(a) Formulate a continuous-time Markov time chain for the performance evaluation of
the maintenance track.

(b) Argue that the geometric tail approach can be used to reduce the infinite system of
equilibrium equations to a finite system of linear equations. This problem is based on Adan
et al. (1999).

BIBLIOGRAPHIC NOTES

The theory of continuous-time Markov chains is more delicate than the theory
of discrete-time Markov chains. Basic references are Anderson (1991) and Chung
(1967). The continuous-time Markov chain model is the most versatile model in
applied probability. The powerful technique of equating the flow out of a state
to the flow into that state has a long history and goes back to the pioneering
work of Erlang on stochastic processes in the early 1900s; see also Kosten (1973).
The uniformization technique for the transient analysis of continuous-time Markov
chains goes back to Jensen (1953) and is quite useful for both analytical and
computational purposes. The extension of the uniformization method to compute the
transient probability distribution of the sojourn time in a given set of states is due to
De Soua e Silva and Gail (1986). The material in Section 4.6.2 for the computation
of the transient reward distribution is based on Goyal and Tantawi (1988) and Tijms
and Veldman (2000); see also Sericola (2000) for an alternative method. The Hubble
telescope problem from Example 4.5.3 is taken from Hermanns (2001).
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CHAPTER 5

Markov Chains and Queues

5.0 INTRODUCTION

Markov chain theory has numerous applications to queueing systems. This chapter
gives a first introduction to the analysis of queues and stochastic networks. In
Section 5.1 we consider the Erlang delay model with Poisson arrivals and expo-
nential services. We first analyse the single-server M/M/1 queue and next the
multi-server M /M /c queue. Section 5.2 deals with both the Erlang loss model with
Poisson input and the Engset loss model with finite-source input. The Erlang delay
model and Erlang’s loss formula will be used in Section 5.3 to obtain a square-root
staffing rule for the design of stochastic service systems. The Erlang loss model
and the Engset loss model have the so-called insensitivity property stating that the
equilibrium distribution of the number of customers present is insensitive to the
form of the service-time distribution and requires only the mean service time. This
insensitivity property, being of utmost importance in practice, will be discussed in a
more general framework in Section 5.4. The so-called phase method is the subject
of Section 5.5. This powerful method uses the idea that any probability distribution
function of a non-negative random variable can be arbitrarily closely approximated
by a mixture of Erlangian distributions with the same scale parameters. This fun-
damental result greatly enhances the applicability of the continuous-time Markov
chain model. In Section 5.6 the theory of continuous-time Markov chains will be
used to analyse open and closed queueing networks. In particular, a product-form
formula will be established for the joint distribution of the number of customers
present at the various nodes of the network.

5.1 THE ERLANG DELAY MODEL

Consider a multi-server station at which customers arrive according to a Poisson
process with rate A. There are ¢ servers with a shared infinite-capacity waiting line.
If an arriving customer finds a free server, the customer immediately enters service;
otherwise, the customer joins the queue. The service times of the customers are

A First Course in Stochastic Models H.C. Tijms
© 2003 John Wiley & Sons, Ltd. ISBNs: 0-471-49880-7 (HB); 0-471-49881-5 (PB)
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independent random variables having a common exponential distribution with mean
1/u. The service times and the arrival process are independent of each other. Let

o= (5.1.1)
i

It is assumed that p < 1. Rewriting this condition as A/u < ¢, the condition states
that the average amount of work offered to the servers per time unit is less than
the total service capacity. The factor p is called the server utilization. This model
is a basic model in queueing theory and is often called the Erlang delay model. 1t
is usually abbreviated as the M /M /c queue. Using continuous-time Markov chain
theory we will derive the distributions of the queue size and the delay in queue of
a customer. Let

X (t) = the number of customers present at time ¢

(including any customer in service). Then the stochastic process {X (¢)} is a continu-
ous-time Markov chain with infinite state space I = {0, 1,...}. The assumption
p < 1 implies that the Markov chain satisfies Assumption 4.2.1 with regeneration
state 0 and thus has a unique equilibrium distribution {p;} (a formal proof is
omitted). The probability p; gives the long-run fraction of time that j customers
are present.

5.1.1 The M/M/1 Queue

For ease of presentation, we first analyse the single-server case with ¢ = 1. The
transition rate diagram of the process {X(¢)} is given in Figure 5.1.1

Note that for each state i the transition rate g;; = 0 for j < i—2. This implies that
the equilibrium probabilities p; can be recursively computed; see formula (4.2.10).
By equating the rate at which the process leaves the set {i,i + 1, ...} to the rate
at which the process enters this set, it follows that

upi = Api—1, i=1,2,....
The recurrence equation allows for an explicit solution. Iterating the equation yields

pi = (/) po for all i > 1. Noting that this relation also holds for i = 0 and
substituting it into the normalizing equation Z?io pi = 1, wefind po(1—-1/p)~! =

A A A
© © ©

Figure 5.1.1 The transition rate diagram for the M /M /1 queue
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1 and so pop =1 — A/u. Hence we find the explicit solution
pi=0—=pp', i=01,... (5.1.2)

with p = A/u. In particular, 1 — po = p and so p can be interpreted as the long-
run fraction of time the server is busy. This explains why p is called the server
utilization. Let

L, = the long-run average number of customers in queue

(excluding any customer in service). The constant L, is given by
o
Ly=7) (j—Dps
j=1

as can be rigorously proved by assuming a cost at rate k whenever k customers are
waiting in queue and applying Theorem 4.2.2. Substituting (5.1.2) into the formula
for Ly, we obtain

0>

:l_p’

Lq

in agreement with the Pollaczek—Khintchine formula for the general M /G /1 queue.
To determine the waiting-time probabilities we need the so-called customer-
average probabilities

7; = the long-run fraction of customers who find j other
customers present upon arrival, j =0, 1,... .

In the M/M/1 case the customer-average probabilities ; are identical to the
time-average probabilities p;, that is,

mi=p. j=0,1,.... (5.1.3)

This identity can be seen from the PASTA property. Alternatively, the identity can
be proved by noting that in a continuous-time Markov chain, p;gj; represents the
long-run average number of transitions from state j to state k (% j) per time unit.
Thus in the M/M/1 case the long-run average number of transitions from state
J to state j + 1 per time unit equals Ap;. In other words, the long-run average
number of arrivals per time unit finding j other customers present equals Ap;.
Dividing Ap; by the average arrival rate A yields the customer-average probability
;. The probability distribution {r;} is the equilibrium distribution of the embedded
Markov chain describing the number of customers present just before the arrival
epochs of customers. This probability distribution enables us to find the steady-state
waiting-time probabilities under the assumption of service in order of arrival. Let

W,(x) = nli)rr;o P{D, <x}, x>0, (5.1.4)
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with D, denoting the delay in queue of the nth customer. The existence of the
limit will be shown below. It holds that

Wy(x) =1 — pe #1=Px 1 x> 0. (5.1.5)

A key step in the proof is the observation that the conditional delay in queue of
a customer finding j other customers present upon arrival has an Erlang (j, u)
distribution for j > 1. This follows by noting that the delay in queue of this
customer is the sum of j independent exponential random variables with the same
mean 1/u (the remaining service time of the customer found in service also has
an exponential distribution with mean 1/). The probability distribution function
of the Erlang (j, i) distribution is given by 1 — Z]]c (l)e_’” (ux)*/k!. Denoting by

7™ the probability that the nth arriving customer finds j other customers present
upon arrival, it follows that

P{D, > x} = Zn“”Z —M(’”) . x>0 (5.1.6)

The embedded Markov chain describing the number of customers present just
before the arrival epoch is irreducible and has the property that all states are ape-
riodic and positive recurrent. Thus limn_morr.(”) exists and equals 7; for all j; see
also relation (3.5.11). Using the bounded convergence theorem from Appendix A,

it now follows that lim,_, o P{D, > x} exists and is given by

v

oo
. —px ()" X)
lim P(D, > x} = § n,§ et “ , 0. (5.1.7)

To obtain (5.1.5) from (5.1.7), we use (5.1.2) and (5.1.3). This gives
N (72 L = SN (755 LR
1— W,(x) = Z Z e =Y e T >
00 k 00 k
_ Ze X (/.,LX) pk+l _ ,oeﬂ” Z (/’pr) _ pefuxeﬂpx,

which verifies (5.1.5). It is noted that the probability W, (x) can also be interpreted
as the long-run fraction of customers whose delay in queue is no more than x.

5.1.2 The M/M/c Queue

The analysis of the multi-server M /M /c queue is a rather straightforward extension
of the analysis of the M/M/1 queue. The transition rate diagram for the {X ()}
process is given in Figure 5.1.2.



THE ERLANG DELAY MODEL 191

Figure 5.1.2 The transition rate diagram for the M /M /c queue

Using the technique of equating the rate at which the process leaves the set of
states {j, j + 1, ...} to the rate at which the process enters this set, we obtain

min(j, c)up; = Apj—1, j=1,2,.... (5.1.8)

An explicit solution for the p; is easily given, but this explicit solution is of little
use for computational purposes. A simple computational scheme can be based on
the recursion relation (5.1.8). To do so, note that p; = pp;_| for j > c. This
implies p; = pl=¢+p._ for j > ¢ and so

— PPc—1
e
pi = . (5.1.9)
Z T -y

A simple algorithm now follows.

Algorithm

Step 0. Initialize p := 1.
Step 1. For j=1,...,c—1letp;:=Ap;,_{/(ju).
Step 2. Calculate the normalizing constant y from

-1

Z ppC 1
/ _

Normalize the ﬁj according to p; := yﬁj for j =0,1,...,c—1.
Step 3. For any j > ¢, pj := p/=*lp._;.

As before, define the customer-average probability 7z; as the long-run fraction of
customers who see j other customers present upon arrival. By the same arguments
as used for the M/M/1 queue, we have w; = p; for j = 0,1,... . Denote by
Paeiay = Z;’ic m; the long-run fraction of customers who are delayed. By ; = p;
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for all j and (5.1.9),

0
Pdelay = mpc—l- (5.1.10)

It is also possible to give an explicit expression for the delay probability:
(cp)/c!
[(cp) /el + (1= p) TiZg(ep)t/ k1]

The delay probability for the M/M /c queue is often called Erlang’s delay prob-
ability. Given the representation L, = Z;’ic( J — ¢)p; for the long-run average

(5.1.11)

P, delay —

queue size, it follows from p; = pl=¢*tlp._| for j > c that

2

Under the assumption that customers are served in order of arrival, define the
steady-state waiting-time probability W, (x) in the same way as for the M/M /1
queue. The formula (5.1.5) generalizes to

W, () =1— %pc,le—w(l—ﬁ”, x> 0. (5.1.13)
—p

This result is obtained by a slight modification of the derivation of (5.1.5). Since
the service times are exponentially distributed and the minimum of ¢ (remaining)
service times has an exponential distribution with mean 1/(cu), service completions
occur according to a Poisson process with rate cu as long as ¢ or more customers
are present. Thus the conditional delay in queue of a customer finding j > ¢ other
customers present upon arrival has an Erlang (j —c+1, cu) distribution. This gives

> I (cpux)k
=W, =3 7 Ze_””%, x>0,
j=c k=0 :

which leads to (5.1.13) after some algebra. In particular, the average delay in queue
of a customer equals
P

L pe1 (5.1.14)
cu(l—p)27°
in agreement with (5.1.12) and Little’s formula L, = AW,. Also, by Little’s
formula, the long-run average number of busy servers equals cp; see Section 2.3
Thus the long-run fraction of time that a given server is busy equals p.

q=

5.1.3 The Output Process and Time Reversibility
Define for the M /M /c queue

T,, = the epoch at which the nth service completion occurs.

Then the following important result holds for the output process.
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Burke’s output theorem For any k > 1,
lim P{T,41 — T, <x1,..., Tnk — Tppi—1 < Xk}
n—oo
=(Q=—e?)...(1—e ™) forall xi,..., x> 0.

In other words, in statistical equilibrium the process describing the departures of
served customers is a Poisson process with rate A.

We first give a heuristic argument for this result. If at a given time ¢ there are
i customers present, then the probability that in (¢, r + Af) a service is completed
equals min(i, c)uAt + o(At) for At — 0. The equilibrium probability of being in
state i at an arbitrary point in time is given by p;. Assuming that the process is
in statistical equilibrium, it follows that the probability of a customer leaving in
(t,t + At) is given by

c—1 00 c—1 00
> inAtpi + Y cpltp; +o(Ar) = [Z ipi+cy. p,} uAr + o(Ar)

i=0 i=c i=0 i=c

as At — 0. The expression between brackets gives the long-run average number
of busy servers and is thus equal to cp by Little’s formula. Since p = A/(cp) it
follows that the probability of a customer leaving in (¢, ¢ + At) equals

couAt + o(At) = AAt + o(At)

as At — 0. This indicates that the departure process of customers is indeed a
Poisson process with rate A when the M /M /c system has reached statistical equi-
librium. This result is of utmost importance for tandem queues when the first station
in the tandem queue is described by an M /M /c system.

Time reversibility

The practically useful result that the output process of an M /M /c queue is a Pois-
son process can be given a firm basis by the important concept of time reversibility.
Consider a continuous-time Markov chain {X (¢)} that satisfies Assumption 4.2.1
and has the property that all states communicate with each other. The continuous-
time Markov chain {X ()} is said to satisfy detailed balance if its unique equilib-
rium distribution {p;} has the property that

Prqi = pjqx  forall j, k € I with j # k. (5.1.15)

In other words, the long-run average number of transitions from state k to state j
per time unit is equal to the long-run average number of transitions from state j
to state k per time unit for all j # k. Detailed balance is intimately related to time
reversibility. A convenient way to characterize time reversibility is to consider the
stationary version of the Markov chain {X (#)}. In the stationary version the initial
state at time ¢ = 0 is chosen according to the equilibrium distribution {p;}. For the
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stationary process {X (¢)} it holds that P{X (t) = j} = p;, j € I, forallt > 0. It can
be shown that the condition (5.1.15) is satisfied if and only if the stationary version
of the Markov process {X ()} has the property that for all » > 1 and all u > 0,

(X(u1), ..., X(uy)) is distributed as (X (u — u1), ..., X —uy))  (5.1.16)

forall 0 <u; <--- <u, <u. A Markov process with this property is said to be
time reversible. In other words, the process reversed in time has the same prob-
abilistic structure as the original process when the process has reached statistical
equilibrium. It is as if you would see the same film shown in reverse. Let us return
to the M/M/c system. In the M /M /c system the rate at which the process goes
directly from state i to state i 4+ 1 is then equal to the rate at which the process goes
directly from state i +1 to state i; see relation (5.1.8). Hence the M /M /c system has
the property (5.1.16). Going forward in time, the time points at which the number
in the system increases by 1 are exactly the arrival epochs of customers and thus
constitute a Poisson process. Going backwards in time, the time points at which the
number in the system increases by 1 are exactly the time points at which customers
depart. Hence, by time reversibility, the departure process of customers must be a
Poisson process when the M /M /c system has reached statistical equilibrium.

5.2 LOSS MODELS

In a delay system each customer finding no free server upon arrival waits until
a server becomes available. Opposite to delay systems are loss systems in which
customers finding no free server upon arrival are lost and have no further influence
on the system. In this section we consider two basic loss models. The famous
Erlang loss model with Poisson input is dealt with in Section 5.2.1. Section 5.2.2
considers the Engset loss model with finite-source input.

5.2.1 The Erlang Loss Model

Consider a communication system with ¢ transmission channels at which messages
are offered according to a Poisson process with rate A. The system has no buffer to
temporarily store messages that arrive when all channels are occupied. An arriving
message that finds all ¢ channels busy is lost and has no further influence on the
system; otherwise, the message is assigned to a free channel and its transmission
immediately starts. The transmission times of the messages are independent and
identically distributed random variables. Also, the arrival process and the trans-
mission times are independent of each other. The goal is to find an expression for
the long-run fraction of messages that are lost. This model is called Erlang’s loss
model after the Danish telephone engineer A.K. Erlang. It is often abbreviated as
the M/G/c/c queue. In the early 1900s Erlang studied this model in the frame-
work of a telephone switch which can handle only c¢ calls. Though the theory of
stochastic processes was not yet developed in Erlang’s time, Erlang (1917) was able
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to find a formula for the fraction of calls that are lost. He established this formula
first for the particular case of exponentially distributed holding times. Also, Erlang
conjectured that the formula for the loss probability remains valid for generally
distributed holding times. His conjecture was that the loss probability is insensitive
to the form of the holding time distribution but depends only on the first moment of
the holding time. A proof of this insensitivity result was only given many years after
Erlang made his conjecture; see for example Cohen (1976) and Takécs (1969). The
proof of Takédcs (1969) is rather technical and involves Kolmogoroff’s forward
equations for Markov processes with a general state space. The more insightful
proof in Cohen (1976) is based on the concept of reversible Markov processes.

In Section 5.4 we will discuss the issue of insensitivity for loss systems in a
more general context. It is the insensitivity property that makes the Erlang loss
model such a useful model. Still nowadays the model is often used in the analysis
of telecommunication systems. The Erlang loss model also has applications in a
variety of other fields, including inventory and reliability; see Exercises 5.9 to 5.14.
A nice application is the (S — 1, §) inventory system in which the demand process
is a Poisson process and demands occurring when the system is out of stock are
lost (the back ordering case was analysed in Section 1.1.3 through the M /G /oo
queueing model).

In view of the above discussion, we now assume that the transmission times
have an exponential distribution with mean 1/u. For any ¢ > 0, let

X (t) = the number of busy channels at time ¢.

The stochastic process {X(¢), ¢ > 0} is a continuous-time Markov chain with state
space I = {0, 1,...,c}. Its transition rate diagram is given in Figure 5.2.1. The
time-average probability p; gives the long-run fraction of time that i channels are
occupied. Since for each state i the transition rate g; = 0 for j < i — 2, the
equilibrium probabilities p; can be recursively computed. Equating the rate out of
the set of states {i,i + 1,...,c} to the rate into this set, we obtain

iupi =Api—1, i=1,...,c.

This equation can be solved explicitly. Iterating the equation gives p; = (A/u)’ po/i!

fori =1,...,c. Using the normalizing equation Zf:o pi = 1, we obtain
/) /i .
pi=———"——, i=0,1,...,c. 5.2.1)
L Yok k!
A A A
ooolNoIolo
I Im cu

Figure 5.2.1 The transition rate diagram for the Erlang loss model
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Note that the distribution in (5.2.1) is a truncated Poisson distribution (multiply
both the numerator and the denominator by e~*/#). Denote by the customer-average
probability 7r; the long-run fraction of messages that find i other messages present
upon arrival. Then, by the PASTA property,

mi=pi, i=01,...,c

In particular, denoting by Py, the long-run fraction of messages that are lost,

(O /w)¢/c!
Yo/ Wk kY

This formula is called the Erlang loss formula. As said before, the formula (5.2.1)
for the time-average probabilities p; and the formula (5.2.2) for the loss probability
remain valid when the transmission time has a general distribution with mean 1/pu.
The state probabilities p; are insensitive to the form of the probability distribution
of the transmission time and require only the mean transmission time. Letting ¢ —
oo in (5.2.1), we get the Poisson distribution with mean A/u in accordance with
earlier results for the M/G /oo queue. The insensitivity property of this infinite-
server queue was proved in Section 1.1.3.

Ploss = (522)

5.2.2 The Engset Model

The Erlang loss model assumes Poisson arrivals and thus has an infinite source of
potential customers. The Engset model differs from the Erlang loss model only by
assuming a finite source of customers. There are M sources which generate service
requests for ¢ service channels. It is assumed that M > c. A service request that is
generated when all ¢ channels are occupied is lost. Each source is alternately on and
off. A source is off when it has a service request being served, otherwise the source
is on. A source in the on-state generates a new service request after an exponentially
distributed time (the think time) with mean 1/«. The sources act independently of
each other. The service time of a service request has an exponential distribution
with mean 1/ and is independent of the think time. This model is called the
Engset model after Engset (1918).
We now let

X (t) = the number of occupied channels at time ¢.

The process {X(¢),t > 0} is a continuous-time Markov chain with state space

I ={0,1,...,c}. Its transition rate diagram is given in Figure 5.2.2. By equating
Mo M=i+1)a M-c+ 1)
I i cu

Figure 5.2.2 The transition rate diagram for the Engset loss model
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the rate at which the process leaves the set of states {i,i + 1, ..., c} to the rate at
which the process enters this set, we obtain the recursive equation

iupi =M —i+ Dap;i—1, i=1,...,c.

This recursive equation allows for the explicit solution (verify):

M . w
(i)p%l—zﬂMl
pi = — , i=0,1,...,¢c, (5.2.3)
M -
<k>”k“ - pMt
k=0
where p is given by
I/n
P=~"T7
I/nw+1/a

The distribution (5.2.3) is a truncated binomial distribution. To compute the fraction
of service requests that are lost, we need the customer-average probabilities

m; = the long-run fraction of service requests that
find i busy channels upon arrival, i =0,1,...,c.

The m; are found by noting that

m; = (the long-run average number of service requests that are
generated per time unit and find /i busy channels upon
arrival) / (the long-run average number of service requests
that are generated per time unit).

In state i, service requests are generated at a rate (M — i)«. Thus the arrival rate
of service requests that see i busy channels equals (M — i)ap;. Hence

(M —=Dap; .
T = —=¢ , 1=0,1,...,c.
Zkzo(M — k)apy
It next follows from (5.2.3) that
M -1\ . )
( . )pl(l -
M= . i=01,....c. (5.2.4)
(M -1
Z( L )p"(l - M

k=0

It is a remarkable finding that the distribution {7;} is the same as the distribution
{pi} except that M is replaced by M — 1. In other words, the equilibrium distribution
of the state just prior to the arrival epochs of new service requests is the same as
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the equilibrium distribution of the state at an arbitrary epoch in the system with
one source less. In particular, we find
M -1 —1-
( )p”(l — pyM-t=e
c
c

M—T1\ _ Mflfk.
Z( L )p(l p)

k=0

(5.2.5)
The formulas (5.2.3) to (5.2.5) have been derived under the assumption of expo-
nentially distributed think times and exponentially distributed service times. This
assumption is not needed. The Engset model has the insensitivity property that the
formulas (5.2.3) to (5.2.5) remain valid when the think time has a general prob-
ability distribution with mean 1/« and the service time has a general distribution
with mean 1/u. This insensitivity result requires the technical condition that either
of these two distributions has a positive density on some interval. We come back
to this insensitivity result in the next section. By letting M — oo and o — 0 such
that M« remains equal to the constant A, it follows from the Poisson approximation
to the binomial probability that the right-hand side of (5.2.3) converges to

e M) /i)

Do Mo /m k!

k=0

the long-run fraction of lost service requests =

i=0,1,...,c

in agreement with (5.2.1). In other words, the Erlang loss model is a limiting case
of the Engset model. This is not surprising, since the arrival process of service
requests becomes a Poisson process with rate A when we let M — oo and @« — 0
such that Mo = A.

5.3 SERVICE-SYSTEM DESIGN

The Erlang delay model has many practical applications. In particular, it can be
used to analyse capacity and staffing problems such as those arising in the area of
telemarketing and call centre design and in the area of healthcare facilities planning.
In this section it will be shown that a normal approximation to Erlang’s delay
formula is very helpful in analysing such problems. The normal approximation
enables us to derive an insightful square-root staffing rule.

The mathematical analysis of the M /M /c queue was given in Section 5.1.2. In
the M /M /c queue customers arrive according to a Poisson process with rate A,
the service times of the customers are exponentially distributed with mean 1/u
and there are ¢ identical servers. It is convenient to denote the offered load to the

system by

A
R=—.
I
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Note that R is a dimensionless quantity that gives the average amount of work
offered per time unit to the ¢ servers. The offered load R is often expressed as R
erlangs of work. In order to ensure the existence of a steady-state regime for the
queue, it should be assumed that the service capacity c is larger than the offered
load R. Hence the assumption is made that the server utilization

R
p=—
c
is less than 1. Note that p represents the long-run fraction of time a given server is
busy. In the single-server case the server utilization p should not be too close to 1
in order to avoid excessive waiting of the customers. A rule of thumb for practical
applications of the M /M /1 model is that the server utilization should not be much
above 0.8. A natural question is how this rule of thumb should be adjusted for the
multi-server case. It is instructive to have a look at Table 5.3.1. This table gives for
several values of ¢ and R the delay probability Py, the average waiting Ty over
the delayed customers and the 95% percentile 79 95 of the steady-state waiting-time
distribution of the delayed customers. In Table 5.3.1 we have normalized the mean
service time 1/u as 1. The delay probability Pw (= Pyeiqy) is given by formula
(5.1.11). Since Tw = W, /Py, it follows from (5.1.10) and (5.1.14) that

v
cu(l —p)

By (5.1.10) and (5.1.13), the steady-state probability that a delayed customer has
to wait longer than x time units is given by e~“*(=P)% for x > 0. Thus the pth
percentile 1, of the steady-state waiting-time distribution of the delayed customers
is found from e~#(1=P)* — 1 — p_This gives

Tw =

—1
np=—————In(l-p), O0<p<l.
P en - p)

The following conclusion can be drawn from Table 5.3.1: high values of the
server utilization p do not conflict with acceptable service to the customers when

Table 5.3.1 Service measures as function of ¢ and R
p=R/c=0.8 p=R/c=0.95 p=R/c=0.99

Pw Tw moos Pw Tw mno9s Pw Tw 1095

c=1 08 5 1498 095 20 5991 099 100 299.6
c=2 0711 25 749 0926 10 29.96 0985 50 149.8
c=5 0554 1 3.0 0.878 4 11.98 0975 20 59.91
c=10 0409 0.5 1.5 0.826 2 599 0964 10 29.96
c=25 0209 02 0.6 0.728 0.8 240 0942 4 11.98
c=50 0087 01 03 0.629 04 120 0917 2 5.99
c=100 0.020 0.05 0.15 0506 0.2 0.60 0.883 1 3.0
c =250 39E-4 0.02 0.06 0318 0.08 024 0818 04 1.2
¢ =500 84E-7 0.01 0.03 0.177 0.04 0.12 0749 02 0.6
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there are sufficiently many servers. The larger the number of servers, the higher the
server utilization before the service to the customers seriously degrades. A relatively
large value of Py does not necessarily imply bad service to the customers. For
example, take ¢ = 100 and p = 0.95. Then on average 50.6% of the customers must
wait, but the average wait of a delayed customer is only % of its mean service time.
Moreover, on average, only 5% of the delayed customers have to wait more than %
of the mean service time. The situation of many servers is encountered particularly
in the telephone call centre industry. Service level is a key performance metric
of a call centre. In practice it is often defined as ‘80% of the calls answered in
20 seconds’.

Square-root staffing rule

In the remainder of this section we take the delay probability as service mea-
sure. What is the least number ¢* of servers such that the delay probability Py is
below a prespecified level «, e.g. « = 0.20? From a numerical point of view
it is of course no problem at all to find the exact value of ¢* by searching
over ¢ in formula (5.1.11) for a given value of R (= cp). However, for prac-
titioners it is helpful to have an insightful approximation formula. Such a for-
mula can be given by using the normal distribution. The formula is called the
square-root staffing rule. This simple rule of thumb for staffing large call cen-
tres provides very useful information to the management. In its simplest form
the square-root formula is obtained by approximating the M/M/c queue with
many servers by the M /M /oo queue. This approach was used in Example 1.1.3.
However, this first-order approximation can considerably be improved by using
a relation between Erlang’s delay probability in the M/M/c delay system and
Erlang’s loss probability in the M/M/c/c loss system. The improved approx-
imation to the least number ¢* of servers such that Py < « is given by the
square-root formula

¢* ~ R+ kyvVR, (5.3.1)

where the safety factor k, is the solution of the equation

kd(k) 1-a

pk) «

with @ (x) denoting the standard normal probability distribution function and ¢(x)
= (1/ m)e—%;ﬂ denoting its density. It is important to note that the safety fac-
tor k, does not depend on R. Also, it is interesting to point out the similarity
of the square-root staffing rule with the famous rule for the reorder point s in
the (s, Q)-inventory model with a service-level constraint. The factor k, can be
found by solving (5.3.2) by bisection. For example, for « = 0.8, 0.5, 0.2 and 0.1
the safety factor k, has the respective values 0.1728, 0.5061, 1.062 and 1.420.
The approximation (5.3.1) clarifies the interplay of the process parameters and

(5.3.2)
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Table 5.3.2 The exact and approximate values of ¢*

a=0.5 a=02 a=0.1

exa app exa app exa app
R=1 2 2 3 3 3 3
R=5 7 7 8 8 9 9
R=10 12 12 14 14 16 15
R =50 54 54 58 58 61 61
R =100 106 106 111 111 115 115
R =250 259 259 268 267 274 273
R =500 512 512 525 524 533 532
R =1000 1017 1017 1034 1034 1046 1045

increases the manager’s intuitive understanding of the system. In particular, the
square-root staffing rule quantifies the economies of scale in staffing levels that
can be achieved by combining several call centres into a single call centre. To
illustrate this, consider two identical call centres each having an offered load
of R erlangs of work and each having the same service requirement Py < «.
For two separate call centres a total of 2(R + kyv/R) agents is needed, whereas
for one combined call centre 2R + ky+/2R agents are needed. A reduction of
2 — V2)kyvVR agents.

The quality of the approximation (5.3.1) is excellent. Rounding up the approx-
imation for ¢* to the nearest integer, numerical investigations indicate that the
approximate value is equal to the exact value in most cases and is never off by
more than 1. Table 5.3.2 gives the exact and approximate values of ¢* for several
values of R and «.

Derivation of the square-root formula

The following relation holds between the delay probability Pgejqy in the M/M/c
delay system and the loss probability Py, in the M /M /c/c loss system:

(11— p)Pdelay

Ploss = .
o 1 - PP delay

(5.3.3)

This relation can be directly verified from the explicit formulas (5.1.11) and (5.2.2)
for Pgejqy and P, . In Section 9.8 we establish the relation (5.3.3) in a more general
framework by showing that the state probabilities in a finite-capacity queue with
Poisson arrivals are often proportional to the state probabilities in the corresponding
infinite-capacity model. By formula (5.2.2),

e RR/c!
Ploss =

¢

> e RRF/k!

k=0
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For fixed R, let the random variable Xz be Poisson distributed with mean R. Then
the above formula for P, can be written as
P{Xgr =}
P loss — 5~ - -
P{Xg < c}

A Poisson distribution with mean R can be approximated by the normal distribution
with mean R and standard deviation R when R is large. Now take

c=R+kVR

for some constant k. Then P{Xg < ¢} = P{(Xg — R)/~/R < k} and so, by the
normal approximation to the Poisson distribution,

P{Xr <c} =~ ®(k).
Writing P{Xr =c} = P{c — 1 < Xg < ¢}, we also have that

P{XR=C}=P{k—L<XR_R<k}’«“«<b(k)—q’(k—i>wi‘p(k)'
VR~ VR VR VR

This gives
loss «/ﬁ o (k) .
By (5.3.3) and p = R/c, we have Pgeay = cPloss/(c — R + R Pg). Substituting

¢ = R + k+/R in this formula, noting that kv/R << R for R large and using
(5.3.4), we find with the abbreviation z = ¢(k)/® (k) that

b _(R+kvyRz _ Rz 1+§ -t 1+kd>(k)
delay ™ "YR+ Rz  kR+ Rz - o(k)

Equating the last term to o gives the relation (5.3.2). This completes the derivation
of the square-root formula (5.3.1).

(5.3.4)

-1
:| . (5.35)

5.4 INSENSITIVITY

In many stochastic service systems in which arriving customers never queue, it turns
out that the performance measures are insensitive to the form of the service-time
distribution and require only the mean of the service time. The most noteworthy
examples of such service systems are infinite-server systems and loss systems.
In the M/G/oo queue with Poisson arrivals and infinitely many servers, rather
simple arguments enable us to prove that the limiting distribution of the num-
ber of busy servers is insensitive to the form of the service-time distribution; see
Section 1.1.3. The Erlang loss model with Poisson input and the Engset model with
finite-source input provide other examples of stochastic service systems possessing
the insensitivity property. Other examples of stochastic service systems having the
insensitivity property will be given in this section and in the exercises. Nowadays
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a well-developed theory for insensitivity is available; see Schassberger (1986) and
Whittle (1985). This theory will not be discussed here. In this section the insensitiv-
ity property for the Erlang loss model and the Engset loss model is made plausible
through a closed two-node network model. This model is also used to argue insen-
sitivity in a controlled loss model with several customer classes. Also, the M/G/1
queue with the processor-sharing discipline is discussed as an example of a stochas-
tic service system with no queueing and possessing the insensitivity property.

5.4.1 A Closed Two-node Network with Blocking

Consider a closed network model with two nodes in cyclic order. A fixed number
of M jobs move around in the network. If a job has completed service at one of the
nodes, it places a request for service at the other node. Node 1 is an infinite-server
node, that is, there is an ample number of servers at node 1. Node 2 is the only
node at which blocking can occur. A job that is accepted at node 2 is immediately
provided with a free server. Further, it is assumed that there are r different job
types h = 1,...,r with M), jobs of type h, where M; + --- + M, = M. The
blocking protocol is as follows: if a job of type & arrives at node 2 when ny jobs
are already present at node 2, including n(zh) jobs of type h, then the arriving job
of type h is accepted at node 2 with probability

A AR, h=1,...,r (5.4.1)

for given functions A(.), A1(.),..., A,(.). An accepted job is immediately pro-
vided a free server and receives uninterrupted service at a constant rate. If a job
is rejected at node 2, it returns to node 1 and undergoes a complete new service
at node 1. The service time of a job of type / at node i has a general probability
distribution function with mean 1/u;; fori = 1,2and h =1, ..., r. For each type
of job it is assumed that the service-time distribution for at least one of the nodes
has a positive density on some interval. The service requirements at the nodes are
assumed to be independent of each other.

The system is said to be in state n = (nl(h)) when there are nl(h) jobs present at
nodei fori=1,2andh=1,...,r withngh)+n§h) =M, forh=1,...,r. Let
p(n) denote the limiting probability that the process is in state n at an arbitrary
point in time. Also, for fixed job type ¢, let rri(() (n) denote the limiting proba-
bility that a job of type £ arriving at node i finds the other jobs in state m with
ﬁgz) + ﬁg) = M; — 1 and ﬁih) + ﬁg’) = My, for h # €. Assuming that each of the
service-time distributions is a mixture of Erlangian distributions with the same scale
parameters, Van Dijk and Tijms (1986) used rather elementary arguments to prove
that the probabilities p(n) and ni(h)(ﬁ) depend on the service-time distributions
only through their means and are thus insensitive to the form of the service-time
distributions.* Next, by deep mathematics, the insensitivity property for general

*Also the so-called product-form solution applies to these probabilities. The product-form solution will
be discussed in detail in Section 5.6.
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service-time distributions can be concluded by a continuity argument. This argu-
ment is based on the fact that the class of mixtures of Erlangian distributions with
the same scale parameters is dense in the class of all probability distributions on
the non-negative axis; see Hordijk and Schassberger (1982) and Whitt (1980). In
Section 5.5 we give an elementary proof that any service-time distribution can
be arbitrarily closely approximated by a mixture of Erlangian distributions with
the same scale parameters. Taking for granted the insensitivity property of the
closed two-node network model, we give two applications of loss systems with the
insensitivity property.

Example 5.4.1 Insensitivity for a finite-source model with grading

Let us consider a finite-source model with grading. Such a model is an extension
of the Engset model discussed in Section 5.2.2. In the Engset model a newly
generated message is only blocked when all ¢ servers are occupied. In the grading
model a newly generated message hunts for a free server among K servers that are
randomly chosen from the ¢ servers, with K fixed. The message is blocked when
no free server is found among the K chosen servers. The closed two-node model
with a single job type applies (r = 1). The blocking protocol indeed allows for the
representation (5.4.1). This follows by taking

Am) =1~ <’;§)/(2) and A,y =1, h=1,... .r

with the convention (},) = 0 for n < m. Thus we can conclude that the time-
average and customer-average probabilities in the grading model are insensitive
to both the form of the think-time distribution and the form of the service-time
distribution. The Engset model is a special case of the grading model with K = c.
Thus we also have insensitivity for the Engset model. By letting the number of
sources tend to infinity and the thinking rate to zero, the input process becomes
a Poisson process. It will now intuitively be clear that the Erlang loss model has
the insensitivity property. However, a rigorous proof of this fact requires deep
mathematics.

Example 5.4.2 A loss model with competing customers

Messages of types 1 and 2 arrive at a communication system according to two
independent Poisson processes with the respective rates A; and A». The communi-
cation system has c¢ identical service channels for handling the messages but there
is no buffer to temporarily store messages which find all channels occupied. Each
channel can handle only one message at a time. The transmission times of the mes-
sages are independent of each other and the transmission times of messages of the
same type j have a general probability distribution with mean 1/u; for j =1, 2.
The following admission rule for arriving messages is used. Messages of type 1
are always accepted whenever a free service channel is available. However, for a
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given control parameter L, messages of type 2 are only accepted when less than
L messages of type 2 are present and not all of the channels are occupied. Such a
control rule is used to increase the throughput of accepted messages. What is the
optimal value of L?

To compute the average throughput for a given L-policy, it is no restriction to
assume exponentially distributed transmission times. The reason is that the long-run
average throughput is insensitive to the form of the transmission time distributions.
The average throughput is the difference between the average arrival rate A +
Az and the average number of messages lost per time unit. To argue that the
loss probabilities for both types of messages are insensitive to the form of the
transmission-time distribution, consider the finite-source variant of the model with
Poisson input. Messages of type j are generated by M; identical sources for j =
1, 2, where the think time of the sources has a probability density. A source can
only start a think time when it has no message in transmission at the communication
system. The sources act independently of each other. This finite-source model can
be seen as a cyclic closed two-node network model, where a fixed number of type 1
jobs, M1, and a fixed number of type 2 jobs, M>, move around in the network.
Node 1 is an infinite-server node, while node 2 is a blocking node with ¢ servers.
In the two-node closed network, take the blocking protocol (5.4.1) with

1, ny <c,
A<n2)={0 e

and

(2
€] ) 1 forny” <L,
Aty =1, Aalny’) = {0 other%vise.

The closed two-node network with this blocking protocol behaves identically to
the finite-source model. Thus the finite-source model has the insensitivity property.
This result provides a simple but heuristic argument that the controlled loss model
with Poisson input also has the insensitivity property. In general, insensitivity holds
for a wide class of loss networks; see Kelly (1991) and Ross (1995).

Let us now assume exponentially distributed transmission times for the loss
model controlled by an L-policy. Define

X () = the number of channels occupied by type j messages at time ¢

for j = 1, 2. The stochastic process {(X1(¢), X2(¢))} is a continuous-time Markov
chain with state space

I ={G1,i2) |10<ij+ir<c,i1 >0,0<ip <L}.

Its transition rate diagram is given in Figure 5.4.1. By equating the rate out of state
(i1, i2) to the rate into state (i1, i), we obtain the equilibrium equations for the
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Figure 5.4.1 The transition rate diagram for the L-rule

state probabilities p (i1, i). For the states (i, i) with i{ +i» <candi; < L,
(pr +i2pu2 + A1 +A2)pQin, i2) = Ap( — 1, i2) + A2p(iy,ia — 1)
+ @1+ D pGy +1,i2)
+ @2+ DpapGr, iz + 1.
For the states (i1, ip) withi; +i» <cand i, =L,
(frpr +i2pa + A1) plin, o) = A pQis — 1,i2) + A2 p(it, i — 1)
+ @1+ D ppGn + 1, 02).
For the states (i1, iy) with i +ip =cand i < L,
(pr +i2m2)plin, i) = ApQis — 1,02) + Aop(r, i — D).
The state probabilities p(i1, i) exhibit the so-called product form

/)’ o/ p2)

- - , d1,iel
ir! in!

plit,in)=C

for some constant C > 0. The reader may verify this result by direct substitution
into the equilibrium equations. Since service completions occur in state (i1, i2) at
a rate of i1 + iou2, the average throughput is given by

T(L)= ) (i1 +iau2) pli1, ia).

(i1,i2)
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Denote by IT;(L) the long-run fraction of type j messages that are lost. Using the
PASTA property, it follows that

c—L—1
M(L)= Y plii) and TL)= Y pG.L)+ Y. pl.i)

RUNEIE i1=0 (,i2):

i1+iy=c i1+ip=c
Since the sum of the average number of messages lost per time unit and the average
number of messages transmitted per time unit equals the arrival rate A1 + Ay, we
have the identity A;1I1;(L) + A2I12(L) + T (L) = A1 + Ap. This relation is useful
as an accuracy check for the calculated values of the p(i1,iz). As an illustration,
we consider the following numerical data:

c=10, A1 =10, Ao =7, u; =10, pu =1.

Table 5.4.1 gives the values of T'(L), IT{(L) and ITo(L) for L =7, 8 and 9.

The L-policy with L = 8 maximizes the long-run average throughput among the
class of L-policies. The above analysis restricted itself to the easily implementable
L-policies, but other control rules are conceivable. The question of how to compute
the overall optimal control rule among the class of all conceivable control rules will
be addressed in the Chapters 6 and 7, which deal with Markov decision processes.
The best L-policy is in general not optimal among the class of all possible control
rules. However, numerical investigations indicate that using the best L-policy rather
than the overall optimal policy often leads to only a small deviation from the
theoretically maximal average throughput. For example, for the above numerical
data the average throughput of 15.209 for the best L-policy is only 0.16% below
the theoretically optimal value of 15.233. This optimal value is achieved by the
following control rule. Each arriving message of type 1 is accepted as long as
not all channels are occupied. A message of type 2 finding i messages of type
1 present upon arrival is accepted only when less than L; other messages of the
same type 2 are present and not all of the channels are occupied. The optimal
values of the L; are Lo = L) =8, L) = L3 =7, Ly = 6, Ls =5, Lg = 4,
L7 =3, Ly =2 and L9 = 1. The insensitivity property is no longer exactly true
for the L;-policy, but numerical investigations indicate that the dependency on the
distributional form of the transmission times is quite weak. The above L;-policy
was simulated for lognormally distributed transmission times. Denoting by ci2 the
squared coefficient of variation of the transmission time for type i messages, we
varied (c%, c%) as (1, 1), (2,0.5) and (0.5, 2). For these three examples the average

Table 5.4.1 Numerical values

L T(L) M (L) > (L)
7 15.050 0.0199 0.2501
8 15.209 0.0501 0.1843
9 15.095 0.0926 0.1399
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throughputs of the given L;-policy have the respective values 15.236 (£0.004),
15.244 (£0.004) and 15.231 (£0.005), where the numbers in parentheses indicate
the 95% confidence intervals.

5.4.2 The M/G/1 Queue with Processor Sharing

Another queueing system in which the limiting distribution of the number of cus-
tomers in the system is insensitive to the service-time distribution is the M/G/1
queue with the processor-sharing service discipline. Under this service discipline a
customer never has to wait in queue and the processing rate of the server is equally
divided among all customers present. The M /G /1 processor-sharing system can be
used to approximate time-shared computer systems among others. To formulate the
model, assume that customers arrive according to a Poisson process with rate A and
that the service requirements of the customers are independent random variables
which are distributed according to the random variable S. It is assumed that S has
a general probability distribution. A generalized processor-sharing rule is used: if
i customers are present, each of the i customers is provided with service at a rate
of f(i) per time unit. That is, the attained service time of each of the i customers
grows by an amount f(i)Ax in a time Ax with Ax small. Here f(i) is a given
positive function. Let p = LE(S) denote the offered load and let

-1

J
o ={[]rt . j=0.1...
k=1

with ¢(0) = 1 by convention. Assuming that Z,fio pX¢(k)/k! is finite, it holds
that the limiting distribution {p;, j =0, 1, ...} of the number of customers present
is insensitive to the form of the service-requirement distribution and is given by

(P iYe()

Y rto (oK kN (k)
A proof of this result can be found in Cohen (1979). Denoting by E(W | s) the
expected amount of time spent in the system by a customer who arrives when the

system has reached statistical equilibrium and whose required service time is s, it
was also shown in Cohen (1979) that

Pj j=0,1,....

s (0" /KD Gk +1)
k=0

> (0F kD (k)

k=0

EW |s)= s > 0,

This remarkable result shows that the processor-sharing rule discriminates between
customers in a fair way. A customer requiring a service time twice as long as some
other will spend on average twice as long in the system. The standard M/G/1
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processor-sharing queue corresponds to the case of

.
-,

f@) =- =12,....
i
In this case ¢ (i) =i! fori =0, 1, ... and the above formulas reduce to
pi=(0—=p)pl, j=0.1,... and E(W|s)=1L, 5> 0.
-p

In other words, in the standard M/G/1 processor-sharing queue with general ser-
vice times, the equilibrium distribution of the number of customers present is the
same as in the M /M /1 queue with the first-come first-served discipline. This find-
ing also applies to the M/G/1 queue with the pre-emptive resume, last-in first-out
discipline. Under this service discipline each customer begins service upon arrival,
pre-empting anyone in service, and at each time, the most recently arrived customer
receives service.

5.5 A PHASE METHOD

The phase method makes it possible to use the continuous-time Markov chain
approach for a wide variety of practical probability problems in which the under-
lying probability distributions are not necessarily exponential. The method essen-
tially goes back to A.K. Erlang, who did pioneering work on stochastic pro-
cesses at the beginning of the twentieth century. In his analysis of telephone
problems, Erlang devised the trick of considering the duration of a call as the
sum of a number of sequential phases whose lengths are exponentially distributed.
There are several versions of the phase method (or method of stages). A very
useful version is the one that approximates a positive random variable by a ran-
dom sum of exponentials with the same means. In other words, the probabil-
ity distribution of the positive random variable is approximated by a mixture of
Erlangian distributions with the same scale parameters. The theoretical basis for
the use of such mixtures of Erlangian distributions is provided by the follow-
ing theorem.

Theorem 5.5.1 Let F(t) be the probability distribution function of a positive ran-
dom variable. For fixed A > 0 define the probability distribution function Fa(x) by

00 j—1 k
Fat =3 pyay (1= 3 e AT s (5.5.1)
j=1 k=0 ’
where pi(A) = F(jA) — F((j —DA), j=1,2,... . Then

lim Fa(x) = F(x)
A—0

for each continuity point x of F(t).
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Proof For fixed A, x > 0, let U , be a Poisson distributed random variable with

Ak
PUs=kay= A s

It is immediately verified that E(Ua ») = x and O’Z(UA’X) = xA. Let g(¢) be any
bounded function. We now prove that

Jim E[g(Ua.0)] = g(x) (5.5.2)

for each continuity point x of g(¢). To see this, fix ¢ > 0 and a continuity point x
of g(t). Then there exists a number § > O such that |g(f) — g(x)| < &/2 for all ¢
with |t — x| < 4. Also, let M > 0 be such that |g(¢)| < M /2 for all ¢. Then

|E[g(Ua )] —g)] =

M2

|g(kA) — g(x)| P{UA x = kA}

=~
(=}

IA
N ™

+M ) PUsx=kA)
k:lkA—x|>6

&
>t MP{|Upx — E(Uax)| > 8}

By Chebyshev’s inequality, P{|UA x— EWUaL)| > 8} < xA/8%. For A small
enough, we have MxA /8% < 28 This proves the relation (5.5.2). Next, we apply
(5.5.2) with g(¢) = F(¢). Hence, for any continuity point x of F(¢),

o k
F(o) = lim E[F(Ua0)] = Align()ZF(kA)e—"/Aw

k=0 et
0 Kk k
: —x/n (x/A)
ZAthO E e X/AT § pj(A),
k=0 =1

where the latter equality uses that F'(0) = 0. Interchanging the order of summation,
we next obtain

F(.x) hm ZP}(A)Z —X/A(X/A) ,

yielding the desired result.

The proof of Theorem 5.5.1 shows that the result also holds when F(¢) has a
positive mass at + = 0. We should then add the term F(0) to the right-hand side
of (5.5.1). Roughly stated, Theorem 5.5.1 tells us that the probability distribution
of any positive random variable can be arbitrarily closely approximated by a mix-
ture of Erlangian distributions with the same scale parameters. The fact that the
Erlangian distributions have identical scale parameters simplifies the construction
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of an appropriate continuous-time Markov chain in specific applications. In practice
it is not always obvious how to choose a mixture that is sufficiently close to the
distribution considered. One often confines oneself to a mixture of two Erlangian
distributions by matching only the first two moments of the distribution considered;
see Appendix B.

The phase method is very useful both for theoretical purposes and practical
purposes. We give two examples to illustrate its power.

Example 5.5.1 The M/G/1 queue and the phase method

Customers arrive at a single-server station according to a Poisson process with rate
A. The service times of the customers are independent and identically distributed
random variables and are also independent of the arrival process. The single server
can handle only one customer at a time and customers are served in order of arrival.
The phase method will be applied to obtain a computationally useful representation
of the waiting-time distribution of a customer when the probability distribution of
the service time of a customer is given by

> o ()
PIS<x) =Y 5 1—Ze—ﬂ”‘k—' x>0, (5.5.3)
i=1 k=0 :

where 8; > 0 and Z;’i 1 Bj = 1. The random variable S denotes the service time. It
is assumed that AE(S) < 1. In view of (5.5.3) we can think of the service time of a
customer as follows. With probability B; the customer has to go through j sequen-
tial service phases before its service is completed. The phases are processed one
at a time and their durations are independent and exponentially distributed random
variables with mean 1/x. This interpretation enables us to define a continuous-time
Markov chain. For any ¢ > 0, let

X (t) = the number of uncompleted service phases present at time 7.

The process {X(¢)} is a continuous-time Markov chain with infinite state space
I ={0,1,...}. Its transition rate diagram is displayed in Figure 5.5.1.

Denote the equilibrium distribution of the process {X(¢)} by {fj, j =0,1,...}.
The time-average probability f; denotes the long-run fraction of time there are j

Figure 5.5.1 The transition diagram of the phase process
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uncompleted service phases present. To find the waiting-time distribution, we need
the customer-average probabilities

m; = the long-run fraction of customers who find j uncompleted
service phases present upon arrival, j =0, 1, ... .

Under the assumption of service in order of arrival, let

W,@) = lim P(D, <x}, x=0

with D,, denoting the delay in queue of the nth arriving customer. In the same way
as (5.1.7) was derived in Section 5.1, it can be shown that this limit exists and is
given by

Wo(x) =1 — Zn, Z —px ) (“x) x>0 (5.5.4)
=1 k=0

By the PASTA property, we have

m=f j=12....

The probabilities f; allow for a recursive computation, since the transition rates
of the continuous-time Markov chain {X(#)} have the property that g; = 0 for
j < i — 2. By equating the rate at which the process leaves the set of states

{i,i + 1, ...} to the rate at which the process enters this set, we obtain
i— i—k—1
ufi=> fil1= > 8|, i=12..... (5.5.5)
k= j=0

This recursion provides an effective method for computing the f;. Note that the
recursion can be initialized with fo = 1 — AE(S), since by Little’s formula the
long-run fraction of time the server is busy equals AE(S). Note that E(S) =
1/w Z;’i 1 jBj. Once the probabilities 7z; (=f;) have been computed by applying
(5.5.5), the waiting-time probability W, (x) can be calculated from (5.5.4).

The expression (5.5.4) for W, (x) is very useful for computational purposes. For
numerical calculations it is recommended to rewrite (5.5.4) as

0 k00
Wq(x)zl—Ze_’“‘% > fi. x=0, (5.5.6)

k=0 T =kl

by interchanging the order of summation. The series representation (5.5.6) con-
verges faster than the series (5.5.4). Of course Zj“:’k 41 f7 should be replaced by

1‘2?:0 fj in (5.5.6). The computational work in (5.5.5) and (5.5.6) can be reduced
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by using asymptotic expansions for f; as j — oo and 1 — W, (x) as x — oo; see
Exercise 5.26.

Example 5.5.2 A finite-buffer storage problem

Data messages arrive at a transmission channel according to a Poisson process
with rate A. The transmission channel has a buffer to store arriving messages. The
buffer has a finite capacity K > 0. An arriving message is only stored in the buffer
when its length does not exceed the unoccupied buffer capacity, otherwise the
whole message is rejected. Data are transmitted from the buffer at a constant rate
of 0 > 0. The message lengths are independent of each other and are assumed to
have a continuous probability distribution function F (x). An important performance
measure is the long-run fraction of messages that are rejected. This model, which
is known as the M/G/1 queue with bounded sojourn time, is very useful. It also
applies to a finite-capacity production/inventory system in which production occurs
at a constant rate as long as the inventory is below its maximum level and the
demand process is a compound Poisson process, where demands occurring when
the system is out of stock are completely lost.

A possible approach to solving the model is to discretize the model; see
Exercise 9.9 for another approach. In the discretized model a message is repre-
sented by a batch consisting of a discrete number of data units. The probability of
a batch of size k is given by

be(A) = F(kA) — F((k — DA), k=1,2,...

with F(—A) = 0. The buffer only has room for K (A) data units, where

K(A K
(A) = A
It is assumed that the number A is chosen such that K(A) is an integer. An
arriving message is only stored in the buffer when its batch size does not exceed
the number of unoccupied buffer places, otherwise the whole message is rejected.
The data units are transmitted one at a time at a constant rate of o > 0. The key
step is now to take an exponential distribution with mean 1/u(A) = A /o for the
transmission time of a data unit. This approach is motivated by Theorem 5.5.1.
A data unit leaves the buffer as soon as its transmission is completed. For the
discretized model, let

A (K) = the long-run fraction of messages that are rejected.

In view of Theorem 5.5.1 one might expect that wa (K) is an excellent approxima-
tion to the rejection probability in the original model when A is chosen sufficiently
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small. The discretized rejection probability wa (K) is routinely found by using the
continuous-time Markov chain approach. In the discretized model, let the random
variable

X (t) = the number of data units in the buffer at time ¢.

The process {X (¢)} is a continuous-time Markov chain with the finite state space
I ={0,1..., K(A)}. Denote the equilibrium distribution of the discretized process
by {p;j(A)}. The process has the property that for each state i the transition rate
qij =0 for j <i—2. Hence p;(A) can recursively be computed. By equating the

rate out of the set {i, ..., K(A)} to the rate into this set,
i—1 K(A)—j
pBPiA) = pi(A) | A D0 (A | i=12,.. KA.
j=0 k=i—j
Using the PASTA property, we next obtain 7 (K) from
K(A)
Ta(K) =Y pi(A) Y b(A).
i=0 k>K(A)—i
The computational work is considerably reduced by noting that
00 -1
D (D) =1=)"b(A)=1-F((¢—-1DA), £=12 ...
k=¢ k=0

The accuracy of the discretization is improved by slightly modifying the definition
of the batch-size probabilities by (A). It is recommended to take

1 1
br(A) = E[F(kA) — F((k —DA)] + E[F((k + DA) — F(kA)]

for k =1,2,..., in which case Y -, bi(A) = 1 — JF(( = DA) — SF(EA). Tt
remains to decide how small to choose A in order to obtain a sufficiently close
approximation to the rejection probability in the original model. In general one
should search for a value of A such that the answers for the values A and A/2
are sufficiently close to each other.

5.6 QUEUEING NETWORKS

Queueing network models are a useful analysis tool in a wide variety of areas such
as computer performance evaluation, communication network design and produc-
tion planning in flexible manufacturing. Generally speaking, a network of queues
is a collection of service nodes with customers (jobs) moving between the nodes
and making random requests for service at the nodes. Under appropriate condi-
tions these networks can be modelled and analysed by means of continuous-time
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Markov chains. The prominent result of the analysis is the product-form solution
for the joint distribution of the numbers of customers present at the various nodes.
Networks that can be described by a continuous-time Markov chain and have the
product-form solution are often called Jackson networks after J.R. Jackson (1957,
1963), who discovered the product-form solution. In Section 5.6.1 we consider
the open network model. A network is called open if external arrivals occur at
one or more nodes and departures from the system occur at one or more nodes.
A network is called closed when a fixed number of customers move around in
the network. The closed network will be analysed in Section 5.6.2. For clarity
of presentation the analysis is restricted to a single class of customers. In appli-
cations, however, one often encounters networks of queues with several customer
classes. The results presented in this section can be extended to the case of multiple
customer classes.

5.6.1 Open Network Model

As a prelude to the open queueing network model, consider the following medi-
cal application involving the analysis of emergency facilities. Patients arrive at an
emergency room for late-night operations. Incoming patients are initially screened
to determine their level of severity. On average, 10% of incoming patients require
hospital admission. Twenty percent of incoming patients are sent to the ambulatory
unit, 30% to the X-ray unit and 40% to the laboratory unit. Patients sent to the
ambulatory unit are released after having received ambulatory care. Of those going
to the X-ray unit, 25% require admission to the hospital, 20% are sent to the labo-
ratory unit for additional testing, and 55% have no need of additional care and are
thus released. Of patients entering the laboratory unit, 15% require hospitalization
and 85% are released. This emergency system provides an example of a network
of queues.

Consider now the following model for an open network of queues (open Jackson
network):

e The network consists of K service stations numbered as j = 1,..., K.
e External arrivals of new customers occur at stations 1, ... , K according to inde-
pendent Poisson processes with respective rates rq, ..., rg.

e Each station is a single-server station with ample waiting room and at each
station service is in order of arrival.

e The service times of the customers at the different visits to the stations are
independent of each other, and the service time of a customer at each visit to
station j has an exponential distribution with mean 1/u; for j =1,..., K.

e Upon service completion at station 7, the served customer moves with probability
pij to station j for j = 1,..., K or leaves the system with probability p;o =

K
1 - Zj:l Dij-
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The routing matrix P = (p;;), i, j =1, ..., K, is assumed to be an irreducible
substochastic matrix with the property that P — 0 as n — oo. Thus each newly
arriving customer ultimately leaves the system with probability 1. To ensure that the
process describing the numbers of customers present at the various stations has an
equilibrium distribution, we need an assumption involving the composite (external
and internal) arrival rates at the stations. Define the composite rates A, ..., Ag as
the unique solution to the linear equations

K

i=1

This system of linear equations has a unique solution since the matrix P is transient
and so (I — P)~! exists. The assumption is made that

)‘..
L <1, j=1,... K. (5.6.2)
Kj

The quantity A; can be interpreted as the total arrival rate at station j. In the long
run we have for each station i that the average number of arrivals per time unit
at station { must be equal to the average number of service completions per time
unit at station i. In particular, A; p; is the arrival rate of customers to station j of
those coming from station i. Hence the total arrival rate at station j must satisfy
(5.6.1). The equations (5.6.1) are called the traffic equations.

For j =1,..., K, define the random variable

X (t) = the number of customers present at station j at time ¢.

The multidimensional process X () = {(X1(¢), ..., Xk (¢))} is a continuous-time
Markov chain with state space I = {(n1,...,ng) | n1 > 0,...,ng > 0}. Since
the routing probability p;; is allowed to be positive, self-transitions can occur in
the process {X(¢)}. Under assumption (5.6.2) the process {X(¢)} has a unique

equilibrium distribution to be denoted by p(ni,...,ng). We now state Theo-
rem 5.6.1.
Theorem 5.6.1 The equilibrium probabilities p(ny, ... ,ng) have the product-
form property
K n
Y A\ K
par,.ong) =[] (1 - —) (—) : (5.6.3)
k1 Mk Kk
Proof Let us use the shorthand notation n =(ny, ... ,ng). Let ¢; denote the ith

unit vector, that is, the ith component of e; is 1 and the other components are zero.
By equating the rate out of state n to the rate into state n (including self-transitions),
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we get for the process {X (¢)} the equilibrium equations

k K
P(H)er + p(m) Z Wi = Z [Zp(nJrei — €))L pij +p(n—ej)rj}
j=1

Jjinj>0 Jjin;j>0 Li=l
K

+ Z p(n+e))uipjo.
J=1

These equations are certainly satisfied by

K

M A\
pa =[] <1 - —) <—) (5.6.4)
=1 Mk Mk
when this product-form solution satisfies the partial balance equations

K K

pm)> rp =" p@m+e)u;pjo. (5.6.5)
j=1 j=1
K

p@u; = pm+e —e)uipj+pm—e)ri, 1<j<K. (566)
i=1

For the product-form solution (5.6.4) we have

AV A\
p(n+ei—e,-)=(—> <—> p(m) and p(n—ej)=<;) p(m).

i Hj J
(5.6.7)

After substitution of (5.6.7) in (5.6.6), it remains to verify whether the relation

Ko\ (! A\ 7!
MJ':Z< )<—j) Mipzj+<j> r (5.6.8)

izl Mi M j

holds foreach j = 1, ..., K. This is indeed true since the relation (5.6.8) coincides
with the traffic equation (5.6.1) after cancelling out common terms (verify). In a
similar way we can verify that (5.6.5) holds. Substituting p(n+e;) = (A;/u;)p(n)
into (5.6.5), we get
K
D=
j=1

This relation is indeed true since it states that the rate of new customers enter-
ing the system equals the rate of customers leaving the system. This completes
the proof.

K
Ajpjo-
1
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The partial balance equations (5.6.5) and (5.6.6) are characteristic for the product-
form solution. These equations express that

the rate out of a state due to a change at node j
= the rate into that state due to a change at node j (5.6.9)

for each j = 0,1,..., K, where node O corresponds to the outside world. This
property of node local balance is in general not satisfied in a stochastic network, but
can indeed be verified for the Jackson network model. The product-form solution
(5.6.3) can be expressed as

pm) = pi(ny)--- pg(ng), (5.6.10)

where for any k the probability distribution {pi(n), n = 0, 1, ...} of the number
of customers present at station k is the same as the equilibrium distribution of
the number of customers present in an M /M /1 queue with arrival rate A; and
service rate u. In other words, in steady state the number of customers at the
different service stations are independent of each other and the number at station
k behaves as if station k is an M/M/1 queue with arrival rate A; and service
rate wg. The result (5.6.10) is remarkable in the sense that in the network model
the composite arrival process at station k is in general not a Poisson process. An
easy counterexample is provided by a single-station network with feedback; that
is, a customer served at the station goes immediately back to the station with a
positive probability. Suppose that in this network the arrival rate from outside is
very small and the service rate is very large. Then, if the feedback probability is
close to 1, two consecutive arrivals at the station are highly correlated and so the
arrival process is not Poisson.

The Jackson network model can be generalized to allow each service station to
have multiple servers with exponential service times. If station j has c; servers,
the ergodicity condition (5.6.2) is replaced by A;/(cjuj) < 1. Then the node
local balance equation (5.6.9) can again be verified and the equilibrium distribu-
tion {p(n)} of the numbers of customers present at the different stations has the
product form (5.6.10), where the probability distribution {px(n)} of the number of
customers present at station k is the same as the equilibrium distribution of the
number of customers present in an M/M/c queue with arrival rate Ag, service
rate ug and ¢ = ¢ servers. Note that the multi-server M /M /c queue with service
rate ; can be regarded as a single-server queue with state-dependent service rate
u(n) =min(n, c); when n customers are present. Indeed it can be shown that
the product-form solution also applies to the Jackson network model with state-
dependent service rates provided that the service rate at each station depends only
on the number of customers present at that station. More about the product-form
solution and its ramifications can be found in the books of Boucherie (1992) and
Van Dijk (1993). In these references the product-form solution is also linked to
the concept of insensitivity. Insensitivity of the stochastic network holds when the
condition of node local balance is sharpened to job local balance, requiring that
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the rate out of a state due to a particular job is equal to the rate into that state due
to that same job.

BCMP extension for the product-form solution

The product form has been established under the assumption that each service sta-
tion has the first-come first-served discipline and that the service times are expo-
nentially distributed. In an important paper of Baskett et al. (1975) it has been
shown that the product-form solution (5.6.10) also holds when each service station
uses one of the following four service disciplines, or BCMP disciplines:

1. The service discipline is first-come-first-served and the service times of the
customers are exponentially distributed (multiple servers or state-dependent ser-
vice is allowed).

2. The service discipline is processor-sharing; that is, if n customers are present at
the station, each customer is served and receives service at a rate of 1/n. The
service time of a customer is allowed to have a general probability distribution.

3. The service discipline is determined by an infinite number of servers; that is,
each arriving customer gets immediately assigned a free server. The service time
of a customer is allowed to have a general probability distribution.

4. The service discipline is pre-emptive resume, last-in first-out; that is, customers
are served one at a time in reverse order of arrival and a newly arriving customer
gets immediate service, pre-empting anyone in service. The service time of a
customer is allowed to have a general probability distribution.

The product-form solution (5.6.10) remains valid but the marginal probability
distribution {pg(n),n = 0,1, ...} of the number of customers present at station
k depends on the service discipline at station k. Under service discipline 1 with
ci identical servers, the marginal distribution {px(n)} is given by the equilibrium
distribution of the number of customers present in the M /M /c queue with arrival
rate A = A, service rate 4 = ug and ¢ = ¢ servers. Under service discipline 3
at station k the marginal distribution {py(n)} is given by the Poisson distribution
with mean Ay E(S;), where the random variable S; denotes the service time of
a customer at each visit to station k. Under both service discipline 2 and service
discipline 4, at station k the marginal distribution {pi (n)} is given by the geometric
distribution {(1 — /Ok)p/?, n=20,1,...} with p = A E(S;), where S denotes the
service time of a customer at each visit to station k.

5.6.2 Closed Network Model

In the performance evaluation of computer systems and flexible manufacturing sys-
tems it is often more convenient to consider a closed network with a fixed number
of customers (jobs). A job may leave the system but is then immediately replaced
by a new one. The basic closed Jackson network is as follows:

e The network consists of K service stations numbered as j = 1,..., K.
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e A fixed number of M identical customers move around in the network.

e Each station is a single-server station with ample waiting room and at each
station service is in order of arrival.

e The service times of the customers at the different visits to the stations are
independent of each other, and the service time of a customer at station j has
an exponential distribution with mean 1/u; for j =1,..., K.

e Upon service completion at station 7, the served customer moves with probability
pij to station j for j =1,..., K, where Zf:] pj=1foralli=1,... K.

The routing matrix P = (p;;),i,j = 1,..., K is assumed to be an irreducible
Markov matrix. Since the Markov matrix P is irreducible, its equilibrium distribu-
tion {7r;} is the unique positive solution to the equilibrium equations

K
mp=Y mipj. j=1...K (5.6.11)
i=1
in conjunction with the normalizing equation Zf:l wj = 1. The relative visit

frequencies to the stations are proportional to these equilibrium probabilities. To
see this, let

Aj = the long-run average arrival rate of customers at station j.

Since A; is also the rate at which customers depart from station i, we have that
Aipij is the rate at which customers arrive at station j from station i. This gives
the traffic equations

K
A=Y Aipj. j=1l....K. (5.6.12)
i=1

The solution of the equilibrium equations (5.6.11) of the Markov matrix P is unique
up to a multiplicative constant. Hence, for some constant y > 0,

Denote by X (¢) the number of customers present at station j at time f. The process
{(X1(?), ..., Xk (2))} is a continuous-time Markov chain with the finite state space
I={(n1, ... ,ng) |ni = 0,305, nj = M},

Theorem 5.6.2 The equilibrium distribution of the continuous-time Markov chain
{X(0) = (X1(0), ..., Xg (1))} is given by

K oo\
pni,...,ngp) =C[] (—") (5.6.14)
k=] \Hk

for some constant C > 0.
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Proof The proof is along the same lines as that of Theorem 5.6.1. The equilibrium
equations of the Markov process {X(¢)} are given by

K
IOBINTESY [Zp(n+ei—ej)mpij]

Jjinj>0 Jjinj>0 Li=1
It suffices to verify that (5.6.14) satisfies the node local balance equations

K
pp; = Z pn+e; —ej)u;pj (5.6.15)

i=1

for each j. To do so, note that the solution (5.6.14) has the property

TT; T -1

pn+e —e)=|—||— p(m). (5.6.16)

wi ) \ wj

Hence, after substitution of (5.6.16) in (5.6.15), it suffices to verify that
K o 7\ 7!
i J .
wi = — — wipii, j=1,...,K.
=2 e

This relation is indeed true since it coincides with the equilibrium equation (5.6.11).
This completes the proof.

A computational difficulty in applying the product-form solution (5.6.14) is the
determination of the normalization constant C. Theoretically this constant can be

found by summing p(ni,...,ng) over all possible states (ny,...,ng). How-
ever, the number of possible states (ny,...,ng) such that Zlel n; = M equals
(M 3{; 71). This is an enormous number even for modest values of K and M. Hence

a direct summation to compute the constant C is only feasible for relatively small
values of K and M. There are several approaches to handle the dimensionality
problem, including the Gibbs sampler from Section 3.4.3. We discuss here only
the mean-value algorithm.

Mean-value analysis

The mean-value algorithm is a numerically stable method for the calculation of
the average number of customers at station j, the average amount of time a
customer spends at station j on each visit and the average throughput at station
j. The so-called arrival theorem underlies the mean-value algorithm. To formu-
late this theorem, it is convenient to express explicitly the dependency of the state

probability p(ny,...,ng) on the number of customers in the network. We write
pni, ... ,ng) = pm(ny,...,ng) for the network with a fixed number of m
customers. For any state (ny,...,ng) with ny +--- + ng = M the equilibrium

probability pps(ny,...,ng) can be interpreted as the long-run fraction of time
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that simultaneously 7n; customers are present at station 1, np customers at station

2,...,nk customers at station K. Define the customer-average probability
mwj(ny, ..., ng) = the long-run fraction of arrivals at station j that see
ng other customers present at station £ for £ =1,..., K.

Note that in this definition ny +---+ng = M — 1.

Theorem 5.6.3 (arrival theorem) Forany (ny,...,ng) with Zle ng=M-—1,
wi(ny, ... ,ng) = pu-1(n1, ... ,nkg).

Proof By part (b) of Corollary 4.3.2,

the long-run average number of arrivals per time unit at station j that find
ng other customers present at station £ for £ =1,..., K

K
= ZMiPijPM(m, cuni+ 1,000 ng)

i=1
for any (ny,...,ng) with Zle ng = M — 1. In particular,

the long-run average number of arrivals per time unit at station j

K
= Z ZMiPijPM(mL-.- smi+1,... ,mg)

mely_| i=1
wherem = (m,... ,mg)and [yy_1={m|m>0andm|+...+mg =M —1}.
Thus
K
ZMiPijPM(nl,-.- i+ 1,0, ng)
=
wi(ny, ... ,ng) = l e
Z Zﬂipiij(ml,-.- cmi+1,...,mg)
mely_1i=1

By Theorem 5.6.2,

T (™
pM(ml,...,m,-+1,...,m1<)=—C]"[<—> :
Wi\ Hk

i

Substituting this in the numerator and the denominator of the expression for
mwj(ny, ..., ng) and cancelling out the common term Z,K=1 7 pij, we find

K o\
7{/(”1,~--,HK)=CM—11_[(—> .
k=1 Mk

for some constant Cy;_;. The desired result now follows from Theorem 5.6.2.
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In other words, the arrival theorem states that in steady state the customer-average
probability distribution of the state seen by an arriving customer (not counting this
customer) is the same as the time-average probability distribution of the state in the
closed network with one customer less. A special case of the arrival theorem was
encountered in the Engset model; see relation (5.2.4). The product-form solution
is crucial for the arrival theorem. It is noted that the arrival theorem remains valid
for the closed network with a BCMP service discipline at each station. Then the
product-form solution

p(ny, ... ,ng) =Cpi(ny)--- px(ng)

holds for appropriate probability distributions {pi(n1)}, ..., {px(ng)}.

To calculate the average number of customers and the average sojourn times at
the different stations, we take the fixed number of customers moving around in the
network as parameter. For the closed network with a fixed number of m customers,
define the following long-run averages:

L,,(j) = the average number of customers present at station j,

W, (j) = the average sojourn time of a customer at station j on
each visit,

Am(j) = the average number of arrivals per time unit at station j.

Note that A,,(j) also gives the average throughput at station j. Also, by Little’s
formula, Ay, (j)/u; gives the long-run fraction of time the server at station j is
busy. For a constant y;,, > 0, we have by (5.6.13) that

n(j) = Ymm;, j=1,...,K, (5.6.17)

where the 7; are the equilibrium probabilities associated with the Markov matrix
P =(p;;). By Little’s formula,

Ln(j)) =2m(DWn(j), Jj=1,... . K. (5.6.18)
Obviously, we have
K
Y Ln(j)=m. (5.6.19)
j=1
The arrival theorem implies the key relation
. 1 . ,
Wi (j) = m [1+Lna(D], j=1....K. (5.6.20)
J

To see this, note that an arriving customer at node j sees on average

Z njnj(nl,...,nK)z Z njpm—l(nlmnsnK)sz—l(j)

(ny,....,ng): (ny,....ng):
ny+--+ng=m—1 ni+-+ng=m—1
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other customers at node j. By the memoryless property of the exponential dis-
tribution and the assumption of service in order of arrival, the relation (5.6.20)
now follows. This relation enables us to calculate L,,(j), W,,(j) and 1, (j) in a
recursive manner. A direct consequence of (5.6.17) to (5.6.19) is the relation

m

Ym = - (5.6.21)

> Wi (j)
j=1

Mean-value algorithm

Step 0. Calculate first the equilibrium probabilities 7; associated with the Markov
matrix P =(p;;). Calculate Wy (j) =1/u;j for j=1,..., K. Let m := 1.

Step 1. Calculate the constant y;, from (5.6.21). Next calculate A,,(j) and L,,(j)
for j=1,..., K from (5.6.17) and (5.6.18). If m < M, then go to step 2.

Step 2. m := m+1. Calculate W), (j) for j = 1, ... K from (5.6.20). Repeat step 1.

EXERCISES

5.1 Consider the M/M/c/c + N queueing model with finite waiting room. This model is
the same as the M /M /c model except that there are only N waiting places for customers to
await service. An arriving customer who finds all ¢ servers busy and all N waiting places
occupied is rejected. Denote by {p;j, 0 < j < N + c} the equilibrium distribution of the
number of customers present.

(a) Give a recursion scheme for the computation of the p;.

(b) Verify that the limiting distribution of the delay in queue of an accepted customer is
given by

Vet & (cux)
Wq(x)—l—— > pjz—ff” , x>0.

j =c

5.2 In the machine-repair queueing model there are N identical machines which are attended
by ¢ repairmen, where N > c. The running time of a machine is exponentially distributed
with mean 1/v. The running times of the machines are independent of each other. A stopped
machine is attended as soon as possible by a free repairman. Each repairman can handle
only one machine at a time. The service time of a machine is exponentially distributed with
mean 1/pu.

(a) Let pj = lim;— o0 P{j service requests are present at time ¢} for 0 < j < N. Give a
recursion scheme to compute the p;.

(b) Let 7; denote the long-run fraction of service requests finding j other requests present
upon occurrence. Argue that 7; = (N — j)p;/ Z}ICV:()(N —k)prfor0<j<N-—1.

(c) What is the limiting distribution of the delay in queue of a service request when
service is in order of arrival? What is the long-run average number of busy repairmen?

5.3 Consider the following modification of the call-centre problem dealt with in Section 5.3.
If the service of a customer has not yet started, the customer becomes impatient after an
exponentially distributed time with mean 1/0 and then leaves the system. It is assumed
that the impatience time of the customer does not depend on their position in the queue
(call-centre customers cannot see each other).
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(a) Give a recursive relation for the computation of the equilibrium distribution {p;} of
the number of customers present.

(b) What is the long-run fraction of customers who are delayed? Can you explain why
% Zj’ic( J —¢)pj/x gives the long-run fraction of customers who prematurely leave the
system?

5.4 An information centre provides service in a bilingual environment. Requests for ser-
vice arrive by telephone. Service requests of major-language customers and minor-language
customers arrive according to independent Poisson processes with respective rates A; and
Xo. There are ¢ bilingual agents to handle the service requests. Each service request find-
ing all ¢ agents occupied upon arrival waits in queue until a free agent becomes available.
The service time of a major-language request is exponentially distributed with mean 1/
and that of a minor-language request has an exponential distribution with mean 1/u;. Let
p(i,i1,ip) denote the joint equilibrium probability that simultaneously i; agents are ser-
vicing major-language customers, ip agents are servicing minor-language customers and i
service requests are waiting in queue. Use the equilibrium equations of an appropriately
chosen continuous-time Markov chain and use generating functions to prove that for any
i1 =0,1,...,c there is a constant y(i|) such that
i

p( iy, c—ip) ~y@DTt asi— oo,

with T =1 4 §/A, where A = A1 + Ap and § is the unique solution of
82— (cp1 +cp — M8+ P puypn — ey — chapy =0

on the interval (0, c min(uy, ®y)).

5.5 Consider the following modification of Example 2.5.1. Overflow is allowed from one
loo to another when there is a queue at one of the loos and there is nobody at the other loo.
It is assumed that the occupation times at the loos are exponentially distributed. Formulate
a continuous-time Markov chain to analyse the new situation. Assume the numerical data
Aw = Am = 0.6, uy = 1.5 and u,; = 0.75. Solve the equilibrium equations and compare
the average queue sizes for the women’s loo and the men’s loo with the average queue sizes
in the situation of strictly separated loos.

5.6 Jobs of types 1 and 2 arrive according to independent Poisson processes with respective
rates A1 and X;. Each job type has its own queue. Both queues are simultaneously served,
where service is only provided to the job at the head of the queue. If both queues are not
empty, service is provided at unity rate at each queue. A non-empty queue for type i jobs
receives service at a rate of r; > 1 when the other queue is empty (i = 1, 2). The service
requirement of a type i job has an exponential distribution with mean 1/u;. The service
requirements of the jobs are independent of each other. It is assumed that p; = X;/u; is
less than 1 for i = 1, 2. Let p(iy, i) be the joint equilibrium probability of having i| jobs
at queue 1 and i, jobs at queue 2. Set up the equilibrium equations for the probabilities

p(i1, i2). Do numerical investigations to find out whether or not p(i, ip) ~ yptl1 péz as
i1 — oo and ip — oo for some constant y.

5.7 Consider a production hall with two machines. Jobs arrive according to a Poisson process
with rate A. Upon arrival a job has to be assigned to one of the two machines. Each machine
has ample waiting space for jobs that have to wait. Each machine can handle only one job
at a time. If a job is assigned to machine i, its processing time is exponentially distributed
with mean 1/u; for i = 1, 2. The control rule is to assign an arriving job to the machine
with the shortest queue (if both queues are equal, machine group 1 is chosen). Jockeying of
the jobs is not possible. Use Markov-chain analysis to find the equilibrium probability that
the delay of a job in queue is longer than a given time f.
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5.8 Consider an irreducible continuous-time Markov chain with state space / and infinitesi-
mal transition rates g;;. Let {p;, j € I} be the equilibrium distribution of the Markov chain.
Assume that the Markov chain is time reversible and thus has the detailed balance property
(5.1.15). Suppose that the Markov chain is truncated to the subset A C I. That is, gj; is
changed to O for all i € A and j ¢ A. Prove that the equilibrium distribution of the truncated
Markov chain is given by

A Pi

Pl ==,
' D keA Pk

This important result is due to Kelly (1979).

i€A.

5.9 Suppose we wish to determine the capacity of a stockyard at which containers arrive
according to a Poisson process with a rate of A = 1 per hour. A container finding a full
yard upon arrival is brought elsewhere. The time that a container is stored in the yard is
exponentially distributed with mean 1/u = 10 hours. Determine the required capacity of
the yard so that no more than 1% of the arriving containers find the yard full. How does the
answer change when the time that a container is stored in the yard is uniformly distributed
between 5 and 15 hours?

5.10 Long-term parkers and short-term parkers arrive at a parking place for cars according
to independent Poisson processes with respective rates A1 = 4 and Ap = 6 per hour. The
parking place has room for N = 10 cars. Each arriving car which finds all places occupied
goes elsewhere. The parking time of long-term parkers is uniformly distributed between 1
and 2 hours, while the parking time of short-term parkers has a uniform distribution between
20 and 60 minutes. Calculate the probability that a car finds all parking places occupied upon
arrival.

5.11 Consider the loss version of the delay model from Exercise 5.4. In the loss model each
service request finding all ¢ agents occupied upon arrival is lost and has no further influence
on the system. Let p(ij,ip) denote the long-run fraction of time that simultaneously i
major-language customers are in service and ip minor-language customers are in service.
Verify from the equilibrium equations for the state probabilities p(if, ip) that, for some
constant C > 0,

/D (Aa/up)

ir! in!

plit.ip) =C

for all i1, ip with 0 < i; +ip < c¢. Next conclude that the equilibrium distribution of the
number of occupied agents is given by formula (5.2.1) with A = Ay + A and 1/pu =
A1/2) x (/) + (Ra/2) x (1/p2).
5.12 Units offered for repair arrive at a repair facility according to a Poisson process with
rate A. There are ¢ repairmen. Each repairman can handle only one unit at a time. An offered
unit finding all repairmen busy is rejected and handled elsewhere. The repair time of a unit
consists of two phases. The first phase is exponentially distributed with mean 1/x1 and the
second one is exponentially distributed with mean 1/x;.

(a) Let p (i1, i2) be the equilibrium probability of having i1 units in repair phase 1 and
i units in repair phase 2. Verify that, for some constant C, the probability p (iy,i2) =
C /)" (A /n2)" /(i ip!) for all iy, iy.

(b) What is the equilibrium distribution of the number of busy repairmen?

(c) What is the long-run fraction of offered units that are rejected? Does this loss prob-
ability increase when the two repair phases are more variable than the exponential phases
but have the same means as the exponential phases?

5.13 Consider a continuous-review inventory system in which customers asking for a certain
item arrive according to a Poisson process with rate A. Each customer asks for one unit of the
item. Customer demands occurring when the system is out of stock are lost. The (S — 1, S)
control rule is used. Under this control rule the base stock is S and a replenishment for
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exactly one unit is placed each time the on-hand inventory decreases by one unit. The lead
times of the replenishments are independent and identically distributed random variables
with mean t. Establish an equivalence with the Erlang loss model and give expressions for
the long-run average on-hand inventory and the long-run fraction of demand that is lost.

5.14 In an electronic system there are ¢ elements of a crucial component connected in
parallel to increase the reliability of the system. Each component is switched on and the
lifetimes of the components have an exponential distribution with mean 1/«. The lifetimes
of the components are independent of each other. The electronic system is working as long
as at least one of the components is functioning, otherwise the system is down. A component
that fails is replaced by a new one. It takes an exponentially distributed time with mean 1/8
to replace a failed component. Only one failed component can be replaced at a time.

(a) Use a continuous-time Markov chain to calculate the long-run fraction of time the
system is down. Specify the transition rate diagram first.

(b) Does the answer in (a) change when the replacement time of a failed component has a
general probability distribution with mean 1/«? (Hint: compare the transition rate diagram
with the transition rate diagram in the Erlang loss model.)

5.15 Reconsider Exercise 5.14 but this time assume there are ample repairmen to replace
failed components.

(a) Use a continuous-time Markov chain to calculate the long-run fraction of time the
system is down. Specify the transition rate diagram first.

(b) What happens to the answer in (a) when the replacement time is fixed rather than
exponentially distributed? (Hint: compare the transition rate diagram with the transition rate
diagram in the Engset loss model.)

5.16 Suppose you have two groups of servers each without waiting room. The first group
consists of ¢ identical servers each having an exponential service rate @ and the second
group consists of ¢, identical servers each having an exponential service rate p,. Customers
for group i arrive according to a Poisson process with rate A; (i = 1,2). A customer who
finds all servers in his group busy upon arrival is served by a server in the other group,
provided one is free, otherwise the customer is lost. Show how to calculate the long-run
fraction of customers lost.

5.17 Consider a conveyor system at which items for processing arrive according to a Poisson
process with rate A. The service requirements of the items are independent random variables
having a common exponential distribution with mean 1/u. The conveyor system has two
work stations 1 and 2 that are placed according to this order along the conveyor. Workstation
i consists of s; identical service channels, each having a constant processing rate of o;
(i = 1, 2); that is, an item processed at workstation i has an average processing time of
1/(o;t). Both workstations have no storage capacity and each service channel can handle
only one item at a time. An arriving item is processed by the first workstation in which a
service channel is free and is lost when no service channel is available at either of the stations.
Show how to calculate the fraction of items lost and solve for the numerical data A = 10,
nw=1,0=2,0p=15,51 =5 and sp =5 (Answer: 0.0306). Verify experimentally that
the loss probability is nearly insensitive to the distributional form of the service requirement
(e.g. compute the loss probability 0.0316 for the data when the service requirement has an
H; distribution with balanced means and a squared coefficient of variation of 4).

5.18 Consider a stochastic service system with Poisson arrivals at rate A and two different
groups of servers, where each arriving customer simultaneously requires a server from both
groups. An arrival not finding that both groups have a free server is lost and has no further
influence on the system. The ith group consists of s; identical servers (i = 1,2) and each
server can handle only one customer at a time. An entering customer occupies the two
assigned servers from the groups 1 and 2 during independently exponentially distributed
times with respective means 1/ and 1/u,. Show how to calculate the loss probability
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and solve for the numerical data . =1, 1/u; =2, 1/up =5, s1 = 5 and sp = 10. (Answer:
0.0464.) Verify experimentally that the loss probability is nearly insensitive to the distribu-
tional form of the service times (e.g. compute the loss probability 0.0470 for the above data
when the service time in group 1 has an E, distribution and the service time in group 2 has
an Hj distribution with balanced means and a squared coefficient of variation of 4).

5.19 Customers of the types 1,...,m arrive at a service centre according to indepen-
dent Poisson processes with respective rates Ap, ... , A;. The service centre has ¢ identical
servers. An arriving customer of type j requires b; servers and is lost when there are no b;
servers available. A customer of type j has an exponentially distributed service time with
mean 1/p; for j =1,...,m. The customer keeps all of the assigned b; servers busy during
his service time and upon completion of the service time the b; servers are simultaneously
released. Let p(ny, ..., nm) be the long-run fraction of time that n; groups of b; servers
are handling type j customers for j = 1,...,m.

(a) Verify from the equilibrium equations for the probabilities p(ny, ..., ny) that, for
some constant C > 0,

m . A\
pny, ..., nm) :Cl_[ M
=t
for all (ny,...,ny) withniby +---+npby <c.

(b) What is the long-run fraction of type j customers who are lost?

The above product-form solution can also be proved by considering the process
{(X1(0), ..., Xm (1))} in the infinite-server model (¢ = o) with X;(7) denoting the number
of type j customers present at time f. The processes {X(#)}, ..., {Xmn(¢)} are indepen-
dent of each other and each separate process {X;(7)} constitutes an M/M /oo queueing
process having a Poisson distribution with mean A;/u; as equilibrium distribution. Noting
that the process {(X1(¢), ..., Xm(¢))} is time reversible, it can be concluded from the result
in Exercise 5.8 that the above product-form solution holds. The normalization constant C
can be computed as follows. Let {p;, 0 < j < ¢} denote the equilibrium distribution of

the numbers of busy servers in the loss model with ¢ servers and let { p(.oo)} denote the
equilibrium distribution of the number of busy servers in the infinite-server model. Then

P\

J .
pj:m’ j=0,1,...,C.
2 k=0 Pr

The normalization constant C is given by pg. It is left to the reader to verify that { pj(.oo)} can
be computed as the convolution of m compound Poisson distributions. The jth compound
Poisson distribution represents the limiting distribution of the numbers of busy servers in a
batch arrival MX /G /oo queue with group service, where the arrival rate of batches is A;,
each batch consists of b; customers and the mean service time of the customers from the
same batch is 1/u;; see part (b) of Exercise 1.15. Finally, it is noted that the loss model
has the insensitivity property.

5.20 Batches of containers arrive at a stockyard according to a Poisson process with a rate
of A = 15 batches per day. Each batch consists of two or three containers with respective
probabilities of % and % The stockyard has space for only 50 containers. An arriving batch
finding not enough space is lost and is brought elsewhere. Containers from the same batch
are removed simultaneously after a random time. The holding times of the batches are
independent random variables and have a lognormal distribution with a mean of 1 day and
a standard deviation of 2 days for batches of size 3 and a mean of 1 day and a standard
deviation of % day for batches of size 3. Calculate the long-run fraction of batches of size
2 that are lost and the long-run fraction of batches of size 3 that are lost.
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5.21 Consider the following modification of Example 5.4.2. Instead of infinite-source input,
there is finite-source input for each of the two message types. The source of messages of type
J has M; users, where each user generates a new message after an exponentially distributed
think time with mean 1/2; provided the user has no message in service at the communication
system. Assume the numerical data ¢ = 10, M| = My = 10, . =3, My =1, u1 =4,
ur = 1. Use continuous-time Markov chain analysis to compute the L-policy for which
the average throughput is maximal. Does the result change when the transmission times are
constant rather than exponentially distributed?

5.22 Suppose a production facility has M operating machines and a buffer of B standby
machines. Machines in operation are subject to breakdowns. The running times of the oper-
ating machines are independent of each other and have a common exponential distribution
with mean 1/A. An operating machine that breaks down is replaced by a standby machine if
one is available. A failed machine immediately enters repair. There are ample repair facil-
ities so that any number of machines can be repaired simultaneously. The repair time of a
failed machine is assumed to have an exponential distribution with mean 1/u. For given
values of i, A and M, demonstrate how to calculate the minimum buffer size B in order
to achieve that the long-run fraction of time that less than M machines are operating is no
more than a specific value . Do you expect the answer to depend on the specific form of
the repair-time distribution?

5.23 Suppose a communication system has ¢ transmission channels at which messages arrive
according to a Poisson process with rate A. Each message that finds all of the ¢ channels busy
is lost upon arrival, otherwise the message is randomly assigned to one of the free channels.
The transmission length of an accepted message has an exponential distribution with mean
1/u. However, each separate channel is subject to a randomly changing environment that
influences the transmission rate of the channel. Independently of each other, the channels
alternate between periods of good condition and periods of bad condition. These alternating
periods are independent of each other and have exponential distributions with means 1/y,
and 1/yp. The transmission rate of a channel being in good (bad) condition is o (03). Set
up the balance equations for calculating the fraction of messages that are lost. Noting that
o = (opYg + 0g¥vp)/(Yg + ¥p) is the average transmission rate used by a channel, make
some numerical comparisons with the case of a fixed transmission rate o.

5.24 Jobs have to undergo tooling at two stations, 1 and 2, which are linked in series. New
jobs arrive at station 1 according to a Poisson process with rate A. At station 1 they undergo
their first tooling. Upon completion of the tooling at station 2, there is a given probability
p that both toolings have to be done anew. In this case the job rejoins the queue at station
1, otherwise the job leaves the system. The handling times of a job at stations 1 and 2 are
independent random variables having exponential distributions with respective means 1/
and 1/pp. Each station can handle only one job at a time. What is the long-run average
amount of time spent in the system by a newly arriving job?

5.25 Consider a closed queueing network as in Section 5.6.2. Assume now that the service
rate at station i is a function p;(n;) of the number (n;) of customers present at station i.
Verify that the product-form solution is given by

n;

K
pauy,.ong) =C [T |27/ [ m®

i=1 =1

5.26 Consider the M/G/1 queue with Erlangian services from Example 5.5.1. Define the

generating functions B(z) = Zj’il ﬁj 7/ and F () = Z;io szj . Let R be the convergence

radius of the series Zj'il ﬂjzj . It is assumed that R > 1.
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(a) Verify that
wfod —z)

F = .
@ = 0= -1 =B

(b) Use Theorem C.1 in Appendix C to prove that f; ~ yn/ as j — oo for some constant
y, where 7 is the reciprocal of the smallest root of p(1 —x) —Ax(1 — B(x)) =0 on (1, R).
(c) Verify that 1 — Wy (x) ~ yre MU=MX a5 ¥ 5 5o for some constant y; > 0.

5.27 Consider the so-called MAP/G/1 queue with a Markov modulated Poisson arrival
process (an important application of this model in teletraffic analysis is the buffering of
independent on-off sources at a statistical multiplexer). The arrival rate of customers is
governed by an exogenous phase process. The phase process is a continuous-time Markov
chain with finitely many states s = 0, 1, ... ,m and infinitesimal transition rates oy ;. It is
assumed that the phase process is irreducible and thus has a unique equilibrium distribution
which is denoted by {es}. If the phase process is in state s, customers arrive according to
a Poisson process with rate As. The service times of the customers are independent random
variables which are also independent of the arrival process. Customers are served in order of
arrival. It is assumed that the service time of a customer has the same probability distribution
function (5.5.3) as in Example 5.5.1. Letting p = (Z’S":O Ases) X (pf] Zj’i] jﬂj), it is
assumed that the server utilization p is less than 1. Also it is assumed that the convergence
radius R of the power series §(z) = Zj'i 1 Bjz/ is larger than 1.

(a) Let p(i, s) denote the joint equilibrium probability that i customers are present and
the arrival process is in phase s. Verify that for any s there is a constant y5 such that

pli,s) ~ysn' asi— oo,

where 7 is the reciprocal of the smallest root t of det A(x) = 0 on (1, R). Here the
(m+ 1) x (m + 1) matrix A(z) is given by

Az) = u(l — )L — z(1 — B2)A +2QT

where A is the diagonal matrix A =diag(Ag, A1, ..., Am) and QT is the transpose of the
transition matrix Q = (¢sr), s,t = 0,1,...,m with g5y = ag for t # s and g5 =
- Zt;és ot . For the special case of m = 1 with ag; = w1 and 19 = w; (switched Poisson
process), verify that the determination of 7 reduces to finding the smallest root of

[(A + 1+ 01z — 212B(2) — nll(ha + 1 + @2)z — A22B(2) — ] — wwpz? = 0

on the interval (1, R). Conclude that the geometric tail approach can be applied to calculate
the state probabilities p(i, s).

(b) Let 7; denote the long-run fraction of customers who find j other customers present
upon arrival. Argue that 77; = orsp (G, 8) /20 Ases.

(c) Let Wg(x) denote the limiting probability distribution function of the delay in queue
of a customer. Verify that 1 — W, (x) ~ ye HI=MX 55 ¥ 5 o for some constant y.

BIBLIOGRAPHIC NOTES

Queueing problems have laid the foundation for the continuous-time Markov chain
model. The Erlang delay model and the Erlang loss model stem from teletraffic
analysis. The square-root rule is discussed in many papers and was obtained by
A.K. Erlang in an unpublished paper in 1924. Recommended references are Borst
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et al. (2003), Halfin and Whitt (1981), Jennings et al. (1996) and Whitt (1992).
Influential papers showing Poisson departures for the M /M /c queue are Burke
(1956) and Reich (1957). Insensitivity is a fundamental concept in stochastic ser-
vice systems with no queueing. The illustrative problem from Example 5.4.2 is
adapted from Foschini et al. (1981). A general discussion of the insensitivity phe-
nomenon in stochastic networks can be found in Kelly (1979, 1991) and Van
Dijk (1993). The book of Kelly (1979) makes extensive use of the concept of
time-reversible Markov chains. The method of phases using fictitious stages with
exponentially distributed lifetimes has its origin in the pioneering work of Erlang
on stochastic processes in the early 1900s. The scope of this method was consider-
ably enlarged by Schassberger (1973), who showed that the probability distribution
of any non-negative random variable can be represented as the limit of a sequence
of mixtures of Erlangian distributions with the same scale parameters. This result is
very useful for both analytical and computational purposes. The product-form solu-
tion was first obtained in the paper of R.R.P. Jackson (1954) for a tandem queue
consisting of two single-server stations. This work was considerably extended by
J.R. Jackson (1957, 1963) to produce what have come to be known as Jackson
networks. More material on queueing networks and their applications in computer
and communication networks can be found in the books of Hayes (1984) and
Kleinrock (1976).
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CHAPTER 6

Discrete-Time Markov
Decision Processes

6.0 INTRODUCTION

In the previous chapters we saw that in the analysis of many operational systems
the concepts of a state of a system and a state transition are of basic impor-
tance. For dynamic systems with a given probabilistic law of motion, the simple
Markov model is often appropriate. However, in many situations with uncertainty
and dynamism, the state transitions can be controlled by taking a sequence of
actions. The Markov decision model is a versatile and powerful tool for analysing
probabilistic sequential decision processes with an infinite planning horizon. This
model is an outgrowth of the Markov model and dynamic programming. The lat-
ter concept, being developed by Bellman in the early 1950s, is a computational
approach for analysing sequential decision processes with a finite planning horizon.
The basic ideas of dynamic programming are states, the principle of optimality and
functional equations.

In fact dynamic programming is a recursion procedure for calculating optimal
value functions from a functional equation. This functional equation reflects the
principle of optimality, stating that an optimal policy has the property that what-
ever the initial state and the initial decision, the remaining decisions must constitute
an optimal policy with regard to the state resulting from the first transition. This
principle is always valid when the number of states and the number of actions
are finite. At much the same time as Bellman (1957) popularized dynamic pro-
gramming, Howard (1960) used basic principles from Markov chain theory and
dynamic programming to develop a policy-iteration algorithm for solving proba-
bilistic sequential decision processes with an infinite planning horizon. In the two
decades following the pioneering work of Bellman and Howard, the theory of
Markov decision processes has expanded at a fast rate and a powerful technology
has developed. However, in that period relatively little effort was put into applying
the quite useful Markov decision model to practical problems.

A First Course in Stochastic Models H.C. Tijms
© 2003 John Wiley & Sons, Ltd. ISBNs: 0-471-49880-7 (HB); 0-471-49881-5 (PB)
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The Markov decision model has many potential applications in inventory control,
maintenance, manufacturing and telecommunication among others. Perhaps this
versatile model will see many more significant applications when it becomes more
familiar to engineers, operations research analysts, computer science people and
others. To that end, Chapters 6 and 7 focus on the algorithmic aspects of Markov
decision theory and illustrate the wide applicability of the Markov decision model
to a variety of realistic problems. The presentation is confined to the optimality
criterion of the long-run average cost (reward) per time unit. For many applications
of Markov decision theory this criterion is the most appropriate optimality criterion.
The average cost criterion is particularly appropriate when many state transitions
occur in a relatively short time, as is typically the case for stochastic control
problems in computer systems and telecommunication networks. Other criteria are
the expected total cost and the expected total discounted cost. These criteria are
discussed in length in Puterman (1994) and will not be addressed in this book.

This chapter deals with the discrete-time Markov decision model in which deci-
sions can be made only at fixed equidistant points in time. The semi-Markov
decision model in which the times between the decision epochs are random will
be the subject of the next chapter. In Section 6.1 we present the basic elements
of the discrete-time Markov decision model. A policy-improvement procedure is
discussed in Section 6.2. This procedure is the key to various algorithms for com-
puting an average cost optimal polity. The so-called relative values of a given
policy play an important role in the improvement procedure. The relative values
and their interpretation are the subject of Section 6.3. In Section 6.4 we present
the policy-iteration algorithm which generates a sequence of improved policies.
Section 6.5 discusses the linear programming formulation for the Markov decision
model, including a formulation to handle probabilistic constraints on the state-action
frequencies. The policy-iteration algorithm and the linear programming formulation
both require the solving of a system of linear equations in each iteration step. In
Section 6.6 we discuss the alternative method of value iteration which avoids the
computationally burdensome solving of systems of linear equations but involves
only recursive computations. The value-iteration algorithm endowed with quickly
converging lower and upper bounds on the minimal average cost is usually the
most effective method for solving Markov decision problems with a large number
of states. Section 6.7 gives convergence proofs for the policy-iteration algorithm
and the value-iteration algorithm.

6.1 THE MODEL

In Chapter 3 we have considered a dynamic system that evolves over time accord-
ing to a fixed probabilistic law of motion satisfying the Markovian assumption.
This assumption states that the next state to be visited depends only on the present
state of the system. In this chapter we deal with a dynamic system evolving over
time where the probabilistic law of motion can be controlled by taking decisions.
Also, costs are incurred (or rewards are earned) as a consequence of the decisions
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that are sequentially made when the system evolves over time. An infinite plan-
ning horizon is assumed and the goal is to find a control rule which minimizes the
long-run average cost per time unit.

A typical example of a controlled dynamic system is an inventory system with
stochastic demands where the inventory position is periodically reviewed. The deci-
sions taken at the review times consist of ordering a certain amount of the product
depending on the inventory position. The economic consequences of the decisions
are reflected in ordering, inventory and shortage costs.

We now introduce the Markov decision model. Consider a dynamic system which
is reviewed at equidistant points of time t =0, 1, ... . At each review the system
is classified into one of a possible number of states and subsequently a decision
has to be made. The set of possible states is denoted by /. For each state i € I,
a set A(i) of decisions or actions is given. The state space / and the action sets
A(i) are assumed to be finite. The economic consequences of the decisions taken at
the review times (decision epochs) are reflected in costs. This controlled dynamic
system is called a discrete-time Markov model when the following Markovian
property is satisfied. If at a decision epoch the action a is chosen in state i, then
regardless of the past history of the system, the following happens:

(a) an immediate cost ¢;(a) is incurred,

(b) at the next decision epoch the system will be in state j with probability p;; (a),
where

> pj@ =1, iel.

jel

Note that the one-step costs ¢;(a) and the one-step transition probabilities p;; (a)
are assumed to be time homogeneous. In specific problems the ‘immediate’ costs
ci(a) will often represent the expected cost incurred until the next decision epoch
when action a is chosen in state i. Also, it should be emphasized that the choice
of the state space and of the action sets often depends on the cost structure of
the specific problem considered. For example, in a production/inventory problem
involving a fixed set-up cost for restarting production after an idle period, the
state description should include a state variable indicating whether the production
facility is on or off. Many practical control problems can be modelled as a Markov
decision process by an appropriate choice of the state space and action sets. Before
we develop the required theory for the average cost criterion, we give a typical
example of a Markov decision problem.

Example 6.1.1 A maintenance problem

At the beginning of each day a piece of equipment is inspected to reveal its actual
working condition. The equipment will be found in one of the working conditions
i=1,..., N, where the working condition 7 is better than the working condition
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i + 1. The equipment deteriorates in time. If the present working condition is i
and no repair is done, then at the beginning of the next day the equipment has
working condition j with probability g;;. It is assumed that g;; = 0 for j < i and
» j=i 4ij = 1. The working condition i = N represents a malfunction that requires
an enforced repair taking two days. For the intermediate states i with 1 <i < N
there is a choice between preventively repairing the equipment and letting the
equipment operate for the present day. A preventive repair takes only one day. A
repaired system has the working condition i = 1. The cost of an enforced repair
upon failure is Cy and the cost of a pre-emptive repair in working condition i
is Cp;. We wish to determine a maintenance rule which minimizes the long-run
average repair cost per day.

This problem can be put in the framework of a discrete-time Markov decision
model. Also, since an enforced repair takes two days and the state of the system
has to be defined at the beginning of each day, we need an auxiliary state for the
situation in which an enforced repair is in progress already for one day. Thus the
set of possible states of the system is chosen as

I={1,2,...,N,N+1}.

State i with 1 <i < N corresponds to the situation in which an inspection reveals
working condition i, while state N 4+ 1 corresponds to the situation in which an
enforced repair is in progress already for one day. Define the actions

0 if no repair is done,
a = {1 if a preventive repair is done,
2 if an enforced repair is done.

The set of possible actions in state i is chosen as
A(l) ={0}, AG)=({0,1}forl <i <N, A(N)=A(N+1)={2}.
The one-step transition probabilities p;j(a) are given by
pij(0)=¢g; forl=<i <N,
pit(1)=1 forl <i <N,
PNN+1(2) = py+1,1(2) =1,
and the other p;j(a) = 0. The one-step costs ¢;(a) are given by

C,‘(O) = 0, C,‘(l) = Cp,‘, CN(Q,) = Cf and CN+1(2) =0.

Stationary policies

We now introduce some concepts that will be needed in the algorithms to be
described in the next sections. A rule or policy for controlling the system is a
prescription for taking actions at each decision epoch. In principle a control rule
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may be quite complicated in the sense that the prescribed actions may depend on
the whole history of the system. An important class of policies is the subclass of
stationary policies. A stationary policy R is a policy that assigns to each state i a
fixed action a = R; and always uses this action whenever the system is in state i.
For example, in the maintenance problem with N = 5, the policy R prescribing
a preventive repair only in the states 3 and 4 is given by Ry = 0, R, = 0,
R3 =Ry =1 and Rs = Rg = 2.
Forn=20,1,..., define

X,, = the state of the system at the nth decision epoch.
Under a given stationary policy R, we have
P{Xnt1 =] | Xn =i} = pjj(Ri),

regardless of the past history of the system up to time n. Hence under a given
stationary policy R the stochastic process { X} is a discrete-time Markov chain with
one-step transition probabilities p;; (R;). This Markov chain incurs a cost ¢;(R;)
each time the system visits state i. Thus we can invoke results from Markov chain
theory to specify the long-run average cost per time unit under a given stationary
policy.

In view of the Markov assumption made and the fact that the planning horizon
is infinitely long, it will be intuitively clear that it is sufficient to consider only the
class of stationary policies. However, other policies are conceivable: policies whose
actions depend on the past states or policies whose actions are determined by a
random mechanism. This issue raises a fundamental question in Markov decision
theory: does there exist an optimal policy among the class of all conceivable policies
and, if an optimal policy exists, is such a policy a stationary policy? The answer
to these questions is yes for the average-cost Markov decision model with a finite
state space and finite action sets. However, a mathematical proof requires rather
deep arguments. The interested reader is referred to Derman (1970) and Puterman
(1994) for a proof. From these books the reader will learn that the issue of the
existence of an optimal (stationary) policy is a very subtle one. Especially for the
average cost criterion, the optimality questions become very complicated when
the state space is not finite but countably infinite. Even in simple countable-state
models, average cost optimal policies need not exist and, when they do, they need
not be stationary; see Puterman (1994). In the average-cost Markov decision model
with a finite state space and finite action sets these difficulties do not arise and the
analysis can be restricted to the class of stationary policies.

6.2 THE POLICY-IMPROVEMENT IDEA

In this section we will establish a key result that underlies the various algorithms
for the computation of an average cost optimal policy. Before doing this, we discuss
the long-run average cost per time unit for a stationary policy.
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Average cost for a given stationary policy

Fix a stationary policy R. Under policy R each time the action a = R; is taken
whenever the system is in state i at a decision epoch. The process {X,} describing
the state of the system at the decision epochs is a Markov chain with one-step
transition probabilities p;; (R;), i, j € I when policy R is used. Denote the n-step
transition probabilities of this Markov chain by

pi(jn)(R):P{anj | Xo=i}), i,jelandn=1,2,....
Note that pl.(/.l)(R) = p;j (R;). By the equations (3.2.1),

pfj’l)(R) =Y p "®py (R, n=1.2...., 6.2.1)
kel

where pl.(j())(R) =1for j =i and pi(jo)(R) = 0 for j # i. Also, define the expected
cost function V, (i, R) by

Vn (i, R) = the total expected costs over the first n decision epochs
when the initial state is i and policy R is used.

Obviously, we have

n—1
Vali. B) =Y " p (R)cj(R)), 6.2.2)

t=0 jel

Next we define the average cost function g;(R) by
1
gi(R)= lim —-V,(i,R), i€l (6.2.3)
n—-oon

This limit exists by Theorem 3.3.1 and represents the long-run average expected
cost per time unit when the system is controlled by policy R and the initial
state is i. A state i is said to be recurrent under policy R if the system ulti-
mately returns to state i with probability 1 when the system starts in state i
and policy R is used; see Section 3.2.3. Otherwise, state i is said to be tran-
sient under policy R. If state i is recurrent under policy R, then g;(R) allows for
the stronger interpretation

the long-run actual average cost per time unit = g; (R) (6.2.4)

with probability 1 when the initial state is i and policy R is used. This is a
direct consequence of the theory for finite-state Markov chains. For the Markov
chain {X,} corresponding to policy R, the state space can be uniquely split up
into a finite number of disjoint irreducible sets of recurrent states and a (possibly
empty) set of transient states; see Section 3.5.1. Denote the recurrent subclasses by
I1(R), ..., I(R) and the set of transient states by 7'(R). Since the system cannot
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leave a closed set, the process {X,} restricted to any recurrent subclass I;(R) is
a Markov chain itself with its own equilibrium distribution. Since the restricted
Markov chain on I;(R) is irreducible, it follows from Theorem 3.3.3 that (6.2.4)
holds for i € Iy(R), £ =1, ..., f. Moreover,

8i(R) =gj(R), i,j€I(R).

Let g (R) denote the common value of g;(R) for i € I;(R). For a transient initial
state 7, the long-run average cost per time unit is a random variable. This ran-
dom variable assumes the value g(e)(R) with probability f[(z)(R), where fl.(Z)(R)
is the probability that the system is ultimately absorbed in the recurrent sub-
class I;(R) when the initial state is i and policy R is used. Obviously, g;(R) =
YT gD O R) for i € T(R).

The above technical discussion involves rather heavy notation and might be
intimidating for some readers. This discussion greatly simplifies when the Markov
chain {X,} corresponding to policy R is unichain as is mostly the case in practi-
cal situations. The Markov chain is said to be unichain if it has no two disjoint
closed sets. In the unichain case the Markov chain {X,} has a unique equilibrium
distribution {r;(R), j € I}. For any j € I,

1 m
: (n) .
mh_r)réo - E lpij (R) =mi(R), (6.2.5)
n=

independently of the initial state i. The 7;(R) are the unique solution to the system
of equilibrium equations

7(R) = py(ROm(R), j el (6.2.6)

iel
in conjunction with Y, 7;(R) = L. By (6.2.2), (6.2.3) and (6.2.5),
gi(R)=g(R) foralliel
with

g(R) = " cj(R)T;(R). 6.2.7)

Jjel

We defined g;(R) as an average expected cost. For the unichain case, it follows
from renewal-reward theory that the long-run average actual cost per time unit
equals g(R) with probability 1 when policy R is used, independently of the initial
state.

In practical applications the Markov chain {X,} associated with an optimal sta-
tionary policy will typically be unichain. The reader might wonder why we are
still paying attention to the multichain case. The reason is that in some applications
non-optimal policies may have multiple recurrent subclasses and those policies may
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show up in intermediate steps of the algorithms for computing an optimal policy.
However, in most practical applications the Markov chain {X,} is unichain for
each stationary policy.

Policy-improvement idea

A stationary policy R* is said to be average cost optimal if
gi(R*) < gi(R)

for each stationary policy R, uniformly in the initial state i. It is stated without
proof that an average cost optimal stationary policy R* always exists. Moreover,
policy R* is not only optimal among the class of stationary policies but it is also
optimal among the class of all conceivable policies.

In most applications it is computationally not feasible to find an average cost
optimal policy by computing the average cost for each stationary policy separately.
For example, if the number of states is N and there are two actions in each
state, then the number of possible stationary policies is 2V and this number grows
quickly beyond any practical bound. However, several algorithms can be given
that lead in an effective way to an average cost optimal policy. Policy iteration
and value iteration are the most widely used algorithms to compute an average
cost optimal policy. The first method works on the policy space and generates
a sequence of improved policies, whereas the second method approximates the
minimal average cost through a sequence of value functions. In both methods a
key role is played by the so-called relative values. The relative values are the basis
for a powerful improvement step. The improvement step is motivated through a
heuristic discussion of the relative values of a given policy R. In the next section
a rigorous treatment will be presented for the relative values.

Let us fix any stationary policy R. It is assumed that the Markov chain {X,}
associated with policy R has no two disjoint closed sets. Then the average cost
gi(R) = g(R), independently of the initial state i € I. The starting point is the
obvious relation lim, . V, (i, R)/n = g(R) for all i, where V,,(i, R) denotes the
total expected costs over the first n decision epochs when the initial state is i and
policy R is used. This relation motivates the heuristic assumption that bias values
v;(R), i € I, exist such that, for eachi € I,

Vu(i, R) =~ ng(R) + vij(R) for n large. (6.2.8)

Note that v;(R) — vj(R) = V,(i, R) — V,(j, R) for n large. Thus v;(R) — v;(R)
measures the difference in total expected costs when starting in state i rather than
in state j, given that policy R is followed. This explains the name of relative values
for the v; (R). We have the recursion equation

Vali, R) = ci(R) + Y _ pij(R)Va1(j, R), n>1andiel
jel
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with Vy(i, R) = 0. This equation follows by conditioning on the next state that
occurs when action a = R; is made in state i when n decision epochs are to go. A
cost ¢;(R;) is incurred at the first decision epoch and the total expected cost over
the remaining n — 1 decision epochs is V;,_1(j, R) when the next state is j. By
substituting the asymptotic expansion (6.2.8) in the recursion equation, we find,
after cancelling out common terms,

8(R) +vi(R) ~ ¢i(Ri) + Z Pij (R)vj(R), i€l (6.2.9)
jel

The intuitive idea behind the procedure for improving the given policy R is to
consider the following difference in costs:

A(i, a, R) = the difference in total expected costs over an infinitely long period
of time by taking first action a and next using policy R rather
than using policy R from scratch when the initial state is i.

This difference is equal to zero when action @ = R; is chosen. We wish to make
the difference A(i, a, R) as negative as possible. This difference is given by

AGi,a,R) = lim | ¢i(@)+ ) pj(@)Va-1(j, R)
jel

—{ei(R) + > pij(R)Va_1(j. R)}
jel

Substituting (6.2.8) into the expression between brackets, we find that for large n
this expression is approximately equal to

ci(@) + ) pij@vj(R) — (n — )g(R)

jel
— JciR) + D pi (R (R) — (n — Dg(R)
jel
This gives

A(i,a, R) = ci(a) + Zl’ij (@vj(R) — ¢;(R;) — ZPij(Ri)vj(R)-
jel jel
Thus, by using (6.2.9),

Al,a, R) ~ ci(@ + ) pij(@vj(R) — g(R) — vi(R).
jel
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This relation and the definition of A(i, a, R) suggest we should look for an action
a in state i so that the quantity

ci(@) — g(R) + Y _ pij(a)vj(R) (6.2.10)
jel
is as small as possible. The quantity in (6.2.10) is called the policy-improvement
quantity. The above heuristic discussion suggests a main theorem that will be the
basis for the algorithms to be discussed later. A direct proof of this theorem can
be given without using any of the heuristic assumptions made above.

Theorem 6.2.1 (improvement theorem) Let g and v;, i € I, be given numbers.
Suppose that the stationary policy R has the property

ci(R) —g+ Zpij(ﬁ,-)vj <wv; foreachiel. (6.2.11)
jel

Then the long-run average cost of policy R satisfies
gi(R)<g, i€l (6.2.12)

where the strict inequality sign holds in (6.2.12) for i = r when state r is recurrent
under policy R and the strict inequality sign holds in (6.2.11) for i = r. The result
is also true when the inequality signs in (6.2.11) and (6.2.12) are reversed.

Proof We first give an intuitive explanation of the theorem and next we give a
formal proof. Suppose that a control cost of ¢;(a) — g is incurred each time the
action a is chosen in state 7, while a terminal cost of v; is incurred when the
control of the system is stopped and the system is left behind in state j. Then
(6.2.11) states that controlling the system for one step according to rule R and
stopping next is preferable to stopping directly when the initial state is i. Since this
property is true for each initial state, a repeated application of this property yields
that controlling the system for m steps according to rule R and stopping after that
is preferable to stopping directly. Thus, for each initial state i € I,

V(. R) —mg + Y p"(Ryv; <vi, m=1,2,....
jel

Dividing both sides of this inequality by m and letting m — oo, we get (6.2.12).
Next we give a formal proof that yields the result with the strict inequality sign
as well. The proof is first given under the assumption that the Markov chain {X,}
associated with policy R is unichain. Then this Markov chain has a unique equi-
librium distribution {7; (R), j € I}, where T (R) > 0 only if state j is recurrent
under policy R. Multiply both sides of (6.2.11) by m; (R) and sum over i. This
gives

Y o mi(Ryei(R) —g+ Y mi(R) Y pij(R)v; < Y mi(Ryv,

iel iel jel iel
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where the strict inequality sign holds when the strict inequality sign holds in (6.2.11)
for some i with m;(R) > 0. Interchanging the order of surgmation in the above
inequality and using (6.2.6) and (6.2.7) with R replaced by R, we find

g®) — g+ 7R <Y m(Ru;,

jel iel

where the strict inequality sign holds when the strict inequality sign holds in (6.2.11)
for some i with 7;(R) > 0. This verifies the theorem for the case of a unichain
policy R. Next it is easy to establish the theorem for the case of a multichain
policy R. Letting I} R), ..., 1 f (R) denote the recurrent subclasses of the Markov
chain associated with policy R, the above proof shows that for any £ =1, ..., f
the inequality (6.2.12) holds for all i € I;(R). The proof of the theorem is next
completed by noting that for each transient state i the average expected cost g; (R)
is a linear combination of the average costs on the recurrent subclasses.

6.3 THE RELATIVE VALUE FUNCTION

In Section 6.2 we introduced in a heuristic way the relative values for a given
stationary policy R. In this section we give a rigorous treatment. This will be done
for the case of a unichain policy R. Let r be any recurrent state of policy R. In
view of the unichain assumption, the Markov chain {X,} associated with policy R
will visit state r after finitely many transitions, regardless of the initial state. Thus
we can define, for each state i € I,

T; (R) = the expected time until the first return to state » when
starting in state i and using policy R.

In particular, letting a cycle be the time elapsed between two consecutive visits to
the regeneration state » under policy R, we have that 7, (R) is the expected length
of a cycle. Also define, for each i € I,

K;(R) = the expected costs incurred until the first return to state r
when starting in state i and using policy R.

We use the convention that K;(R) includes the cost incurred when starting in state
i but excludes the cost incurred when returning to state r. By the theory of renewal-
reward processes, the average cost per time unit equals the expected costs incurred
in one cycle divided by the expected length of one cycle and so

_ K/(R)
TR

g(R)

Next we define the particular relative value function

wi(R) = Ki(R) — g(R)T;(R), iel. 6.3.1)
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Note, as a consequence of (6.3.1), the normalization
wy(R) =0.

In accordance with the heuristic result (6.2.9), the next theorem shows that the
average cost g = g(R) and the relative values v; = w;(R), i € I satisfy a system
of linear equations.

Theorem 6.3.1 Let R be a given stationary policy such that the associated Markov
chain {X,} has no two disjoint closed sets. Then

(a) The average cost g(R) and the relative values w;(R), i € I, satisfy the following
system of linear equations in the unknowns g and v, i € I:

vi=ci(R)—g+ Y pyi(Rovj. i€l (6.3.2)
Jel

(b) Let the numbers g and vj, i € I, be any solution to (6.3.2). Then

g =¢(R)
and, for some constant c,

vi=w;(R)+c, iel.

(c) Let s be an arbitrarily chosen state. Then the linear equations (6.3.2) together
with the normalization equation vs = 0 have a unique solution.

Proof (a) By conditioning on the next state following the initial state i, it can be
seen that

Ti(R) =1+ pj(RIT{(R), i€l
J#r
Ki(R) = c¢i(R) + Y pij(RDK;(R), i€l
J#r
This implies that
Ki(R) = g(R)Ti(R) = ¢;(R)) — g(R) + ) _ pij (RI{K; (R) — g(R) T} (R)}.
J#r

Hence, by w,(R) = 0, we find

wi(R) = ci(R)) — g(R) + Y _ pij(R)w;(R), i€l
jel
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(b) Let {g, v;} be any solution to (6.3.2). We first verify by induction that the
following identity holds for each m = 1,2, ... .

m—1
vi= Y Y PR (R) —mg+ Y p"(Ryv;, i€l (6.3.3)

t=0 jel jel

Clearly, (6.3.3) is true for m = 1. Suppose that (6.3.3) is true for m = n. Substitut-
ing equations (6.3.2) into the right-hand side of (6.3.3) with m = n, it follows that

n—1
vi=Y Y p(R)ej(Rp)—ng+ > " (R) {cj(R) — g+ pix (R
t=0 jel jel kel

=YY VR (R~ + Dg+Y_ 4> p (R)pi (R v i € 1.

t=0 jel kel | jel

where the latter equality involves an interchange of the order of summation. Next,
using (6.2.1), we get (6.3.3) for m = n + 1, which completes the induction step.

Using the relation (6.2.2) for the total expected costs over the first m decision
epochs, we can rewrite (6.3.3) in the more convenient form

Ui = V(. R) —mg +Y_ pi” (R, i€l (6.3.4)
jel

Since V,,(i, R)/m — g(R) as m — oo for each i, the result g = g(R) follows
by dividing both sides of (6.3.4) by m and letting m — oo. To prove the second
part of assertion (b), let {g, v;} and {g’, v/} be any two solutions to (6.3.1). Since
g = g’ = g(R), it follows from the representation (6.3.4) that

Vi — U] = Zpi(jm)(R){Uj — U}}, ielandm>1.
jel

By summing both sides of this equation over m = 1, ..., n and then dividing by
n, it follows after an interchange of the order of summation that

1 n
U,'-U{:Z{;Zpi(jm)(R)}(Uj—uj/.), ielandn>1.

jel m=1
Next, by letting n — oo and using (6.2.5), we obtain
v — U] = an(R)(uj — UJ{), iel
jel

The right-hand side of this equation does not depend on i. This proves part (b).
(c) Since Zj pij(R;) =1 for each i € I, it follows that for any constant c the
numbers g and v; = w; (R) + ¢, i € I, satisfy (6.3.2). Hence the equations (6.3.2)
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together with vy = 0 for some s must have a solution. In view of assertion (b),
this solution is unique. This completes the proof of the theorem.

Interpretation of the relative values

The equations (6.3.2) are referred to as the value-determination equations. The
relative value function v;, i € I is unique up to an additive constant. The particular
solution (6.3.1) can be interpreted as the total expected costs incurred until the
first return to state » when policy R is used and the one-step costs are given by
ci(a) = ci(a) — g with g = g(R). If the Markov chain {X,} associated with policy
R is aperiodic, two other interpretations can be given to the relative value function.
The first interpretation is that, for any two states i, j € I,

v; — v; = the difference in total expected costs over an infinitely
long period of time by starting in state i rather than in
state j when using policy R.

In other words, v; — v; is the maximum amount that a rational person is willing
to pay to start the system in state j rather than in state i when the system is
controlled by rule R. This interpretation is an easy consequence of (6.3.3). Using the
assumption that the Markov chain {X,,} is aperiodic, we have that lim,,_, 5o pi(jm) (R)
exists. Moreover this limit is independent of the initial state i, since R is unichain.
Thus, by (6.3.3),

v = lim (VG R) —mg} + _X;‘n,(k)vj. (6.3.5)
je

This implies that v; — v; = limy co{Vin (i, R) — Vin(j, R)}, yielding the above
interpretation. A special interpretation applies to the relative value function v;,
i € I with the property »_;; 7;j(R)v; = 0. Since the relative value function is
unique up to an additive constant, there is a unique relative value function with
this property. Denote this relative value function by h;, i € I. Then, by (6.3.5),

hi = lim {VnuG, R) — mg). (6.3.6)
m-— 00

The bias h; can also be interpreted as the difference in total expected costs between
the system whose initial state is i and the system whose initial state is distributed
according to the equilibrium distribution {r;(R), j € I} when both systems are
controlled by policy R. The latter system is called the stationary system. This
system has the property that at any decision epoch the state is distributed as {r; (R)};
see Section 3.3.2. Thus, for the stationary system, the expected cost incurred at any
decision epoch equals Zjel ¢j(Rj)mj(R) being the average cost g = g(R) of policy
R. Consequently, in the stationary system the total expected costs over the first m

decision epochs equals mg. This gives the above interpretation of the bias A;.
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6.4 POLICY-ITERATION ALGORITHM

For ease of presentation we will discuss the policy-iteration algorithm under a
unichain assumption that is satisfied in most applications.

Unichain assumption For each stationary policy the associated Markov chain
{X,} has no two disjoint closed sets.

The relative values associated with a given policy R provide a tool for construct-
ing a new policy R whose average cost is no more than that of the current policy
R. In order to improve a given policy R whose average cost g(R) and relative
values v; (R), i € I, have been computed, we apply Theorem 6.2.1 with g = g(R)
and v; = v;(R), i € I. By constructing a new policy R such that, for each state
iel,

ci(R) — g(R) + > py Ri)v; < ;. (6.4.1)
jel

we obtain an improved rule R according to g(R) < g(R). In constructing such
an improved policy R it is important to realize that for each state i separately
an action R; satisfying (6.4.1) can be determined. As a side remark, we point
out that this flexibility of the policy-improvement procedure may be exploited in
specific applications to generate a sequence of improved policies within a subclass
of policies having a simple structure. A particular way to find for state i € / an
action R; satisfying (6.4.1) is to minimize

ci(@) = g(R) + Y _ pyj(@)vj(R) (6.4.2)
jel

with respect to a € A(i). Noting that the expression in (6.4.2) equals v;(R) for
a = R;, it follows that (6.4.1) is satisfied for the action R; which minimizes (6.4.2)
with respect to a € A(i). We are now in a position to formulate the following
algorithm.

Policy-iteration algorithm

Step 0 (initialization). Choose a stationary policy R.
Step 1 (value-determination step). For the current rule R, compute the unique
solution {g(R), v;(R)} to the following system of linear equations:

vi=ci(R)—g+ Y pi(R)v;, i€l
jel

vy =0,

where s is an arbitrarily chosen state.
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Step 2 (policy-improvement step). For each state i € I, determine an action a;
yielding the minimum in

min Yei(@) = g(R)+ ) py @y (R)
Jel
The new stationary policy R is obtained by choosing R; = a; for all i € I with the
convention that R; is chosen equal to the old action R; when this action minimizes
the policy-improvement quantity.
Step 3 (convergence test). If the new policy R = R, then the algorithm is stopped
with policy R. Otherwise, go to step 1 with R replaced by R.

The policy-iteration algorithm converges after a finite number of iterations to an
average cost optimal policy. We defer the proof to Section 6.7. The policy-iteration
algorithm is empirically found to be a remarkably robust algorithm that converges
very fast in specific problems. The number of iterations is practically independent
of the number of states and varies typically between 3 and 15, say. Also, it can be
roughly stated that the average costs of the policies generated by policy iteration
converge at least exponentially fast to the minimum average cost, with the greatest
improvements in the first few iterations.

Remark 6.4.1 The average cost optimality equation

Since the policy-iteration algorithm converges after finitely many iterations, there
exist numbers ¢* and v}, i € I, such that

vF = arenjg) ci(a) — g* + ; pi@v; ¢, iel (6.4.3)

This functional equation is called the average cost optimality equation. Using Theo-
rem 6.2.1, we can directly verify that any stationary policy R* for which the action
R minimizes the right-hand side of (6.4.3) for all i € I is average cost optimal.
To see this, note that

vi =ci(R) — g+ Y py(RHvf, iel (6.4.4)
jel
and
vf <ci(@)— g+ Y pylav}, aeA()andicel (6.4.5)
jel

The equality (6.4.4) and Theorem 6.2.1 imply that g(R*) = g*. Let R be any sta-
tionary policy. Taking @ = R; in (6.4.5) for all i € I and applying Theorem 6.2.1,
we find g(?) > g*. In other words, g(R*) < g(ﬁ) for any stationary policy R.
This shows not only that policy R* is average cost optimal but also shows that the
constant g* in (6.4.3) is uniquely determined as the minimal average cost per time
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unit. It is stated without proof that the function v, i € I, in (6.4.3) is uniquely
determined up to an additive constant.

Next the policy-iteration algorithm is applied to compute an average cost optimal
policy for the control problem in Example 6.1.1.
Example 6.1.1 (continued) A maintenance problem

It is assumed that the number of possible working conditions equals N = 5. The
repair costs are given by Cy = 10, Cpp =7, Cp3 = 7 and Cp4 = 5. The deteri-
oration probabilities g;; are given in Table 6.4.1. The policy-iteration algorithm is
initialized with the policy R = 0,0,0,0, 2, 2), which prescribes repair only in
the states 5 and 6. In the calculations below, the policy-improvement quantity is
abbreviated as

Ti(a. R) = ci(a) — g(R) + Y _ pjj(@)v;(R)
jel

when the current policy is R. Note that always T;(a, R) = v;(R) for a = R;.
Iteration 1

Step 1 (value determination). The average cost and the relative values of policy
R =(0,0,0,0,2,2) are computed by solving the linear equations

v =0—g+09v; +0.1v,

vy =0— g+ 0.8vy +0.1v3 + 0.05v4 + 0.05v5
13 =0—g+0.7v3 +0.1v4 + 0.2v5

v =0—9+0.5v4 + 0.5v5

v5 =10 — g + vg

ve=0—g+ v

ve = 0,

where state s = 6 is chosen for the normalizing equation vy = 0. The solution of
these linear equations is given by

g(RM) =0.5128, v (RM) =0.5128, vr(RV) =5.6410, v3(RV) = 7.4359,
va(RD) = 8.4615, vs(R™V) =9.4872, vs(RV) = 0.

Table 6.4.1 The deteriorating probabilities g;

i\j 1 2 3 4 5
1 0.90 0.10 0 0 0
2 0 0.80 0.10 0.05 0.05
3 0 0 0.70 0.10 0.20
4 0 0 0 0.50 0.50
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Step 2 (policy improvement). The test quantity 7;(a, R) has the values

T,(0, RV) = 5.6410, T»(1, R'V) = 7.0000, T3(0, RV) = 7.4359,
T5(1, Ry = 7.0000, 740, RV) =9.4872, T4(1, RV) = 5.0000.

This yields the new policy R® = (0,0, 1,1, 2,2) by choosing for each state i the
action a that minimizes 7;(a, RM).

Step 3 (convergence test). The new policy R is different from the previous policy
R and hence another iteration is performed.

Iteration 2
Step 1 (value determination). The average cost and the relative values of policy
R® =(0,0,1,1,2,2) are computed by solving the linear equations

v =0—g+4+0.9v; +0.1n,

vy =0— g+ 0.8vy + 0.1v3 + 0.05v4 + 0.05v5

n=7—g4+v
vp=5—-g+v
v5 =10 — g + vg
ve=0—g+ v
ve = 0.

The solution of these linear equations is given by

g(RP) =0.4462, v (R?) =0.4462, v2(R?®) =4.9077, v3(R®) = 7.000,
va(R®) = 5.0000, vs(R®) =9.5538, vg(R?) =0.

Step 2 (policy improvement). The test quantity 7;(a, R®) has the values

T5(0, R®) = 4.9077, T»(1, R®) = 7.0000, T3(0, R®) = 6.8646,
T3(1, R®) = 7.0000, Tx(0, R®) = 6.8307, T4(1, R®) = 5.0000.

This yields the new policy R® = (0, 0,0, 1, 2, 2).
Step 3 (convergence test). The new policy R® is different from the previous policy
R and hence another iteration is performed.

Iteration 3
Step 1 (value determination). The average cost and the relative values of policy
R® =(0,0,0,1,2,2) are computed by solving the linear equations
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v =0—g+09v; +0.1v,

vy =0— g+ 0.8vy +0.1v3 + 0.05v4 + 0.05v5
13 =0—g+0.7v3 +0.1v4 + 0.2v5
vu=5—g+uv

vs =10 — g+ vg

ve=0—g+4 v

vg = 0.
The solution of these linear equations is given by

2(R®) =0.4338, v (RP) =0.4338, vn(R®) =4.7717, v3(R®) = 6.5982,
va(R®) = 5.0000, vs(R®) =9.5662, vs(R®) =0.

Step 2 (policy improvement). The test quantity Tj(a, R®) has the values

T,(0, R®) = 4.7717, Tr(1, R®) =7, T3(0, R®) = 6.5987,
T3(1, R®) =7.0000, 740, R?) = 6.8493, TV (1, R®) = 5.0000.

This yields the new policy R® = (0, 0,0, 1, 2, 2).
Step 3 (convergence test). The new policy R™ is identical to the previous policy
R® and is thus average cost optimal. The minimal average cost is 0.4338 per day.

Remark 6.4.2 Deterministic state transitions

For the case of deterministic state transitions the computational burden of pol-
icy iteration can be reduced considerably. Instead of solving a system of linear
equations at each step, the average cost and relative values can be obtained from
recursive calculations. The reason for this is that under each stationary policy the
process moves cyclically among the recurrent states. The simplified policy-iteration
calculations for deterministic state transitions are as follows:

(a) Determine for the current policy R the cycle of recurrent states among which
the process cyclically moves.

(b) The cost rate g(R) equals the sum of one-step costs in the cycle divided by
the number of states in the cycle.

(c) The relative values for the recurrent states are calculated recursively, in reverse
direction to the natural flow around the cycle, after assigning a value O to one
recurrent state.
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(d) The relative values for transient states are computed first for states which reach
the cycle in one step, then for states which reach the cycle in two steps, and
so forth.

It is worthwhile pointing out that the simplified policy-iteration algorithm may be
an efficient technique to compute a minimum cost-to-time circuit in a deterministic
network.

6.5 LINEAR PROGRAMMING APPROACH*

The policy-iteration algorithm solves the average cost optimality equation (6.4.3)
in a finite number of steps by generating a sequence of improved policies. Another
way of solving the optimality equation is the use of a linear program for the
average cost case. The linear programming formulation to be given below allows
the unichain assumption in Section 6.4 to be weakened as follows.

Weak unichain assumption For each average cost optimal stationary policy the
associated Markov chain {X,} has no two disjoint closed sets.

This assumption allows non-optimal policies to have multiple disjoint closed
sets. The unichain assumption in Section 6.4 may be too strong for some applica-
tions; for example, in inventory problems with strictly bounded demands it may
be possible to construct stationary policies with disjoint ordering regions such that
the levels between which the stock fluctuates remain dependent on the initial level.
However, the weak unichain assumption will practically always be satisfied in real-
world applications. For the weak unichain case, the minimal average cost per time
unit is independent of the initial state and, moreover, the average cost optimality
equation (6.4.3) applies and uniquely determines g* as the minimal average cost
per time unit; see Denardo and Fox (1968) for a proof. This reference also gives
the following linear programming algorithm for the computation of an average cost
optimal policy.

Linear programming algorithm

Step 1. Apply the simplex method to compute an optimal basic solution (x}) to
the following linear program:

Minimize Z Z ci(a)xiq (6.5.1)
iel acA(i)
subject to
D xa—Y. Y. pi@xia=0, jel
acA(j) iel acA(i)
Z Z Xig = 1,
iel acA(i)

Xia >0, ae€A@{)andi € l.

*This section may be skipped at first reading.
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Step 2. Start with the non-empty set Iy := {i | ZQGA(I-)xi*

- > 0}. For any state
i € Iy, set the decision

R} :=a for some a such that x}, > 0.

Step 3. If Iy = I, then the algorithm is stopped with policy R*. Otherwise, deter-
mine some state i ¢ Iy and action a € A(i) such that p;; (a) > 0 for some j € Io.
Next set R :=a and Iy := Ip U {i} and repeat step 3.

The linear program (6.5.1) can heuristically be explained by interpreting the
variables x;, as

Xig = the long-run fraction of decision epochs at which
the system is in state i and action a is made.

The objective of the linear program is the minimization of the long-run average
cost per time unit, while the first set of constraints represent the balance equations
requiring that for any state j € I the long-run average number of transitions from
state j per time unit must be equal to the long-run average number of transitions
into state j per time unit. The last constraint obviously requires that the sum of
the fractions x;, must be equal to 1.

Next we sketch a proof that the linear programming algorithm leads to an average
cost optimal policy R* when the weak unichain assumption is satisfied. Our starting
point is the average cost optimality equation (6.4.3). Since this equation is solvable,
the linear inequalities

g+v — Zpij(a)vj <ci(a), a€A@l)andi el (6.5.2)
jel

must have a solution. It follows from Theorem 6.2.1 that any solution {g, v;} to
these inequalities satisfies g < g;(R) for any i € I and any policy R. Hence we
can conclude that for any solution {g, v;} to the linear inequalities (6.5.2) holds
that g < g* with g* being the minimal average cost per time unit. Hence, using
the fact that relative values v}, i € I, exist such that {g*, v¥} constitutes a solution
to (6.5.2), the linear program

Maximize g (6.5.3)

subject to

g+v — Zpij(a)vj <cila), ae€A@l)andi €1,
jel
g, v; unrestricted,

has the minimal average cost g* as the optimal objective-function value. Next
observe that the linear program (6.5.1) is the dual of the primal linear program
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(6.5.3). By the dual theorem of linear programming, the primal and dual lin-
ear programs have the same optimal objective-function value. Hence the minimal
objective-function value of the linear program (6.5.1) equals the minimal average
cost g*. Next we show that an optimal basic solution (x}) to the linear program
(6.5.1) induces an average cost optimal policy. To do so, define the set

So=131

Then the set Sy is closed under any policy R having the property that action
a = R; satisfies x} > 0 for all i € Sp. To see this, suppose that p;; (R;) > 0 for
some i € Sp and j ¢ Sp. Then the first set of constraints of the linear program
(6.5.1) implies that ), xj*a > 0, contradicting j ¢ So. Next consider the set Iy as
constructed in the linear programming algorithm. Let R* be a policy such that the
actions R for i € Iy are chosen according to the algorithm. It remains to verify
that Io = I and that policy R* is average cost optimal. To do so, let {g*, v’} be
the particular optimal basic solution to the primal linear program (6.5.3) such that
this basic solution is complementary to the optimal basic solution (x;,) of the dual
linear program (6.5.1). Then, by the complementary slackness property of linear
programming,

gr v =) pi (RO =ci(R), i€
jel

The term }_;c; pij (R})v; can be replaced by ;g pij (R})v; for i € Sp, since
the set Sp is closed under policy R*. Thus, by Theorem 6.2.1, we can conclude
that g; (R*) = g* for all i € Sy. The states in I\ Sy are transient under policy R*
and are ultimately leading to a state in Sy. Hence g;(R*) = g* for all i € Ij. To
prove that Iy = I, assume to the contrary that Ip # /. By the construction of Iy,
the set I\ is closed under any policy. Let Ry be any average cost optimal policy.
Define the policy R; by

~_[R*0), i€l
Rl(l)_{Ro(i), i eI\l

Since I\Ip and Iy are both closed sets under policy R, we have constructed an
average cost optimal policy with two disjoint closed sets. This contradicts the weak
unichain assumption. Hence Iy = I. This completes the proof.

We illustrate the linear programming formulation of the Markov decision problem
from Example 6.1.1. The specification of the basic elements of the Markov decision
model for this problem is given in Section 6.1.
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Example 6.1.1 (continued) A maintenance problem
The linear programming formulation for this problem is to minimize

N-1
Z Cpixit + Crxn
i=2

subject to

N—1
X10 — (qnxlo + inl -I-xN+1,2) =0,

i=2
J
Xjo + Xj1 —qu'jxm:O, 2<j=<N-1,
i=1

N-1
XN2 — Z gin Xio = 0,
i=1

XN+1,2 — xN2 =0,
N—1

x10 + Z(Xio +xi1) +xn2 + xv412 =1,
i=2

X105 Xi0> Xi1, XN2, XN4+1,2 = 0.

For the numerical data given in Table 6.4.1, this linear program has the minimal
objective value 0.4338 and the optimal basic solution

Xty = 0.5479, x3y = 0.2740, x%, = 0.0913, xi, = 0.0228,
x5, = 0.0320, xg, = 0.0320 and the other x};, = 0.

This yields the average cost optimal policy R* = (0, 0, 0, 1, 2, 2) with an average
cost of 0.4338, in agreement with the results obtained by policy iteration.

Linear programming and probabilistic constraints

The linear programming formulation may often be a convenient way to handle
Markovian decision problems with probabilistic constraints. In many practical
applications, constraints are imposed on certain state frequencies. For example,
in inventory problems for which shortage costs are difficult to estimate, probabilis-
tic constraints may be placed on the probability of shortage or on the fraction of
demand that cannot be met directly from stock on hand. Similarly, in a maintenance
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problem involving a randomly changing state, a constraint may be placed on the
frequency at which a certain inoperative state occurs.

The following illustrative example taken from Wagner (1975) shows that for
control problems with probabilistic constraints it may be optimal to choose the
decisions in a random way rather than in a deterministic way. Suppose the daily
demand D for some product is described by the probability distribution

PID=0}=P(D=1}=1, P{D=2}=

W

The demands on the successive days are independent of each other. At the beginning
of each day it has to be decided how much to order of the product. The delivery
of any order is instantaneous. The variable ordering cost of each unit is ¢ > 0.
Any unit that is not sold at the end of the day becomes obsolete and must be
discarded. The decision problem is to minimize the average ordering cost per day,
subject to the constraint that the fraction of the demand to be met is at least % This
probabilistic constraint is satisfied when using the policy of ordering one unit every
day, a policy which has an average cost of ¢ per day. However, this deterministic
control rule is not optimal, as can be seen by considering the randomized control
rule under which at any given day no unit is ordered with probability ‘5—‘ and two
units are ordered with probability % Under this randomized rule the probability
that the daily demand is met equals (%)(%) + (%)(1) = % and the average ordering
cost per day equals (%)(O) + (%)(26‘) = %c. It is readily seen that the randomized
rule is optimal.

So far we have considered only stationary policies under which the actions
are chosen deterministically. A policy 7 is called a stationary randomized policy
when it is described by a probability distribution {r,(i), a € A(i)} for each state
i € I. Under policy 7 action a € A(i) is chosen with probability 7, (i) whenever
the process is in state i. If m,(i) is O or 1 for every i and a, the stationary
randomized policy 7 reduces to the familiar stationary policy choosing the actions
in a deterministic way. For any policy m, let the state-action frequencies f; ,(7)
be defined by

fia () = the long-run fraction of decision epochs at which the process
is in state i and action a is chosen when policy 7 is used.

Consider now a Markovian decision problem in which the goal is to minimize the
long-run average cost per time unit subject to the following linear constraints on
the state-action frequencies:

S dfulm =B, s=1. L

iel acA(i)

where ai(j) and B are given constants. It is assumed that the constraints allow
for a feasible solution. If the unichain assumption from Section 6.4 holds, it can
be shown that an optimal policy may be obtained by solving the following linear



LINEAR PROGRAMMING APPROACH 257
program; see Derman (1970) and Hordijk and Kallenberg (1984):
Minimize Z Z ci(a)xiq
iel acA(i)

subject to

Z xm—Z Z pij(@xia =0, jel,

acA(j) iel acA()
Z Z Xig =1,
iel acA(i)
Z Z aPxig < Y, s=1,... L,
iel acA(i)

Xig >0, a€A@l)andi € [I.

Denoting by {x} } an optimal basic solution to this linear program and letting the

set So = {i | }_, x} > 0}, an optimal stationary randomized policy 7* is given by

* * . .
7)) = xia/zdxid, a € A(i) and i € So,
a arbitrary, otherwise.

Here the unichain assumption is essential for guaranteeing the existence of an
optimal stationary randomized policy.

Example 6.1.1 (continued) A maintenance problem

Suppose that in the maintenance problem a probabilistic constraint is imposed on
the fraction of time the system is in repair. It is required that this fraction is no
more than 0.08. To handle this constraint, we add to the previous linear program
for the maintenance problem the constraint

N-1
3" xit +xvz +an412 < 0.08,
i=2

The new linear program has the optimal solution

Xty = 0.5043, x3) = 0.2971, x%, = 0.0286, x¥, = 0.0211,
x3; = 0.0177, x5, = xg, = 0.0206 and the other x;;, = 0.

The minimal cost is 0.4423 and the fraction of time the system is in repair is exactly
0.08. The LP solution corresponds to a randomized policy. The actions 0, 0, 1, 2
and 2 are prescribed in the states 1, 2,4, 5 and 6. In state 3 a biased coin is tossed.
The coin shows up heads with probability 0.0286/(0.0286 4 0.0211) = 0.575. No
preventive repair is done if heads comes up, otherwise a preventive repair is done.



258 DISCRETE-TIME MARKOV DECISION PROCESSES

A Lagrange-multiplier approach for probabilistic constraints

A heuristic approach for handling probabilistic constraints is the Lagrange-multi-
plier method. This method produces only stationary non-randomized policies. To
describe the method, assume a single probabilistic constraint

Z Z Qia fia () < B

iel acA()

on the state-action frequencies. In the Lagrange-multiplier method, the constraint
is eliminated by putting it into the criterion function by means of a Lagrange
multiplier » > 0. That is, the goal function is changed from }_; , ¢i(a)xis to
Zi) o Ci(@)xXig + A (Y; 4 diaXia — B). The Lagrange multiplier may be interpreted as
the cost to each unit that is used from some resource. The original Markov decision
problem without probabilistic constraint is obtained by taking A = 0. It is assumed
that the probabilistic constraint is not satisfied for the optimal stationary policy in
the unconstrained problem; otherwise, this policy is optimal for the constrained
problem as well. Thus, for a given value of the Lagrange multiplier A > 0, we
consider the unconstrained Markov decision problem with one-step costs

cHa) = ci(a) + ratig

and one-step transition probabilities p;j(a) as before. Solving this unconstrained
Markov decision problem yields an optimal deterministic policy R(X) that pre-
scribes always a fixed action R;(}) whenever the system is in state i. Let 8(A) be
the constraint level associated with policy R(}), that is,

B =" ai oy frori) (R(V)).

iel

If (1) > B one should increase A, otherwise one should decrease A. Why? The
Lagrange multiplier A should be adjusted until the smallest value of A is found
for which B(A) < B. Bisection is a convenient method to adjust A. How do we
calculate 8()) for a given value of A? To do so, observe that 8(A) can be interpreted
as the average cost in a single Markov chain with an appropriate cost structure.
Consider the Markov chain describing the state of the system under policy R()).
In this Markov process, the long-run average cost per time unit equals S(1) when
it is assumed that a direct cost of o; g, (5 is incurred each time the process visits
state i. An effective method to compute the average cost 8(1) is to apply value
iteration to a single Markov chain; see Example 6.6.1 in the next section.

The average cost of the stationary policy obtained by the Lagrangian approach
will in general be larger than the average cost of the stationary randomized policy
resulting from the linear programming formulation. Also, it should be pointed out
that there is no guarantee that the policy obtained by the Lagrangian approach is
the best policy among all stationary policies satisfying the probabilistic constraint,
although in most practical situations this may be expected to be the case. In spite
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of the possible pitfalls of the Lagrangian approach, this approach may be quite
useful in practical applications having a specific structure.

6.6 VALUE-ITERATION ALGORITHM

The policy-iteration algorithm and the linear programming formulation both require
that in each iteration a system of linear equations of the same size as the state
space is solved. In general, this will be computationally burdensome for a large
state space and makes these algorithms computationally unattractive for large-scale
Markov decision problems. In this section we discuss an alternative algorithm
which avoids solving systems of linear equations but uses instead the recursive
solution approach from dynamic programming. This method is the value-iteration
algorithm which computes recursively a sequence of value functions approximating
the minimal average cost per time unit. The value functions provide lower and upper
bounds on the minimal average cost and under a certain aperiodicity condition
these bounds converge to the minimal average cost. The aperiodicity condition is
not restrictive, since it can be forced to hold by a simple data transformation. The
value-iteration algorithm endowed with these lower and upper bounds is in general
the best computational method for solving large-scale Markov decision problems.
This is even true in spite of the fact that the value-iteration algorithm does not
have the robustness of the policy-iteration algorithm: the number of iterations is
problem dependent and typically increases in the number of states of the problem
under consideration. Another important advantage of value iteration is that it is
usually easy to write a code for specific applications. By exploiting the structure of
the particular application one usually avoids computer memory problems that may
be encountered when using policy iteration. Value iteration is not only a powerful
method for controlled Markov chains, but it is also a useful tool to compute bounds
on performance measures in a single Markov chain; see Example 6.6.1.

In this section the value-iteration algorithm will be analysed under the weak
unichain assumption from Section 6.5. Under this assumption the minimal average
cost per time unit is independent of the initial state. Let

g* = the minimal long-run average cost per time unit.

The value-iteration algorithm computes recursively for n = 1,2,... the value
function V,, (i) from

Va(D) = min ci<a)+§pg(a)vn_1<j> , iel (6.6.1)
J

starting with an arbitrarily chosen function Vy(i), i € I. The quantity V,,(i) can
be interpreted as the minimal total expected costs with n periods left to the time
horizon when the current state is i and a terminal cost of Vj(j) is incurred when
the system ends up at state j; see Denardo (1982) and Derman (1970) for a proof.
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Intuitively, one might expect that the one-step difference V,, (i) — V,,_1 (i) will come
very close to the minimal average cost per time unit and that the stationary policy
whose actions minimize the right-hand side of (6.6.1) for all i will be very close
in cost to the minimal average cost. However, these matters appear to be rather
subtle for the average cost criterion due to the effect of possible periodicities in the
underlying decision processes. Before explaining this in more detail, we investigate
an operator which is induced by the recursion equation (6.6.1). The operator T
adds to each function v = (v;, i € I) a function Tv whose ith component (7Tv);
is defined by

(Tv); = arenjr&) ci(a) + %:pij (@vjt, iel 6.6.2)
J

Note that (Tv); = V,(Q) if v; = V,,_1(i), i € I. The following theorem plays a
key role in the value-iteration algorithm.

Theorem 6.6.1 Suppose that the weak unichain assumption is satisfied. Let v =
(v;) be given. Define the stationary policy R(v) as a policy which adds to each state
i € I an action a = R;(v) that minimizes the right-hand side of (6.6.2). Then

min {(Tv); — vi} < g < g(R) < max {(T); — v} (6.6.3)
e [AS

for any s € I, where g* is the minimal long-run average cost per time unit and
gs(R(v)) denotes the long-run average cost per time unit under policy R(v) when
the initial state is s.

Proof To prove the first inequality, choose any stationary policy R. By the defi-
nition of (T'v);, we have for any state i € [ that

(Tv)i < ci(@)+ Y pj@v;, aeA@), (6.6.4)
Jjel
where the equality sign holds for @ = R;(v). Choosing a = R; in (6.6.4) gives
(Tv) < ci(R)+ Y pi(R)v;, i€l (6.6.5)
iel
Define the lower bound

m = min{(Tv); — v;}.
iel

Since m < (Twv); — v; for all i, it follows from (6.6.5) that m + v; < ¢;(R;) +
> jer Pij(Ri)v; for all i € I, and so

Ci(Ri)—m—i-Zpij(Ri)ijU,', iel
jel
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An application of Theorem 6.2.1 now gives that
gi(R)=m, iel

This inequality holds for each policy R and so g* = ming g; (R) > m proving the
first inequality in (6.6.3). The proof of the last inequality in (6.6.3) is very similar.
By the definition of policy R(v),

(Tv); = ci(Ri() + Y _ py(Riw)vj, i€l (6.6.6)
jel

Define the upper bound

M =max {(Tv); — v;}.
iel
Since M > (Tv); — v; for all i € I, we obtain from (6.6.6) that

ci(Ri(v) =M+ pj(Ri()v; <v;, i€l
jel
Hence, by Theorem 6.2.1, g; (R(v)) < M for all i € I, proving the last inequality
in (6.6.3). This completes the proof.

We now formulate the value-iteration algorithm. In the formulation it is no
restriction to assume that

ci(a) >0 foralli el and a € A(i).

Otherwise, add a sufficiently large positive constant to each c¢;(a). This affects the
average cost of each policy by the same constant.

Value-iteration algorithm

Step 0 (initialization). Choose Vy(i), i € I with 0 < V(i) < min, cj(a). Let
n:=1.
Step 1 (value-iteration step). For each state i € I, compute

V() = min Jci(@ + ZI Pij (@) Va_1(j)
J

Let R(n) be any stationary policy such that the action @ = R;(n) minimizes the
right-hand side of the equation for V,,(i) for each state i.
Step 2 (bounds on the minimal costs). Compute the bounds

my =min{V, (@) — V,1()}, M, =max{V,(@) — V,—1()}.
iel iel
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Step 3 (stopping test). If
0<M;, —m, <em,

with & > 0 a prespecified accuracy number (e.g. ¢ = 1073), stop with policy R(n).
Step 4 (continuation). n :== n + 1 and repeat step 1.

By Theorem 6.6.1, we have

< gi(R(n)) _g* < M, —my, <

0 <e i€l (6.6.7)

g* - my
when the algorithm is stopped after the nth iteration with policy R(n). In other
words, the average cost of policy R(n) cannot deviate more than 100¢% from
the theoretically minimal average cost when the bounds m, and M, satisfy 0 <
M, — m, < emj,. In practical applications one is usually satisfied with a policy
whose average cost is sufficiently close to the theoretically minimal average cost.

Convergence of the bounds

The remaining question is whether the lower and upper bounds m,, and M,, converge
to the same limit so that the algorithm will be stopped after finitely many iterations.
The answer is yes only if a certain aperiodicity condition is satisfied. In general
m, and M, need not have the same limit, as the following example demonstrates.
Consider the trivial Markov decision problem with two states 1 and 2 and a single
action ag in each state. The one-step costs and the one-step transition probabilities
are given by ci(ap) = 1, c2(ap) = 0, p12(ag) = pai(ap) = 1 and pi1(ap) =
p22(ap) = 0. Then the system cycles between the states 1 and 2. It is easily
verified that Vor (1) = Vor(2) = k, Vr—1(1) = k and Vo1 (2) = k — 1 for
all k > 1. Hence m,, = 0 and M,, = 1 for all n, implying that the sequences
{m,} and {M,} have different limits. The reason for the oscillating behaviour of
Vu (i) — V,—1(@) is the periodicity of the Markov chain describing the state of the
system. The next theorem gives sufficient conditions for the convergence of the
value-iteration algorithm.

Theorem 6.6.2 Suppose that the weak unichain assumption holds and that for
each average cost optimal stationary policy the associated Markov chain {X,} is
aperiodic. Then there are finite constants « > 0 and 0 < < 1 such that

My, — my| Saﬂn» n>1.
In particular, lim,_, oo M,, = lim,_, oo m, = g*.

A proof of this deep theorem will not be given. A special case of the theorem
will be proved in Section 6.7. This special case is related to the data transformation
by which the periodicity issue can be circumvented. Before discussing this data
transformation, we prove the interesting result that the sequences {m,} and {M,}
are always monotone irrespective of the chain structure of the Markov chains.
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Theorem 6.6.3 In the standard value-iteration algorithm the lower and upper
bounds satisfy
Miy1 = my and Mpy1 < My forall k> 1.

Proof By the definition of policy R(n),

Va (i) = ¢i(Ri(n)) + Z pij (Ri(m)Vu—1(j), i€l (6.6.8)
jel

In the same way as (6.6.5) was obtained, we find for any policy R that

ci(R)+ Y piy(ROVa1(j) = Vali), i€l (6.6.9)
jel

Taking n = k in (6.6.8) and taking n = k + 1 and R = R(k) in (6.6.9) gives

Vig1 () — V(i) < Zpij(Ri(k)){Vk(j) —Vici(D}, i el (6.6.10)
jel

Similarly, by taking n = k 4+ 1 in (6.6.8) and taking n = k and R = R(k + 1) in
(6.6.9), we find

Vig1 () = V(@) = ZPij(Ri(k + D) {Vk(j) = Vi1 (D}, i€l (6.6.11)
jel

Since Vi(j) — Vik—1(j) < My for all j € I and Zjel pij (R; (k)) = 1, it follows
from (6.6.10) that Vi1(i) — Vi (i) < M for all i € I. This gives Myy1 < M.
Similarly, we obtain from (6.6.11) that my4| > my.

Data transformation

The periodicity issue can be circumvented by a perturbation of the one-step transi-
tion probabilities. The perturbation technique is based on the following two obser-
vations. First, a recurrent state allowing for a direct transition to itself must be
aperiodic. Second, the relative frequencies at which the states of a Markov chain
are visited do not change when the state changes are delayed with a constant factor
and the probability of a self-transition is accordingly enlarged. In other words, if
the one-step transition probabilities p;; of a Markov chain {X,,} are perturbed as
Dy = tpjj for j #i and p;; = tpi; + 1 — v for some constant T with 0 < 7 < 1,
the perturbed Markov chain {X,,} with one-step transition probabilities Pjj s aperi-
odic and has the same equilibrium probabilities as the original Markov chain {X,}
(verify). Thus a Markov decision model involving periodicities may be perturbed
as follows. Choosing some constant T with 0 < 7 < 1, the state space, the action
sets, the one-step costs and the one-step transition probabilities of the perturbed
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Markov decision model are defined by
I=1,
AG) = AG), iel,
¢i(a) =ci(a), aeA@)andi€el,

(@) = Tpii(a), j#i, acA@)andiel,
Pit =\ tpj@ +1—1, j=i aecA()andiel.

For each stationary policy, the associated Markov chain {X,,} in the perturbed model
is aperiodic. It is not difficult to verify that for each stationary policy the average
cost per time unit in the perturbed model is the same as that in the original model.
For the unichain case this is an immediate consequence of the representation (6.2.7)
for the average cost and the fact that for each stationary policy the Markov chain
{X,} has the same equilibrium probabilities as the Markov chain {X,,} in the origi-
nal model. For the multichain case, a similar argument can be used to show that the
two models are in fact equivalent. Thus the value-iteration algorithm can be applied
to the perturbed model in order to solve the original model. In specific problems
involving periodicities, the ‘optimal’ value of t is usually not clear beforehand;

empirical investigations indicate that T = % is usually a satisfactory choice.

Modified value iteration with a dynamic relaxation factor

Value iteration does not have the fast convergence of policy iteration. The number
of iterations required by the value-iteration algorithm is problem dependent and
increases when the number of problem states gets larger. Also, the tolerance number
¢ in the stopping criterion affects the number of iterations required. The stopping
criterion should be based on the lower and upper bounds m, and M, but not on
any repetitive behaviour of the generated policies R(n).

The convergence rate of value iteration can often be accelerated by using a
relaxation factor, such as in successive overrelaxation for solving a single system
of linear equations. Then at the nth iteration a new approximation to the value
function V,,(i) is obtained by using both the previous values V,,_;(i) and the
residuals V,, (i) — V,,—1 (7). It is possible to select dynamically a relaxation factor and
thus avoid the experimental determination of the best value of a fixed relaxation
factor. The following modification of the standard value-iteration algorithm can
be formulated. Steps 0, 1, 2 and 3 are as before, while step 4 of the standard
value-iteration algorithm is modified as follows.

Step 4(a). Determine the states u and v such that

Vaw) = V1) =m, and V,(v) = V,—1(v) = M,
and compute the relaxation factor

M, —m,
M, —my, + Zjel{Puj (Ry) — Pvj (RHVL(J) — anl(j)}’

w =
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where R, and R, are the actions which are prescribed by policy R(n) in the states
u and v.
Step 4(b). For each i € I, change V,, (i) according to

V(@) := Va1 (0) + o{ Vi (i) = Va1 (D}

Step 4(c). n :=n + 1 and go to step 1.

In the case of a tie when selecting in step 4(a) the state u# for which the minimum
in m, is obtained, it is conventional to choose the minimizing state of the previous
iteration when that state is one of the candidates to choose; otherwise, choose the
first state achieving the minimum in m,. The same convention is used for the
maximizing action v in M,,.

The choice of the dynamic relaxation factor w is motivated as follows. We change
the estimate V,,(i) as V,(i) = V,_1(i) + ©{V, (i) — V,_1()} for all i in order to
accomplish at the (n 4 1)th iteration that

cuRa) + Y puj ROV (j) = V@) = co(Ry) + Y py (R)Va(j) = V().

Jjel jel
in the implicit hope that the difference between the new upper and lower bounds
M, +1 and my,1 will decrease more quickly. Using the relation m, = V,(u) —
Vic1(u) = cu(Ru)—i—Zj Puj (Ry)Vi—1(j)— Vy—1(u) and the similar relation for M,
it is a matter of simple algebra to verify from the above condition the expression
for w. We omit the easy proof that w > 0. Numerical experiments indicate that
using a dynamic relaxation factor in value iteration often greatly enhances the
speed of convergence of the algorithm. The modified value-iteration algorithm is
theoretically not guaranteed to converge, but in practice the algorithm will usually
work very well. It is important to note that the relaxation factor w is kept outside
the recursion equation in step 1 so that the bounds m, and M, in step 2 are not
destroyed. Although the bounds apply, it is no longer true that the sequences {m,}
and {M,} are monotonic.

To conclude this section, we apply value iteration to two examples. The first
example concerns the maintenance problem from Example 6.1.1 and the second
example illustrates the usefulness of value iteration for the computation of perfor-
mance measures for a single Markov chain.

Example 6.1.1 (continued) A maintenance problem

For the maintenance problem the recursion equation (6.6.1) becomes

N
Va() =0+ q1; V1)),
j=1
N
Vo) =min §0+ Y g Va1(), Cpi +Varr()p, 1<i<N,
j=i
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Vn(N) = Cf + Vn—l(N + 1)7
Vai(N+1) =0+ V,—1(1).

We have applied the standard value-iteration algorithm to the numerical data
from Table 6.4.1. For each stationary policy the associated Markov chain {X,} is
aperiodic. Taking Vo(i) = O for all i and the accuracy number ¢ = 1073, the
algorithm is stopped after n = 28 iterations with the stationary policy R(n) =
(0,0,0,1,2,2) together with the lower and upper lower bounds m, = 0.4336 and
M, = 0.4340. The average cost of policy R(n) is estimated by %(mn + M,) =
0.4338 and this cost cannot deviate more than 0.1% from the theoretically minimal
average cost. In fact policy R(n) is optimal as we know from previous results
obtained by policy iteration. To get a feeling of how strongly the required number
of iterations depends on &, we applied standard value-iteration for ¢ = 10~2 and
e = 10~ as well. For these choices of the accuracy number ¢, standard value-
iteration required 21 and 35 iterations respectively.

Example 6.6.1 A finite-capacity queue with deterministic arrivals

Consider a single-server queueing system having a finite waiting room for K cus-
tomers (including any customer in service). The arrival process of customers is
deterministic. Every D time units a customer arrives. A customer finding a full
waiting room upon arrival is lost. The service times of the customers are indepen-
dent random variables having an Erlang (r, i) distribution. What is the long-run
fraction of customers who are lost?

Taking the constant interarrival time as time unit, the fraction of lost customers
can be seen as an average cost per time unit when a cost of 1 is incurred each time
an arriving customer finds the waiting room full. The queueing process embedded at
the arrival epochs can be described by a Markov process by noting that the Erlang
(r, n) distributed service time can be seen as the sum of r independent phases
each having an exponential distribution with mean 1/u. A customer is served by
serving its phases one at a time. The queueing problem can now be converted into
a Markov decision model with a single action in each state. The state of the system
is observed at the arrival epochs and the set of possible states of the system is
given by

I={0,1,... ,Kr}.

State i corresponds to the situation that i uncompleted service phases are present
just prior to the arrival of a new customer. In each state i there is a single action
to be denoted by a = 0. The action a = 0 in state i corresponds to the acceptance
of the newly arriving customer when i < Kr — r and corresponds to the rejection
of the customer otherwise. The one-step costs ¢;(a) are given by

(@) = 0 ifi <Kr—r,
=1 ifi > Kr —r.
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Denote by ay = e *P(uD)?/¢! the probability of the completion of ¢ service
phases during an interarrival time D when the server is continuously busy. Then
the recursive value-iteration equation (6.6.1) becomes

i+r—1 i+r—1
Vn(i) = Z aZVn—l(i +r —E) + (1 - Z a() Vn—l(o)v 0<i<Kr-—r
=0 =0
i—1 i—1
Va@) =1+ arVari — 0+ (1 - Zaz) Vo_10), Kr—r<i<Kr
=0

£=0

The discrete-time Markov chain describing the number of service phases present at
the arrival epochs is aperiodic. Hence the lower and upper bounds m,, and M,, from
the value-iteration algorithm both converge to the long-run fraction of customers
who are lost.

6.7 CONVERGENCE PROOFS

In this section we give convergence proofs for the policy-iteration algorithm and
the value-iteration algorithm. The finite convergence of the policy-iteration algo-
rithm is proved for the unichain case. For the standard value-iteration algorithm
the convergence of the bounds m, and M, to the same limit is proved under the
unichain assumption together with the assumption that the one-step transition prob-
ability pji(a) > 0 for all i € I and a € A(i). The latter aperiodicity assumption
is automatically satisfied when the data transformation discussed in Section 6.6 is
applied.

Convergence proof for policy iteration

We first establish a lexicographical ordering for the average cost and the relative
values associated with the policies that are generated by the algorithm. For that
purpose we need to standardize the relative value functions since a relative value
function is not uniquely determined. Let us number or renumber the possible states
asi = 1,...,N. In view of the fact that the relative values of a given policy
are unique up to an additive constant, the sequence of policies generated by the
algorithm does not depend on the particular choice of the relative value function
for a given policy. For each stationary policy Q, we now consider the particular
relative value function w; (Q) defined by (6.3.1), where the regeneration state r is
chosen as the largest state in 1(Q). The set 1(Q) is defined by

1(Q) = the set of states that are recurrent under policy Q.

Let R and R be immediate successors in the sequence of policies generated by the
algorithm. Suppose that R % R. We assert that either
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(a) g(R) < g(R), or

(b) g(E) = g(R) and w; (R) < w;i(R) for all i € I with strict inequality for at
least one state i.

That is, each iteration either reduces the cost rate or else reduces the relative value
of a (transient) state. Since the number of possible stationary policies is finite, this
assertion implies that the algorithm converges after finitely many iterations. To
prove the assertion, the starting point is the relation

ci(Ri) — g(R) + Zpij (R)wj(R) < wi(R), i€l (6.7.1)
jel

with strict inequality only for those states i with R; # R;. This relation is an
immediate consequence of the construction of policy R. By Theorem 6.2.1 and
(6.7.1), we have g(R) < g(R). The strict inequality g(R) < g(R) holds only if the
strict inequality holds in (6.7.1) for some state i that is recurrent under the new
policy R.

Consider now the case of g(?) = g(R). Then it is true that the equality sign holds
in (6.7.1) for all i € I(R). Thus, by the convention made in the policy-improvement
step,

R

R;, ie€I(R). (6.7.2)
This implies that
I(R) =I(R), (6.7.3)

since the set / (R) is closed under policy R and any two states in / (R) communicate
under policy R. In its turn (6.7.3) implies that

w;(R) = w;(R), jel(R). (6.7.4)

This can be seen as follows. From the definition (6.3.1) of the relative values and
the fact that the set of recurrent states is a closed set, it follows that for any policy
Q the relative values for the recurrent states i € 1(Q) do not depend on the actions
in the transient states i ¢ /(Q). In view of the convention to take the largest state in
1(Q) as the reference state for the definition of the relative value function w;(Q),
it follows from (6.7.2) and (6.7.3) that (6.7.4) holds. The remainder of the proof is
now easy. Proceeding in the same way as in the derivation of (6.3.3), we find by
iterating the inequality (6.7.1) that

wi(R) = ¢i(R;) — g(R) + Y _ pyj (R)w;(R) (6.7.5)
jel

> Vi, R) —mg(R) + Y pi (R)w;(R), ielandm > 1,

jel



CONVERGENCE PROOFS 269

where the strict inequality sign holds in the first inequality for each i with R; #R;.
By (6.3.5) with R replaced by R and the fact that g(R) = g(R), we have for any
m > 1 that

wi(R) = Vu(i, R) — mg(R) + Zpﬁjm)(ﬁ)wj(ﬁ), iel.
jel

Replacing w;(R) by w;(R) — {w;(R) — w;(R)}, we next find that

Vi, R) = mg(R)+ Y p" (Ryw;(R)
jel
=wi(R) + Y pi" ®)(w;(R) —w;(R)}, ielandmz=1.
jel

Hence (6.7.5) can be rewritten as

wi(R) > ¢;(R) — g(R) + Y pij (R)w; (R)
jel
> wi(R)+ Y pi" R){w;(R) —w;(R)}, ielandm>1,
jel

where the strict inequality sign holds in the first inequality for each i with R; # R;.
Using (6.7.4) and noting that pl.(}")(ﬁ) — 0 as m — oo for j transient under R,

it follows that w;(R) > w; (R) for all i € I with strict inequality for each i with
R; # R;. This completes the proof.

Convergence proof for value iteration

The proof of Theorem 6.6.2 is only given for the special case that the following
assumption is satisfied.

Strong aperiodicity assumption (i) for each stationary policy R the associated
Markov chain {X,} has no two disjoint closed sets;
(ii) pii(a) > O foralli € I and a € A(i).

Note that assumption (ii) automatically holds when the data transformation from
Section 6.6 is applied to the original model.

We first establish an important lemma about the chain structure of the product of
Markov matrices associated with the stationary policies. In this lemma the notation
P(f) is used for the stochastic matrix (p;; (f(i))), i, j € I associated with the
stationary policy f. The (i, j)th element of the matrix product P Q is denoted by

(PQ)jj.

Lemma 6.7.1 Suppose that the strong aperiodicity assumption holds. Let N be
the number of states of the Markov decision model. Then, for any two N-tuples
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(fN,..., f1) and (gn, ..., g1) of stationary policies and for any two states r and
s, there is some state j such that

(P(fn)---P(fi)ly; >0 and [P(gn)--- P(gDly > 0. (6.7.6)
Proof Define for k =1,..., N the sets S(k) and T (k) by

Sk)y={j el [[P(fi)---P(fD]; >0},
T'(k)y={jell|[P(gk) - P(gnly >0}

Since pji(a) > 0 for all j € [ and a € A(i), we have
Sk+1)D>S8k) and Tk+1)DTk), k=1,...,N—1.

Assume now to the contrary that (6.7.6) does not hold. Then S(N)NT (N) is empty.
In other words, S(N) and T(N) are disjoint sets with S(N) # I and T(N) # I.
Thus, since the sets S(k) and T (k) are non-decreasing, there are integers v and
w with 1 < v, w < N such that S(v) = S(v+ 1) and T(w) = T(w + 1). This
implies that the set S(v) of states is closed under policy f,+; and the set T (w)
of states is closed under policy gy 1. Since the sets S(N) and T (N) are disjoint
and S(N) D S(v) and T(N) D T (w), we have that the sets S(v) and T (w) are
disjoint. Construct now a stationary policy R with R; = f,41(i) for i € S(v) and
R; = gw+1(@) for i € T(w). Then policy R has the two disjoint closed sets S(v)
and T (w). This contradicts the first part of the strong aperiodicity assumption.
Hence the result (6.7.6) must hold.

Proof of Theorem 6.6.2 (under the strong aperiodicity assumption) We first intro-
duce some notation. Let R(n) be any stationary policy for which the action R;(n)
minimizes the right-hand side of the value-iteration equation (6.6.1) for all i € 1.
Denote by P, the stochastic matrix whose (i, j)th element equals p;; (R;(n)) and
define the vector V,, by V,, = (V, (i), i € I). By the proof of Theorem 6.6.3,

Vi—=Vio1 < Pn—l(Vn—l - Vn—2) and Vi= Vi1 = Pn(Vn—l - Vn—2)-
(6.6.7)

Fix n > 2. Since M,, = V,(i1) — V,—1(i1) and m,, = V,,(i2) — V,—1(i2) for some
states i1 and i, we find

My —my < [Pyt (Ve — Vu2)1G1) — [P (Vi—t — Va—2)1(i2).
Applying repeatedly the inequalities (6.6.7), we find for any 1 <k <n
My —my < [Po1Po—2- Puk (Vi — Va—ik—1)101)
—[PuPu-1- Po—kt1(Vi—k — Vio—k—1)1(2). (6.6.8)
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The remainder of the proof uses the same ideas as in the proof of Theorem 3.5.12.
Fix n > N and choose k = N in (6.6.8), where N is the number of states. This
yields

My —my <Y di{Vun () = Van-1()},
jel

where d; is a shorthand notation for
dj =[Po—1-- Po—nliyj = [Pn- - PooN+1linj-

Write dt = max(d, 0) and d~ = —min(d, 0). Thend = d* —d~ andd*,d~ > 0.
Thus

My —my <y dF Vaen () = Van—1(DY = D di (Vaen () = Vaen—1()))
Jjel jel

<M, n Zd]+ — Mu—-N Zd]‘_ = Mu—-N —mu—n) Zd]ﬂ_,

jel jel jel

by > d;r = >_;d; . This identity is a consequence of }_; d; = 0. Next use the
relation (p — ¢)™ = p — min(p, g) to conclude that

M, —m, <(My_Ny —mu_n)

x|1- Zmin([Pn—l ce Pn—N]ilj’ [Py --- Pn—N—H]izj
jel

Now we invoke Lemma 6.7.1. Since the number of states and the number of sta-
tionary policies are both finite, there is a positive number p such that

> min{[P(fn) -+ P(f)l. [P(gn) -+ P(gDly} = p

jel

for any two N-tuples (fy, ..., f1) and (gn, ..., g1) of stationary policies and for
any two states r and s. Thus

M, —my < (1= p)(My—N —mu—n).

In Theorem 6.6.3 it was shown that {M,, —m,, n > 1} is non-increasing. Thus we
find that

My —my < (1= )" MMy —mg), n>1,

implying the desired result.



272 DISCRETE-TIME MARKOV DECISION PROCESSES
EXERCISES

6.1 Consider a periodic review production/inventory problem where the demands for a
single product in the successive weeks are independent random variables with a common
discrete probability distribution {¢(j), j = O, ... ,r}. Any demand in excess of on-hand
inventory is lost. At the beginning of each week it has to be decided whether or not to start
a production run. The lot size of each production run consists of a fixed number of Q units.
The production lead time is one week so that a batch delivery of the entire lot occurs at
the beginning of the next week. Due to capacity restrictions on the inventory, a production
run is never started when the on-hand inventory is greater than M. The following costs are
involved. A fixed set-up cost of K > 0 is incurred for a new production run started after
the production facility has been idle for some time. The holding costs incurred during a
week are proportional to the on-hand inventory at the end of that week, where & > O is
the proportionality constant. A fixed lost-sales cost of p > 0 is incurred for each unit of
excess demand. Formulate the problem of finding an average cost optimal production rule
as a Markov decision problem.

6.2 A piece of electronic equipment having two identical devices is inspected at the beginning
of each day. Redundancy has been built into the system so that the system is still operating
if only one device works. The system goes down when both devices are no longer working.
The failure rate of a device depends both on its age and on the condition of the other device.
A device in use for m days will fail on the next day with probability r{(m) when the other
device is currently being overhauled and with probability r,(m) otherwise. It is assumed
that both ry (m) and rp(m) are equal to 1 when m is sufficiently large. A device that is found
in the failure state upon inspection has to be overhauled. An overhaul of a failed device
takes Ty days. Also a preventive overhaul of a working device is possible. Such an overhaul
takes 77 days. It is assumed that 1 < T < Tj. At each inspection it has to be decided to
overhaul one or both of the devices, or let them continue working through the next day.
The goal is to minimize the long-run fraction of time the system is down. Formulate this
problem as a Markov decision problem. (Hint: define the states (i, j), (i, —k) and (—h — k).
The first state means that both devices are working for i and j days respectively, the second
state means that one device is working for i days and the other is being overhauled with
a remaining overhaul time of k days, and the third state means that both devices are being
overhauled with remaining overhaul times of 4 and k days.)

6.3 Two furnaces in a steelworks are used to produce pig iron for working up elsewhere
in the factory. Each furnace needs overhauling from time to time because of failure during
operation or to prevent such a failure. Assuming an appropriately chosen time unit, an
overhaul of a furnace always takes a fixed number of L periods. The overhaul facility is
capable of overhauling both furnaces simultaneously. A furnace just overhauled will operate
successfully during i periods with probability ¢;, 1 <i < M. If a furnace has failed, it must
be overhauled; otherwise, there is an option of either a preventive overhaul or letting the
furnace operate for the next period. Since other parts of the steelworks are affected when not
all furnaces are in action, a loss of revenue of c(j) is incurred for each period during which
J furnaces are out of action, j = 1,2. No cost is incurred if both furnaces are working.
Formulate the problem of finding an average cost optimal overhauling policy as a Markov
decision problem. This problem is based on Stengos and Thomas (1980).

6.4 A factory has a tank for temporarily storing chemical waste. The tank has a capacity
of 4 m3. Each week the factory produces k m3 of chemical waste with probability pj for
k=0,...,3 with pg =1/8, p1 =1/2, pp = 1/4 and p3 = 1/8. If the amount of waste
produced exceeds the remaining capacity of the tank, the excess is specially handled at a
cost of $30 per cubic metre. At the end of the week a decision has to be made as to whether
or not to empty the tank. There is a fixed cost of $25 to empty the tank and a variable cost
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of $5 for each cubic metre of chemical waste that is removed. Compute an average cost
optimal policy by policy iteration or linear programming.

6.5 A stamping machine produces six-cornered plates of the illustrated form.

The machine has three pairs of adjustable knives. In the diagram these pairs are denoted by
a, b and c. Each pair of knives can fall from the correct position during the stamping of a
plate. The following five situations can occur: (1) all three pairs have the correct position,
(2) only pairs b and ¢ have the correct position, (3) only pair b has the correct position, (4)
only pair ¢ has the correct position and (5) no pair has the correct position. The probabilities
g;j that during a stamping a change from situation i to situation j occurs are given by

000

(gij) =

S O O hwWw
S O NI= B
S AW K=

O NI—= O A=

— = R= O

(=)
(o)

0

After each stamping it is possible to adjust the machine such that all pairs of knives have
the correct position again. The following costs are involved. The cost of bringing all pairs
of knives into the correct position is 10. Each plate produced when j pairs of knives have
the wrong position involves an adjustment cost of 4. Compute a maintenance rule that
minimizes the average cost per stamping by policy iteration or linear programming.

6.6 An electricity plant has two generators j = 1 and 2 for generating electricity. The
required amount of electricity fluctuates during the day. The 24 hours in a day are divided
into six consecutive periods of 4 hours each. The amount of electricity required in period
k is dy kWh for k = 1,...,6. Also the generator j has a capacity of generating ¢; kWh
of electricity per period of 4 hours for j = 1,2. An excess of electricity produced during
one period cannot be used for the next period. At the beginning of each period k it has to
be decided which generators to use for that period. The following costs are involved. An
operating cost of r; is incurred for each period in which generator j is used. Also, a set-up
cost of §; is incurred each time generator j is turned on after having been idle for some
time. Develop a policy-iteration algorithm that exploits the fact that the state transitions are
deterministic. Solve for the numerical data d; = 20, dp = 40, d3 = 60, dg = 90, d5 = 70,
de = 30, c; =40, ¢p =60, ry = 1000, r, = 1100, S; = 500 and S, = 300.

6.7 Every week a repairman travels to customers in five towns on the successive working
days of the week. The repairman visits Amsterdam (town 1) on Monday, Rotterdam (town
2) on Tuesday, Brussels (town 3) on Wednesday, Aachen (town 4) on Thursday and Arnhem
(town 5) on Friday. In the various towns it may be necessary to replace a certain crucial
element in a piece of electronic equipment rented by customers. The probability distribution
of the number of replacements required at a visit to town j is given by {p;(k), k > 0} for
j=1,...,5. The numbers of required replacements on the successive days are independent
of each other. The repairman is able to carry M spare parts. If the number of spare parts
the repairman carries is not enough to satisfy the demand in a town, another repairman has
to be sent the next day to that town to complete the remaining replacements. The cost of
such a special mission to town j is K. At the end of each day the repairman may decide to
send for a replenishment of the spare parts to the town where the repairman is. The cost of
sending such a replenishment to town j is a;. Develop a value-iteration algorithm for the
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computation of an average cost optimal policy and indicate how to formulate converging
lower and upper bounds on the minimal costs. Solve for the numerical data M = 5, K; = 200
for all j, a; = 60, ap = 30, a3 = 50, ag = 25, a5 = 100, where the probabilities p; (k) are
given in the following table.

Kj 1 2 3 4 5
05 025 0375 03 05

0
1 03 05 0375 05 025
2 02 025 025 02 025

6.8 The slotted ALOHA system is a much used random access protocol in packet commu-
nication systems where the time is slotted in intervals of fixed lengths and a transmission of
a packet can only be started at the beginning of a time slot. There are N terminals. At the
beginning of each time slot, each terminal emits a packet with a certain probability. The ter-
minals act independently of each other in trying to use the transmission channel for sending
a packet. If more than one terminal sends a packet in the same time slot, a collision occurs
and all transmissions attempted in that time slot are unsuccessful. A successful transmission
returns the terminal to its originating mode, whereas an unsuccessful attempt puts it tem-
porarily in retransmission mode. There is a given probability p that a terminal in originating
mode attempts to transmit a packet at the beginning of a time slot. This probability is beyond
control. However, the probability at which a terminal in retransmission mode is allowed to
retransmit its packet at the beginning of a time slot can be controlled. The control rule gives
each terminal in retransmission mode permission to retransmit with the same probability. In
other words, a control rule is specified by probabilities {r{, ... ,ry}, where r; is the per-
mission probability when n terminals are in retransmission mode. Develop a policy-iteration
algorithm to compute an optimal control rule when the criterion is to maximize the average
throughput per time slot. Also compare the maximal average throughput with the average
throughput of the so-called TSO policy, where r;, is chosen as [1 — (N —n+1)p]/(n — Np)
when 0 < Np < 1 and ry, is chosen as 1/n otherwise. Solve for the numerical data (N = 15,
p = 0.05) and (N = 25, p = 0.05). (Hint: the choice of one-step costs c;(a) simplifies
by noting that maximizing the average throughput is equivalent to minimizing the average
number of terminals in retransmission mode at the beginning of a time slot.)

6.9 A motorist has a vehicle insurance which charges reduced premiums when no claims
are made over one or more years. When an accident occurs the motorist has the option of
either making a claim and thereby perhaps losing a reduction in premium, or paying the
costs associated with the accident himself. The premium payment is due at the beginning
of each year and the payment depends only on the previous payment and the number of
claims made in the past year. There are five possible premiums 7 (1) = 500, 7 (2) = 375,
7(3) = 300, w(4) = 250, 7(5) = 200. The premium structure is as shown in the table
below. In any given month the motorist will have an accident with a probability of A = 21—4
and no accident with a probability of 1 — A. The costs associated with any accident have a
lognormal distribution with mean 500 and a squared coefficient of variation of 4.

Subsequent premium

Current premium  No claim  One claim  Two or more claims

m(1) 7(2) m(l) m(l)
7(2) 7(3) 7 () m()
7(3) m(4) m(l) 7 (1)
(4) 7(5) 7(2) 7 ()

7(5) 7(5) 7(3) 7(l)
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Develop a value-iteration algorithm to compute an average cost optimal claim rule. (Hint:
take the beginning of each month as the decision epochs and let the action a = d mean
that damage in the coming month will be claimed only if this damage exceeds the level d.
Define the state of the system as (¢,i) withr =0,...,12andi =1, ..., 6, where r denotes
the number of months until the next premium payment and the indicator variable i refers
to the status of the next premium payment. Explain why you need no data transformation
to handle periodicities but you can use the bounds my, = min;{V12,(0,i) — Vi2¢,—1)(0, i)}
and My = max;{V12,,(0,7) — Vi2(,—1)(0, i)}, where Vi,4,(t,1) is defined as the minimal
total expected cost if the motorist still has an insurance contract for ¢ + 12n months and the
present state is (¢, 1).)

6.10 The stock level of a given product is reviewed at the beginning of each week. Upon
review a decision has to be made whether or not to replenish the stock level. The stock can
be replenished up to level M, the maximum amount that can be held in stock. The lead time
of a replenishment order is negligible. The demands for the product in the successive weeks
are independent random variables having a Poisson distribution with a given mean p. Any
demand occurring when the system is out of stock is lost. The following costs are involved.
For each replenishment order there is a fixed set-up cost of K > 0 and a variable ordering
cost of ¢ > 0 for each unit ordered. In each week a holding cost of & > 0 is charged against
each unit in stock at the end of the week. A penalty cost of p > 0 is incurred for each unit
of demand that is lost. The problem is to find a stock control rule minimizing the long-run
average cost per week.

(a) Use value iteration to solve for the numerical data M = 100, u = 25, K = 64,
¢=0,h=1and p =35. Also try other numerical examples and verify experimentally that
the optimal control rule is always of the (s, S) type when the maximum stock level M is
sufficiently large. Under an (s, S) policy with s < S the inventory position is ordered up to
the level S when at a review the inventory position is below the reorder point s; otherwise, no
ordering is done. Using the flexibility in the policy-improvement procedure, Federgruen and
Zipkin (1984) developed a tailor-made policy-iteration algorithm that generates a sequence
of improved policies within the class of (s, S) policies.

(b) Suppose the probabilistic constraint is imposed that the long-run fraction of demand
lost should not exceed 1 — B for a prespecified service level 8 (note that this fraction
equals the average demand lost per week divided by p). Use linear programming to find an
optimal control minimizing the long-run average cost per week subject to this service level
constraint. Solve for the numerical data 8 =0.99, M =100, u =25, K =64,¢c=0,h =1
and p = 0. Also compare the average cost and the service level of the optimal randomized
policy with the average cost and the service level of the best stationary policy obtained by
the Lagrange-multiplier approach.

BIBLIOGRAPHIC NOTES

The policy-iteration method for the discrete-time Markov decision model was
developed in Howard (1960). A theoretical foundation to Howard’s policy-iteration
method was given in Blackwell (1962); see also Denardo and Fox (1968) and
Veinott (1966). Linear programming formulations for the Markov decision model
were first given by De Ghellinck (1960) and Manne (1960) and streamlined later
by Denardo and Fox (1968), Derman (1970) and Hordijk and Kallenberg (1979,
1984). The computational usefulness of the value-iteration algorithm was greatly
enlarged by Odoni (1969) and Hastings (1971), who introduced lower and upper
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bounds on the minimal average cost and on the average cost of the policies gener-
ated by the algorithm. These authors extended the original value-iteration bounds
of MacQueen (1966) for the discounted cost case to the average cost case. The
modified value-iteration algorithm with a dynamic relaxation factor comes from
Popyack et al. (1979). The first proof of the geometric convergence of the undis-
counted value-iteration algorithm was given by White (1963) under a very strong
recurrence condition. The proof in Section 6.7 is along the same lines as the proof
given in Van der Wal (1980). General proofs for the geometric convergence of
value-iteration can be found in the papers of Bather (1973) and Schweitzer and
Federgruen (1979). These papers demonstrate the deepness and the beauty of the
mathematics underlying the average cost criterion. In general there is a rich math-
ematical theory behind the Markov decision model. A good account of this theory
can be found in the books of Hernandez-Lerma and Lasserre (1996), Puterman
(1994) and Sennott (1999). A recommended reference for constrained Markov
decision processes is the book of Altman (1999).

The Markov decision model finds applications in a wide variety of fields. Golabi
et al. (1982), Kawai (1983), Stengos and Thomas (1980) and Tijms and Van der
Duyn Schouten (1985) give applications to replacement and maintenance problems.
Norman and Shearn (1980) and Kolderman and Volgenant (1985) discuss appli-
cations to insurance and Su and Deininger (1972) give an application to water-
resource control. Applications to control problems in telecommunication are men-
tioned in the next chapter. A survey of real applications of Markov decision models
can be found in White (1985).
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CHAPTER 7

Semi-Markov Decision
Processes

7.0 INTRODUCTION

The previous chapter dealt with the discrete-time Markov decision model. In this
model, decisions can be made only at fixed epochs t = 0, 1,... . However, in
many stochastic control problems the times between the decision epochs are not
constant but random. A possible tool for analysing such problems is the semi-
Markov decision model. In Section 7.1 we discuss the basic elements of this model.
Also, for the optimality criterion of the long-run average cost per time unit, we
give a data-transformation method by which the semi-Markov decision model can
be converted into an equivalent discrete-time Markov decision model. The data-
transformation method enables us to apply the recursive method of value-iteration
to the semi-Markov decision model. Section 7.2 summarizes various algorithms for
the computation of an average cost optimal policy.

In Section 7.3 we discuss the value-iteration algorithm for a semi-Markov deci-
sion model in which the times between the decision epochs are exponentially
distributed. For this particular case the computational effort of the value-iteration
algorithm can considerably be reduced by introducing fictitious decision epochs.
This simple trick creates sparse transition matrices leading to a much more effec-
tive value-iteration algorithm. Section 7.4 illustrates how value iteration in com-
bination with an embedding idea can be used in the optimization of queues. The
semi-Markov decision model is a very useful tool for optimal control in queueing
systems. In Section 7.5 we will exploit a remarkable feature of the policy-iteration
algorithm, namely that the algorithm typically achieves its largest improvements in
costs in the first few iterations. This finding is sometimes useful to attack the curse
of dimensionality in applications with a multidimensional state space. The idea is
to determine first the relative values for a reasonable starting policy and to apply
next a single policy-improvement step. This heuristic approach will be illustrated
to a dynamic routing problem.

A First Course in Stochastic Models H.C. Tijms
© 2003 John Wiley & Sons, Ltd. ISBNs: 0-471-49880-7 (HB); 0-471-49881-5 (PB)
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7.1 THE SEMI-MARKOYV DECISION MODEL

Consider a dynamic system whose state is reviewed at random epochs. At those
epochs a decision has to be made and costs are incurred as a consequence of the
decision made. The set of possible states is denoted by /. For each state i € I, a
set A(i) of possible actions is available. It is assumed that the state space I and the
action sets A(i), i € I are finite. This controlled dynamic system is called a semi-
Markov decision process when the following Markovian properties are satisfied: if
at a decision epoch the action a is chosen in state i, then the time until the next
decision epoch and the state at that epoch depend only on the present state i and
the subsequently chosen action a and are thus independent of the past history of the
system. Also, the costs incurred until the next decision epoch depend only on the
present state and the action chosen in that state. We note that in specific problems
the state occurring at the next transition will often depend on the time until that
transition. Also, the costs usually consist of lump costs incurred at the decision
epochs and rate costs incurred continuously in time. As an example, consider a
single-product inventory system in which the demand process is described by a
Poisson process and the inventory position can be replenished at any time. In this
example the decision epochs are the demand epochs and they occur randomly in
time. The decision is whether or not to raise the inventory position after a demand
has occurred. The costs typically consist of fixed replenishment costs and holding
costs that are incurred continuously in time.

The long-run average cost per time unit

The long-run average cost per time unit is taken as the optimality criterion. For this
criterion the semi-Markov decision model is in fact determined by the following
characteristics:

pij (@) = the probability that at the next decision epoch the system will be in
state j if action a is chosen in the present state i,
7;(a) = the expected time until the next decision epoch if action a is chosen
in the present state i,
ci(a) = the expected costs incurred until the next decision epoch if action a
is chosen in the present state i.

It is assumed that 7;(a) > O for all i € I and a € A(i). As before, a stationary
policy R is a rule which adds to each state i a single action R; € A(i) and
always prescribes to take this action whenever the system is observed in state i at
a decision epoch. Since the state space is finite, it can be shown that under each
stationary policy the number of decisions made in any finite time interval is finite
with probability 1. We omit the proof of this result. Let

X, = the state of the system at the nth decision epoch.

Then it follows that under a stationary policy R the embedded stochastic process
{X,} is a discrete-time Markov chain with one-step transition probabilities p;; (R;).
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Define the random variable Z (¢) by
Z(t) = the total costs incurred up to time ¢, t>0.

Fix now a stationary policy R. Denote by E; r the expectation operator when the
initial state Xo =i and policy R is used. Then the limit

1
gi(R) = t1—1>Igo ?Ei,R[Z(t)]

exists for all i € /. This result can be proved by using the renewal-reward theorem
in Section 2.2. The details are omitted. Just as in the discrete-time model, we
can give a stronger interpretation to the average cost g;(R). If the initial state i
is recurrent under policy R, then the long-run actual average cost per time unit
equals g; (R) with probability 1. If the Markov chain {X,} associated with policy
R has no two disjoint closed sets, the average cost g; (R) does not depend on the
initial state Xo =i.

Theorem 7.1.1 Suppose that the embedded Markov chain {X,} associated with
policy R has no two disjoint closed sets. Then

. Z(1) . .
lim —— = g(R) with probability 1 (7.1.1)

t—>oo t
for each initial state Xo = i, where the constant g(R) is given by
g(R) =Y cj(R)T;(R)/ Y j(R)mj(R)
jel jel
with {7; (R)} denoting the equilibrium distribution of the Markov chain {X,}.

Proof We give only a sketch of the proof of (7.1.1). The key to the proof of
(7.1.1) is that

. Z(1) . E(costs over the first m decision epochs)
lim —= = lim - — (7.1.2)
t—>o0o t m—oo F(time over the first m decision epochs)

with probability 1. To verify this relation, fix a recurrent state » and suppose that
Xo = r. Let a cycle be defined as the time elapsed between two consecutive
transitions into state r. By the renewal-reward theorem in Section 2.2,

Z(r) _ E(costs induring one cycle)

lim =
t—oo t E (Iength of one cycle)

with probability 1. By the expected-value version of the renewal-reward theorem,

1
lim — E(costs over the first m decision epochs)
m—o00 m

E (costs incurred during one cycle)

"~ E(number of transitions in one cycle)
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and
N .
lim — E(time over the first m decision epochs)

m—oo m

E (length of one cycle)

"~ E(number of transitions in one cycle)’

Together the above three relations yield (7.1.2). The remainder of the proof is
simple. Obviously, we have

m—1
E (costs over the first m decision epochs) = Z ch(Rj) pfj{)(R)
t=0 jel
and
m—1
E (time over the first m decision epochs) = Z Z tj(Rj)pg)(R).
t=0 jel

Dividing the numerator and the denominator of the right-hand side of (7.1.2) by
m, letting m — oo and using lim,,_ oo (1/m) Z;”Z_Ol pg)(R) = 7;(R), the result
(7.1.1) follows when the initial state Xo = r. For initial state Xy = i the result next
follows by mimicking the proof of Theorem 3.5.11 and noting that state » will be
reached from state i with probability 1 after finitely many transitions.

A stationary policy R* is said to be average cost optimal if g;(R*) < g;(R) for
all i € I and all stationary policies R. The algorithms for computing an average
cost optimal policy in the discrete-time Markov decision model can be extended to
the semi-Markov decision model. This will be done in the next section. However,
before doing this, we discuss a data-transformation method that converts the semi-
Markov decision model into a discrete-time Markov decision model such that for
each stationary policy the average cost per time unit in the discrete-time Markov
model is the same as in the semi-Markov model. This is a very useful result. The
data-transformation method is an extension of the uniformization technique for
continuous-time Markov chains discussed in Section 4.5.

The data-transformation method

First choose a number t with
0 <t <minT;(a).
i,a
Consider now the discrete-time Markov decision model whose basic elements are
given by

I=1 A®G) =A>), iel,
¢i(a) = ci(a)/7i(a), aeAG)andiel,
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(t/7i(a)) pij (a), j#i, acA@)andi e,

Pij(a) = {(t/n(a))p,j(a) +[1 = (t/ni(@)], j=i, acA@)andiel.

This discrete-time Markov decision model has the same class of stationary policies
as the original semi-Markov decision model. For each stationary policy R, let
g;(R) denote the long-run average cost per time unit in the discrete-time model
when policy R is used and the initial state is i. Then it holds for each stationary
policy R that

gi(R)=3g;(R), iel (7.1.3)

This result does not require any assumption about the chain structure of the Markov
chains associated with the stationary policies. However, we prove the result (7.1.3)
only for the unichain case. Fix a stationary policy R and assume that the embedded
Markov chain {X,} in the semi-Markov model has no two disjoint closed sets.
Denote by X, the state at the nth decision epoch in the transformed discrete-
time model. It is directly seen that the Markov chain {X,,} is also unichain under
policy R. The equilibrium probabilities 77 ;(R) of the Markov chain (X} satisfy
the equilibrium equations

Ti(R) =Y Ti(R)P;(R)

iel

_ T T ]_ )
sz(R)mpij(Ri)—i_[l_rj(Rj)i|jTj(R)’ Jel

iel

Hence, letting u; = 7;(R)/7; (R;) and dividing by 7, we find that

Mj:Zul'pij(Ri), jel.

iel

These equations are precisely the equilibrium equations for the equilibrium prob-
abilities 7;(R) of the embedded Markov chain {X,} in the semi-Markov model.
The equations determine the 7; (R) uniquely up to a multiplicative constant. Thus,
for some constant y > 0,

nR) =y 2R g
! i (R))
Since Zje, 7;(R) =1, it follows that y = Zje, 7j(Rj)mj(R). The desired result

(7.1.3) now follows easily. We have

¢j(Rj)
7j (R})

ER) =) T(R)T;(R) = % >

jel jel

=Y (RN (R)/ Y 7j(R)7;(R)

jel jel

i (R)Tj(R))
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and so, by Theorem 7.1.1, g(R) = g(R). Thus we can conclude that an average
cost optimal policy in the semi-Markov model can be obtained by solving an
appropriate discrete-time Markov decision model. This conclusion is particularly
useful with respect to the value-iteration algorithm. In applying value iteration to
the transformed model, it is no restriction to assume that for each stationary policy
the associated Markov chain {X,} is aperiodic. By choosing the constant t strictly
less than min; 4 7; (a), we always have p;;(a) > 0 for all i, a and thus the required
aperiodicity.

7.2 ALGORITHMS FOR AN OPTIMAL POLICY

In this section we outline how the algorithms for the discrete-time Markov decision
model can be extended to the semi-Markov decision model.

Policy-iteration algorithm

The policy-iteration algorithm will be described under the unichain assumption.
This assumption requires that for each stationary policy the embedded Markov
chain {X,} has no two disjoint closed sets. By data transformation, it is directly ver-
ified that the value-determination equations (6.3.2) for a given stationary policy R
remain valid provided that we replace g by g7;(R;). The policy-improvement pro-
cedure from Theorem 6.2.1 also remains valid when we replace g by gt;(R;).
Suppose that g(R) and v;(R), i € I, are the average cost and the relative values
of a stationary policy R. If a stationary policy R is constructed such that, for each
state i € 1,

ci(R) — gRu(R) + Y pi(R)v; (R) < v;(R), (7.2.1)
jel

then g(R) < g(R). Moreover, g(R) < g(R) if the strict inequality sign holds in
(7.2.1) for some state i which is recurrent under R. These statements can be verified
by the same arguments as used in the second part of the proof of Theorem 6.2.1.

Under the unichain assumption, we can now formulate the following policy-
iteration algorithm:

Step 0 (initialization). Choose a stationary policy R.

Step 1 (value-determination step). For the current rule R, compute the average cost
g(R) and the relative values v;(R), i € I, as the unique solution to the linear
equations

v =ci(Ri) — gri(R) + Y _ pyy(R)vj, i€l
jel

Uy = Oa

where s is an arbitrarily chosen state.
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Step 2 (policy-improvement step). For each state i € I, determine an action a;
yielding the minimum in

min i) ~ g (Rmi(a) + > pij(@v;(R)
jel

The new stationary policy R is obtained by choosing R; = a; for all i € I with the
convention that R; is chosen equal to the old action R; when this action minimizes
the policy-improvement quantity.

Step 3 (convergence test). If the new policy R = R, then the algorithm is stopped
with policy R. Otherwise, go to step 1 with R replaced by R.

In the same way as for the discrete-time Markov decision model, it can be
shown that the algorithm converges in a finite number of iterations to an average
cost optimal policy. Also, as a consequence of the convergence of the algorithm,
there exist numbers g* and v satisfying the average cost optimality equation

v¥ = agg) ci(a) — g*t;(a) + j%‘p,-j (@uvft. el (7.2.2)

The constant g* is uniquely determined as the minimal average cost per time unit.
Moreover, each stationary policy whose actions minimize the right-hand side of
(7.2.2) for all i € I is average cost optimal. The proof of these statements is left
as an exercise for the reader.

Value-iteration algorithm

For the semi-Markov decision model the formulation of a value-iteration algorithm
is not straightforward. A recursion relation for the minimal expected costs over the
first n decision epochs does not take into account the non-identical transition times
and thus these costs cannot be related to the minimal average cost per time unit.
However, by the data transformation method from Section 7.1, we can convert the
semi-Markov decision model into a discrete-time Markov decision model such that
both models have the same average cost for each stationary policy. A value-iteration
algorithm for the original semi-Markov decision model is then implied by the value-
iteration algorithm for the transformed discrete-time Markov decision model. In the
discrete-time model it is no restriction to assume that all ¢;(a) = c;(a)/t;(a) are
positive; otherwise, add a sufficiently large positive constant to each ¢;(a). The
following recursion method results for the semi-Markov decision model:

Step 0. Choose V(i) such that 0 < Vy(i) < ming{c;(a)/t;(a)} for all i. Choose a
number t with 0 < T < min; 4 7;(a). Let n := 1.
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Step 1. Compute the function V,,(i), i € I, from

V(@) = min Ci(a)+ T Z @V, (‘)+<1—L>V 0
"= e | n@ T @ jdp”“ =1t @) "

(7.2.3)
Let R(n) be a stationary policy whose actions minimize the right-hand side of
(7.2.3).
Step 2. Compute the bounds

my = I_niIl{Vn(j) — Va1 ()L M, = maX{Vn(J) — Vi1 ().
Jel jel

The algorithm is stopped with policy R(n) when 0 < (M,, — mj,) < em,, where ¢
is a prespecified accuracy number. Otherwise, go to step 3.
Step 3. n :==n + 1 and go to step 1.

Let us assume that the weak unichain assumption from Section 6.5 is satisfied
for the embedded Markov chains {X,} associated with the stationary policies. It
is no restriction to assume that the Markov chains {X,} in the transformed model
are aperiodic. Then the algorithm stops after finitely many iterations with a policy
R(n) whose average cost function g; (R (n)) satisfies

- gi(R(n) —g* _

0 g <e,
3

iel,

where g* denotes the minimal average cost per time unit. Regarding the choice of
7 in the algorithm, it is recommended to take T = min; 4 7;(a) when the embedded
Markov chains {X,} in the semi-Markov model are aperiodic; otherwise, T =
%mini,u 7; (a) is a reasonable choice.

Linear programming formulation

The linear program for the semi-Markov decision model is given under the weak
unichain assumption for the embedded Markov chains {X,}. By the data transfor-
mation and the change of variable u;;, = x;,/7i(a), the linear program (6.3.1) in

Section 6.5 becomes:
Minimize Z Z ci(@a)uiq
iel acA(i)

subject to

Yo wa=Y Y pi@uie =0, acA@) andiel,

acA(j) iel acA()

> > t@uia=1 and wuy >0, aecA@)andiel
iel acA(i)
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The algorithm for deriving an optimal stationary policy from the LP solution is the
same as in Section 6.5. In the same way as in Section 6.5 the linear programming
formulation can be extended to cover probabilistic constraints such as the fraction
of time that the system is in some subset Iy of states should not exceed «. In
the situation of probabilistic constraints, the average cost optimal policy usually
involves randomized decisions.

7.3 VALUE ITERATION AND FICTITIOUS DECISIONS

The value-iteration method is often the most preferred method to compute a (nearly)
average cost optimal policy. In each iteration of the method the lower and upper
bounds indicate how much the average cost of the current policy deviates from
the minimal average cost. The computational burden of the value-iteration algo-
rithm depends not only on the number of states, but also on the density of the
non-zero transition probabilities p;;(a). By the very nature of the value-iteration
algorithm, it is computationally burdensome to have many non-zero pj(a). In
applications with exponentially distributed times between the decision epochs, the
computational effort of the value-iteration algorithm can often be considerably
reduced by including so-called fictitious decision epochs. The state of the system
is left unchanged at the fictitious decision epochs. The inclusion of fictitious deci-
sion epochs does not change the Markovian nature of the decision process, since
the times between state transitions are exponentially distributed and thus have
the memoryless property. The trick of fictitious decision epochs reduces not only
the computational effort, but also simplifies the formulation of the value-iteration
algorithm. The inclusion of fictitious decision epochs has as a consequence that the
state space must be enlarged with an indicator variable to distinguish between the
fictitious decision epochs and the real decision epochs. However, the greater sim-
plicity in formulation and the reduction in computing times outweigh the enlarged
state space.

Example 7.3.1 Optimal allocation of servers to competing customers

In communication networks an important problem is the allocation of servers to
competing customer classes. Suppose messages of the types 1 and 2 arrive at a
communication system according to independent Poisson processes with respective
rates A1 and A,. The communication system has c¢ identical transmission channels
for handling the messages, where each channel can handle only one message at a
time. The system has no buffer for storing temporarily messages that find all chan-
nels occupied upon arrival. Such messages have to be rejected anyway. However,
a newly arriving message may also be rejected when there is a free channel. The
goal is to find a control rule that minimizes the average rejection rate or, equiva-
lently, maximizes the average throughput of accepted messages. In Example 5.4.2
the best control rule was determined within the subclass of L-policies. Markov
decision theory enables us to compute an overall optimal policy. To do so, we
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make the assumption that the transmission times of the messages are exponen-
tially distributed with mean 1/u; for type 1 messages and with mean 1/u, for
type 2 messages.

Formulation with fictitious decision epochs

A straightforward formulation of the problem as a semi-Markov decision problem
uses the arrival epochs as the only decision epochs. In such a formulation the
vectors (pjj(a), j € I) of one-step transition probabilities have many non-zero
entries. In our specific problem this difficulty can be circumvented by including
the service completion epochs as fictitious decision epochs in addition to the real
decision epochs, being the arrival epochs of messages. By doing so, a transition
from any state is always to one of at most four neighbouring states. In the approach
with fictitious decision epochs, we take as state space

I ={(i1,i2,k) |i1,io=0,1,...,¢c; i1+ir <c; k=0,1,2}.

State (i1, iz, k) with k = 1 or 2 corresponds to the situation in which a type k
message arrives and finds i; messages of type 1 and i» messages of type 2 being
transmitted. The auxiliary state (i1, i, 0) corresponds to the situation in which
the transmission of a message is just completed and i; messages of type 1 and
i» messages of type 2 are left behind in the system. Note that the type of the
transmitted message is not relevant. For the states (i1, i, k) with k = 1 or 2 the
possible actions are denoted by

a— 0, reject the arriving message,
11, accept the arriving message,

with the stipulation that a = 0 is the only feasible decision when i; + i = c. The
fictitious decision of leaving the system alone in the state s = (i1, iz, 0) is also
denoted by a = 0. Thanks to the fictitious decision epochs, each transition from
a given state is to one of at most four neighbouring states. In other words, most
of the one-step transition probabilities are zero. Further, the transition probabilities
are extremely easy to specify, because of the fact that min(X1, X») is exponentially
distributed with mean 1/(o; 4+ a2) and P{X; < X2} = o1/(1 + o) when X
and X, are independent random variables having exponential distributions with
respective means 1/« and 1/w«;. Put for abbreviation

v(it, i2) = A1+ Ay + i +ixun.
Then, for action @ = 0 in state s = (i1, i2, k),

A/v(it, iz), v = (i1, iz, 1),
A /v(it, i2), v = (i1, i2,2),
itpr/v(it, i), v =_(>1—1,i2,0),
22 /v(it,i2), v=(i1,i2—1,0).

Psv (0) =
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and 73(0) = 1/v(iy, i2). For action a = 1 in state s = (i1, i, 1),

Ar/v(in + 1, 12), v= (i1 +1,i2, 1),

A /v(iy +1,i3), v=(i1+1,i2,2),
psv(1) = . . . P

{1+ Dur /v +1,12), v=_(=1,i20),

2z /vy +1,102), v=_(>1+1,i2—1,0).

and t3(1) = 1/v(i; + 1, i2). Similarly, for action a = 1 in state (i1, i2, 2). Finally,
the one-step expected costs c¢s(a) are simply given by

1, s = (i1,i2,1) and a = 0,
cs(a) =11, s = (i1,i2,2) and a =0,
0, otherwise.

Value-iteration algorithim

Now, having specified the basic elements of the semi-Markov decision model, we
are in a position to formulate the value-iteration algorithm for the computation of
a (nearly) optimal acceptance rule. In the data transformation, we take

1
T = .
M+ A+ +coun

Using the above specifications, the value-iteration scheme becomes quite simple for
the allocation problem. Note that the expressions for the one-step transition times
7;(a) and the one-step transition probabilities py;(a) have a common denominator
and so the ratio pg(a)/ts(a) has a very simple form. In specifying the value-
iteration scheme (7.2.3), we distinguish between the auxiliary states (i, iz, 0) and
the other states. In the states (i1, i>, 0) the only possible decision is to leave the
system alone. Thus

Va(ir,i2,0) = A Va1 (in, iz, 1) + A2 Vi1 (in, i, 2) + Tig i Va—1 (i1 — 1,02, 0)
+ Tigpo Vi1 (i1, iz — 1,0) + {1 — tv(iy, i2)} Va1 (i1, i2, 0),

where V,,_1(i1,i2, 1) =0 when i; < 0 or i» < 0. For the states (i1, i2, 1),

Vatir, iz, 1) = min [vGir, i2) + T Va1 i, 2, 1) + T2 Va1 (i1, 2,2)
+ i1 Vo1 (i1 — 1,02, 0) + tiouua Vie—1 (i1, i2 — 1, 0)
+ {1 = T, D)} Vaor (i1, i, 1),
M Va1 + Lo, )+t V11 + 1,62, 2)
+ t(1 + D1 Vo1, 02, 0) + tiopua Vo1 (i1 + 1,i2 — 1, 0)
+ (1= oG+ 1L iWani 12 D)
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provided we put V,,_1 (i1, i2, 1) = V,—1(i1, i2, 2) = oo when i +i3 = c+1 in order
to exclude the unfeasible decision a = 1 in the states (i1, ip, 1) with i{ +ip = c¢. A
similar expression applies to V, (i1, i, 2). This completes the specification of the
recursion step of the value-iteration algorithm. The other steps of the algorithm go
without saying.

The value-iteration algorithm for the semi-Markov decision formulation with
fictitious decision epochs requires the extra states (i1, iz, 0). However, the number
of additions and multiplications per iteration is of the order ¢ rather than of the
order ¢* as in a straightforward semi-Markov decision formulation. It appears from
numerical experiments that there is a considerable overall reduction in computa-
tional effort when using the formulation with fictitious decision epochs. A further
reduction in the computing times can be achieved by applying modified value
iteration rather than standard value iteration; see Section 6.6.

Numerical investigations indicate that the overall optimal control rule has an
intuitively appealing structure. It is characterized by integers Lo, Li, ..., Lq—1
with Lo > Ly > --- > L._1. One type of message (call it the priority type) is
always accepted as long as not all transmission channels are occupied. An arriving
message of the non-priority type finding i priority type messages present upon
arrival is only accepted when less than L; non-priority type messages are present
and not all channels are occupied. In the numerical example with ¢ = 10, A = 10,
Ax =7, u1 =10 and pyr = 1, the optimal L;-values are given by

Lo=L =8, Lo=1L3=7, L4=6, Ls=5, Lg =4,
L7=3, Lg =2, Log=1.

The minimal average loss rate is 1.767. A challenging open problem is to find
a theoretical proof that an overall optimal policy has the L;-structure. Another
empirical result that deserves further investigation is the finding that the average
loss rate under an L;-policy is nearly insensitive to the form of the probability
distributions of the transmission times; see also the discussion in Example 5.4.2.

7.4 OPTIMIZATION OF QUEUES

The semi-Markov model is a natural and powerful tool for the optimization of
queues. Many queueing problems in telecommunication ask for the computation
of an optimal control rule for a given performance measure. If the control rule is
determined by one or two parameters, one might first use Markov chain analysis
to calculate the performance measure for given values of the control parameters
and next use a standard optimization procedure to find the optimal values of the
control parameters. However, this is not always the most effective approach. Below
we give an example of a controlled queueing system for which the semi-Markov
decision approach is not only more elegant, but is also more effective than a direct
search procedure. In this application the number of states is unbounded. However,
by exploiting the structure of the problem, we are able to cast the problem into
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a Markov decision model with a finite state space. Using a simple but generally
useful embedding idea, we avoid brute-force truncation of the infinite set of states.

Example 7.4.1 Optimal control of a stochastic service system

A stochastic service system has s identical channels available for providing service,
where the number of channels in operation can be controlled by turning channels
on or off. For example, the service channels could be checkouts in a supermarket
or production machines in a factory. Requests for service are sent to the service
facility according to a Poisson process with rate A. Each arriving request for service
is allowed to enter the system and waits in line until an operating channel is
provided. The service time of each request is exponentially distributed with mean
1/u. It is assumed that the average arrival rate A is less than the maximum service
rate su. A channel that is turned on can handle only one request at a time. At any
time, channels can be turned on or off depending on the number of service requests
in the system. A non-negative switching cost K (a, b) is incurred when adjusting
the number of channels turned on from a to b. For each channel turned on there
is an operating cost at a rate of » > 0 per unit of time. Also, for each request
a holding cost of 4 > 0 is incurred for each unit of time the message is in the
system until its service is completed. The objective is to find a rule for controlling
the number of channels turned on such that the long-run average cost per unit of
time is minimal.

Since the Poisson process and the exponential distribution are memoryless, the
state of the system at any time is described by the pair (i, t), where

i = the number of service requests present,

t = the number of channels being turned on.

The decision epochs are the epochs at which a new request for service arrives
or the service of a request is completed. In this example the number of possible
states is unbounded since the state variable i has the possible values O, 1, ... .
A brute-force approach would result in a semi-Markov decision formulation in
which the state variable i is bounded by a sufficiently large chosen integer U such
that the probability of having more than U requests in the system is negligible
under any reasonable control rule. This approach would lead to a very large state
space when the arrival rate A is close to the maximum service rate su. A more
efficient Markov decision formulation is obtained by restricting the class of control
rules rather than truncating the state space. It is intuitively obvious that under each
reasonable control rule all of the s channels will be turned on when the number of
requests in the system is sufficiently large. In other words, choosing a sufficiently
large integer M with M > s, it is from a practical point of view no restriction
to assume that in the states (i,7) with i > M the only feasible action is to turn
on all of the s channels. However, this implies that we can restrict the control of
the system only to those arrival epochs and service completion epochs at which
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no more than M service requests remain in the system. By doing so, we obtain a
semi-Markov decision formulation with the state space

I={(G,n|0=<i=<M, 0=<t=s}

and the action sets

. _[lala=0,....5}, 0<i<M-1,0<:<s,
A(z,t)—{{s}’ i=M, 0<t<s.

Here action a in state (i, t) means that the number of channels turned on is adjusted
from ¢ to a. This semi-Markov decision formulation involves the following stip-
ulation: if action a = s is taken in state (M, r), then the next decision epoch is
defined as the first service completion epoch at which either M or M — 1 service
requests are left behind. Also, if action a = s is taken in state (M, ¢), the ‘one-
step’ costs incurred until the next decision epoch are defined as the sum of the
switching cost K (¢, s) and the holding and operating costs made during the time
until the next decision epoch. Denote by the random variable Ty (s) the time until
the next decision epoch when action a = s is taken in state (M, t). The random
variable T (s) is the sum of two components. The first component is the time until
the next service completion or the next arrival, whichever occurs first. The second
component is zero if a service completion occurs first; otherwise, it is distributed
as the time needed to reduce the number of service requests present from M + 1 to
M. The semi-Markov decision formulation with an embedded state space makes
sense only when it is feasible to calculate the one-step expected transition times
T(M,1)(s) and the one-step expected costs ¢y, 1) (5).

The calculation of these quantities is easy, since service completions occur
according to a Poisson process with rate sy as long as all of the s channels are
occupied. In other words, whenever M or more requests are in the system, we can
equivalently imagine that a single ‘superchannel’ is servicing requests one at a time
at an exponential rate of su. This analogy enables us to invoke the formulas (2.6.2)
and (2.6.3). Taking n = 1 and replacing the mean u by 1/(su) in these formulas,
we find that the expected time needed to reduce the number of requests present
from M + 1 to M, given that all channels are on, is

Ve 1
L—=2/(sp)  sp—2
and the expected holding and operating costs incurred during the time needed to

reduce the number of requests present from M + 1 to M, given that all channels
are on, is

hM hs {1 A } rs  h(M+1)+rs hA

s—A su—XA s su(su—A) S — A S — A (sp — )2

Here the term hM/(sp — A) represents the expected holding costs for the M
service requests which are continuously present during the time needed to reduce
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the number in system from M 4 1 to M. If all of the s channels are busy, then
the time until the next event (service completion or new arrival) is exponentially
distributed with mean 1/(A 4+ su) and the next event is generated by an arrival
with probability A/(A + su). Putting the pieces together, we find

1 A 1 S
M, (s) = + < )

Atsuw  A+sp \spu—A - A+suw)(su —A)
and
hM +rs A h(M + 1 rs hX
cemn(s) = K(t,s) + )wl—t,u T { ( s:—)):i_ (SM_)L)Q}.
Also, by the last argument above,
S
PM.(M—1,5)(8) = P and  pmnwm.s () = P

For the other states of the embedded state space I, the basic elements of the
semi-Markov decision model are easily specified. We have

1

———, 0=<i<M-1,0<a=<sy,
A+ min(i, a)pu

Tin(a) =

and
hi +ra

‘ = K(1, _
(i,n(a) (t,a) + A + min(i, a)p

0<i<M-1,0=<ac<s.
The one-step transition probabilities are left to the reader. Next we formulate the

value-iteration algorithm. In the data transformation we take T = 1/(A+su). Then
the recurrence relation (7.2.3) becomes

Vu((i, 1)) = Omin‘ [{A + min(Z, a)u}K (¢, a) + hi +ra

+ Vaor (G 4 1Ly + MDY 1 ay)
_ — = V,_ —1,a
)L+Sﬂnll ,a P n—1(U
A+ min(i, a)u .
]l — ———— 2V, 1((, ¢t
+{ P } n—1(( )):|
for the states (i,1) with 0 <i <M — 1, 0 <t <. For the states (M, t),
1
Va((M, 1)) = — (A +su)(su —A)K (¢, 5) + +hM +rs
S S — A
S — A Alspe—X)
+ Vici(M —=1,8)+ ———V,,_1((M, s
s 1(( ) SOt 1((M, 5))

+ {1— S“_k} Voot (M, 1))
Si

with the convention V,_1((—1,1)) = 0.
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Numerical results

We consider the switching cost function K (a, b) = « |a — b| and assume the numer-
ical data
s =10, u=1, r=30 and & =10.

The arrival rate A is 7 and 8, while the proportionality constant « for the switching
cost has the two values 10 and 25. In each example, we take the bound M = 20 for
the states (i, ) with i > M in which all of the s channels are always turned on. The
value-iteration algorithm is started with Vo((i, ¢)) = O for all states (i, t) and uses
the tolerance number & = 1073 for its stopping criterion. Our numerical calculations
indicate that for the case of linear switching costs, the average cost optimal control
rule is characterized by parameters s (i) and 7 (i): the number of channels turned on
is raised up to the level s(7) in the states (i, #) with # < s(i), the number of channels
turned on is left unchanged in the states (i, ¢) with s(i) <t < ¢(i) and the number
of channels turned on is reduced to # (i) in the states (i, ) with r > ¢(i). Table 7.4.1
gives the (nearly) optimal values of s(i) and (i) for each of the four examples
considered. In each of these examples we applied both standard value iteration
and modified value iteration; see Section 6.6. It was found that modified value
iteration with a dynamic relaxation factor required considerably fewer iterations
than standard value iteration. In the four examples, standard value iteration required

Table 7.4.1 Numerical results obtained by value iteration

A=7,k=10 A=8,«k=10 A=T7k=25 A=8,k=25

i s@) t(i) s(i) t(i) s(i) t(i) s(i) t(i)
0 0 3 0 4 0 6 0 6
1 1 4 1 4 1 6 1 7
2 2 4 2 5 2 6 2 7
3 2 5 3 5 3 6 3 7
4 3 6 3 6 3 7 3 8
5 4 6 4 7 4 7 4 8
6 5 7 5 8 5 8 5 8
7 5 8 5 8 5 8 6 9
8 6 9 6 9 6 9 6 9
9 6 9 7 10 6 9 7 10
10 7 10 7 10 7 10 7 10
11 8 10 8 10 7 10 7 10
12 8 10 9 10 7 10 8 10
13 9 10 9 10 8 10 8 10
14 9 10 10 10 8 10 9 10
15 10 10 10 10 8 10 9 10
16 10 10 10 10 9 10 10 10
17 10 10 10 10 9 10 10 10
18 10 10 10 10 9 10 10 10
19 10 10 10 10 10 10 10 10
>20 10 10 10 10 10 10 10 10
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174, 311, 226 and 250 iterations. Modified value iteration required 59, 82, 87 and
71 iterations and ended up with the respective bounds (m,, M,) = (319.3,319.5),
(367.1,367.4), (331.5,331.8) and (378.0, 378.3) on the minimal average cost.

7.5 ONE-STEP POLICY IMPROVEMENT

The policy-iteration algorithm has the remarkable feature that it achieves the largest
improvements in costs in the first few iterations. These findings underlie a heuristic
approach for Markov decision problems with a multidimensional state space. In
such decision problems it is usually not feasible to solve the value-determination
equations. However, a policy-improvement step offers in general no computational
difficulties. This suggests a heuristic approach that determines first a good estimate
for the relative values and next applies a single policy-improvement step. By the
nature of the policy-iteration algorithm one might expect to obtain a good decision
rule by the heuristic approach. How to compute the relative values to be used
in the policy-improvement step typically depends on the specific application. The
heuristic approach is illustrated in the next example.

Example 7.5.1 Dynamic routing of customers to parallel queues

An important queueing model arising in various practical situations is one in which
arriving customers (messages or jobs) have to be assigned to one of several different
groups of servers. Problems of this type occur in telecommunication networks and
flexible manufacturing. The queueing system consists of n multi-server groups
working in parallel, where each group has its own queue. There are s; servers in
group k (k =1, ... ,n). Customers arrive according to a Poisson process with rate
A. Upon arrival each customer has to be assigned to one of the n server groups.
The assignment is irrevocable. The customer waits in the assigned queue until a
server becomes available. Each server can handle only one customer at a time.

The problem is to find an assignment rule that (nearly) minimizes the average
sojourn time per customer. This problem will be analysed under the assumption that
the service times of the customers are independent and exponentially distributed.
The mean service time of a customer assigned to queue k is 1/ux (k=1,...,n).
It is assumed that A < ZZ: 1 Skik- In what follows we consider the minimization
of the overall average number of customers in the system. In view of Little’s
formula, the minimization of the average sojourn time per customer is equivalent
to the minimization of the average number of customers in the system.

Bernoulli-splitting rule

An intuitively appealing control rule is the shortest-queue rule. Under this rule
each arriving customer is assigned to the shortest queue. Except for the special
case of sy = --- =5, and uy = --- = u,, this rule is in general not optimal. In
particular, the shortest-queue rule may perform quite unsatisfactorily in the situation
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of a few fast servers and many slow servers. Another simple rule is the Bernoulli-
splitting rule. Under this rule each arrival is assigned with a given probability
pk to queue k (k = 1, ..., n) irrespective of the queue lengths. This assignment
rule produces independent Poisson streams at the various queues, where queue k
receives a Poisson stream at rate Apy. The probabilities px must satisfy ), pr =1
and Aprp < sgup for k = 1,...,n. This condition guarantees that no infinitely
long queues can build up. Under the Bernoulli-splitting rule it is easy to give an
explicit expression for the overall average number of customers in the system.
The separate queues act as independent queues of the M/M /s type. This basic
queueing model is discussed in Chapter 5. In the M /M /s queue with arrival rate
a and s exponential servers each with service rate u, the long-run average number
of customers in the system equals

L(s,a,p)=

+sp,

—1
p(sp)* i o)k (sp)*
s1(1 = p)? k! s!(1 = p)

k=0

where p = «/(sp). Under the Bernoulli-splitting rule the overall average number
of customers in the system equals

n

> Lsk Apks ph)- (7.5.1)

k=1
The best Bernoulli-splitting rule is found by minimizing this expression with respect
to pi,..., pn subject to the condition ) , pr = 1 and 0 < Apy < sgux for
k = 1,...,n. This minimization problem must be numerically solved by some

search procedure (for n = 2, bisection can be used to find the minimum of a
unimodal function in a single variable).

Policy-improvement step

The problem of assigning the arrivals to one of the server groups is a Markov
decision problem with a multidimensional state space. The decision epochs are
the arrival epochs of new customers. The state of the system at a decision epoch
is an n-dimensional vector x = (i1,...,i,), where i; denotes the number of
customers present in queue j. This description uses the memoryless property of
the exponential service times. The action a = k in state x means that the new
arrival is assigned to queue k. To deal with the optimality criterion of the long-run
average number of customers in the system, we impose the following cost structure
on the system. A cost at rate j is incurred whenever there are j customers in the
system. Then the long-run average cost per time unit gives the long-run overall
average number of customers in the system.

Denote by policy R the best Bernoulli-splitting rule and let p,io), k=1,...,n
be the splitting probabilities associated with policy R(?). We already pointed out
that the average cost for rule R is easy to compute. Below it will be shown that
the relative values are also easy to obtain for rule R(?). Let us first explain how to
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derive an improved policy from the Bernoulli-splitting rule R®. This derivation
is based on first principles discussed in Section 6.2. The basic idea of the policy-
improvement step is to minimize for each state x the difference A(x,a, R©®)
defined by

A(x,a, R(O)) = the difference in total expected costs over an infinitely
long period of time by taking first action a and next using
policy R© rather than using policy R© from scratch
when the initial state is x.

The difference is well defined since the Markov chain associated with policy R
is aperiodic. Under the Bernoulli-splitting rule the n queues act as independent
M /M /s queues. Define for each separate queue j,

D; (i) = the difference in total expected costs in queue j over
an infinitely long period of time by starting with i + 1
customers in queue j rather than with i customers.

Then, for each state x = (i1, ..., i,) and action a = k,
n
0 . . 0
At a, R?) =" pl”1=Dj(ij) + D(i)] + p” x 0

j=1
J#k

n
0 s .
- Z P](- )Dj(lj) + Dy (iy).
j=1

Since the term Y i p](.o) D;(i;) does not depend on the action a = k, the step of
minimizing A(x, k, R(O)) over k reduces to the computation of

min {Dy(ix)}.

1<k<n

Hence a remarkably simple expression is evaluated in the policy-improvement
step applied to the Bernoulli-splitting rule. The suboptimal rule resulting from the
single application of the policy-improvement step is called the separable rule. The
performance of this rule will be discussed below.

It remains to specify the function Dy (i), i =0, 1, ..., for each queue k. To do
so, consider an M /M /s queue in isolation, where customers arrive according to a
Poisson process with rate o and there are s exponential servers each with service
rate . Each arrival is admitted to the queue. The state of the system describes
the number of customers present. A cost at rate j is incurred when there are j
customers present. The long-run average cost per time unit is given by

g=L(s,a, ).



298 SEMI-MARKOV DECISION PROCESSES

The M /M /s queueing process can be seen as a Markov decision process with a
single decision in each state. The decision is to leave the system alone. In this
Markov decision formulation it is convenient to consider the state of the system both
at the arrival epochs and the service completion epochs. In the M /M /s queue the
situation of i customers present just after a service completion is probabilistically
the same as the situation of i customers present just after an arrival. In accordance
with (6.3.1), we define the relative cost function w(i) by

w(i) = {(I){(i) — 8T @), i z(l) 2o (7.5.2)

where

T (i) = the expected time until the first return to an empty system starting
with i customers present,

K (i) = the total expected cost incurred until the first return to an empty
system starting with i customers present.

Then, by the economic interpretation of the relative values given in Section 6.3,
we have for any i =0, 1, ... that

w(i + 1) — w(i) = the difference in total expected costs over an infinitely long
period of time by starting in state i 4 1 rather than in state i.

The desired function Dy (i) for queue k follows by taking
Di(i) = wi (i + 1) —wr(i) with o = Apg, s = s and u = puy.

The basic functions K (i) and 7' (i) are easy to compute. By conditioning,

1 o in
T, = T; Ti—1, 1<ic<s. 7.5.3
i a+i,u+oz+iu l+1+a+i/Ll 1 == ( )
i o i .
K; = + K+ K;_1, 1<i<s. 754
i a—i—i,u Oé~|—ilL i+1 a—i—i,u i—1 =t = ( )

where Ty = K¢ = 0. Further, we have

i—s
T, = + Ty, >,
S — o
1 1 | — | —
K = {—(i—s)(i—s—l)—i—i—s—l—a(l S)}Jrs(l LI
spu—a |2 S — o SU— o

To see the latter relations, note that the time to reach an empty system from state
i > s is the sum of the time to reach state s and the time to reach an empty system
from state s. By the memoryless property of the exponential distribution, the multi-
server M /M /s queue operates as a single-server M /M /1 queue with service rate su
when s or more customers are present. Next, by applying the formulas (2.6.2) and
(2.6.3), we find the formulas for 7; and K; when i > s. Substituting the expressions
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for Ty4+1 and K41 into (7.5.3) and (7.5.4) with i = s, we get two systems of linear

equations for 7;, 1 <i < s and K;, 1 < i < s. Once these systems of linear

equations have been solved, we can next compute 7; and K; for any desired i > s.
Summarizing, the heuristic algorithm proceeds as follows.

Heuristic algorithm

Step 1. Compute the best values p,EO), k = 1,...,n, of the Bernoulli-splitting
probabilities by minimizing the expression (7.5.1) subject to Y ;_, px = 1 and
0<Xipr <sgup fork=1,...,n.
Step 2. For each queue k = 1, ..., n, solve the system of linear equations (7.5.3)
and (7.5.4) with o = )Lp,({o), s = s, and u = pug. Next compute for each queue k
the function wy (i) from (7.5.2) with « = )»p,((o), s = s and = .
Step 3. For each state x = (i, ... , i), determine an index kg achieving the mini-
mum in

min {wg (i + 1) — we(ix)}-

1<k<n

The separable rule assigns a new arrival in state x = (iq, ..., i,) to queue k.

Numerical results

Let us consider the numerical data
s1 = 10, sp =1, ur=1 and pup=09.
The traffic load p, which is defined by

P =MA/(s1141 + $2142),

is varied as p = 0.2, 0.5, 0.7, 0.8 and 0.9. In addition to the theoretically minimal
average sojourn time, Table 7.5.1 gives the average sojourn time per customer for
the Bernoulli-splitting rule (B-split) and for the heuristic separable rule. The table
also gives the average sojourn time per customer under the shortest expected delay
(SED) rule. Under this rule an arriving customer is assigned to the queue in which
its expected individual delay is smallest (if there is a tie, the customer is sent
to queue 1). The results in the table show that this intuitively appealing control
policy performs unsatisfactorily for the case of heterogeneous services. However,
the heuristic separable rule shows an excellent performance for all values of p.

Table 7.5.1 The average sojourn times

0 SED B-split Separable Optimal
0.2 0.192 0.192 0.191 0.191
0.5 0.647 0.579 0.453 0.436
0.7 0.883 0.737 0.578 0.575
0.8 0.982 0.897 0.674 0.671

0.9 1.235 1.404 0.941 0.931




300 SEMI-MARKOV DECISION PROCESSES

EXERCISES

7.1 Consider a production facility that operates only intermittently to manufacture a single
product. The production will be stopped if the inventory is sufficiently high, whereas the
production will be restarted when the inventory has dropped sufficiently low. Customers
asking for the product arrive according to a Poisson process with rate A. The demand of
each customer is for one unit. Demand which cannot be satisfied directly from stock on
hand is lost. Also, a finite capacity C for the inventory is assumed. In a production run, any
desired lot size can be produced. The production time of a lot size of Q units is a random
variable T having a probability density fo(¢). The lot size is added to the inventory at the
end of the production run. After the completion of a production run, a new production run is
started or the facility is closed down. At each point of time the production can be restarted.
The production costs for a lot size of Q > 1 units consist of a fixed set-up cost K > 0 and
a variable cost ¢ per unit produced. Also, there is a holding cost of & > 0 per unit kept in
stock per time unit, and a lost-sales cost of p > 0 is incurred for each lost demand. The
goal is to minimize the long-run average cost per time unit. Formulate the problem as a
semi-Markov decision model.

7.2 Consider the maintenance problem from Example 6.1.1 again. The numerical data are
given in Table 6.4.1. Assume now that a repair upon failure takes either 1, 2 or 3 days,
each with probability 1/3. Use the semi-Markov model to compute by policy iteration or
linear programming an average cost optimal policy. Can you explain why you get the same
optimal policy as in Example 6.1.1?

7.3 A cargo liner operates between the five harbours Aq, ..., A5. A cargo shipment from
harbour A; to harbour A; (j # i) takes a random number t;; of days (including load and
discharge) and yields a random pay-off of &;. The shipment times 7;; and the pay-offs &;;
are normally distributed with means (7;;) and 1 (§;;) and standard deviations o (7;;) and
o (§;7). We assume the numerical data:

u(Tij)lo (Tjj)]
N1 2 3 4 5
1 - 3[%] 6[1] 3[%] 2[5]
2 401 -1 [}T] 7011 51
30osm [y - e s
4 3[3] smosm - 2[f]

5028 stoom 2]

N —
—
1

1Elo &)l

VA 2 3 4 5

I - 801 12021 6011 6[1]
2 2031 - 2] 1B 1602
30161 2[5 - 181 e(
4 6[1] 10[21 20021 - 6|}
s 8[21 16[3] 20121 8[1] -

Compute by policy iteration or linear programming a sailing route for which the long-run
average reward per day is maximal.
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7.4 Consider Exercise 2.20 again. Assume that the assignment types j = 1,...,n are
numbered or renumbered according to E(§)/E(tj) > E(§j11)/E(tjy1) for all j. Use
the optimality equation (7.2.2) to verify that the long-run average reward per time unit is
maximal by accepting only assignments of the types j = 1, ... ,r, where r is the smallest
integer such that

ZA,-E(&;)/ L+ ME®@) | > EGn)/E41)
j=1 j=1

with E(§,41)/E(t;+1) = 0 by convention.

7.5 Adjust the value-iteration algorithm for the control problem from Example 7.3.1 when
finite-source input is assumed rather than Poisson input. Solve for the numerical data ¢ = 10,
My =My=10,81 =3,8) =1, u; =4, up = 1, where M; is the number of customers
from source i and §; is the exponential rate at which a customer from source i generates
new service requests when the customer has no other request in service. Try other numerical
examples and investigate the structure of an optimal control rule.

7.6 Consider a flexible manufacturing facility producing parts, one at a time, for two assem-
bly lines. The time needed to produce one part for assembly line k is exponentially distributed
with mean 1/ug, kK = 1, 2. Each part produced for line k is put into the buffer for line k.
This buffer has space for only Ny parts, including the part (if any) in assembly. Each line
takes parts one at a time from its buffer as long as the buffer is not empty. At line k,
the assembly time for one part is exponentially distributed with mean 1/Ag, k = 1,2. The
production times at the flexible manufacturing facility and the assembly times at the lines
are independent of each other. A real-time control for the flexible manufacturing facility is
exercised. After each production at this facility, it must be decided what type of part is to be
produced next. The system cannot produce for a line whose buffer is full. Also, the system
cannot remain idle if not all the buffers are full. The control is based on the full knowledge
of the buffer status at both lines. The system incurs a lost-opportunity cost at a rate of
yr per time unit when line k is idle. The goal is to control the production at the flexible
manufacturing facility in such a way that the long-run average cost per time unit is minimal.
Develop a value-iteration algorithm for this control problem. Solve for the numerical data
w1 =5, =10, A1 =4, .o =8, N = Ny =5, y; = y» = 1. This problem is based on
Seidman and Schweitzer (1984).

7.7 Consider a tandem network with two assembly facilities in series. The output of the first
station is the input for the second station. Raw material is processed at station 1, and half-
finished goods at station 2. Each of the stations 1 and 2 has a finite buffer for temporarily
storing raw material and half-finished goods. The buffer size is M at station 1 and N
at station 2 (excluding any unit in processing). Units of raw material arrive at station 1
according to a Poisson process with rate A. A unit of raw material finding the buffer full
at station 1 upon arrival is rejected and is brought elsewhere. Station 1 is a single-server
station and station 2 is a multiple-server station with c servers. Each server can handle only
one unit at a time and the processing times are exponentially distributed with mean 1/
at station 1 and mean 1/u, at station 2. If the assembly of a unit is finished at station 1,
it is forwarded to station 2 provided the buffer is not full at station 2; otherwise, the unit
remains at station 1 and blocks this station until room becomes available at station 2. Station
1 cannot start a new assembly as long as it is blocked. The control problem is as follows.
Upon arrival of a new unit at station 1, a decision has to be made to accept this unit or
to reject it. The cost of rejecting a unit at station 1 is R > 0. Also, there is a blocking
cost at rate b > 0 per time unit that station 1 is blocked. The goal is to find a control rule
minimizing the long-run average cost per time unit. Develop a value-iteration algorithm.
Solve for the numerical data A = 20, u; =15, up =3, c=5 M =10, N =3, R=3.5
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and b = 20. Try other numerical examples and investigate whether the optimal control rule
is characterized by integers L, ..., Ljs so that an arriving unit of raw material finding i
units present at station 1 is only accepted when less than L; units are present at station 2.

7.8 Consider the situation that two groups of servers share a common waiting room. The
first group consists of c¢| servers and the second group consists of ¢, servers. Customers
for the first group arrive according to a Poisson process with rate A1 and, independently of
this process, customers for the second group arrive according to a Poisson process with rate
XAp. Upon arrival of a new customer, a decision has to be made to accept or reject them.
An accepted customer keeps one place in the waiting room occupied until their service is
completed. The service times of the customers are exponentially distributed with a mean
1/uq for a customer going to the first group and mean 1/, for a customer going to the
second group. Each server can handle only one customer at a time and serves only customers
for the group to which the server belongs. The goal is to find a control rule minimizing the
total average rejection rate. Develop a value-iteration algorithm for this control problem.
Solve for the numerical data ¢c; = cp =1, A1 =12, Ay =1, uy = up =1 and M = 15,
where M denotes the number of places in the waiting room. Try other numerical examples
and verify experimentally that the optimal control rule is characterized by two sequences

{air), 0<r <M} and {ag), 0 < r < M} so that an arriving customer of type k finding r

customers of the other type present upon arrival is accepted only if less than afk) customers

of the same type k are present and the waiting room is not full. This problem is based on
Tijms and Eikeboom (1986).

7.9 Consider the problem of designing an optimal buffer management policy in a shared-
memory switch with the feature that packets already accepted in the switch can be dropped
(pushed out). The system has two output ports and a finite buffer shared by the two output
ports. Packets of types 1 and 2 arrive according to independent Poisson processes with rates
A1 and X,. Packets of type i are destined for output port i for i = 1,2. At each of the
two output ports there is a single transmission channel. Each channel can transmit only one
packet at a time and the transmission time at output port i is exponentially distributed with
mean 1/p; for i = 1,2. Upon arrival of a new packet, the system has to decide whether to
accept the packet, to reject it, or to accept it and drop a packet of the other type. A packet
that is rejected or dropped is called a lost packet and has no further influence on the system.
The total buffer size is B and it is assumed that an accepted packet occupies a buffer place
until its transmission is completed. The goal is to find a control rule minimizing the overall
fraction of packets that are lost. Develop a value-iteration algorithm. Solve for the numerical
data Ay = 1, Ap = 10, 1 = 2, up = 20 and B = 12. Try other numerical examples and
investigate whether the optimal control rule has a specific structure. This problem is based
on Cidon et al. (1995).

7.10 Consider a two-server facility with heterogeneous servers. The faster server is always
available and the slower server is activated for assistance when too many customers are
waiting. Customers arrive according to a Poisson process with rate A. The service facility
has ample waiting room. The service times of the customers are independent of each other
and have an exponential distribution. The mean service time is 1/ when service is provided
by the faster server and is 1/uo for the slower server, where 1/ < 1/uo. It is assumed
that the load factor A/(u1 + wp) is less than 1. The slower server can only be turned off
when it has completed a service. The slower server cannot be on when the system is empty.
If the slower server is kept on while customers are waiting for service, it cannot remain idle.
Each server can handle only one customer at a time. Service is non-pre-emptive; that is, the
faster server cannot take over a customer from the slower server. A fixed cost of K > 0 is
incurred each time the slower server is turned on and there is an operating cost of » > 0
per time unit the slower server is on. Also, a holding cost of 42 > 0 per time unit is incurred
for each customer in the system. The goal is to find a switching rule that minimizes the



EXERCISES 303

long-run average cost per time unit. Using the embedding idea from Section 7.4, develop
a value-iteration algorithm for the control problem. Solve for the numerical data A = 3,
nyp =28, up =22, h =2, r =4 and K = 10. Try other numerical examples and
verify experimentally that the optimal control rule is a so-called hysteretic (m, M) rule
under which the slower server is turned on when the number of customers present is M
or more and the slower server is switched off when this server completes a service and
the number of customers left behind in the system is below m. This problem is based
on Nobel and Tijms (2000), who developed a tailor-made policy-iteration algorithm for
this problem.

7.11 Consider again the heterogeneous server problem from Exercise 7.10. Assume now that
there are two slower servers in addition to the faster server, where the two slower servers
may have different speeds. The faster server is always available for service, while the slower
servers are activated for service when too many customers are present. The service time of
a customer is exponentially distributed with mean 1/u; when service is provided by server
i. Server 1 is the faster server and servers 2 and 3 are the slower servers. It is assumed that
A/(uy + pp +p3) <1 and g > max(uy, u3). There is an operating cost of r; > 0 per
time unit when the slower server i is on for i = 2, 3. A holding cost of 4 > 0 per time unit
is incurred for each customer in the system. There is no switching cost for turning either of
the slower servers on. Develop a value-iteration algorithm for this problem. Assuming that
the slower servers are numbered such that rp/uy < r3/us, verify experimentally that the
optimal control rule is characterized by critical numbers 1 < m| < my and prescribes using
the slower server 2 when the number of customers present is more than m 1, and using both
slow servers when the number of customers present is more than m,.

7.12 Messages arrive at a transmission channel according to a Poisson process with a con-
trollable arrival rate. The two possible arrival rates are A1 and Ao with 0 < Ay < Ay. The
buffer at the transmission channel has ample space for temporarily storing arriving mes-
sages. The channel can only transmit one message at a time. The transmission time of each
message is exponentially distributed with mean 1/u. It is assumed that Ao/u < 1. At any
point in time it can be decided to change the arrival intensity from one rate to the other.
There is a fixed cost of K > 0 for changing the arrival rate. An operating cost of r; > 0
per time unit is incurred when the prevailing arrival rate is A;, i = 1,2. Also, there is a
holding cost of 2 > 0 per time unit for each message awaiting service. The goal is to find
a control rule that minimizes the long-run average cost per time unit. Using the embedding
idea from Example 7.4.1, develop a value-iteration algorithm for this control problem. Solve
for the numerical data A =4, 2, =2, u =5, K =5,r1 =1,rp =10 and h = 2. Try
other numerical examples and investigate whether the optimal control rule has a specific
structure.

7.13 Customers of types 1 and 2 arrive at a shared resource according to independent
Poisson processes with respective rates A; and Ap. The resource has ¢ service units. An
arriving customer of type i requires b; service units. The customer is rejected when less
than b; units are available upon arrival. An accepted customer of type i immediately enters
service and has an exponentially distributed residency time with mean 1/p;. During this
residency time the customer keeps all of the b; assigned service units occupied. These units
are released simultaneously when the customer departs. Develop a value-iteration algorithm
for the computation of a control rule that minimizes the total average rejection rate. Solve
for the numerical data ¢ = 30, by =2, bp) =5, 21 =6, 2p =8, u; =1 and up = 0.5.
Try other numerical examples and verify experimentally that the optimal control rule can
be characterized by two monotone sequences {aY)} and {aér)}. Under this control rule an
arriving customer of type i finding r customers of the other type present upon arrival is

accepted only when less than a;r) customers of the same type i are present and at least b;
service units are free.
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7.14 Consider Exercise 7.13 again, but assume now that the residency times have a Coxian-2
distribution. Develop a value-iteration algorithm to compute the total average rejection rate
under a fixed reservation policy. A reservation policy is characterized by two integers r; and
ro with r{ > by and rp > by. Under the reservation policy an arriving customer of type i is
accepted only if r; or more service units are available. Verify experimentally that the total
average rejection rate for a fixed reservation policy is nearly insensitive to the second and
higher moments of the residency times. For the case of exponentially distributed residency
times, take the average rejection rate of the best reservation policy and verify how close it
is to the theoretically minimal average rejection rate.

7.15 Consider a production/inventory system with N inventory points that share a common
production unit. At the beginning of each period, the production unit can produce for any
number of inventory points, with the stipulation that the total production size is restricted by
the capacity C of the production unit. The production time is negligible for any production
scheme. The demands at the various inventory points are independent of each other. In
each period the demand at inventory point j is Poisson distributed with mean p; for j =
1,..., N. Excess demand is lost at any inventory point. The following costs are involved.
The cost of producing z; units for inventory point j equals K; +c;z; for z; > 0 regardless
of how much is produced for each of the other inventory points. In any period there is a
holding cost of &; > 0 for each unit in stock at inventory point j at the end of the period.
A stockout cost of p; is incurred for each unit of lost demand at inventory point j. Can you
think of a heuristic approach based on solving N one-dimensional problems and performing
a single policy-improvement step? This problem is based on Wijngaard (1979).

BIBLIOGRAPHIC NOTES

Semi-Markov decision processes were introduced in De Cani (1964), Howard
(1964), Jewell (1963) and Schweitzer (1965). The semi-Markov decision model
has many applications, especially in queueing control. The data-transformation
method converting a semi-Markov decision model into an equivalent discrete-time
Markov decision model was introduced in Schweitzer (1971). This uniformization
method was used in the paper of Lippman (1975) to establish the structure of
optimal control rules in queueing applications of continuous-time Markov decision
processes with exponentially distributed times between the decision epochs. The
idea of using fictitious decision epochs is also contained in this paper. The embed-
ding idea used in Section 7.4 is adapted from De Leve et al. (1977); see also Tijms
(1980). Embedding is especially useful for developing a tailor-made policy-iteration
algorithm that operates on a subclass of structured policies. The heuristic approach
of attacking a multidimensional Markov decision problem through decomposition
and a single-improvement step goes back to Norman (1970) and has been success-
fully applied in Krishnan and Ott (1986,1987) and Wijngaard (1979), among others.
The heuristic solution for the dynamic routing problem from Example 7.5.1 comes
from Krishnan and Ott (1987) and has been extended in Sassen et al. (1997) to
the case of general service times. Other heuristic approaches to handle large-scale
Markov decision processes are discussed in Cooper et al. (2003) and Schweitzer
and Seidman (1985).
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CHAPTER 8

Advanced Renewal Theory

8.0 INTRODUCTION

A renewal process is a counting process that generalizes the Poisson process. In
the Poisson process the interoccurrence times between the events are independent
random variables with an exponential distribution, whereas in a renewal process the
interoccurrence times have a general distribution. A first introduction to renewal
theory has been already given in Section 2.1. In that section several limit theorems
were given without proof. These limit theorems will be proved in Section 8.2 after
having discussed the renewal function in more detail in Section 8.1. A key tool
in proving the limit theorems is the so-called key renewal theorem. Section 8.3
deals with the alternating renewal model and gives an application of this model to
a reliability problem. In queueing and insurance problems it is often important to
have asymptotic estimates for the waiting-time probability and the ruin probability.
In Section 8.4 such estimates are derived by using renewal-theoretic methods. This
derivation illustrates the simplicity of analysis to be achieved by a general renewal-
theoretic approach to hard individual problems.

8.1 THE RENEWAL FUNCTION

Let us first repeat some definitions and results that were given earlier in Section 2.1.
The starting point is a sequence X1, X5, ... of non-negative independent random
variables having a common probability distribution function

Fx)=P{X;y <x}, x>0

for k = 1,2,... . Letting u1 = E(Xy), it is assumed that 0 < pu; < oo. The
random variable X denotes the interoccurrence time between the (kK — 1)th and
kth events in some specific probability problem; see Section 2.1 for examples.
Letting

n
So=0 and Sn=ZXi, n=12,...,
i=1

A First Course in Stochastic Models H.C. Tijms
© 2003 John Wiley & Sons, Ltd. ISBNs: 0-471-49880-7 (HB); 0-471-49881-5 (PB)
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we have that S, is the epoch at which the nth event occurs. For each ¢ > 0, let
N (t) = the largest integer n > 0 for which §, <1t.

Then the random variable N (¢) represents the number of events up to time ¢. The
counting process {N(t),t > 0} is called the renewal process generated by the

interoccurrence times Xi, X», ... . It is said that a renewal occurs at time ¢ if
Sp =t for some n. Since F(0) < 1 the number of renewals up to time ¢ is finite
with probability 1 for any ¢ > 0. The renewal function M (t) is defined by

M) =E[N()], t=0.
Forn =1, 2, ..., define the probability distribution function F(¢) by
Fn([)ZP{Snft}’ t>0.

The function F,, (t) is the n-fold convolution of F () with itself. Using the important
observation that N (t) > n if and only if S, <, it was shown in Section 2.1 that

EIN(D] =Y Fu), 1t >0. 8.1.1)
n=1

Moreover, it was established in Section 2.1 that M (¢) < oo for all # > 0. Another
important quantity introduced in Section 2.1 is the excess or residual life at time
t. This random variable is defined by

Ve = SN+l — ¢

and denotes the waiting time from time ¢ onwards until the first occurrence of an
event after time ¢. Using Wald’s equation, it was shown in Section 2.1 that

E(y) = pifl + M)} — 1. (8.1.2)

The following bounds apply to the renewal function:

t t
1< M@o < —+ 22
M1 M1 M1

where uy; = E(X %). The left inequality is an immediate consequence of (8.1.2) and
the fact that 9, > 0. The proof of the other inequality is demanding and lengthy.
The interested reader is referred to Lorden (1970).

8.1.1 The Renewal Equation

A useful characterization of the renewal function is provided by the so-called
renewal equation.
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Theorem 8.1.1 Assume that the probability distribution function F(x) of the inte-
roccurrence times has a probability density f(x). Then the renewal function M (t)
satisfies the integral equation

t
M(t):F(t)+/ M@t —x)f(x)dx, t>0. (8.1.3)
0

This integral equation has a unique solution that is bounded on finite intervals.

Proof The proof of (8.1.3) is instructive. Fix + > 0. To compute E[N(t)], we
condition on the time of the first renewal and use that the process probabilistically
starts over after each renewal. Under the condition that X| = x, the random variable
N (¢) is distributed as 1+ N (¢t —x) when 0 < x < r and N(¢) is O otherwise. Hence,
by conditioning upon X, we find

o0 t
E[N(t)]=/ E[N(I)IX1=X]f(X)dX=/ E[14+ N@ —x)1f(x)dx,
0 0

which gives (8.1.3). To prove that the equation (8.1.3) has a unique solution,
suppose that H(t) = F(t) + f(; H(t — x)f(x)dx, t = 0 for a function H(t)
that is bounded on finite intervals. We substitute this equation repeatedly into itself
and use the convolution formula

t
Fu (1) =/ F(t — x) fu—1(x) dx,
0

where fi(x) denotes the probability density of Fi(x). This gives

n t
H(t):ZFk(t)+/0 Ht —x)f(x)dx, n=12,.... (8.1.4)

k=1

Fix now ¢ > 0. Since H (x) is bounded on [0, ], the second term on the right-hand
side of (8.1.4) is bounded by cF,(t) for some ¢ > 0. Since M(t) < oo, we have
F,(t) — 0 as n — oo. By letting n — oo in (8.1.4), we find H(t) = Z,fil Fi(t)
showing that H(t) = M (t).

Theorem 8.1.1 allows for the following important generalization.

Theorem 8.1.2 Assume that F(x) has a probability density f(x). Let a(x) be a
given, integrable function that is bounded on finite intervals. Suppose the function
Z(t), t = 0, is defined by the integral equation

t
Z(t):a(t)+/ Z(t —x)f(x)dx, t>0. (8.1.5)
0

Then this equation has a unique solution that is bounded on finite intervals. The
solution is given by
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t
Z(t):a(t)+/ a(t — x)ym(x)dx, t >0, (8.1.6)
0

where the renewal density m(x) denotes the derivative of M (x).

Proof We give only a sketch of the proof. The proof is similar to the proof of
the second part of Theorem 8.1.1. Substituting the equation (8.1.5) repeatedly into
itself yields

n t t
Z(t) = a(r) + Z/ a(t — x) fi(x) dx +/ Z(t = x) fut1(x) dx.
1”0 0
Next, by letting n — oo, the desired result readily follows. It is left to the reader

to verify that the various mathematical operations are allowed.

The integral equation (8.1.5) is called the remewal equation. This important
equation arises in many applied probability problems. As an application of The-
orem 8.1.2, we derive an expression for the second moment of the excess life at
time ¢.

Lemma 8.1.3 Assuming that u, = E(X 12) is finite,
t
E(y,z) =l +M@)] — 2y |:t +/ M(x)dxi| +12, 1>0. (8.1.7)
0

Proof Fix ¢+ > 0. Given that the epoch of the first renewal is x, the random
variable y; is distributed as y;,_, when x <t and y; equals x — ¢ otherwise. Thus

EGP) = /O EWR | X1 = x) f(x)dx

t o0
=/ E(yt2_x)f(x)dx+/ (x — )2 f(x)dx.
0 t

Hence, by letting Z(t) = E(yf) and a(t) = ftoo(x — 1)2f(x)dx, we obtain a
renewal equation of the form (8.1.5). Next it is a question of tedious algebra to
derive (8.1.7) from (8.1.6). The details of the derivation are omitted.

8.1.2 Computation of the Renewal Function

The following tools are available for the numerical computation of the renewal
function:

(a) the series representation,

(b) numerical Laplace inversion,

(c) discretization of the renewal equation.
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In Section 2.1.1 we have already seen that the renewal function can be directly
computed from the series representation (8.1.1) when the interoccurrence times
have a gamma distribution. If the interoccurrence times have a Coxian-2 distribution
an explicit expression can be given for the renewal function; see Exercise 8.1. In
general the renewal function M (x) can be computed by numerical inversion of its
Laplace transform. The Laplace transform M*(s) = fooo e **M(x) dx is given by

_ e
s[1— f*(s)]’

where f*(s) = fo e ¥ f(x) dx denotes the Laplace transform of the probabil-
ity density of the interoccurrence times; see Appendix E. How to proceed with
numerical Laplace inversion is discussed in Appendix F. In this appendix it is
also discussed how to proceed when the Laplace transform f*(s) is analytically
intractable.

Next we discuss a simple but useful discretization method. The renewal equation
(8.1.3) for M (¢) is a special case of an integral equation which is known in numer-
ical analysis as a Volterra integral equation of the second kind. Many numerical
methods have been proposed to solve such equations. Unfortunately, these meth-
ods typically suffer from the accumulation of round-off errors when ¢ gets larger.
However, using basic concepts from the theory of Riemann—Stieltjes integration, a
simple and direct solution method with good convergence properties can be given
for the renewal equation (8.1.3). This method discretizes the time and computes
recursively the renewal function on a grid of points. For fixed ¢t > 0, let [0, ] be
partitioned according to 0 =1y < f;, < ... < t, = t, where t; = ih for a given
grid size & > 0. Put for abbreviation

M*(s) =

M, = M(h), F;=F({@—0.5)h) and A; =F(h), 1<i<n.
The recursion scheme for computing the M; is as follows:

i—1
Ai‘l‘Z(Mj_Mjfl)FifjJrl —M;Fi |, 1=<iZ<n,
j=1

1
1—-F

i =

starting with My = 0. This recursion scheme is a minor modification of the Rie-
mann-—Stieltjes method proposed in Xie (1989) (the original method uses F; instead
of A;). The recursion scheme is easy to program and gives surprisingly accurate
results. It is remarkable how well the recursion scheme is able to resist the accu-
mulation of round-off errors as ¢ gets larger. How to choose the grid size 7 > 0
depends not only on the desired accuracy in the answers, but also on the shape of
the distribution function F'(x) and the length of the interval [0, ¢]. The usual way
to find out whether the answers are accurate enough is to do the computations for
both a grid size & and a grid size 4/2. In many cases of practical interest a four-
digit accuracy is obtained for a grid size & in the range 0.05 — 0.01. In Table 8.1.1
some results are given for the renewal function of the Weibull distribution, where
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Table 8.1.1 Renewal function for the Weibull distribution

% =0.25 % =2

t exact asymp t exact asymp

0.1 0.0061 —0.275 02 0.3841 0.700
02 0.0261 ~0.175 05  0.7785 1.000
04  0.1087 0.025 1.0 1.357 1.500
06 02422 0.225 1.5 1.901 2.000
08 04141 0.425 20 2428 2.500
10 0.6091 0.625 25 2947 3.000
12 08143 0.825 30 3.460 3.500
15 1.124 1.125 35 3.969 4.000
2.0 1.627 1.625 50 5485 5.500
25 2125 2.125 75 7995 8.000

a grid size h = 0.02 is used for the case ci = 0.25 and a grid size h = 0.01 for
the case c§( = 2. In both cases the normalization @ = 1 is used for the mean
interoccurrence time. The table also gives the values of the asymptotic expansion
of M (x) that will be discussed in Section 8.2.

The discretization algorithm can also be used to solve an integral equation of the
type (8.1.5). The only change is to replace A; = F(ih) by A; = a(ih)+a(0)F (ih).
A more sophisticated discretization method for the renewal equation (8.1.5) is
discussed in Den Iseger et al. (1997).

Computation of the distribution of N (t)

Numerical Laplace inversion can also be used to calculate the probability distribu-
tion of N (¢). Since the events {N(¢#) > n} and {S, < ¢} are equivalent, we have
P{N(t) > n} = F,(t) and so

P{N({t)=n}=F,(t) — Fpt1(t), n=0,1,...,

where Fy(¢) = 1 and F,(¢t) = P{S, <t} for n > 1. Assuming that the probability
distribution function of the interoccurrence times X, X,... has a probability
density f(¢), the probability distribution function F,(¢) of the sum X; 4 ---+ X,
has a probability density f,(¢). The Laplace transform of this probability density
is given by

/ T e o di = E (et X) = [f0)]",
0

where f*(s) = fooo e f(x) dx denotes the Laplace transform of f(x). Using the
relation (E.4) in Appendix E, we thus find
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00 % n * n+1
/ e "P{N(t) =n}dt = EN0) s[f )] , n=0,1,...
0

Hence for fixed n the probability P{N(t) = n} can be calculated by numerical
Laplace inversion. Another interesting question is how to compute the probability

tlim P{Nt+D)—N@#)=n}, n=0,1,...
—00

for a given constant D. Denote this probability by a, (D). Using the limiting dis-
tribution P{y; < x} from Theorem 8.2.5 in the next subsection and the relations
(E.4) and (E.6) in Appendix E, it is not difficult for the reader to verify that

1 — f*(s)

e (8.1.8)

o 1
/ e ag(x)dx = — —
0 S

o0 %k * n—1 _ * n
/ e, (x) dx = <1 f (S)) ([f (s)] [f*(s)] > n>1. (8.1.9)
0

u1s s

This is a useful result. For example, the probability distribution {a,(D)} gives
the limiting distribution of the number of busy servers in the infinite-server queue
with renewal input and deterministic service times (GI /D /oo queue). This result
is easily proved. Since each customer gets immediately assigned a free server upon
arrival and the service time of each customer equals the constant D, the only
customers present at time ¢ + D are those who have arrived in (¢, + D].

8.2 ASYMPTOTIC EXPANSIONS

In Section 2.2 we proved a law of large numbers for the process {N()}:

. N@o» 1 . .

lim —— = —  with probability 1. 8.2.1)

t—o0 1751
The proof was elementary. It is tempting to conclude from (8.2.1) that M (¢)/t —
1/pny as t — oo. Although this result is correct, it cannot be directly concluded
from (8.2.1). The reason is that the random variable N (¢)/t need not be bounded in
t. For a sequence of unbounded random variables Y,, it is not necessarily true that
lim,_, o E(Y,) = E(Y) when Y, converges to Y with probability 1 as n — oo.
Consider the counterexample in which Y,, = 0 with probability 1 —1/nand Y, = n
with probability 1/n. Then E(Y,) = 1 for all n, whereas Y,, converges to 0 with
probability 1.

Theorem 8.2.1 (elementary renewal theorem)

. M@ 1
Iim — = —.
t—00 t "1
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Proof The proof will be based on the relation (8.1.2) for the excess variable. By
the relation (8.1.2), we have wi[1+ M (t)] —t > 0 and so we obtain the inequality

M(t) 1 1
——>——— forallr > 0. (8.2.2)
t M1 t
Next we prove that for any constant ¢ > 0,
M) < 1 . l( c
t ule) 1 \ (o)

1) for all r > 0. (8.2.3)

where u(c) = foc[l — F(x)]dx. To prove this inequality, fix ¢ > 0 and consider
the renewal process {N(¢)} associated with the sequence {X,}, where

Y _ Xn ianSC,
"] e if X, > c.

Since N(t) < N(t), we have M(t) < M(z) for all ¢ > 0. For the renewal process
{N(1)}, the excess life ¥, satisfies 7, < ¢ for all 7. Since E(X)) = [;° P{X; >
x}dx, we have

E(X)) = /0 {1 = F(x)}dx = u(o).
Thus, by (8.1.2),
p) M@y +1]—t<ec, t=0.

This inequality in conjunction with M (t) < M (t) yields the inequality (8.2.3). The
remainder of the proof is simple. Letting + — oo in (8.2.2) and (8.2.3) gives
o M) > 1

> lim in
u(c) — t—oo t Tt t u1

for any constant ¢ > 0. Next, by letting ¢ — oo and noting that p(c) — up as
¢ — 00, we obtain the desired result.

So far our results have not required any assumption about the distribution func-
tion F(x) of the interoccurrence times. However, in order to characterize the
asymptotic behaviour of the solution to the renewal equation it is required that
the distribution function F(x) is non-arithmetic. The distribution function F is
called non-arithmetic if the mass of F is not concentrated on a discrete set of
points O, A, 2X, ... for some A > 0. A distribution function that has a positive
density on some interval is non-arithmetic. In the discussion below we make for
convenience the even stronger assumption that F(x) has a probability density. To
establish the limiting behaviour of the solution to the renewal equation (8.1.5), we
need also to impose on the function a(x) a stronger condition than integrability. It
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must be required that the function a(x) is directly Riemann integrable. Direct Rie-
mann integrability can be characterized in several ways. A convenient definition is
the following one. A function a(x) defined on [0, oo) is said to be directly Riemann
integrable when a(x) is almost everywhere continuous and ZZOII a, < 0o, where
ap is the supremum of |a(x)| on the interval [n — 1,n). A sufficient condition
for a function a(x) to be directly Riemann integrable is that it can be written as
a finite sum of monotone, integrable functions. This condition suffices for most
applications.

Theorem 8.2.2 (key renewal theorem) Assume F(x) has a probability density
f(x). For a given function a(t) that is bounded on finite intervals, let the function
Z(t) be defined by the renewal equation

t
Z(1) =a(t)+/ Z(t—x)f(x)dx, t=>0.
0

Suppose that a(t) is directly Riemann integrable. Then

1 o
lim Z(t) = —/ a(x)dx.
=00 K1 Jo

The proof of this theorem is demanding and will not be given. The interested reader
is referred to Feller (1971). Next we derive a number of useful results from the
key renewal theorem.

Theorem 8.2.3 Suppose F(x) is non-arithmetic with uy = E(X 12) < 0. Then

lim [M(t) — i} L (8.2.4)

1231 2/1%

t [2 2
lim / Mde—]—+ (2 1) | =& -5 g2s)
1—oo | Jo 21 217 4/,L1 6y

provided that (13 = E(Xf) < Q.

Proof The asymptotic result M (¢t)/t — 1/u as t — oo suggests that, for some
constant ¢, M(t) =~ t/u1 + c¢ for t large. Let us therefore define the function

Zo(t) by

t
Zo(t)y =M(@t)— —, t=0.
231

Assuming for ease that F(x) has a density f(x), we easily deduce from (8.1.3)
that

t
Zo(t) =a(t) + / Zot —x)f(x)dx, t=>0, (8.2.6)
0
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where
t 1 !
a(t) = F(t) — —+—f (=) f()dx, 120,
M1 Mn1 Jo
Writing [ (t — x) f(x)dx = [;°(t —x) f(x)dx — [*°(t — x) f (x) dx, we find

1 o0
a(t) = —[1 —F(t)]—i——/ (x—1t)f(x)dx.
M1 Jy

This shows that a(¢) is the sum of two monotone, integrable functions. We have

/ a(t)dt = /[I—F(I) dt+—/ dt/ x =1 f(x)dx
0

=—m+—/ f(x)dx/ (x — 1) di
M1 Jo 0

11,
=—ur+ — —x“f(x)dx
urJo 2

w2
=—ur+ _—.
21

By applying the key renewal theorem to (8.2.6), the result (8.2.4) follows. The
proof of (8.2.5) proceeds along the same lines. The relation (8.2.4) suggests that,
for some constant c,

/M(x)dx~—+t H2 — 1) +c for ¢ large.
2 2#1

To determine the constant ¢, define the function

! 1> M2
Zl(t):/(;M(x)dx—|:i+t(2—'u%—l>:|, tZO

By integrating both sides of the equation (8.1.3) over ¢ and interchanging the order
of integration, we get the following renewal equation for the function U(x) =
Jo M(@)dt:

t t
U(t):/ F(x)dx—i—f Uit—x)f(x)dx, t=>0.
0 0

From this renewal equation, we obtain after some algebra

t
Zi(t) =a(t) +/ Zit —x)f(x)dx, t=0, (8.2.7)
0
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where

T e
a(t)zﬁ/t {1—F(x)}dx

—+—ML |:t/oo{l —F(x)}dx—/oox{l—F(x)}dx:|.
1 t t

The function a(t) is the sum of two monotone functions. Each of the two terms is
integrable. Using formula (A.8) in Appendix A, we find after some algebra

[e'e) 2
/ a(t)dt = M_22 B
0 duy O

Next, by applying the key renewal theorem to (8.2.7), we obtain (8.2.5).

The asymptotic expansions in Theorem 8.2.3 are very useful. They are accurate
for practical purposes already for moderate values of . Asymptotic expansions for
the second moment of N(¢) are discussed in Exercise 8.3. An immediate conse-
quence of the relations (8.1.2) and (8.1.7) and Theorem 8.2.3 is the following result
for the excess life y;.

Corollary 8.2.4 Suppose F(x) is non-arithmetic. Then
- _ m B2 = 1
Jim E(y) = o and  lim E(y;) = TR
Next we discuss the limiting distribution of the excess life y; for t — oc.

Theorem 8.2.5 Suppose F(x) is non-arithmetic. Then
1 X
lim P{y; <x}= —/ {1-F()}dy, x=>0. (8.2.8)
=00 M1 Jo

Proof For fixed u > 0, define Z(¢) = P{y; > u}, t > 0. By conditioning on the
time of the first renewal, we derive a renewal equation for Z(¢). Since after each
renewal the renewal process probabilistically starts over, it follows that

Plyi—x >u} ifx <t,
Plyr>u|X1=x}=10 ift <x<t+u,
1 ifx>t+4+u.

By the law of total probability,

m%>m=£ Py > u| X1 = x}f(x) dx.

This yields the renewal equation

t
Z(t):l—F(t+u)+/ Zit —x)f(x)dx, t=>0.
0
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The function a(t) =1 — F(t +u), t > 0 is monotone and integrable. By applying
the key renewal theorem it now follows that

1 [ 1 [
tlim Z(t):—/ {l—F(y+u)}dy=—/ {1 - F(y)idy,
—00 M1 Jo K1 Ju

yielding the desired result by using the fact that fooo{l — F())}dy = u1.

In many practical applications the asymptotic expansion (8.2.8) gives a useful
approximation to the distribution of y; already for moderate values of . The limiting
distribution of the excess life is called the equilibrium excess distribution and has
applications in a wide variety of contexts. The equilibrium excess distribution can
be given the following interpretation. Suppose that an outside person observes the
state of the process at an arbitrarily chosen point in time when the process has
been in operation for a very long time. Assuming that the outside person has no
information about the past history of the process, the best prediction the person
can give about the residual life of the item in use is according to the equilibrium
excess distribution.

The asymptotic expansions in Theorem 8.2.3 will be illustrated by the next
example.

Example 8.2.1 The D-policy for controlling the workload

Batches of fluid material arrive at a processing plant according to a Poisson process
with rate A. The batch amounts are independent random variables having a contin-
uous probability distribution with finite first two moments | and p;. It is assumed
that Ai; < 1. The unprocessed material is temporarily stored in an infinite-capacity
buffer. If the processing plant is open, the material is processed at a unity rate.
The plant is controlled by the so-called D-policy. If the inventory of unprocessed
material becomes zero, the plant is temporarily closed down. The plant is reopened
as soon as the buffer content exceeds the threshold value D. The set-up time to
restart the processing is zero. The following costs are incurred. A holding cost at
rate hx is incurred when the buffer content is x. A fixed set-up cost of K > 0 is
incurred each time the plant is reopened. What value of the control parameter D
minimizes the long-run average cost per time unit?

Preliminary analysis

To answer the above question, we first derive some preliminary results for the
M/G/1 queue. Note that the control problem can be seen as an M/G/1 queue in
which the workload is controlled. The workload is defined as the remaining amount
of work for the server. Define the basic functions

t(x) = the expected amount of time until the workload is zero
when the current workload is x and the server is working
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and

h(x) = the expected holding costs incurred until the workload is zero
when the current workload is x and the server is working.

The functions 7(x) and h(x) are given by

t(x) =

X h AX LD
and h(x) = ——— <x2 + ) (8.2.9)
I —2p 2(1 — Ap) 1 —Apg

for x > 0. The proof is as follows. By conditioning on the number of arrivals
during a time x, it follows that

o
)\’ n
t(x) =x ~|—Ze_)‘x( x') t,, x>0,
n!

n=1

where 1, is defined as the expected amount of time needed to empty the system
when service is begun with n batches (= customers) present. Let us also define 4,
as the expected holding cost incurred during the time needed to empty the system
when service is begun with n batches present. Then, using relation (1.1.8),

h > A
h(x)=§x2+n§ *“(x) [ Z( >M1+h}

h 5 o A"
2x 4+ h= XIL1+Z . hy,, x>0.

n=1

The formula #, = nuy/(1—Xipy) was obtained in Section 2.6. Substituting this into
the above relation for 7 (x) gives the first relation in (8.2.9). By the same arguments
as used in Section 2.6 to obtain #,, we find

n
1
hn =Y (b1 + (0 =Ky} = nhy + Shpan(n— D,
k=1

Substituting this into the relation for 4 (x) gives
h 1
h(x) = —x +h2x H1 4+ Axhy + 2h/¢1()»x) t1, x=>0.

Integrating both sides of this equation over the probability density f(x) of the
batch size and noting that by = fooo h(x)f(x)dx, we find an explicit expression
for &1 and next we obtain the second relation in (8.2.9). The details are left to the
reader.
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Analysis of the D-policy

For a given D-policy the stochastic process describing jointly the inventory of
unprocessed material and the status of the plant (on or off) is regenerative. The
epochs at which the plant is closed down are regeneration epochs. Define a cycle
as the time elapsed between two consecutive shutdowns. The long-run average cost
per time unit equals the value of E(cost incurred during one cycle) divided by the
value of E(expected length of one cycle). To find these two expected values, we
define the functions

o(x) = E(time until the buffer content exceeds the level D when the
current buffer content is D — x and there is no processing),

B(x) = E(holding costs incurred until the buffer content exceeds the level D
when the current buffer content is D — x and there is no processing)

for 0 < x < D. In particular, «(D) and B(D) denote the expected length of the
idle period in a cycle and the expected holding costs during that idle period. Also,
define the random variable yp as the excess of the inventory over the level D
when the plant is reopened. Then E [t(D + yD)] and E [h(D + yD)] represent
the expected length of the busy period in a cycle and the expected holding cost
incurred during that busy period. Thus, under a given D-policy,

B(D)+ K + E[h(D + yp)]

the long-run average cost per time unit =
(D) + E[t(D +yp)]

with probability 1. It remains to find o(D) and B(D). By conditioning on the batch
size,

1 X
“(x):x+/ a(x — ) f()dy, 0<x <D,
0

D —x)h x
ﬂ(x)=%+/o Bx—y)f(y)dy, 0<x<D,

where f(y) denotes the density of the batch size. Let M(x) denote the renewal
function in the renewal process in which the interoccurrence times have the batch-
size density f(x). Denote by m(x) the density of M(x). Then it follows from
Theorem 8.1.2 that

1 X1 1
a(x)zx—i—/o xm(y)dyzx{l—i-M(x)}, 0<x<D

(D—x)h h [F
ﬁ(x)zf‘i‘x/ (D —x+ y)m(y)dy
0
_M_,_EDM()_E/XM()CZ 0<x<D
R o Ty e P =
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Table 8.2.1 Approximate and exact values for D

A=0.5 A =08

c% Dapp  Dopt  error (%) Dapp  Dopt  error (%)
12911 2911 0.00 2214 2214 0.00
12847 2.847 0.0 2.155 2.155  0.00

15 2259 2298 0.13 1.545 1.629 024

3 1.142 1588 119 0318 1.049 156

Using this result and the formulas (8.2.9), (8.1.7) and (8.1.2), the above expression
for the long-run average cost can be worked out as

Kx(1 —Apy) —h [D+f0D M(y)dy] o
1+ M(D) 2(1 — Apy)

g(D) =

The function g(D) is minimal for the unique solution of the equation

KAl —Aur)

D
D—I—/ M(y)dy = A
0

(8.2.10)
In general it is computationally demanding to find an exact solution of this equation.
Except for special cases, one needs numerical Laplace inversion to compute
f(;c M (y)dy; see Appendix F. However, an approximate solution to (8.2.10) is
easily calculated when it is assumed that the optimal value of D is sufficiently
large compared to w1. Then, by Theorem 8.2.3,

D 2 2
D
/ Mdy~-—+D (L2 1)+ 22 -5
0 21 213 4py  6ug

Table 8.2.1 gives for several examples the optimal value D,; and the approximate
value Dy, together with the relative error 100x [g(Dapp) —8(Dopr)/ g(Dgpt)]. In
all examples we take £y = 1, h = 1 and K = 25. The arrival rate X is 0.5 and 0.8.
The squared coefficient of variation C% of the batch size is % % 1% and 3, where
the first two values correspond to an Erlang distribution and the latter two values
to an H, distribution with balanced means. Can you give a heuristic explanation
why the optimal value of D decreases when the coefficient of variation of the batch
size increases?

8.3 ALTERNATING RENEWAL PROCESSES

An alternating renewal process is a two-state process alternating between an on-
state and an off-state. The on-times and the off-times are independent and identically
distributed random variables. The two sequences of on-times and off-times are
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mutually independent. For any s > 0, let
P,,(s) = P{the process is in the on-state at time s}
and
U (s) = P{the amount of time the process is in the on-state during [0, s]}.
Theorem 8.3.1 Suppose that the on-times and off-times have exponential distri-

butions with respective means 1/a and 1/B. Then, assuming that an on-time starts
at epoch 0,

_ P A _(a+B)s
Pon(S)_Ol+ﬂ+Ol+ﬂe , §>0 (8.3.1)
and
P{U(s) <x} = Zeiﬂ(s x)[,B(s x):| |: Z 7‘”(0[)6) :|, 0<x <s.
n=0
(8.3.2)

The distribution function P{U(s) < x} has a mass of e*° at x = s.

Proof Let P,y(s) = P{the process is in the off-state at time s}. By considering
what may happen in the time interval (s, s+ As] with As small, it is straightforward
to derive the linear differential equation

P}, (s) = BPog(s) — aPop(s), s> 0.
Since Py(s) = 1—P,u(s), we find P}, (s) = B—(a+B) Pou(s), s > 0. The solution
of this equation is given by (8.3.1). The proof of (8.3.2) is more complicated. The
random variable U(s) is equal to s only if the first on-time exceeds s. Hence

P{U(s) < x} has mass e™** at x = 5. Now fix 0 < x < s. By conditioning on the
lengths of the first on-time and the first off-time, we obtain

X o0
P{U(s) =x} = / ae—“ydy/ P{U(s—y—u) <x—y}pe P du.
0 0
Noting that P{U(s —y —u) <x —y}=1if s —y —u < x — y, we next obtain
P{U(s) < x} = e P9 (1 — ¢7%)

X S§—X
+/ ae_“ydy/ P{U(s—y—u) <x—y)Be P"du.
0 0

Substituting this equation repeatedly into itself leads to the desired result (8.3.2).
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Corollary 8.3.2 Suppose that the on-times and off-times have exponential distri-
butions with respective means 1 /o and 1/B. Then, for any to > 0 and 0 < x < to,

tgngo P{U@ +1) —U@) <x}

_ ﬂ(to _ (ax)k
a—i—,B

o0

o —ﬁ(t —Xx) [,B(tO - x)] —ax (o{x)
+“+ﬂ,§ o—x) LD AL Ze . (83.3)

Proof Since lim;—. o P,u(t) = B/(a + B), it follows that

tlglolo P{U(t+19) —U(@) <x}
B

= mP{U(tO) <x}
o fo—x —ﬂv o0 —/Sv
| Pwa =y =xipe iy [ petay).
o +ﬂ 0 th—x

Next it is a matter of algebra to obtain the desired result from (8.3.2).

Exercises 8.4 to 8.8 give results for the alternating renewal process with non-
exponential on- and off-times. The alternating renewal process is particularly useful
in reliability applications. This is illustrated by the next example.

Example 8.3.1 The 1-out-of-2 reliability model with repair

The 1-out-of-2 reliability model deals with a repairable system that has one operat-
ing unit and one cold standby unit as protection against failures. The lifetime of an
operating unit has a general probability distribution function Fr, (x) having density
fr(x) with mean pp. If the operating unit fails, it is replaced immediately by the
standby unit if available. The failed unit is sent to a repair facility and immediately
enters repair if the facility is idle. Only one unit can be in repair at a time. The
repair time of a failed unit has a general probability distribution function Gg(x)
with mean pg. It is assumed that g << py. The operating times and repair times
are mutually independent. The system is down when both units are broken down
and is up otherwise.
We are interested in the probability distribution function

Alx, 1) = [1_15)10 P{the total uptime in (¢, 4 f9] is < x}

for an interval of length #p. In other words, the performance measure is the prob-
ability distribution function of the total amount of time the system is available
during a time interval of given length #9 when the system has reached statistical
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equilibrium. An approximate analysis will be given. The analysis is based on the
following ideas:

1. Compute the means of the up- and down-periods.

2. Approximate the stochastic process of the up- and down-periods by an alter-
nating renewal process in which both the up-periods and the down-periods are
independent, exponential random variables and the up-periods are independent
of the down-periods.

In view of the assumption g << [, the occurrence of a system failure is a rare
event. This justifies the approximate step of assuming an exponential distribution
for the up-period; see also the discussion on rare events at the end of Section 2.2.
A similar justification for approximating the distribution of the downtime by an
exponential distribution cannot be given. However, in view of the fact that the
uptime dominates the downtime, it is reasonable to expect that the distributional
form of the downtime has only a minor effect on the accuracy of the approximation.
The process alternates between the up-state and the down-state. With the possible
exception of the first up-period, the up-periods start when a unit is put into operation
while the other unit enters repair. The system regenerates itself at the beginning
of those up-periods. We assume that epoch 0 is such a regeneration epoch. Let the
random variables 7, and 4o, denote the lengths of an up-period and a down-
period. Denote by the sequences {L;} and {R;} the successive operating times and
the successive repair times. Then

N
E(ty) = E [Z Li] :
i=1

where N = min{n > 1 | R, > L,}. The event {N = n} is independent of
Lpt1, Lyya, ... forany n > 1. Thus, by Wald’s equation, E(t,,) = E(N)ur. Let

q=P{R>L}

where the random variables L and R denote the operating time and the repair time
of a unit. Since P{N =n} = (1 —¢)" " !q for n > 1, we find

ML
E(ty) = —.
up q
By conditioning on the lifetime, we have

q=/0 (1 = GR(0)} fi(x) dx.

To find E(Tgown), note that E(tgoun) = E(R — L | R > L). Using the formula
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(A.7) in Appendix A, we find

00
E(Tdown)Z/ P{(R—L>t|R>L}dt
0

= 1/00 [/Oo{l — GR(x+t)}fL(x)dxi| dt
qJo 0

1 o0 o0
- fL(x)U {1—GR<u>}du}dx,
qJo X

where the latter equality uses an interchange of the order of integration. Interchang-
ing again the order of integration, we next find that

1 00
E(fdown) = —/ {1 — GR(M)}FL(M) du.
qJo

We are now in a position to calculate an approximation for the probability dis-
tribution function of the total uptime in a time interval of given length 7y when
the system has reached statistical equilibrium. An approximation to the desired
probability A(x, fp) is obtained by applying formula (8.3.3) in which 1/« and 1/8
are replaced by E(z,p) and E(t4own) respectively. The numerical evaluation of the
right-hand side of (8.3.3) is easy, since the infinite series converges rapidly and
involves only Poisson probabilities. Numerical integration is required to calculate
the integrals for E(t,p) and E(Tgown). It remains to investigate the quality of the
approximation for the probabilities A(x, #p). Several assumptions have been made
to get the approximation. The most serious weakness of the approximation is the
assumption that the off-time is approximately exponentially distributed. Neverthe-
less it turns out that the approximation performs very well for practical purposes.
Denoting by D, the probability that the fraction of time the system is unavailable
in the time interval of length 7y is more than x %, Table 8.3.1 gives the approximate
and exact values of D, for several values of x. Note that D, = A(1 —19x /100, tp).

Table 8.3.1 The unavailability probabilities

C%:O.S c%:]

Dy D, Ds Do Dy D, Ds Do

=0 app 0.044 0.030 0.016 0.006 0.117 0.086 0.054 0.024
sim 0.043 0.033 0.020 0.005 0.108 0.091 0.066 0.027

=05 app 0.051 0.040 0.028 0.015 0.117 0.095 0.068 0.040
sim 0.050 0.040 0.029 0.016 0.109 0.092 0.070 0.042

c% =1 app 0.056 0.047 0.036 0.024 0.117 0.099 0.077 0.050
sim 0.055 0.047 0.036 0.024 0.110 0.094 0.074 0.050
c% =4 app 0.076 0.071 0.063 0.053 0.117 0.108 0.096 0.079

sim  0.075 0.069 0.061 0.050 0.112 0.101 0.089 0.072
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The exact values of D, are obtained by computer simulation. The length of the
simulation run has been taken long enough to ensure that the half-width of the
95% confidence interval for the simulated probability is no more than 0.001. The
lifetime L of a unit has a Weibull distribution with mean E(L) = 1 and the repair
time R of a unit has a gamma distribution with mean E(R) = 0.125. The squared
coefficients of variation of the lifetime and the repair time are c% = 0.5, 1 and
c%, =0, 0.5, 1, 4. For the length of the interval we have taken 7o = 1.

8.4 RUIN PROBABILITIES

In many applied probability problems asymptotic expansions provide a simple alter-
native to computationally intractable solutions. A nice example is the ruin proba-
bility in risk theory. Suppose claims arrive at an insurance company according to
a Poisson process {N(¢)} with rate A. The successive claim amounts X1, Xo, ...
are positive, independent random variables having a common probability distri-
bution function B(x) with finite mean . The claim amounts are independent of
the arrival process. In the absence of claims, the company’s reserve increases at a
constant rate of o > 0 per time unit. It is assumed that ¢ > Au, i.e. the average
premium received per time unit is larger than the average claim rate. Denote by
the compound Poisson variable

N(t)

X(t) = Z Xy
k=1

the total amount claimed up to time ¢. If the company’s initial reserve is x > 0,
then the company’s total reserve at time ¢ is x + ot — X (¢). We say that a ruin
occurs at time ¢t if x +0f — X(t) <Oand x + ou — X(u) >0 foru < ¢. Let

Q(x) = P{X(t) > x + ot for some ¢t > 0}.

Then Q(x) is the probability that a ruin will ever occur when the initial capital is
x. Since a ruin can occur only at the claim epochs, we can equivalently write

k
Qx)="rp ZXj_UTk>Xf0r some k> 1¢, (8.4.1)
j=I
where Ty is the epoch at which the kth claim occurs for k = 1,2,... . We are

interested in the asymptotic behaviour of Q(x) for large x.

The ruin probability Q(x) arises in a variety of contexts. As another example
consider a production/inventory situation in which demands for a given product
arrive according to a Poisson process. The successive demands are independent
and identically distributed random variables. On the other hand, inventory replen-
ishments of the product occur at a constant rate of o > 0 per time unit. In this
context, the ruin probability Q(x) represents the probability that a shortage will
ever occur when the initial inventory is x.
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The ruin probability as waiting-time probability

A less obvious context in which the ruin probability appears is the M/G/1 queue.
Customers arrive at a single server station according to a Poisson process with rate
A. The service or work requirements of the successive customers are independent
random variables having a common probability distribution function B(x) with
finite mean w. The server works at a rate of o > 0. It is assumed that o > Apu.
Forn =1, 2, ... define the random variable D,, by

D,, = the delay in queue of the nth customer (excluding service time).

Assuming that service is in order of arrival, lim,_, o P{D, < x} exists for all x.
Moreover, letting

Wy (x) = lim P{D, < x},
n—od
it holds that
W,(x) =1—-Q(ox), x=0. (8.4.2)
A proof of these statements goes as follows. Let 7, denote the time between the
arrival of the nth and (n + 1)th customers for n = 1,2, ... with the convention

that the Oth customer arrives at epoch 0. Then

D | D+ Xu/o -1 if Dy + X,/0 — 1, >0,
=00 if Dy 4+ Xu/o — 14 <O.

Hence, letting U, = X,,/o — 1, for n > 1, we have
Dy 1 = max(0, Dy, + Up).
Substituting this equation in itself, it follows that

Dy 11 = max{0, U, + max(0, D,_1 + U,_1)}
=max(0,U,, U, +Up—1 + Dy—1), n=>1.

By a repeated application of this equation and by D; = 0, we find

max(0, Uy, Uy, + Uy—1 + Dy—1)

=max0,U,,U,+U,-1,..., U, +Up,_1+---+U1), n=>1.
Since the random variables Uy, U», ... are independent and identically distributed,
Uy, ..., Up) has the same joint distribution as (Uy, ... , U,). Thus

Dyt =maxO0, Uy, U1+ Uz, ... Ui +---4+U,), n>1
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This implies that

k
P{Dy11 >x}=P ZUj>xforsomeI§k§n , x=>0.
j=1

Since lim,_~ P{E,} = P{lim,_ E,} for any monotone sequence {E,} of
events, it follows that lim,,_, o, P{D, > x} exists for all x > 0. Moreover,

k k
nli)n;oP{D,,>x}=P ZXj—oer>axforsomek21 , x=>0.
j=1 j=1

Together this relation and (8.4.1) prove the result (8.4.2).

A renewal equation for the ruin probability

We now turn to the determination of the ruin probability Q(x). For that purpose,
we derive first an integro-differential equation for Q(x). For ease of presentation
we assume that the probability distribution function B(x) of the claim sizes has a
probability density b(x). Fix x > 0. To compute Q(x — Ax) with Ax small, we
condition on what may happen in the first Ar = Ax /o time units. In the absence
of claims, the company’s capital grows from x — Ax to x. However, since claims
arrive according to a Poisson process with rate A, a claim occurs in the first Ax /o
time units with probability AAx /o + 0(Ax), in which case the company’s capital
becomes x — S if S is the size of that claim. A ruin occurs if § > x. Thus, by
conditioning, we get for fixed x > 0,

AAX AMx [
Q@ — Ax) = <1 - T) 0x) + T/ b(y)dy

AMx [
) O(x — y)b(y)dy + o(Ax).

Subtracting Q(x) from both sides of this equation, dividing by # = —Ax and
letting Ax — 0, we obtain the integro-differential equation

A A A
Q' (x)=——{1-Bx)}+—-0x) — —/ Ox —y)b(y)dy, x=>0. (84.3)
o o o Jo

Equation (8.4.3) can be converted into an integral equation of the renewal type. To
do so, note that

d X
d_/ Q@ — {1l — B(y)}dy
x Jo

— 0O){1 - B} + fo 0'(x — {1 — By} dy
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= 01 = B) - 0 = )1 - B} - /O Q(x = y)b(y)dy

— 0() —/O 0(x — Vb(y) dy.

Hence (8.4.3) can be rewritten as
, A rd [*
Q(x)=——{1—B(X)}+——/ Q@(x —y){l — B(y)}dy (8.4.4)
o odx Jy

for x > 0. Integrating both sides of this equation gives

P N
o) = 0(0) ;fo (1— BO))dy + ;fo O — Wil — By))dy (84.5)

for all x > 0. The unknown constant Q(0) is easily determined by taking the
Laplace transforms of both sides of (8.4.5). Using the relations (E.5), (E.6) and
(E.7) in Appendix E and noting lim,_, o Q(x) = 0, it is readily verified that

Q(0) = Ap/o,

where u = E(X) is the mean claim size. The details are left to the reader. Hence
the integro-differential equation (8.4.3) is equivalent to

0(x) =alx) +/0 Q(x —yh(y)dy, x =0, (8.4.6)

where the functions a(x) and k(x) are given by

A A
a(x) = Q(0) - ;/o {1-B(y)ldy and h(x)= ;{1 —B(x)}, x=0.

The equation (8.4.6) has the form of a standard renewal equation except that the
function A (x), x > 0, is not a proper probability density. It is true that the function
h is non-negative, but

o0 A [ Al
/ h(x)dx:—/ {1—Bx)}dx=— < 1.
0 o Jo o

Thus 4 is the density of a distribution whose total mass is less than 1 with a defect
of 1—iu/o. Equation (8.4.6) is called a defective renewal equation.

Asymptotic expansion for the ruin probability

A very useful asymptotic expansion of Q(x) can be given when it is assumed that
the probability density of the claim size (service time) is not heavy-tailed. To be
more precise, the following assumption is made.
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Assumption 8.4.1 There are positive numbers a and b such that the complemen-
tary distribution function 1 — B(y) < ae™ for all y sufficiently large.

This assumption excludes probability distributions with long tails like the log-
normal distribution. The assumption implies that the number sy defined by

S0 = sup {s | /oo V{1 — B(y)}dy < oo}
0

exists and is positive (possibly so = 00). In addition to Assumption 8.4.1 we make
the technical assumption

S—>S0 O

)\‘ o
lim —/ e’{1 — B(y)}dy > 1.
0

Then it is readily verified that the equation

o

i /oo {1 — B(y))dy =1 (8.4.7)
0

has a unique solution § on the interval (0, sg). Next we convert the defective
renewal equation (8.4.6) into a standard renewal equation. This enables us to apply
the key renewal theorem to obtain the asymptotic behaviour of Q(x). Let

h*(x) = ge‘”‘{l —B(x)}, x>0.

Then h*(x), x > 0 is a probability density with finite mean. Multiplying both sides
of equation (8.4.6) by e** and defining the functions

0*(x) =™ Q(x) and a*(x) =ea(x), x>0,

we find that the defective renewal function (8.4.6) is equivalent to
X
0w =a'w+ [ Qw-pitIdy xz0 (3.48)
0

This is a standard renewal equation to which we can apply the key renewal theorem.
The function a*(x) is directly Riemann integrable as can be shown by verifying
that |a*(x)| < ce~ @9 ag x — oo for finite constants ¢ > 0 and a > §. Using
definition (8.4.7) for & and the relation fooo{l — B(y)}dy = u, we find

/Ooa*(x)dx=/ooe‘sx [5 /oo{l—B(y)}dy} dx
0 0 0 Jx

A [ y
= —/ {1 - B(y)} |:/ e dx:| dy
o Jo 0
A [ 1—p

(e — 1) {1 — B(y)}dy = —,

~ 50 Jo 5
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where the load factor p is defined by p = Au/o. Applying the key renewal theorem
from Section 8.2 to the renewal equation (8.4.8), we find

lim Q*(x) =y,
X—>00

where the constant y is given by

L—p)[r [ -
y=" 5")[—/ yeﬁy{l—Bm}dy} :
o Jo

This yields the asymptotic expansion
0x) ~ye ™ asx — oo, (8.4.9)

where f(x) ~ g(x) as x — oo means that lim,_,» f(x)/g(x) = 1. This is an
extremely important result. The asymptotic expansion is very useful for practical
purposes in view of the remarkable finding that already for relatively small values
of x the asymptotic estimate predicts quite well the exact value of Q(x) when the
load factor p is not very small. To illustrate this, Table 8.4.1 gives the numerical
values of Q(x) and the asymptotic estimate Q 4,y (X) = ye ¥ for several examples.
We take © = 1 and o0 = 1. The squared coefficient of variation c%( of the claim size
X is ¢% = 0 (deterministic distribution), ¢ = 0.5 (E; distribution) and ¢} = 1.5
(H, distribution with balanced means). The load factor p is 0.2, 0.5 and 0.8. It
turns out that the closer p is to 1, the earlier the asymptotic expansion applies.

Table 8.4.1 Exact and asymptotic values for Q(x)

% =0 % =05 % =15
X Qx) Qasy (x) o) Qasy (x) Q(x) Qasy (x)
p=02 05 0.11586 0.07755 0.12462  0.14478 0.13667  0.09737
1 0.02288  0.03007 0.07146  0.07712 0.09669 0.07630
2 0.00196  0.00210 0.02144  0.02188 0.05234  0.04685
3 0.00015 0.00015 0.00617  0.00621 0.03025 0.02877
5 7.20E-7  7.20E-7 0.00050  0.00050 0.01095 0.01085
p=05 05 035799 0.30673 0.37285 0.38608 0.39390  0.34055
1 0.17564  0.18817 0.26617 0.26947 0.31629 0.28632
2 0.05304 0.05356 0.13106  0.13126 0.21186  0.20239
5 0.00124 0.00124 0.01517 0.01517 0.07179  0.07149
10 231E-6 231E-6 0.00042  0.00042 0.01262  0.01262
p=08 05 0.70164 0.67119 0.71197  0.71709 0.72705  0.70204
1 0.55489 0.56312 0.62430 0.62549 0.66522  0.65040
2 0.36548  0.36601 0.47582  0.47589 0.56345 0.55825
5 0.10050  0.10050 0.20959  0.20959 0.35322  0.35299
10 0.01166 0.01166 0.05343  0.05343 0.16444  0.16444
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Heavy-tailed distributions

The probability distribution function B(x) of the claim sizes (service times) is said
to be heavy-tailed when B(x) does not satisfy Assumption 8.4.1. An important sub-
class of heavy-tailed distributions is the class of subexponential distributions. Let
X1, X», ... be a sequence of non-negative independent random variables which are
distributed according to the probability distribution function B(x). The distribution
function B(x) is said to be subexponential if B(x) < 1 for all x > 0 and

PXi1+ -+ Xy >x}~nP{X; >x} asx —> o0 (8.4.10)

for all n > 2. It can be shown that (8.4.10) holds for all n > 2 if it holds for n = 2.
A physical interpretation of subexponentiality follows by noting that condition
(8.4.10) is equivalent to

P{Xi+ ---+X, >x}~ P{max (X,...,X,) >x} asx —> o0 (8.4.11)

for all n > 2. In other words, subexponentiality means that a very large value
of a finite sum of independent subexponential random variables is most likely
caused by a very large value of one of the random variables. This property makes
subexponentiality a commonly used paradigm in insurance mathematics, especially
in modelling catastrophes. The class of subexponential distributions is a natural
subclass of heavy-tailed distributions. This subclass includes the lognormal distri-
bution, the Pareto distribution and the Weibull distribution with a shape parameter
less than 1. The equivalence of (8.4.10) and (8.4.11) is easily proved. Therefore
note that

P{max (X1, ..., X,) > x} =1 — [B(x)]"

n—1
=[1 = B@]Y_ B ~nll - B(x)]
k=0
as x — 00
and so P{max(Xy,..., X,) > x} ~nP{X| > x} as x — oo. From this result the
equivalence of (8.4.10) and (8.4.11) follows.
Denote by

Bu(x) = l/x{l ~BO)dy, x>0
M Jo

the equilibrium excess distribution function associated with B(x). Then the follow-
ing result can be proved:

0(x) ~ ﬁ[l — B,(x)] asx — oo (8.4.12)

if and only if B(x) is subexponential. Here p = Au/o. This result is mainly of
theoretical importance. Unlike the asymptotic expansion (8.4.9) for the light-tailed
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case, the asymptotic expansion (8.4.12) for the heavy-tailed case is typically bad for
x-values of interest. It takes very large x before the asymptotic expansion (8.4.12)
applies. In practice one has to use numerical Laplace inversion to calculate the tail
probabilities Q(x) in the heavy-tailed case; see Appendix F.

We give no rigorous proof for the result (8.4.12), but we do make it plausible.
To do so, we first establish the relation

Q)= (1= p)p"ll = Bye@]. x20, (84.13)

n=0

where Bp.(x) = 1 for all x > 0 and B, .(x) is the n-fold convolution of B,(x)
with itself for n > 1. The formula (8.4.13) does not require any condition on the
distribution function B(x). To prove (8.4.13), denote the Laplace transform of Q(x)
by Q*(s) = fooo e **Q(x) dx. Taking Laplace transforms of both sides of (8.4.5),
we find

P pb*(s)

Q0% (s) = + Q" ()b (s),

where b} (s) is the Laplace transform of the derivative b.(x) = (1/u)[1 — B(x)]
of the equilibrium excess distribution function B, (x). This gives

% _ ,O_Pb:(s) _/O_:Obj(s) - Nk n
0O = e T ,;op b} ()]

__(1_ )Z [l’*(s)]n (8.4.14)

It is left to the reader to verify that [} (s)]"/s is the Laplace transform of B, .(x);
see also relation (E.12) in Appendix E. Inversion of (8.4.14) yields

Q@) =1=Y (1=p)p"Byex) =Y (1= p)p"[1 = Bue(x)],

n=0

proving (8.4.13). Next the expansion (8.4.12) can be made plausible. Assume that
B(x) is subexponential. If in addition an integrability condition is imposed on
B(x) to exclude pathological cases, it can be shown that the equilibrium excess
distribution function B, (x) is subexponential as well. Then 1 — B, .(x) ~ n[l —
B.(x)] as x — oo for all n and thus

Q@) ~ Y (1= p)p"nll — B,(x)] as x - oo,

n=0

which yields (8.4.12) by noting that Z —ol =p)p"n=p/(1 - p).
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EXERCISES

8.1 Use Laplace transform theory to verify the following results:
(a) The renewal function associated with the interoccurrence-time density f(x) =
prre M 4 (1 — p)rge 2% is

_ X Lo~ (—p)aa)x
M) = EX) +2(CX D[l —e l, x>0,

where the random variable X denotes the interoccurrence time.
(b) The renewal function associated with the interoccurrence-time density f(x) =
pre™ 4 (1 — p)aZxe™ is

1
M(x) = + 5(c§( — D[ —e PN x>0,

X
E(X)
8.2 For a renewal process let M (t) = E[N 2(t)] be the second moment of the number of
renewals up to time #. Verify that M»(¢) satisfies the renewal equation

t
M2<z)=2M<z)—F<z)+/ Myt — ) f () dx, 120,
0

where f(x) is the probability density of the interoccurrence times. Next verify that
2 2
t 2 3 3 2 3
lim BN ()] - | — + (22— )l =2 222y
—00 /J’] '“1 [75]
where uj denotes the kth moment of the density f(x). Also, prove that
! 3 3 3uy 2 3
fim / EIN?Oldy — | 5+ (P2 - )2 (2 -8 22 ),
=00 Jo 3uq My 2p 2u 3u 2p9

3 2
T Y R T R

oui i om o 2uf 4

8.3 Consider a renewal process generated by the interoccurrence times X1, X, ... with
mean (1 and second moment (. Let L be the length of the interoccurrence time covering
epoch t. Derive a renewal equation for E(L;). Verify the following results:

() E(Ly) =2uy — pgle*t/’“ for all # when the X; are exponentially distributed.

(b) limy—s 0 E(L;) = p/py when the X; are continuously distributed.

Also derive a renewal equation for P{L; > x}. Prove that the limiting distribution of L;
has the density xf(x)/u; when the X; have a probability density f(x). Can you give a
heuristic explanation of why E(L;) > wu?

8.4 Consider an alternating renewal process in which the on-times and the off-times are
generally distributed. The on-times are assumed to have a probability density. Let Py, (¢)
be the probability that the process is in the on-state at time ¢ given that an on-time starts at
epoch 0.

(a) Prove that

t
Pon(t)zl_Fon(t)+/ [1— Fon(t —x)Im(x)dx, t>0,
0
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where Fyy(t) is the probability distribution function of the on-time and m(x) is the renewal
density for the renewal process in which the interoccurrence time is distributed as the sum
of an on-time and an off-time. Express the Laplace transform of P,,(¢) in terms of the
Laplace transforms of the on-time density and the off-time density. Give an expression for
the Laplace transform of E(U(t)) = fé Pyn () du, where the random variable U () denotes
the cumulative on-time during [0, ¢].

(b) Use the result of (a) to verify that

[t/D] k
t—kD
Pgn(t) = E 7( kkl ) e—(t—kD)/,LL, 1 Z O,
k=0 M

when the off-time is a constant D and the on-time has an exponential distribution with mean
1/p.

8.5 Consider the alternating renewal process in which both the on-times and the off-times
have a general probability distribution. Assuming that an on-time starts at epoch 0, denote
by the random variable U () the cumulative amount of time the system is in the on-state
during [0, ].

(a) Use Theorem 2.2.5 to verify that U(z) is asymptotically normally distributed with
mean feont / (on + Hog) and variance (13,0 -+ iogoan)t/ (Hon + 1off), Where ton (i of)
and agn (aosz) denote the mean and the variance of the on-time (off-time).

(b) Derive a renewal equation for E(U(t)). Assuming that the on-time distribution and
the off-time distribution are not both arithmetic, prove that

2 2
Hon :| _ Hon0 g — HoffTon Honloff

lim | E(U®)) — t| = 3 .
1—00 Hon + Woff 2(ton + Hof) 2(ton + Koff)

8.6 Consider the alternating renewal process in which both the on-times and the off-times
have a general probability distribution. Let pon and g denote the respective means of an
on-time and an off-time. Denote by G, (x, t) the joint probability that the system is on at
time ¢ and that the residual on-time at time ¢ is no more than x. Derive a renewal equation
for Gon(x, t). Assuming that the distribution functions of the on-time and off-time are not
both arithmetic, prove that

1
lim Gon(x,1) = — 2"
t—00 Hon + Moff  Mon

x
/(; (1= Fon(»]dy, x>0,

where F,;(x) denotes the probability distribution function of the on-time.

8.7 Consider the alternating renewal process. Let Fy,(f) and Foﬁ(t) denote the probability
distribution functions of the on-time and the off-time. Assume that these distribution func-
tions have respective densities fy,(¢) and foﬁc(t). For any fixed + > 0, define Hy,(t, x)
(Hy(t, x)) as the probability that the cumulative on-time during [0, 7] is no more than x
given that an on-time (off-time) starts at epoch 0.

(a) Argue the integral equations

X
Hy,(t, x) =/ Hoyp(t —u, x —u) fon(u)du, 0=<x<t
0 f

t—x

Hyp(t, x) = 1 — Fop(t — x) + f Hon(t — u, x) fopw) du, 0=<x <r.
) ) o )
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(b) By repeated substitution, verify that

o0

Hon(t, ) = Y {Fit —x) = Ft @ — o) p @), 0<x <,
n=0 ’

Hoge(t, x) = Z{F”* F(f;“)*(t — O} (x), 0<x <t

where F™*(x) denotes the n-fold convolution of a probability distribution of F(x) with
itself for n > 1 and FO*(x) = 1 for all x > 0.

8.8 Consider Exercise 8.7 again. Define for any fixed ¢y > O,

Q(tg, x) = lim P{the cumulative on-time during the time
1—00

interval [z, t + #p] is no more than x}

for 0 < x < 1g. Use results from Exercise 8.7 to argue that Q(fy, x) is given by

(n+1)x* n
[f - F ) —x F * For(x
M0n+MoﬁZ{ (0 off (0 )} ( )
Koff nx e (n+1)* (n+1)*
* Floo(tg—x) — Flpx F o tg — X)}F, X
MMJFMOﬁ,Z Off(() ) off * Lofr (10 )} Fon ()
Koff e
—— {1 = F (tp —x)}, 0=<x <1,
Mon + /Lgﬁf{ Off( 0 ) 0

where F¢(x) denotes the equilibrium excess distribution function of a probability distribution
function F(x) and A % B(x) denotes the convolution of two distribution functions A(x) and
B(x).

8.9 Consider an age-replacement model in which preventive replacements are only possible
at special times. Opportunities for preventive replacements occur according to a Poisson
process with rate A. The item is replaced by a new one upon failure or upon a preventive
replacement opportunity occurring when the age of the item is 7' or more, whichever occurs
first. The lifetime of the item has a probability density f(x). The cost of replacing the
item upon failure is cg and the cost of a preventive replacement is ¢y with 0 < ¢ < ¢p.
Determine the long-run average cost per time unit. This problem is motivated by Dekker
and Smeitink (1994).

8.10 A production machine gradually deteriorates in time. The machine has N possible work-
ing conditions 1, ..., N which describe increasing degrees of deterioration. Here working
condition 1 represents a new system and working condition N represents a failed system.
If the system reaches the working condition i, it stays in this condition during an expo-
nentially distributed time with mean 1/ for each i with 1 < i < N. A change of the
working condition cannot be observed except for a failure which is detected immediately.
The machine is replaced by a new one upon failure or upon having worked during a time 7,
whichever occurs first. Each planned replacement involves a fixed cost of J; > 0, whereas
a replacement because of a failure involves a fixed cost of J, > 0. The replacement time
is negligible in both cases. Also, the system incurs an operating cost of a@; > 0 for each
time unit the system is operating in working condition i. Use Lemma 1.1.4 to verify that
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the long-run average cost per time unit is given by

-1

N—2 N1 N1
Ty mt—— 1= n
k=0 ® k=0

N-2 e B 00 T
X J2+(J2_J1)Zl’k+Zl’kzaim"‘zai Z P (-
k=0 k=0 =1 i=1  k=N-1

where py = e *T (uT)¥/k!. This problem is motivated by Luss (1976).

8.11 Consider a two-unit reliability model with one operating unit and one unit in warm
standby. The operating unit has a constant failure rate of Aq, while the unit in warm standby
has a constant failure rate of A{. Upon failure of the operating unit, the unit in warm standby
is put into operation if available. The repair time of a failed unit has a general probability
distribution function G (x) with density g(x) and mean pg. The system is down when both
units have failed. For the case of a single repair facility, prove that the long-run fraction of
time the system is down is as follows. This problem is based on Gaver (1963).

1R — Joo{l — G(x)}e 0% dx
mRr+ o+ A~ [50 e R0xg(x)dx

8.12 Consider an unreliable production unit whose output is temporarily stored in a finite
buffer with capacity K. The buffer serves for the demand process as protection against
random interruptions in the production process. For the output there is a constant demand
at rate v. When operating, the production unit produces at a constant rate P > v if the
buffer is not full and produces at the demand rate v otherwise. If demand occurs while
the unit is down and the buffer is empty then it is lost. The operating time of the unit is
exponentially distributed with mean 1/A. If a failure occurs, the unit enters repair for an
exponentially distributed time with mean 1/p. Determine the long-run fraction of demand
lost and determine the average inventory level in the buffer. (Hint: define the state of the
system as (1, x) and (0, x) respectively when the inventory in the buffer is x and the unit is
operating or down. The process regenerates itself each time the system enters state (0,0). Use
differential equations to get the desired performance measures). This problem is motivated
by Wijngaard (1979).

BIBLIOGRAPHIC NOTES

The key renewal theorem has a long history, and analytic proofs were given under
rather restrictive conditions. The reader is referred to the book of Feller (1971) for a
transparent proof under the weak condition of direct Riemann integrability; see also
Asmussen (1987). The results for the alternating renewal process in Section 8.3 are
proved in greater generality in Takdcs (1957). The material from Example 8.3.1 is
based on the paper of Van der Heijden (1987). The renewal-theoretic method used
in Section 8.4 to derive asymptotic estimates for ruin and waiting-time probabilities
comes from Feller (1971). Another application of this powerful method to a storage
problem for dams is given in De Kok ef al. (1984). A good reference on heavy-
tailed distributions is Embrechts ez al. (1997).
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CHAPTER 9

Algorithmic Analysis of
Queueing Models

9.0 INTRODUCTION

Queueing models have their origin in the study of design problems of automatic
telephone exchanges and were first analysed by the queueing pioneer A.K. Erlang in
the early 1900s. In planning telephone systems to meet given performance criteria,
questions were asked such as: How many lines are required in order to give a certain
grade of service? What is the probability that a delayed customer has to wait more
than a certain time before getting a connection? Similar questions arise in the design
of many other systems: How many terminals are needed in a computer system so
that 80% of the users get access to a terminal within 20 seconds? What will be
the effect on the average waiting time of customers when changing the size of a
maintenance staff to service leased equipment? How much storage space is needed
in buffers at workstations in an assembly line in order to keep the probability of
blocking below a specified acceptable level?

These design problems and many others concern, in fact, facilities serving a
community of users, where both the times at which the users ask for service and
the durations that the requests for service will occupy facilities are stochastic, so
that inevitably congestion occurs and queues may build up. In the first stage of
design the system engineer usually needs quick answers to a variety of questions
like those posed above. Queueing theory constitutes a basic tool for making first-
approximation estimates of queue sizes and probabilities of delays. Such a simple
tool should in general be preferred to simulation, especially when it is possible to
have a large number of different configurations in the design problem.

In this chapter we discuss a number of basic queueing models that have proved to
be useful in analysing a wide variety of stochastic service systems. The emphasis
will be on algorithms and approximations rather than on mathematical aspects.
We feel that there is a need for such a treatment in view of the increased use
of queueing models in modern technology. Actually, the application of queueing
theory in the performance analysis of computer and communication systems has

A First Course in Stochastic Models H.C. Tijms
© 2003 John Wiley & Sons, Ltd. ISBNs: 0-471-49880-7 (HB); 0-471-49881-5 (PB)
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stimulated much practically oriented research on computational aspects of queueing
models. It is to these aspects that the present chapter is addressed. Here considerable
attention is paid to robustness results. While it was seen in Section 5.2 that many
loss systems (no access of arrivals finding all servers busy) are exactly or nearly
insensitive to the distributional form of the service time except for its first moment,
it will be demonstrated in this chapter that many delay systems (full access of
arrivals) and many delay-loss systems (limited access of arrivals) allow for two-
moment approximations. The approximate methods for complex queueing models
are usually based on exact results for simpler related models and on asymptotic
expansions. The usefulness of asymptotic expansions can hardly be overestimated.

Algorithmic analysis of queueing systems is more than getting numerical answers.
The essence of algorithmic probability is to find probabilistic ideas which make
the computations transparent and natural. However, once an algorithm has been
developed according to these guidelines, one should always verify that it works in
practice. The algorithms presented in this chapter have all been thoroughly tested.
The cornerstones of the algorithms are:

o the embedded Markov chain method,

e the continuous-time Markov chain approach,
e renewal-theoretic methods,

e asymptotic expansions,

e discrete FFT method and numerical Laplace inversion.

This chapter is organized as follows. Section 9.1 reviews some basic concepts
including phase-type distributions and Little’s formula. In Section 9.2 we derive
algorithms for computing the state probabilities and the waiting-time probabilities
in the single-server queue with Poisson input and general service times (M/G/1
queue). These results are extended in Section 9.3 to the single-server queue with
batch Poisson input. In Section 9.4 we consider the finite-buffer M/G/1 queue
and the M/G/1 queue with impatient customers. The solution of these queue-
ing systems can be expressed in terms of the solution for the infinite-capacity
M/G/1 queue. The single-server queue with general interarrival times and ser-
vice times is the subject of Section 9.5. Section 9.6 deals with multi-server queues
with Poisson input, including both the case of single arrivals and the case of batch
arrivals. Tractable exact results are only obtained for the special case of determin-
istic services and exponential services. For the case of general service times we
derive several approximations. These approximations include two-moment approx-
imations that are based on exact results for simpler models and use a linear inter-
polation with respect to the squared coefficient of variation of the service time. In
Section 9.7 the multi-server queue with renewal input is discussed. In particular,
attention is paid to the tractable models with exponential services and determin-
istic services. In Section 9.8 we consider finite-capacity queueing systems with
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limited access of arrivals. In particular, attention is paid to approximations for
the rejection probability. Throughout this chapter numerical results are given in
order to provide insight into the performance of the solution methods. Indispens-
able tools for the solution of queues are the discrete Fast Fourier Transform (FFT)
method and numerical Laplace inversion. This is a remarkable twist in the history
of queueing analysis. The irony is that complaints about the ‘Laplacian curtain’
stimulated to a large extent the development of algorithmic analysis for queues.
Most of the results for queues in the post-war period were in terms of generat-
ing functions or Laplace transforms. For a long time it was believed that such
results were not very useful for computational purposes. However, the situation
dramatically changed with the invention of the discrete FFT method in 1965, one
of the greatest breakthroughs in numerical analysis. The power of this method
was directly realized in the field of engineering, but it took some time before the
immense usefulness of the discrete FFT method was recognized in the field of
applied probability as well.

9.1 BASIC CONCEPTS

In this section we discuss a number of basic concepts for queueing systems. The
discussion is restricted to queueing systems with only one service node. However,
the fundamental results below are also useful for networks of queues.

Let us start by giving Kendall’s notation for a number of standard queueing
models in which the source of population of potential customers is assumed to
be infinite. The customers arrive singly and are served singly. In front of the
servers there is a common waiting line. A queueing system having waiting room
for an unlimited number of customers can be described by a three-part code a/b/c.
The first symbol a specifies the interarrival-time distribution, the second symbol b
specifies the service-time distribution and the third symbol ¢ specifies the number
of servers. Some examples of Kendall’s shorthand notation are:

1. M/G/1: Poisson (Markovian) input, general service-time distribution, 1 server.
2. M/D/c: Poisson input, deterministic service times, ¢ servers.

3. GI/M/c: general, independently distributed interarrival times, exponential (Mar-
kovian) service times, ¢ servers.

4. GI/G/c: general, independently distributed interarrival times, general service-
time distribution, ¢ servers.

The above notation can be extended to cover other queueing systems. For
example, queueing systems have waiting room only for K customers (excluding
those in service) are often abbreviated by a four-part code a/b/c+ K. The notation
GIX/G/c is used for infinite-capacity queueing systems in which customers arrive
in batches and the batch size is distributed according to the random variable X.
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Phase-type distributions

In queueing applications it is often convenient to approximate the interarrival time
and/or the service time by distributions that are built out of a finite sum or a
finite mixture of exponentially distributed components, or a combination of both.
These distributions are called phase-type distributions. For practical purposes it
usually suffices to use finite mixtures of Erlangian distributions with the same scale
parameters or Coxian-2 distributions. These distributions are discussed in detail
in Appendix B. The class of Coxian-2 distributions contains the hyperexponential
distribution of order 2 as special case. The hyperexponential distribution always has
a coefficient of variation greater than or equal to 1. This distribution is particulary
suited to model irregular interarrival (or service) times which have the feature that
most outcomes tend to be small and large outcomes occur only occasionally. The
class of mixtures of Erlangian distributions with the same scale parameters is much
more versatile than the class of Coxian-2 distributions and allows us to cover any
positive value of the coefficient of variation. In particular, a mixture of E;_; and
E} distributions with the same scale parameters is convenient to represent regular
interarrival (or service) times which have a coefficient of variation smaller than or
equal to 1. The theoretical basis for the use of mixtures of Erlangian distributions
with the same scale parameters is provided by Theorem 5.5.1. This theorem states
that each non-negative random variable can be approximated arbitrarily closely by a
random sum of exponentially distributed phases with the same means. This explains
why finite mixtures of Erlangian distributions with the same scale parameters are
widely used for queueing calculations.

Performance measures

It is convenient to use the GI/G/c/c + N queue as a vehicle to introduce some
basic notation. Thus, we assume a multi-server queue with ¢ identical servers and
a waiting room of capacity N (< oo) for customers awaiting to be served. A
customer who finds ¢ + N other customers present upon arrival is rejected and has
no further influence on the system. Otherwise, the arriving customer is admitted
to the system and waits in queue until a server becomes available. The customers
arrive according to a renewal process. In other words, the interarrival times are
positive, independent random variables having a common probability distribution
function A(¢). The service times of the customers are independent random variables
with a common probability distribution function B(x) and are also independent of
the arrival process. The queue discipline specifying which customer is to be served
next is first-come first-served (FCFS) unless stated otherwise. A server cannot be
idle when customers are waiting in queue and a busy server works at unity rate. A
customer leaves the system upon service completion. Let

A = the long-run average arrival rate of customers,

E(S) = the mean service time of a customer.
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The random variable S denotes the service time of a customer. Note that A =
1/E(A), where the random variable A denotes the interarrival time. An important
quantity is the offered load, which is defined as LE(S). This dimensionless quan-
tity indicates the average amount of work that is offered to the system per time
unit. In the GI/G/c queue (N = oo) the offered load should be less than the
maximum load the system can handle, otherwise infinitely long queues ultimately

build up. Letting
AE(S)

’

c

the following assumption is made.
Assumption 9.1.1 For the GI/G/c queue the load factor p is below 1.

It will be seen below that in the GI/G/c queue the quantity p can be interpreted
as the long-run fraction of time that a given server is busy. This explains why p is
called the server utilization in the GI/G/c queue. In addition to Assumption 9.1.1
we make the following technical assumption.

Assumption 9.1.2 (a) The interarrival-time distribution A(t) or the service-time
distribution B(t) has a positive density on some interval.

(b) The probability that the interarrival time A is larger than the service time S
is positive.

Define a cycle as the time elapsed between two consecutive arrivals that find
the system empty. Then, under Assumptions 9.1.1 and 9.1.2, it can be shown that
the expected value of the cycle length is always finite. The proof of this result is
quite deep and is not given here; see Wolff (1989). Let us now define the following
random variables:

L(t) = the number of customers in the system at time ¢ (including those
in service),
L,(t) = the number of customers in the queue at time ¢ (excluding those
in service),
D,, = the amount of time spent by the nth accepted customer in the
queue (excluding service time),
U, = the amount of time spent by the nth accepted customer in the
system (including service time).

The continuous-time stochastic process {L(¢)} and {L,(?)} and the discrete-time
stochastic processes { D, } and {U,, } are all regenerative. The regeneration epochs are
the epochs at which an arriving customer finds the system empty. The regeneration
cycles have finite means. Thus the following long-run averages exist:

1 t
L= tlim " / L(u)du (the long-run average number in system)
— 00 0
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t

1
tlim " L,(u)du (the long-run average number in queue)
—00 0

~
<
Il

1 n
W, = lim — Z Dy (the long-run average delay in queue)
n
W= lim — Z Uy (the long-run average wait in system).
n—-oon 1

These long-run averages are constants with probability 1. The steady-state probabil-
ities p; and the steady-state waiting-time distribution function W, (x) are defined by

pj=lim P(L®)=j}. j=0.1...

and
Wy (x) = lim P{D, <x}, x>0.
n—oo

These limits exist and represent proper probability distributions; see Theorem 2.2.4.
As pointed out in Section 2.2, it is often preferable to interpret p; and W, (x) as
the long-run fraction of time that j customers are in the system and as the long-run
fraction of accepted customers whose delay in queue is at most x. In batch-arrival
queues the above limits need not exist, while p; and W, (x) can still be defined as
long-run averages. The long-run averages L, and W, can be expressed in terms of
the state probabilities p; and the waiting-time probabilities W (x):

c+N 0o
Ly=Y (j—cp; and W,,:/O {1 — W, (x)}dx.

j=c

It is important to note that the distribution of the number of customers in the
system is invariant to the order of service, provided that the queue discipline is
service-time independent and work-conserving. Here ‘service-time independent’
means that the rule for selecting the next customer to be served does not depend
on the service time of a customer, while ‘work-conserving’” means that the work or
service requirement of a customer is not affected by the queue discipline. Queue
disciplines having these properties include first-come first-served, last-come first-
served and service in random order. The waiting-time distribution will obviously
depend on the order of service.

Let the random variable I, = 1 if the nth arrival is rejected and let 7, = 0
otherwise. Then the long-run fraction of customers who are rejected is given by
the constant

1
Prej znll?go;I;Ik
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Little’s formula

The most basic result for queueing systems is Little’s formula. This formula relates
certain averages like the average number of customers in queue and the average
delay in queue per customer. Little’s formula is valid for almost any queueing
system. In particular, for the GI/G/c/c + N queue, we have the fundamental
relations

Ly =A1— Pej)W,;, L=2x(1— Py)W, (9.1.1)
the long-run average number of busy servers = (1 — Py;) E(S). (9.1.2)

Note that P,; = 0 if N = co. A heuristic but insightful motivation of these for-
mulas was given in Section 2.3. The result (9.1.2) has two interesting implications.
First, since each of the ¢ servers carries on average the same load,

1
the long-run fraction of time a given server is busy = —A(l — Pp) E(S).
c

In particular, the long-run fraction of time a given server is busy equals p in the
GI/G/c queue. Second, since p; represents the long-run fraction of time that j
customers are present, the long-run average number of busy servers is also given
by the expression Z/C-;(l) Jjpj + ¢ s pj- Thus we obtain the useful identity

c—1 c—1
Yoipite 1= pi | =10 = Pep)E). 9.1.3)
j=1 j=0

In particular, we find the relation pg = 1 — AE(S) for the GI/G/1 queue. The
above relations can be directly extended to queueing systems with batch arrivals.

9.2 THE M/G/1 QUEUE

In the M/G/1 queue, customers arrive according to a Poisson process with rate
A and the service times of the customers are independent random variables with a
common general probability distribution function B(x) with B(0) = 0. There is a
single server and an infinite waiting room. Denoting by the random variable S the
service time of a customer, it is assumed that the server utilization p = AE(S) is
smaller than 1.

In Section 9.2.1 we derive a recursive algorithm for the computation of the state
probabilities. Several derivations are possible for the recursion relation. Our deriva-
tion uses the so-called regenerative approach, which involves simple renewal-
theoretic arguments. The regenerative approach directly leads to a numerically
stable recursion scheme for the state probabilities and also allows in a natural
way for generalizations to more complex queueing models. Using the technique of
generating functions, we also derive an asymptotic expansion for the state prob-
abilities. Since an explicit expression is available for the generating function of
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the state probabilities, the discrete FFT method provides an alternative method to
compute the state probabilities. In Section 9.2.2 we discuss the computation of the
waiting-time probabilities when service is in order of arrival. Also attention is paid
to an approximation for the waiting-time distribution. This approximation is based
on the asymptotic expansion of the tail of the waiting-time distribution. Further, we
discuss a simple but generally useful two-moment approximation for the waiting-
time percentiles. Section 9.2.3 discusses the probability distribution of the length
of a busy period and the computation of the waiting-time probabilities when the
last-come first-served discipline is used. The distribution of work in system is the
subject of Section 9.2.4.

9.2.1 The State Probabilities

The time-average probability p; can be interpreted as the long-run fraction of
time that j customers are in the system. Using a basic result from the theory of
regenerative processes and a simple up- and downcrossing argument, we derive a
numerically stable recursion scheme for the state probabilities p;.

Theorem 9.2.1 The state probabilities p; satisfy the recursion

J
pj = Aaj—1po +kzaj—kpk, J=12,..., 9.2.1)
k=1

where the constants a, are given by

oo )\.t n
an =/ e—*’Q{l—B(t)}dt, n=0,1,....
0 n!

Proof The stochastic process {L(t),t > 0} describing the number of customers
in the system is regenerative. The process regenerates itself each time an arriving
customer finds the system empty. Denoting by a cycle the time elapsed between two
consecutive arrivals who find the system empty, we define the random variables

T = the length of one cycle,

T; = the amount of time that j customers are present during one cycle

for j = 0,1,... . The expected length of one cycle is finite (this is in fact a
by-product of the analysis in Section 2.6). By Theorem 2.2.3,
E(T))
P = , j=0,1,.... 9.2.2
Dj ET) J ( )

By the lack of memory of the Poisson process, E(Tp) = 1/A and so

1
T OAME(T)’

Do (9.2.3)
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The following simple idea is crucial for the derivation of a recurrence relation
for the probabilities p;. Divide a cycle into a random number of disjoint intervals
separated by the service completion epochs and calculate £(7}) as the sum of the
contributions from the disjoint intervals to the expected sojourn time in state j
during one cycle. Thus, for k =0, 1, ..., we define the random variable Nj by

Ny = the number of service completion epochs in one cycle
at which & customers are left behind.

Using the lack of memory of the Poisson arrival process, define

Ayj = the expected amount of time that j customers are present
during a given service time that starts with k customers present.

Then, noting that the first service in a cycle starts with one customer present,

J
E(T) =Aij+ Y ENQAg., j=12..... (9.2.4)
k=1

It should be pointed out that Wald’s equation is used to justify that E(Ni)Ay;
is the contribution to E(7}) of those service intervals starting with k customers
present. To find another relation between E(7}) and E(Ny), observe that for each
k=0,1,..., the number of downcrossings from state k 4 1 to state k in one cycle
equals the number of upcrossings from state k to state k + 1 in one cycle. The
expected number of downcrossings of the {L(#)} process from state k + 1 to state
k in one cycle equals E(Ny) by definition. On the other hand, since the arrival
process is a Poisson process, we have by Corollary 2.4.2 that the expected number
of upcrossings from state k to state k + 1 in one cycle equals AE (T;). Thus

E(Np) =ME(Ty), k=0,1,.... (9.2.5)
Together the relations (9.2.2) to (9.2.5) imply that

J
P =ApoArj + Y ApiAi. j=1.2.... . (9.2.6)
k=1

To specify the constants Ag;, suppose that at epoch O a service starts when k
customers are present. Define the random variable /;(z) = 1 if at time ¢ the service
is still in progress and j customers are present and let /;(¢) = O otherwise. Then,
for j >k,

ay=£[ [Ty = [~ Eona
0 0

0o 0o B ()\.t)j_k

Together (9.2.6) and (9.2.7) yield the desired result.



348 ALGORITHMIC ANALYSIS OF QUEUEING MODELS

The recursion (9.2.1) enables us to compute recursively pi, p2, ... starting with
po = 1 — p. In Section 2.5 we proved that po = 1 — p; see also relation (9.1.3).
The recursion scheme is numerically stable, since the calculations involve only
additions with positive numbers and thus cannot cause a loss of significant digits.
For many service-time distributions of practical interest, numerical integration can
be avoided for the computation of the constants a,. Explicit expressions for the a,
can be given for the cases of deterministic and phase-type services.

Define the generating function P(z) by

o0
P)=) pjz/, ll=1
i=0

Multiplying both sides of (9.2.1) by z/ and summing over j, it is a matter of simple
algebra to derive that

o o0
P(2) = po=2poz Y an?" + MP(2) — po} )_ anZ".
n=0 n=0

Since pp = 1 — p, we obtain

1 —A(1 -

where a(z) = Y o a,z" is given by
o0
a(z) = / {1—B(@®)}e 19" dr.
0

Expression (9.2.8) for P(z) coincides with expression (2.5.8), since fooo e M=)
b(t)dt =1 —A(1 —2)a(z) when b(¢) is the probability density of the service time.
The discrete FFT method provides an alternative method for the computation of the
state probabilities using the explicit expression (9.2.8) for the generating function
P(z). A by-product of (9.2.8) is the famous Pollaczek—Khintchine formula

_)2E(SY)

1= 30— (9.2.9)

for the long-run average queue size. Using Little’s formula L, = AW,, it follows
that the long-run average delay in queue per customer is given by

LE(S?)

= m (9.2.10)
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Asymptotic expansion for the state probabilities

The representation (9.2.8) shows that the generating function P(z) is the ratio of
two functions, N(z) and D(z). These functions allow for an analytic continuation
outside the unit circle when the following assumption is made.

Assumption 9.2.1 (a) [;° ¢"'{1 — B(1)}dt < oo for some s > 0.
(b) lim;_, g fooo {1 — B(t)} dt = oo, where B is the supremum over all s with

/'OO e’'{1 — B(t)} dt < oo.
0

The assumption requires that the service-time distribution is not heavy-tailed. This
is the case in most situations of practical interest. Under Assumption 9.2.1, it can
be obtained from Theorem C.1 in Appendix C that

pi~ot ™ asj— oo, (9.2.11)

where t is the unique solution of the equation

00 1
/ e—k(l—f)t{l _ B(I)}dt — (9212)
0 A
on the interval (1, 1+ B/)) and the constant o is given by
1 - > -
s 1=P / te =00 Z B | (9.2.13)
A2 0

It is empirically found that the asymptotic expansion (9.2.11) already applies for
relatively small values of j. The asymptotic expansion can be used to reduce the
computational effort of the recursion scheme (9.2.1). Since p;_1/p; ~ 1 for j
large enough, the recursive calculations can be halted as soon as the ratio p;_1/p;
has sufficiently converged to the constant 7.

9.2.2 The Waiting-Time Probabilities

In this subsection we discuss the computation of the waiting-time probabilities
under the assumption that customers are served in order of arrival. Both exact
methods and approximate methods are discussed.

Exact methods

The following exact methods can be used for the computation of W, (x):

(a) discretization,
(b) Laplace-inversion,

(c) phase method.
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(a) By relation (8.4.5),
Wy (x) = W, (0) +A/ Wy(x —y){l = B(y)}dy, x>0 (9.2.14)
0

with W;(0) = 1 — p. This integral equation can be solved by using the dis-
cretization method discussed in Section 8.1.2. However, when a high accuracy
is required, this method is computationally rather demanding even when it is
combined with the asymptotic expansion for W, (x) to be given below.

(b) By (2.5.13), the Laplace transform of 1 — W, (x) is given by

ps — A+ Ab*(s)
s(s — A+ Ab*(s))’

/ e~ {1 — W, (x)}dx = (9.2.15)
0

where b*(s) = foooe’” b(x)dx is the Laplace transform of the service-time
density b(x). In Appendix F the computation of W, (x) by numerical Laplace
inversion is discussed.

(c) In Section 5.5 it was shown that any service-time distribution function B(x)
can be arbitrarily closely approximated by a distribution function of the form

j—1

= (nx)k
Zq] I—Ze_ux_k! s XE(),
j=1

k=0

where g; > 0 and Z;’il g;j = 1. This distribution function is a mixture of Erlangian
distribution functions with the same scale parameters. It allows us to interprete the
service time as a random sum of independent phases each having the same expo-
nential distribution. Example 5.5.1 explains how to use continuous-time Markov
chain analysis for the computation of W, (x) when the service-time distribution has
the above form. This approach leads to a simple and fast algorithm.

A simple approximation to the waiting-time probabilities

Assume that Assumption 9.2.1 holds. Then, as was shown in Section 8.4,
1— Wy(x) ~ye ™™ asx — oo, (9.2.16)
with

S=Ar—1) and y= Ll 9.2.17)
'E' —
where the constants t and o are given by (9.2.12) and (9.2.13).
We found empirically that the asymptotic expansion for 1 — W, (x) is accu-
rate enough for practical purposes for relatively small values of x. However, why
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not improve this first-order estimate by adding a second exponential term? This
suggests the following approximation to 1 — W, (x):

1 — Wapp(x) = ae™ P 4 ye™ x>0. (9.2.18)

The constants a and § are found by matching the behaviour of W, (x) at x = 0 and
the first moment of W, (x). Since 1—W;(0) = Pgejqy and Wy = fooo{l —-W,(x)}dx,
it follows that

o= Ppiay—y and B=a(W,—y/8) ", (9.2.19)

where Pgeiqy = p and an explicit expression for Wy is given by (9.2.10). It should be
pointed out that the approximation (9.2.18) can be applied only if § > &, otherwise
1 — Wypp(x) for x large would not agree with the asymptotic expansion (9.2.16).
Numerical experiments indicate that 8 > § holds for a wide class of service-time
distributions of practical interest. Further support to (9.2.18) is provided by the fact
that the approximation is exact for Coxian-2 services.

Numerical investigations show that the approximation (9.2.18) performs quite
satisfactorily for all values of x. Table 9.2.1 gives the exact values of 1 — W, (x),
the approximate values (9.2.18) and the asymptotic values (9.2.16) for Ejo and E3
service-time distributions. The server utilization p is 0.2, 0.5, 0.8. In all examples
the normalization E(S) =1 is used.

A two-moment approximation for the waiting-time percentiles

In applications it often happens that only the first two moments of the service time
are available. In these situations, two-moment approximations may be very helpful.

Table 9.2.1 The waiting-time probabilities

Erlang-10 Erlang-3
X exact  approx asymp exact  approx asymp

p=02 010 0.1838 0.1960 03090 0.1839 0.1859 0.2654
025 0.1590 0.1682 0.2222  0.1594 0.1615 0.2106
0.50 0.1162 0.1125 0.1282  0.1209 0.1212  0.1432
0.75 0.0755 0.0694 0.0739  0.0882 0.0875 0.0974
1.00  0.0443 0.0413 0.0427  0.0626 0.0618 0.0663

p=05 010 04744 04862 05659 04744 04764 0.5332
0.25 04334 04425 04801 04342 04361 0.4700
0.50 0.3586 0.3543 03651  0.3664 0.3665 0.3810
0.75 0.2808 0.2745 0.2887  0.3033 0.3026 0.3088
1.00 0.2127 0.2102 0.2111  0.2484 0.2476  0.2502

p=08 0.10 0.7833 0.7890 0.8219 0.7834 0.7844 0.8076
0.25 0.7557 0.7601 0.7756  0.7562 0.7571 0.7708
0.50 0.7020 0.6998 0.7042  0.7074 0.7074 0.7131
0.75 0.6413 0.6381 0.6394  0.6577 0.6573 0.6597
1.00  0.5812 0.5801 0.5805  0.6097 0.6093 0.6103
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However, such approximations should not be used blindly. Numerical experiments
indicate that the waiting-time probabilities are rather insensitive to more than the
first two moments of the service time S provided that the squared coefficient of
variation cg is not too large (say, 0 < c% < 2) and the service-time density satisfies
a reasonable shape constraint. The sensitivity becomes less and less manifest when
the traffic intensity p gets closer to 1.

The motivation for the two-moment approximation is provided by the Pollaczek—
Khintchine formula for the average delay in queue. The expression (9.2.10) for W,
can be written as

E(S)
1—p°

1
Wy =51+ c3) (9.2.20)
where c% = O'Z(S)/EZ(S). Denote by W,(exp) and W,(det) the average delay
in queue for the special cases of exponential services (c% = 1) and deterministic
services (c% = 0). The formula (9.2.20) is equivalent to the representations

1
Wy =50+ %)W, (exp), (9.2.21)

and
W, = (1 — c3) W, (det) + c2W, (exp). (9.2.22)

A natural question is whether the representations (9.2.21) and (9.2.22) can be
used as a basis for approximations to the waiting-time probabilities. Numerical
investigations reveal that the waiting-time probabilities themselves do not allow for
two-moment approximations of the forms (9.2.21) and (9.2.22), but the waiting-
time percentiles do allow for such two-moment approximations. The pth percentile
&(p) of the waiting-time distribution function W, (x) is defined as the solution to
W, (x) = p. In statistical equilibrium the percentage of customers having a delay
in queue no more than &(p) is 100p%. Since W, (0) = 1 — p, the percentile £(p)
is only defined for 1 — p < p < 1. Denote by &.,,(p) and &4.,(p) the percentile
&(p) for the cases of exponential services and deterministic services with the same
means E(S). The representation (9.2.21) suggests the first-order approximation

1
%_appl(p) = 5(1 + C%)gexp(p)v (9.2.23)
while the representation (9.2.22) suggests the second-order approximation

Eapp2(P) = (1 = et (p) + ChEerp (D). (9.2.24)

In Section 5.1 it was shown that 1 — W, (x) = p exp [—u(1 — p)x] for all x > 0
when the service time has an exponential distribution with mean 1/u = E(S).
Hence &,,,(p) is simply computed as &exp(p) = E(S) In[p/(1 — p)]/(1 — p).

A relatively simple algorithm for the computation of &g4,(p) is given in
Section 9.6.2 in the more general context of the M /D /c queue. For higher values
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Table 9.2.2 The waiting-time percentiles 1(p)

2 _ 2 _
cS_O.S cS_Z

p P 02 05 09 0.99  0.999 02 05 0.9 0.99  0.999

02 exa 025 070 2.06 390 5.73 032 1.20 453 930 14.1
appl 0.21 0.65 2.16 432 6.48 042 130 432 863 13.0
app2 0.26 0.73 198 3.87 5.76 031 1.14 467 952 144

05 exa 039 1.09 334 654 975 0.54 200 7.12 145 218

appl 033 1.04 345 691 104 0.67 2.08 691 138 20.7
app2 0.41 1.10 333 6.55 9.77 0.53 196 7.16 145 219
0.8 exa 091 264 852 169 254 1.53 5.14 17.49 352 528
appl 0.84 2.60 8.63 17.3 259 1.67 520 17.27 345 51.8
app2 093 2.63 852 169 254 1.50 5.14 17.49 352 529

of p(say p>1-— %p) the percentile £4.,(p) can be simply computed from the
asymptotic expansion of W, (x) for deterministic services.

Table 9.2.2 gives some numerical results. In the table we work with the per-
centiles of the waiting-time distribution of the delayed customers. The probability
that a delayed customer has to wait longer than x is [1 — W, (x)]/ Pgeiay, Where
Pgelay = 1 — W4 (0). The percentile n(p) is defined as the solution to

1= W,(x)
Pdelay

1

The conditional percentiles n(p) are defined for all 0 < p < 1. Note that n(p;) =
&(po) when pg = 1 —(1— p1)p. Table 9.2.2 gives the exact and approximate values
of n(p) for E, services (c% = 0.5) and H; services with the gamma normalization
(c% = 2). The numerical results show an excellent performance of the second-order
approximation for all values of p and p. The first-order approximation (1/2)(1 +
c%)nexp( p) is only useful for quick engineering calculations when p is not too small
(say, p > 0.5) and p is sufficiently close to 1 (say, p > 1 — p).

9.2.3 Busy Period Analysis

The busy period is an important concept in queueing. A busy period begins when
an arriving customer finds the system empty and ends when a departing customer
leaves the system empty behind. In this subsection we derive the Laplace transform
of the probability distribution of the length of a busy period in the M/G/1 queue.
Also it will be seen that both the transient emptiness probability and the steady-
state waiting-time distribution under the last-come first-served discipline are closely
related to the distribution of a busy period.

Denote by the random variable B the length of a busy period and let B(x) be
the probability density of B. Then the Laplace transform

B*(s) = /0 e B(x)dx (= E(e™*B))
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of the busy period density is determined by the functional equation
B*(s) = b*(s + 1 — AB*(5)), (9.2.25)

where b*(s) = fooo e **b(x) dx is the Laplace transform of the probability density
b(x) of the service time of a customer. By relation (E.8) in Appendix E, the Laplace
transform of P{B > x} is given by

/Oo e *P(B > x}dx = 1%/3@ (9.2.26)
0

The key to the proof of (9.2.25) is the assertion that the amount of time needed to
empty the system when the system starts with n customers present is distributed as
the sum of the lengths of n independent busy periods By, ..., B,. To see this, note
first that the order of service has no effect on the amount of time needed to empty
the system. Following Takdcs (1962), imagine now the following service discipline.
The initial n customers Cy, ... , C, are separated. Customer C is served first, after
which all customers (if any) are served who have arrived during the service time
of customer C1, and this way of service is continued until the system is free of all
customers but Cy, ..., C,. Next this procedure is repeated with customer C3, etc.
This verifies the above assertion. The remainder of the proof is now simple. Let
the random variables S7 and vy denote the length of the service initiating the busy
period and the number of customers arriving during that first service time. Then,
by conditioning on S; and vy, we find

B e e AD" B
E(e™* )=/ Z M BB S =1,v =n) |b@)dt
0 n=0 n!
o0
_ /oo Z —At ()‘t) E(e —s(t+Bo+--+B, )) b(t)dt,
0 0 n!
where By = 0 and By, ..., B, are independent random variables each having the

same distribution as the busy period B. Thus we find
o0 oo
At
o= [ | Lo B g o (b
0 =0 n!
o0 *
= / e St MI=B" Ol p(ry dr = b*(s + A — AB*(s5)),
0
as was to be proved. In the same way as (9.2.25) was derived, we can derive the
generating function of the random variable N which is defined as the number of

customers served in one busy period. Letting F(z) = Z,fio P{N = k}Z, it is left
to the reader to verify that

F(z) =zb*(A = AF(2)), |zl <1 (9.2.27)
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Using relation (E.2) in Appendix E, it easily follows from (9.2.25) that the first

two moments of the length of a busy period are given by
E(S?)

(1—p)¥

E(S)

E(B):m and E(B%) = (9.2.28)

where the random variable S denotes the service time of a customer. The result
(9.2.28) shows that the squared coefficient of variation of the length of a busy period
equals clz9 = (1 +c§) /(1—p), where c% is the squared coefficient of variation of the
service time S. The value of c% explodes when p approaches 1. Consequently, the
density of the busy period has a very long tail for p close to 1. As an illustration,
consider the case of gamma services with E(S) = 1 and c% = 2. Then the tail
probability P{B > 1000} has the respective values 4.70 x 10™*, 3.63 x 10~ and
1.15 x 1072 for p = 0.90, 0.95 and 0.99. These values have been computed by
using the general formula

» B N O
B=xj=3 [ e™="—b(dy, x20, (9-2.29)
n=1"0 ’

where b, (x) denotes the probability density of the sum S + - -- + S, of n service
times S1, ... , S,. The reader is referred to Takécs (1962) for a proof of this formula.
The numerical evaluation of this infinite series offers no difficulties when the service
time has a gamma distribution. Then b, (x) is a gamma density as well, so that each
term of the series can be written as an incomplete gamma integral; see Appendix B.
Fast codes for the numerical evaluation of an incomplete gamma integral are widely
available.

If the service times are not gamma distributed, one has to resort to numerical
inversion of the Laplace transform (9.2.26) for the computation of P{B > x}. In
inverting this Laplace transform, the problem is that 8*(s) is not explicitly given
but is given in the form of a functional equation. However, the value of 8*(s) for
a given point s can be simply computed by an iterative procedure.

Iterative procedure for B*(s)

For a given point s, the function value 8*(s) can be seen as a ‘fixed point’ of the
equation
7=>b*(s + A —A2).

It was shown in Abate and Whitt (1992) that this equation can be solved by repeated
substitution. Starting with zg = 1, compute the (complex) number z,, from

n=b"(+A—Azo—1), n=12....

The sequence {z,} converges to the desired value B8*(s).
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Transient emptiness probability

The distribution of the length of the busy period is closely related to the transient
emptiness probability poo(¢) defined by

poo(t) = P{no customers will be present at time ¢ when
at the current epoch 0 the system is empty}

for t > 0. Defining the Laplace transform pg,(s) by

o0
pes(s) = / ™ poo (1) dt
0
it holds that

Pio(s) = (9.2.30)

A5 —AB*(s)
The derivation is simple. By conditioning on the epoch of the first arrival and on
the length of the subsequent busy period, it is readily seen that

t
poo(t) = e +/ h(t — x)he ™ dx, >0,
0
where
u
h(u) = /0 Poo(u — v)B(v) dv.

Taking the Laplace transform of both sides of the integral equation for pgo(¢) and
using the convolution formula (E.6) in Appendix E, we obtain

A * *
+ ——Poo($)B7(s).

1
* —
Poo(s) = o T

Solving this equation gives the desired result (9.2.30).

Waiting-time probabilities for LCFS service

Under the last-come first-served discipline (LCFS) the latest arrived customer enters
service when the server is free to start a new service. The LCFS discipline was
in fact used in the derivation of the Laplace transform of the busy period. It will
therefore be no surprise that under this service discipline the limiting distribution
of the waiting time of a customer can be related to the distribution of the length
of a busy period. Assuming the LCFS discipline, let D, be the delay in queue of
the nth arriving customer and let W, (x) = lim;, .o P{D, < x}. Then

A1 = B*(s)) }

_ (9.2.31)
s+ A — AB*(s)

/ el — Wy(x)}dx = ! {p —
0 N
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We give only a sketch of the proof. Let the random variable D have W,(x) as
probability distribution function. By relation (E.8) in Appendix E,

00 . 1= E(e—sD(OO))
/ el — W, (x)}dx = —————2.
0

To find E(e P (m)), let the random variable U, be O if the server is idle upon the
nth arrival and let U,, be the remaining service time of the service in progress upon
the epoch of the nth arrival otherwise. Under the LCFS discipline, the delay D,, of
the nth arrival depends only on U,. The random variable D, has a positive mass
at x = 0. Thus

E(e™*Pry = P{U, = 0} + E(e*P" | U, > 0)P{U, > 0}.

Next the following observation is made. Under the condition that U, = u and that
k new customers arrive during the remalmng service time u, the delay in queue of
the nth arrival is distributed as u + Z —1 Bi, where By, ..., By are independent
random variables each distributed as the length of a busy period. Hence

0 k
E(e—SDn | Un — l/l) — Ze—)\u ()\':') e—Su [ﬂ*(s)]k — e_[s_'_)‘(l_ﬂ*(s))]“
k=0 ’

Define now the random variable R, as the remaining service time of the service
in progress at time ¢ given that the server is busy at time ¢. Using the PASTA
property, it follows that

lim P{U;,=0}=1—p and lim P{U, <u|U, >0} = lim P{R; <u}.
n— 00 n—o00 t—00
Using the result

lim P{R, <u E(S)/ {1 —BO)dy, u>0, (9.2.32)

it is a matter of some algebra to verify that

A1 = B*(s))
s+ A —AB*(s)

This result gives (9.2.31). A remark is made about the important result (9.2.32).
It is tempting to conclude this result by considering only those times when the
server is busy and next using the equilibrium excess distribution from renewal
theory; see Theorem 8.2.5. However, more subtle renewal-theoretic arguments are
needed to prove (9.2.32). A probabilistic proof is as follows. Fix u > 0. Let the
random variable /(¢) = 1 if the server is busy at time ¢ and the remaining service
time of the service in progress is larger than u and let /(¢) = O otherwise. The
stochastic process {/(¢)} is regenerative. The regeneration epochs are the service
completion epochs at which the server becomes idle. The length of a regeneration

E(e™Py = lim E(e™*P)y=1—p+
n—oo
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cycle is continuously distributed with a finite expectation. Thus, by Theorem 2.2.4,
lim;_, oo P{I(t) = 1} exists and equals E(D1)/E(L1), where L is the length of
one cycle and D; is the total amount of time in one cycle that a service is in
progress with a remaining service time larger than u. Denoting by N the number
of customers served in one cycle and using Wald’s equation, we find

o o
E(Dy) = E(N)/ (y —wb(y)dy = E(N)/ {1-B(y}dy.
u u
By (9.2.27) and (9.2.28), E(N) = 1/(1 — p) and E(L1) = 1/A + E(S)/(1 — p).
This gives
tlirgo P {the server is busy at time ¢ and the remaining service time

of the service in progress is larger than u}
o
= [ u-soma.
u

Noting that lim;_, o, P{the server is busy at time ¢} exists and equals p = AE(S),
the result (9.2.32) follows.

9.2.4 Work in System
Let the random variable V; be defined by

V; = the total amount of work that remains to be done on all
customers in the system at time 7.

In other words, V; is the sum of the remaining service times of the customers in the
system at time ¢. The stochastic process {V;,t > 0} is called the work-in-system
process or the virtual-delay process. Let

Vool(x) = tgrgo P{V; <x}, x=0.

Also, Vs (x) is the long-run fraction of time that the work in system is no more
than x. By the PASTA property, it holds that V(x) is identical to the limiting
distribution function W, (x) of the waiting time of a customer when service is in
order of arrival. In particular, by (2.5.13),

ps — A+ Ab*(s)
s(s — A+ Ab*(s))’

/ e 1 = Voo (X)) dx = (9.2.33)
0

where b*(s) is the Laplace transform of the service-time density b(x). For later
purposes, we mention here the following additional relations for Vi, (x):

Vo’o(x) = AVoo(x) — XA /X Voo (x — ¥)b(y)dy, x>0, (9.2.34)
0
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Vi (x) = )»i /x Voo(x = V{1 — B(y)}dy, x>0. (9.2.35)
dx 0

Since Voo(x) = W, (x), these formulas follow from relations (8.4.2), (8.4.3) and
(8.4.4); take o = 1 in these relations. Also, by (8.4.9), it holds under Assump-
tion 9.2.1 that

1 — Veo(x) ~ ye ™ as x — oo, (9.2.36)

where y and § are given by (9.2.17).

Unlike the waiting-time distribution, the distribution of the work in system is
invariant among the so-called work-conserving queue disciplines. A queue disci-
pline is called work-conserving when the amount of time a customer is in service
is not affected by the queue discipline.

The maximum work in system during a busy period

Define the random variable V,,,, as
Vinax = the maximum amount of work in system during a busy period.

A busy period is the time elapsed between the arrival epoch of a customer finding
the system empty and the next epoch at which the system becomes empty. The
following result holds:

_ VoK)
A Vx(K)'

P{Vinax > K} K >0, (9.2.37)
where V/ (x) is the derivative of Vao(x) for x > 0. To prove this result, we fix
K > 0 and define the probability pg (x) for 0 < x < K by

pk (x) = the probability that the work process {V;} reaches the
level 0 before it exceeds the level K when the current
amount of work in system equals x.

It will be shown that

pk(x) = w, 0<x<K. (9.2.38)
Voo (K)
The proof of this result is as follows. If the amount of work in the system is x < K
upon arrival of a new customer, the workload remains below the level K only if
the amount of work brought along by the customer is less than K — x. Thus, by
conditioning on what may happen in a very small time interval of length At = Ax,
we find

K—x
prk(x + Ax) = (1 = 2Ax)pg (x) + )»AX/ prk(x +y)b(y)dy + o(Ax).
0
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This gives the following expression for the derivative of pg (x):

K—x
Pk (x) = —Apk (x) +/\/ pk(x +y)b(y)dy, 0<x <K.
0

Mimicking the derivation of (8.4.4) gives

, d K—x
Pk (x) = AE/O pr(x + {1 —B(y)}ldy, 0<x<KkK.

Letting gg (x) = px(K — x) for 0 < x < K, we thus have

d X
dew =g [ art =i - BNy, 0<x<K.
x Jo

This equation has a unique solution since it can be reduced to a renewal-type
equation. Comparing this equation with equation (9.2.34) reveals that, for some
constant c,

gg (x) =cVyo(x), 0<x <K.

Since lim,_,gpg(x) = 1, the result (9.2.38) now follows. It remains to verify
(9.2.37). To do so, note that

K
P{Vipax > K} =1 _/ Pk (x)b(x) dx
0

VoK) = [ Voo(K — x)b(x) dx
B Voo (K)

(9.2.39)

The numerator of the last expression equals A_IVC;O(K ) by relation (9.2.34). This
completes the verification of (9.2.37).

The probability distribution (9.2.37) of V), can be calculated by numerical
inversion of the Laplace transforms of Vio(x) and V/ (x). The Laplace transform
of 1 — Vo (x) is given by (9.2.33). Letting v (x) denote the derivative of Vi (x)
for x > 0 and noting that Voo (x) = Voo (0) + [ veo(y) dy, we find

(1= p) [ = 1" ()]
s — A+ Ab*(s)

o0
/ e M (x)dx =
0

9.3 THE M*/G/1 QUEUE

Queueing systems with customers arriving in batches rather than singly have many
applications in practice, for example in telecommunication. A useful model is
the single-server MX/G/1 queue where batches of customers arrive according
to a Poisson process with rate A and the batch size X has a discrete probability
distribution {8;, j = 1,2,...} with finite mean B. The customers are served
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individually by a single server. The service times of the customers are independent
random variables with a common probability distribution function B(¢). Denoting
by the random variable S the service time of a customer, it is assumed that the
server utilization p defined by

p =ABE(S)

is smaller than 1. The analysis for the M/G/1 queue can be extended to the
MX/G/1 queue. In Section 9.3.1 we give an algorithm for the state probabilities.
The computation of the waiting-time probabilities is discussed in Section 9.3.2.

9.3.1 The State Probabilities

The stochastic process {L(t),t > 0} describing the number of customers in the
system is regenerative. The process regenerates itself each time an arriving batch
finds the system empty. The cycle length has a continuous distribution with finite
mean. Thus the process {L(#)} has a limiting distribution {p;}. The probability
pj can be interpreted as the long-run fraction of time that j customers are in the
system. The probability po allows for the explicit expression

To see this, we apply the ‘reward principle’ that was used in Section 2.3 to obtain
Little’s formula. Assume that the system earns a reward at rate 1 whenever a
customer is in service. Then the average reward per time unit represents the fraction
of time that the server is busy. The long-run average reward earned per customer is
equal to E(S), while the long-run average arrival rate of customers is A. Hence the
long-run average reward earned per time unit equals A8 E(S). The long-run fraction
of time that the server is busy equals 1 — pg. This shows that 1 —py = ABE(S) = p.
A recursion scheme for the p; is given in the following theorem.

Theorem 9.3.1 The state probabilities p; satisfy the recursion

J J k
Dj :)\pOZﬂsaj_S -I—)»Z(Zpi Z ,3s> aj—k, j=12,..., (9.3.2)
s=1 k=1 \i=0

s>k—i

where
o0
ap =/ ({1 — B@)}dt, n=0,1,...
0

with r,(t) = P{a total of n customers will arrive in (0,t)}.

Proof The proof is along the same lines as the proof of Theorem 9.2.1. The only
modification is with respect to the up- and downcrossing relation (9.2.5). We now
use the following up- and downcrossing argument: the number of downcrossings
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from a state in the set {k+ 1, k+2, ...} to a state outside this set during one cycle
equals the number of upcrossings from a state outside the set {k+1,k+2,...} to
a state in this set during one cycle. Thus relation (9.2.5) generalizes to

s>k—i

k
E(N) =Y ET)xr Y Bs. k=0.1,....
i=0

The remainder of the proof is analogous to the proof of Theorem 9.2.1.

The recursion scheme (9.3.2) is not as easy to apply as the recursion scheme
(9.2.1). The reason is that the computation of the constants a, is quite burden-
some. In general, numerical integration must be used, where each function eval-
uation in the integration procedure requires an application of Adelson’s recursion
scheme for the computation of the compound Poisson probabilities r,(¢), n > 0;
see Section 1.2.

The best general-purpose approach for the computation of the state probabilities
is the discrete FFT method. An explicit expression for the generating function

oo
P()=) pi/, lzl=<1
j=0

can be given. It is a matter of tedious algebra to derive from (9.3.2) that

I —da(){1 — G(2)}
1—ra(){l=G@)}/(1—-2)"

P(z)=(0-p) (9.3.3)

where

G(Z)=Zﬂjzj and a(z)=/Ooe—“1—0<z)}’(1—B(z))d:.

j=1 0

The derivation uses that e MI=CG@} g the generating function of the compound
Poisson probabilities r,(¢); see Theorem 1.2.1. Moreover, the derivation uses that
the generating function of the convolution of two discrete probability distributions
is the product of the generating functions of the two probability distributions. The
other details of the derivation of (9.3.3) are left to the reader. For constant and
phase-type services, no numerical integration is required to evaluate the function
«(z) in the discrete FFT method.

Asymptotic expansion

The state probabilities allow for an asymptotic expansion when it is assumed that
the batch-size distribution and the service-time distribution are not heavy-tailed.
Let us make the following assumption.
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Assumption 9.3.1 (a) The convergence radius R of G(z) = Z;il ,szj is larger
than 1. Moreover, fooo eS{1 — B(t)} dt < oo for some s > 0.
(b) lim_, 5 fooo {1 — B(t)}dt = oo, where B is the supremum over all s with

00
/0 {1 — B(t)}dt] < oo.
(c) limy_, g, G(x) = 1 + B/X for some number Ry with 1 < Ry < R.
Under this assumption we obtain from Theorem C.1 in Appendix C that
pj ~ ot/ as Jj — 00, 9.34)
where t is the unique solution to the equation
ra@fl-Go)}=1-1 9.3.5)

on (1, Rg) and the constant o is given by

/ —1
m+l} . 936)

a:a—mﬂ—”bdw“_Gm“'l—Gm

A formula for the average queue size

The long-run average number of customers in queue is L, = Z;il(j = Dp;j.

Using the relation P'(1) = Z;’il Jjpj, we obtain after some algebra from (9.3.3)
that

2 2
L= 50+ [0 1],
2 l—p 2(1-p) [ E(X)

where X denotes the batch size. Note that the first part of the expression for L,
gives the average queue size in the standard M/G/1 queue, while the second part
reflects the additional effect of the batch size. The formula for L, implies directly a
formula for the long-run average delay in queue per customer. By Little’s formula
Ly, =ABW,.

9.3.2 The Waiting-Time Probabilities

The concept of waiting-time distribution is more subtle for the case of batch arrivals
than for the case of single arrivals. Let us assume that customers from each arrival
group are numbered as 1,2, ... . Service to customers from the same arrival group
is given in the order in which those customers are numbered. For customers from
different batches the service is in order of arrival. Define the random variable D,, as
the delay in queue of the customer who receives the nth service. In the batch-arrival
queue, lim,_, o, P{D, < x} need not exist. To see this, consider the particular case
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of a constant batch size of 2. Then P{D,, > 0} = 1 for n even and P{D, > 0} < 1
for n odd. The limit

1 n
Wy(x)= lim =Y " P(Dy <x}, x>0
q n—oon =1

always exists. To see this, fix x and imagine that a reward of 1 is earned for each
customer whose delay in queue is no more than x. Using renewal-reward theory,
it can be shown that the limit W, (x) exists and represents the long-run fraction of
customers whose delay in queue is no more than x. If the batch size distribution
is non-arithmetic, then lim, o P{D, < x} exists and equals W, (x).

Denote by

b*(s) = /00 e b(x)dx
0

the Laplace transform of the probability density b(x) of the service time of a
customer. Let 85 (s) be the Laplace transform of the probability density of the
total time needed to serve all customers from one batch. It is left to the reader to
verify that

Bic() = Y Bilb* ()] = Gb*(s)).

k=1
The following result now holds:

1 — W (s)Wi(s)

/Oo e 1 — Wy (x)}dx = (9.3.7)
0 N
where
o (d=p)s o 1=GD" ()
R v B (O]

with B = Y72 kBr denoting the average batch size. The waiting-time probabili-
ties W, (x) can be numerically obtained from (9.3.7) by using numerical Laplace
inversion.

We give only a heuristic sketch of the proof of (9.3.7). A rigorous treatment
is given in Van Ommeren (1988). An essential part of the proof is the following
result. For k =1,2,..., let

nx = the long-run fraction of customers taking the kth position in their batch.

Then it holds that

1 o0
nk:gz;sj, k=1,2,.... (9.3.8)
=k
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To prove this result, fix k£ and imagine that a reward of 1 is earned for each customer
taking the kth position in its batch. Then the long-run average reward per customer
is 1y by definition. By the renewal-reward theorem, the long-run average reward per
customer equals the expected reward Z;'ik B; earned for a single batch divided
by the expected batch size 8. This gives (9.3.8). Consider now a test customer
belonging to a batch that arrives when the system has reached steady state. Denote
by D the delay in queue of this test customer. The delay D can be written
as D = Xy + X|, where X is the delay caused by the customers present
just before the batch of the test customer arrives and X is the delay caused by
customers belonging to the batch of the test customer. The random variables X
and X; are independent of each other and so E(e—*P"™) = E(e=*X0)E(e=sX1).
Assuming that the position of the test customer in the batch is distributed according
to {nr}, we have by (9.3.8) that

o0 1 o0 o0
E@e™X1) =Y " mplb* ()1 = 3 YOI B
k=1 Jj=k

k=1

BI1 —b*($)]

= |

1 L 1=GO*s))
==Y By T =
j=1 jk:l

To find E(e~*%0), note that an arriving group of customers can be considered as
a singly arriving supercustomer. The probability density of the total time to serve
a supercustomer has the Laplace transform B5.-(s). In other words, the delay in
queue of the first customer of each batch can be described by a standard M/G/1
queue for which the service-time density has the Laplace transform 85 (s). Thus,
using the result (2.5.12) for the M/G/1 queue,

1—
E(e_SXO) = —( ,0): .
s — A+ AB5a(s)
Since fooo e 1 — Wy(0)tdx = s7[1 — E(e=sP'™y) by relation (E.8) in
Appendix E, we have now derived (9.3.7) heuristically.

Alternative algorithm

A simpler algorithm than numerical Laplace inversion can be given for the
MX/D/1 queue with deterministic services. This alternative algorithm is discussed
in Section 9.5.3 in the more general context of the M*X /D /c queue. A simple algo-
rithm is also possible when the service time of a customer is a mixture of Erlangian
distributions with the same scale parameters. In this case the service time of a cus-
tomer can be interpreted as a random sum of independent phases each having
an exponentially distributed length with the same mean. The M*/G/1 queue with
generalized Erlangian services is in fact an MY /M /1 queue in which the batch size
Y is distributed as the total number of service phases generated by all customers in
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one batch. For this particular M* /G /1 queue the waiting-time probabilities W, (x)
can be computed by a modification of the algorithm given in Example 5.5.1.

Approximations for the waiting-time probabilities

Suppose that Assumption 9.3.1 is satisfied and let b(z) denote the density of the
service-time distribution function B(¢). Then the following asymptotic expansion
applies:

1 — W,(x) ~ ye ¥ asx —> oo,

where § is the smallest positive solution to

> B {/ e‘”b(t)dt} =1+
j=t 0 g

and the constant y is given by

-1

_ 1) o0 [e%e] Jj—1
y = % 1_1/0 te‘”b(t)dl‘;jﬂj {/0 eatb(t)dl}

00 -1
x [1—/ e’”b(t)dt] .
0

94 M/G/1 QUEUES WITH BOUNDED WAITING TIMES

In Section 9.2.4 we studied the limiting distribution function Vs, (x) of the work
in system in the M/G/1 queue. This distribution function will play a key role in
the analysis of both the finite-buffer M/G/1 queue with partial overflow and the
M/G/1 queue with impatient customers.

9.4.1 The Finite-Buffer M/G/1 Queue

Consider the M/G/1 queue with a finite buffer, i.e. the finite dam model. Instead
of a service time of a customer, we speak of the amount of work brought in by
a customer. Customers arrive according to a Poisson process with rate A. The
amounts of work brought in by the customers are independent random variables
having a common probability distribution function B(x) with probability density
b(x). Denoting by p the first moment of the amount of work brought in by a
customer, it is assumed that p = Apu is less than 1. Each customer puts their
amount of work into a buffer. The buffer has a finite capacity of K. A customer
who brings more work than can be stored in the buffer causes an overflow, where
only the excess of work is lost (partial overflow). The buffer is emptied at a unity
rate whenever there is work in the buffer. The finite-buffer M/G/1 queue has
a variety of applications such as dam and production/inventory systems with a
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finite storage space and telecommunication systems with a finite buffer for storing
incoming data.
An important characteristic of the finite-buffer M/G/1 queue is

7 (K) = the long-run fraction of arrivals that cause a partial overflow.

The following result can be proved:

1V, (K)
Voo (K)’

7(K) = 9.4.1)
where V4 (x) is defined in Section 9.2.4. It is remarkable that 7 (K) is identical to
the probability P{V,,,x > K}, where V,,,, is the maximal buffer content during
a busy period in the infinite-buffer model; see relation (9.2.37). The proof of the
result (9.4.1) is based on the proportionality relation

Voo (X)
Voo (K)

Vk (x) = for 0 <x <K, 9.4.2)

where Vi (x) is defined by

Vi () = lim PV* < x)

with the random variable Vt(K) denoting the amount of work in the buffer at time ¢.
We defer the proof of (9.4.2) to later. First we sketch how the result (9.4.1) can be
obtained from the proportionality relation (9.4.2). A customer who finds an amount
of work x in the buffer upon arrival causes an overflow only if the customer brings
an amount of work larger than K — x. In statistical equilibrium the amount of work
in the buffer seen by an arrival has Vi (x) as probability distribution function by
the PASTA property. Hence, by conditioning,

K
n(K) = {1 — B (K)}Vk (0) +/ {1 = B(K —x)}vk (x)dx,
0

where vk (x) denotes the derivative of Vi (x) for x > 0. Using (9.4.2), it is not
difficult to verify by partial integration that

n(K) =

K
T [VOO(K) —fo Voo (K —x)b(x)dx:|.

By (9.2.34) the term between brackets equals 21 V(;O(K ), proving (9.4.1).

Assuming that the probability distribution function B(x) satisfies Assumption
9.2.1, it follows from (9.2.36) that

8
T (K) ~ VTe*‘SK as K — oo,

where y and § are given by (9.2.17).
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Derivation of the proportionality relation

Several proofs can be given for the proportionality relation (9.4.2). An insight-
ful proof can be based on renewal-theoretic arguments. The workload process
(V&) (1), t > 0} regenerates itself each time the buffer becomes empty. Let a
cycle be the time interval between two consecutive regeneration epochs. Denote
by the random variable 7'X) the length of one cycle and by the random variable
T (x) the amount of time in one cycle that the work in system is no more than x.
The corresponding random variables for the workload process {V;} in the infinite-
buffer M/G/1 queue are denoted by 7> and T(*)(x). Then, by the theory of
regenerative processes,

E[T® )] E[T®™(x)]

and Vy(x) = E(T)

(9.4.3)

for 0 < x < K. The crucial observation is that 7 (X) (x) has the same distribution as
T(®)(x) forany 0 < x < K. The assumption of Poisson arrivals and the assumption
of partial overflow of work in excess of the buffer capacity are essential in order
to establish this result. A rigorous proof requires a lot of technical machinery. The
result can be made plausible as follows. In the infinite-buffer model the distribution
of T (x) for 0 < x < K does not depend on the duration of excursions of the
workload process above the level K. The workload process in the infinite-buffer
system returns to the level K after each upcrossing of the level K. However, by the
lack of memory of the Poisson process, the situation in the infinite-buffer system
at the epochs at which a return to level K occurs is probabilistically the same as in
the finite-buffer system at the epochs at which an overflow of level K occurs. This
explains why 7 (x) and 7 (x) have the same distribution for any 0 <x < K.
Thus we can conclude from (9.4.3) that, for the constant y = E[T )]/ E(T X)),

Vk(x) =yVs(x), 0=<x<K. 944

Since Vg (K) = 1, we next get the desired result (9.4.2). A rigorous proof of (9.4.4)
can be found in Hooghiemstra (1987).

Other performance measures

Other performance measures of interest are:

f(K) = the long-run fraction of input that overflows,

I(K) = the long-run average amount of work in the buffer.

The following results hold:

(I =Pl = Voo (K)]
K) = 9.4.5
f(K) VoK) 9.45)
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1 K
I(K)=K — VoK) /0 Voo(x)dx. (9.4.6)

The proof of (9.4.5) is based on Little’s formula for the average number of busy
servers. The long-run fraction of time the server is busy equals 1 — Vg (0) =
1 — V5 (0)/ Voo (K). Hence, by Little’s formula,

Voo (0)
MU= fEp=1= =0
Since Vi (0) = 1—p, the formula (9.4.5) next follows. Using partial integration, the
result (9.4.6) directly follows by using (9.4.2). The performance measures 7 (K),
f(K) and I(K) can be calculated by using numerical Laplace inversion for the
computation of Vo (x), V. (x) and fOX Voo (y) dy from the corresponding Laplace
transforms. The formula (9.4.5) for the overflow probability f(K) has an interesting
form. It is our conjecture that this structural form provides a useful approximation
to the overflow probability in more complex finite-buffer models such as the finite-
buffer fluid model with a Markov modulated Poisson input process determined by
a number of independent on-off sources. The solution of the infinite-buffer version
of this model is given in the classic paper of Anick et al. (1982); see also Schwartz
(1996). In this paper the linear differential equations for the work in system are
solved through eigenvalues and eigenvectors.

9.4.2 An M/G/1 Queue with Impatient Customers

A queueing system often encountered in practice is one in which customers wait for
service for a limited time and leave the system if service has not begun within that
time. Practical examples of queueing systems with customer impatience include
real-time telecommunication systems in which data received after a hard deadline
are useless, telecommunication systems in which subscribers give up due to impa-
tience before the requested connection is established and inventory systems with
perishable goods.

In this subsection we consider an M/G/1 queue in which customers arrive
according to a Poisson process with rate A. The service or work requirements
of the customers are independent random variables having a general probability
distribution function B(x) with finite mean . It is assumed that p = Au is less
than 1. The service discipline is first-come first-served. Each arriving customer
enters the system, but is only willing to wait in queue for a fixed time 7 > 0. A
customer who waits for a time t without his service having begun leaves the system
after that time t and becomes a lost customer. A basic measure for the quality of
service in such a system is the fraction of customers who are lost. Define the
performance measure Pj s by

Pjyss = the long-run fraction of customers who are lost.
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The following result holds:

(1= p)PWS > 1)
1= pP{WS > 1}

Progs = 9.4.7)

where the random variable Wq(oo) is distributed as the steady-state delay in queue of
a customer in the standard M/G/1 queue with service in order of arrival. That is,
P{W[;OO) < x} = W;(x). The computation of W, (x) is discussed in Section 9.2.2.
The proof of (9.4.7) is very similar to that of (9.4.1). To obtain the formula for Py,
it is no restriction on the mathematical analysis to assume that customers finding
an amount of work in system larger than 7 upon arrival do not enter the system but
are immediately lost. Using this convention, denote by the random variable Vt(r)
the amount of work in system at time ¢ and let V® (x) = lim,_ o P{V,(T) < x}
for x > 0. Then, using the PASTA property,

Py = 1 = VO(1). (9.4.8)
By the same arguments as used to obtain (9.4.4), there is a constant y so that
VOW) = yVeolx), 0<x<rt. (9.4.9)

To find the constant y, we use Little’s formula for the average number of busy
servers. Since 1 — V(¥ (0) gives the fraction of time the server is busy,

Al = Progs)pe =1 — V(r)(o). (9.4.10)

Since V™ (0) = y Vo (0) and Vo (0) = 1 — p, we obtain from (9.4.10) that

(1-p)(y -1
Pioss = \ — . 9.4.11)
7
Also, by (9.4.8), Pjyss = 1 — ¥y Vso(7) and so
1

% 9.4.12)

1= pll = V(@]
Finally, the desired result (9.4.7) follows by substituting (9.4.12) in (9.4.11) and
noting that Vi (x) equals the waiting-time distribution function W, (x). Assuming
that the service-time distribution function satisfies Assumption 9.2.1, it follows
from (9.4.7) and the asymptotic expansion (9.2.16) that

1— —81
% ~(1=p)ye™® ast— oo,

Ploss ~
where y and § are given by (9.2.17). In other words, P decreases exponen-
tially fast as t gets larger. The structural form of (9.4.7) is remarkable. The loss
probability is expressed in terms of the waiting-time probability P{Wq(oo) > T}
The latter probability represents for the M/G/1 queue without impatience the
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probability that a customer arriving in steady state has to wait longer than a time t
when service is in order of arrival. The result (9.4.7) can be shown to hold for the
M /M /c queue with impatient customers as well; see Boots and Tijms (1999). In
fact the result (9.4.7) applies to both the MX /G/1 queue and the MX /M /c queue
with impatient customers. In Section 9.8 the structural form (9.4.7) will again be
encountered in queueing systems with finite buffers. It will be seen that the loss
probabilities in a finite-buffer queue can often be expressed in terms of the solution
for the corresponding infinite-buffer queue. This finding is extremely useful from a
computational point of view: to analyse the finite-buffer model for different buffer
sizes it suffices to compute only once the solution for the infinite-buffer model.

9.5 THE GI/G/1 QUEUE

This section deals with the GI/G/I queue in which the interarrival times and the
service times both have a general probability distribution. The server utilization p
is assumed to be smaller than 1. Computationally tractable results can be obtained
only for special cases. However, the exact results for simpler models may be used
as a basis for approximations to the complex GI/G/I model; see also the discussion
in Section 9.7. The discussion will concentrate on the computation of the waiting-
time probabilities for the cases of phase-type services and phase-type arrivals. For
these cases the computational method is based on numerical Laplace inversion.
The embedded Markov chain method is an alternative approach when the service
times are distributed as a mixture of Erlangian distributions with the same scale
parameters. The probabilistic approach for this particular case will be discussed
first. The discussion below assumes that service is in order of arrival.

9.5.1 Generalized Erlangian Services

Suppose that the service-time density b(¢) is given by

t

tl] —i
b(r)—Zq, 120

where g, > 0. In other words, with probability g; the service time of a customer
is the sum of i independent phases each having an exponential distribution with
mean 1/u. Thus we can define the embedded Markov chain {X,} by

X, = the number of uncompleted service phases just before the arrival
of the nth customer.

Denoting by {r;, j =0, 1, ...} the equilibrium distribution of this Markov chain,
we find by the same arguments as used to derive (5.1.7) that

Wo)=1-3 e *W(“x) Zn, . x>0 9.5.1)

k=0
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Thus we have a computationally useful algorithm for the waiting-time distribution
when the probabilities r; can be efficiently computed. These probabilities are the
unique solution to the equilibrium equations

o0
mj =Y mpg. Jj=0.1... (9.5.2)
k=0

together with the normalizing equation Z;io mj = 1, where the p;; are the one-step
transition probabilities of the Markov chain {X,}. The p; are easily found. Since
service completions of phases occur according to a Poisson process with rate u as
long as the server is busy, it is readily seen that for any i > 0

m 00 (ut)i+h—i
pij = Z Qk/ e_’“ﬁa(t)dt, l<j=<i+m,
k=max(j—i,1) Y0 (@ +k—=p!

where a(t) denotes the probability density of the interarrival time. The geometric
tail approach from Section 3.4.2 can be used to reduce the infinite system of linear
equations (9.5.2) to a finite system of linear equations. To see that

T

Tty as o o0 (9.5.3)

TTj

for some constant 0 < n < 1, note that for any i > O the one-step transition
probability p;; equals O for j > i +m and depends on i and j only through the
difference j —i for j > 1. Next we can apply a general result from Section 3.4.2
to obtain (9.5.3). Using the expression for p;;, the equation (3.4.9) reduces after
some algebra to

) m )
w™ — {/ e_“(l_w)’a(t)dt} > qiw™ T =0. (9.5.4)
0 i=1

The decay factor n is the largest root on (0,1) of this equation. By replacing ;
for j > M by mpm/~™ for an appropriately chosen integer M, we obtain a finite
system of linear equations.

9.5.2 Coxian-2 Services

Suppose that the service time S of a customer has a Coxian-2 distribution with
parameters (b, i1, (£2). That is, S is distributed as U; with probability 1 — b and
S is distributed as U; + U, with probability b, where U; and U, are indepen-
dent exponentials with respective means 1/u1 and 1/u,. Then the waiting-time
distribution function W, (x) allows for the explicit expression

1= W,(x) =aje™"* +aze™™, x>0, (9.5.5)
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where n; and 1, with 0 < n; < min(u1, u2) < 1 are the roots of
X% — (1 + p2)x + pipa — {pipa — (1 — by x} /OOO e Ma(r)dr =0. (9.5.6)
The function a(t) denotes the interarrival-time density and
a1 = [—nin + mm Qi + wa) — mpipal/ [ (n — n2)]

ay = [mn3 — mma (it + p2) + nipap2l/ e pa(nn — )1

A derivation of this explicit result can be found in Cohen (1982). In particular,
Pgeiqy and W, are given by

1
M2 g W, =t 11 9.5.7)

Hip2 125Y2%) n

Pdelay =1~

Since the computation of the roots of a function of a single variable is standard fare
in numerical analysis, the above results are very easy to use for practical purposes.
Bisection is a safe and fast method to compute the roots.

9.5.3 The GI/Ph/I Queue

The results in Section 9.5.2 can be extended to the GI/Ph/1 queue with phase-
type services. Let b*(s) = fooo e S'b(t) dt denote the Laplace transform of the
service-time density b(¢). For phase-type service b*(s) can be written as

bi(s)
by (s)

for polynomials by(s) and by(s), where the degree of b(s) is smaller than the
degree of by(s). Let m be the degree of by(s). It is no restriction to assume that
bi(s) and by (s) have no common zeros and that the coefficient of s in by(s) is
equal to 1. Also, let a*(s) = OOO e S'a(t) dt denote the Laplace transform of the
interarrival-time density a(t). It is assumed that a*(s) and b, (s) have no common

zero. In Cohen (1982) it has been proved that

b*(s) =

e 1 ba(s) 1 M
e 1 —W,(x)}dx =—-11— | | , (9.5.8)
/0 ‘ s 2o s
where 11, ..., n, are the roots of
br(—s) —a*(s)bi1(—s) =0 (9.5.9)

in the right half-plane {s|Re(s) > 0}. Moreover,

1 m
P =1-— i 9.5.10
delay b(0) ll:! ni ( )
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and
PL(0) <~ 1
W, =—2 "4+ —, (9.5.11)
¢ b2(0) ; ni
where b/z(O) is the derivative of by(s) at s = 0. Once the roots 7y, ..., n, have

been computed, the waiting-time probabilities can be obtained by numerical Laplace
inversion of (9.5.8). A few words are in order on the computation of the (com-
plex) roots 11, ..., n,. If the interarrival-time density is a phase-type density as
well, then equation (9.5.9) reduces to a polynomial equation. Standard methods are
available to compute the roots of a polynomial equation; see Appendix G. Another
important case is the case of constant interarrival times. For the D/Ph/1 queue,
equation (9.5.9) becomes

by(—s) — e Phi(—s) = 0. (9.5.12)

For Coxian-2 services this equation is a special case of (9.5.6) and has two real
roots that are easily found by bisection. In general the equation (9.5.12) can be
numerically solved by tools discussed in Appendix G. In Appendix G we give
special attention to the numerical solution of (9.5.12) when the service-time dis-
tribution is a mixture of an Erlang (m — 1, u) distribution and an Erlang (m, )
distribution.

9.5.4 The Ph/G/1 Queue

For phase-type arrivals the Laplace transform a*(s) = fooo e S'a(r) dt of the prob-
ability density a(¢) of the interarrival time can be written as

for polynomials a;(s) and a;(s), where the degree of a; (s) is lower than the degree
of ax(s). Let m be the degree of ax(s). It is no restriction to assume that a;(s) and
az(s) have no common zeros and that the coefficient of s in ay(s) is equal to 1.
Also, let b*(s) = fooo e S'b(t) dt denote the Laplace transform of the service-time
density b(t). It is assumed that b*(s) and ay(s) have no common zero. For the case
of m > 2, it follows from results in Cohen (1982) that

m—1

. _ 1) —aw0s - p) 8 —s
/oe =Wy} de= 11 az(—s)—b*(s)al(—s)l_! 5 [

. (9.5.13)

where 61, ..., d,,—1 are the roots of

ar(—s) — b*(s)aj(—s) = 0 (9.5.14)
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in the right half-plane {s|Re(s) > 0} and

L _ GO —aj©)
az(0)

As usual, a5(0) and a}(0) denote the derivatives of a>(s) and ai(s) at s = 0.

Moreover,
m—1

Paetay = 1= (1 = p)aax(0) [ T & (9.5.15)
i=1

and

0

- 2 2
W, = 20— ME®) E(S”) + E(A°) 4+ 2E(S)

)

GO a0 "’Zl 1
a1 (0) a2(0) 8i

(9.5.16)
where the random variables S and A represent the service time and the interarrival
time. If m = 1 (i.e. Poisson input), formulas (9.5.13), (9.5.15) and (9.5.16) remain
valid provided we put the empty product equal to 1 and the empty sum equal
to 0. Note that there is a subtle difference between equations (9.5.9) and (9.5.14):
equation (9.5.9) has m roots with Re(s) > 0 and the other equation has m — 1 roots.
The explanation lies in the asymmetric role of the interarrival time A and the service
time S in the ergodicity condition E(S)/E(A) < 1. For the numerical computation
of the roots of equation (9.5.14) the same remarks apply as for equation (9.5.9). In
particular, the Ph/D/1 queue is important. It will be seen in Section 9.7 that the
waiting-time distribution in the multi-server GI/D/c queue can be found through
an appropriate Ph/D/1 queue.

i=1

9.5.5 Two-moment Approximations

The general GI/G/1 queue is very difficult to analyse. In general one has to resort
to approximations. There are several approaches to obtain approximate numerical
results for the waiting-time probabilities:

(a) Approximate the service-time distribution by a mixture of Erlangian distribu-
tions or a Coxian-2 distribution.

(b) Approximate the continuous-time model by a discrete-time model and use the
discrete FFT method.

(c) Use two-moment approximations.

Approach (a) has been discussed in Sections 9.5.1 and 9.5.2. This approach
should only be used when the squared coefficient of variation of the service time
is not too large, say 0 < c§ <2.

Let us now briefly discuss approach (b) for the GI/G/1 queue. This approach
is based on Lindley’s integral equation. Define the random variables
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D,, = the delay in queue of the nth customer,
S,, = the service time of the nth customer,

A, = the interarrival time between the nth and (n + 1)th customers.

For ease, let us assume that the service times and interarrival times have probability
densities b(t) and a(¢). In the same way as in Section 8.4, we obtain

Dyy1 =max(0, D, +U,), n=1,2,..., (9.5.17)

where U, = S, — A,,. Using this recurrence equation, it is not difficult to show that
the waiting-time distribution function W, (x) satisfies the so-called Lindley integral
equation

W, (x) = fx W,(x —t)e(t)dt, x>0, (9.5.18)

where c(¢) is the probability density of the U,. Note that c(¢) is the convolution
of a(—t) and b(r). A discretized version of Lindley’s integral equation can be
effectively solved by using the discrete FFT method. The details will not be given
here, but can be found in Ackroyd (1980) and Tran-Gia (1986). In De Kok (1989)
a moment-approximation method is suggested to solve Lindley’s integral equation.
This method is generally applicable and yields good approximations to the waiting-
time probabilities. In particular, the moment-approximation method is well suited
for both the GI/D/1 queue and the D/G/1 queue.

KLB approximation

Using a hybrid combination of basic queueing results and experimental analysis,
the following two-moment approximations for the delay probability and the aver-
age delay in queue per customer were obtained by Krimer and Langenbach-Belz
(1976):

I+ ci + pc§
L+ p(c§ — 1) + p2(4c] +¢3)

4p
4+ p2(4c +c3)

)
if cg <1,

Phiy = p+(ci — Dp(l —p) x

e 2
if ¢ > 1,

oxp { —2(1 = p)(1 — cz,ﬂ} PR
2 2 A—=>
wiis — PE®) 2y o 3p(cy + i)

=g oxp { ~(1—p); -1

2 2
cA+4cS

} ifci>l.
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Table 9.5.1 Some numerical results for the GI/G/1 queue
p=0.2 p=0.5 p=0.28

P, delay Wq P, delay Wq P, delay Wq

D/E4/1  exact 0.000 0.000 0.047 0.017 0.446 0.319
KLB  0.005 0.000 0.091  0.009 0.457 0.257

D/E>/1  exact 0.001 0.000 0.116 0.078 0.548 0.757
KLB  0.009 0.000 0.143  0.066 0.557 0.717

E4/D/1  exact 0.009 0.002 0.163 0.050 0.578 0.386
KLB  0.021 0.000 0.188 0.028 0.621 0.344

E>/D/1  exact 0.064 0.024 0.323 0.177 0.702 0.903
KLB 0.064 0.016 0.313  0.179 0.719 0.920

Ey/Hy/1 exact 0.110 0203 0405 1.095  0.752 4.825
KLB 0088 0239 0375 1.169  0.743 4.917

Hy/E;/1 exact 0336 0387  0.650 1445  0.870 5.281
KLB 0255 0256  0.621 1.103  0.869 4.756

These approximations are only useful as rough estimates for practical engineering
purposes provided that the traffic load on the system is not small and c% is not too
large. In fact, one should be very careful in using the KLLB approximation when ci
is larger than 1. A reason for this is that performance measures in queueing systems
are usually much more sensitive to the shape of the interarrival-time density than to
the shape of the service-time density, particularly when the traffic load on the sys-
tem is light. To illustrate the KL B approximation, Table 9.5.1 gives some numerical
results. The Hj distributions in the table refer to a hyperexponential distribution

with gamma normalization and a squared coefficient of variation equal to 2.

9.6 MULTI-SERVER QUEUES WITH POISSON INPUT

Multi-server queues are notoriously difficult and a simple algorithmic analysis is
possible only for special cases. In principle any practical queueing process could
be modelled as a Markov process by incorporating sufficient information in the
state description, but the dimensionality of the state space would grow quickly
beyond any practical bound and would therefore obstruct an exact solution. In many
situations, however, one resorts to approximation methods for calculating measures
of system performance. Useful approximations for complex queueing systems are
often obtained through exact results for simpler related queueing systems.

In this section we discuss both exact and approximate solution methods for the
state probabilities and the waiting-time probabilities in multi-server queues with
Poisson arrivals. The general M/G/c queue does not allow for a tractable exact
solution except for the special cases of the M /M /c queue and the M /D /c queue.
The M /M /c queue was analysed in detail in Section 5.1. An exact analysis for
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the M/D/c queue will be given in Section 9.6.1. In Section 9.6.2 we consider the
M /G /c queue with general service times and give several approximations including
two-moment approximations based on exact results for the M /M /c queue and the
M/D/c queue. In Section 9.6.3 we consider the M* /G /c queue with batch arrivals
and general service times. In particular, the MX/M/c queue and the M*X/D/c
queue are dealt with.

9.6.1 The M/D/c Queue

In this model the arrival process of customers is a Poisson process with rate A, the
service time of a customer is a constant D, and ¢ identical servers are available. It
is assumed that the server utilization p = AD/c is smaller than 1.

An exact algorithm analysis of the M /D /c queue goes back to Crommelin (1932)
and is based on the following observation. Since the service times are equal to the
constant D, any customer in service at time ¢ will have left the system at time
t + D, while the customers present at time ¢ + D are exactly those customers
either waiting in queue at time ¢ or having arrived in (¢, r + D). Let p;(s) be the
probability of having j customers in the system at time s. Then, by conditioning
on the number of customers present at time ¢,

j ety j—k+c
_w( _wp D)/
pj (l + D) ZP (t)e + Z (t)e TW
k=0 k=c+1
for j = 0,1,..., since the number of arrivals in a time D is Poisson distributed

with mean AD. Next, by letting + — oo in these equations, we find that the
time-average probabilities p; satisfy the linear equations

¢ ctJ j—k+c
_ (DY - 0-D) .
pj = 7l Zpk+ Z pre G—ktol Jj=0. 9.6.1)
k=0 k=c+1
Also, we have the normalizing equation Z;io pj = 1. This infinite system of

linear equations can be reduced to a finite system of linear equations by using the
geometric tail approach discussed in Section 3.4.2. It will be shown below that the
state probabilities p; exhibit the geometric tail behaviour

pj~ ot/ as Jj — 00, (9.6.2)
where t is the unique solution of the equation
AP0z —q (9.6.3)

on the interval (1, oo) and the constant ¢ is given by

c—1

o= (c—ADT)"" Y pe(zF — 1. (9.6.4)
k=0
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Since pj/pj-1 ~ t~! for j large enough, we replace pj for j > M by put UM
for an appropriately chosen integer M. Then the infinite system of linear equations
(9.6.1) together with the normalizing equation Zﬁo pj =1 is reduced to a finite
system of linear equations of dimension M + 1. A relatively small value of M is
usually good enough for practical purposes. The value of M does not grow beyond
any practical bound when the traffic load on the system gets close to 1. It is an
empirical fact that the asymptotic expansion (9.6.2) already applies for relatively
small values of j. For practical purposes the value M = %(1 +p)c+10p4/c seems
large enough to obtain the state probabilities to at least nine decimal places (e.g.
for c = 25 and p = 0.99 we have M = 75, which is in marked contrast with
the brute-force value N = 1056 that is required when the infinite system of linear
equations is truncated such that ¥°, p; < 107%). In general the geometric tail
approach leads to a relatively small system of linear equations that can usually
be solved by a standard Gaussian elimination method. This approach requires that
beforehand we compute the constant T from (9.6.3). Using logarithms, the equation
(9.6.3) is equivalent to AD(1 — t) + cIn(r) = 0. Noting that LD = cp and using
the transformation n = 1/t, it follows that T can be obtained by computing the
unique 7 € (0, 1) satisfying

o(I—=n)+nln(n) =0.

We can conclude that the state probabilities in the M/D/c queue can be routinely
computed by solving a finite system of linear equations. An accuracy check on the
calculated values of the p; is Little’s relation

c—1 c—1
dipite|1=> pi|=2D (9.6.5)
j=1 j=0

for the average number of busy servers. An alternative and more advanced method
for computing the state probabilities is based on the discrete FFT method. Before
giving this method, we derive the generating function of the state probabilities. This
generating function will also be used to verify the asymptotic expansion (9.6.2).

Generating function

Let P(z) = )72 pjz/ for |z| < 1. Multiplying both sides of (9.6.1) by z/ and

summing over j gives

D=1 gz AD ()\D)’ —he
P z— J R
@ = Z”“;Z kicill’ “kto!

DD ke N _np (AD)I ke i—k+
. ZPH Z ped T Y e T
k=c+1 =k (—k+o)!

—C
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c )
eAD(z—l) Zpk + eAD(z—l) Z pkzk—c
k=0 k=c+1

c C
P = Z iz’ + eMPEh e |:P(z) — Z pkzk:| .
k=0 k=0

This gives the desired result

Zk o Pe(F =29

ZCE)‘D(I_Z)

P(z) = (9.6.6)
The generating function P(z) is the ratio of two functions that allow for an ana-
lytic continuation outside the unit circle. Next the asymptotic expansion (9.6.2) fol-
lows by applying Theorem C.1 in Appendix C. Also, we obtain after considerable
algebra from (9.6.6) that the average queue size is given by

c—1

()’ —clc=D+Y {elc=D=j(G=Dip; |. ©6D

Ly=—
7 2e(1 - p) 4
j=2

An expression for the average delay in queue per customer next follows by using
Little’s formula L, = AW,,.

The discrete FFT method for the state probabilities

An alternative method for the computation of the probabilities p; is to use the
discrete FFT method. We cannot directly apply this method to (9.6.6) since the
expression for P(z) involves the unknowns po, ..., p.—1. However, by a generally
useful method, we can obtain from (9.6.6) an explicit expression for P(z). The
method is to compute first the zeros of the denominator on the right-hand side of
(9.6.6) in the region |z| < 1 in the complex plane. The denominator 1 — z¢e*P(1=2)
has ¢ distinct zeros zg, z1, ... , Zc—1 inside or on the unit circle, where zog = 1. A
simple algorithm for the computation of these roots is given in Appendix G. Each
zero z; must also be a zero of the numerator on the right-hand side of (9.6.6) for
the simple reason that P(z) = Zfio pjzj is analytic for |z| < 1. Thus we can
write (9.6.6) as

P()_ cAD(l z)l_[(Z

for some constant §. Since P(1) = 1, we find by using L’Hopital’s rule that

c—1

d=—c(l—p)/ [T~z

k=1
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This gives for P(z) the following explicit expression:

1 —
PE) = 1( Cpe)A(D(l & H( ) 2l < 1. (9.6.8)

This expression for P(z) allows for a direct application of the FFT method. It
is important to have an accuracy check on the calculated complex roots z; and
the subsequent calculations by the discrete FFT method. Such an accuracy check
is provided by Little’s relation (9.6.5). Another accuracy check is obtained by
calculating the average queue size L, both from formula (9.6.7) and from the
direct expression Ly = Y 72 .(j — ©)p;-

Waiting-time probabilities

In the paper of Crommelin (1932) an explicit expression has been derived for W, (x)
in terms of an infinite alternating series. However, this explicit expression turns out
to be of little computational use and is therefore not further discussed. It is possible
to deduce a recursion scheme for W, (x) from Crommelin’s original derivation, but
this recursion scheme is also hampered by numerical difficulties. It took more than
sixty years before a satisfying solution was found for the computation of W, (x).
An elegant and numerically stable algorithm was found by Franx (2001) using an
ingenious argument. The following expression holds for W, (x):

ke—1

Y
Wy (x) = Z ch_l_,-e“"D”M, (k—1)D <x <kD (9.6.9)

fork=1,2,..., where

c+j

Q=Y pi. Jj=0.1,....
i=0

The first step in the proof is to assume that the arriving customers are assigned
in cyclic order to the servers: the customers with labels i,i + ¢,i + 2¢, ... are
assigned to server i fori = 1, ..., ¢ (the nth arriving customer gets label n). This
service discipline is not violating the assumption of service in order of arrival since
the service times are deterministic. Denote by W; the waiting time in queue of the
customer with label j. It is assumed that there is a single queue in front of all ¢
servers. Fix now x > 0. Also fix the positive integer k by (k — 1)D < x < kD.
Next choose any integer n such that n > kc. Consider now the customers with the
labels n — kc and n. Both customers are served by the same server. This server is
called the marked server. To derive P(W, < x), we condition upon the number
of waiting customers in the queue just after the epoch at which the customer with
label n — kc enters service with the marked server. Distinguish between two cases:
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There are at least kc customers waiting in queue just after the epoch at which
the customer with label n — kc enters service. Then the customer with label
n must be among those waiting customers and its waiting time in queue is
D + (k — 1) D which is larger than x.

There are i < kc — 1 customers waiting in queue just after the epoch at
which the customer with label n — k¢ enters service. Denote this epoch by S*.
Since the customer with label n is the (kc)th customer to enter service after
epoch S*, the customer with label # is not yet present at epoch S* and is the
(kc — i)th customer to arrive after epoch S*. Suppose that the customer with
label n arrives at epoch S*+y. Distinguish between the two cases y < kD —x
and y > kD — x.

y <kD—x.Since y < kD—x < kD —(k—1)D = D the customer with label
n arrives during the service time of the customer with label n — kc. Thus the
waiting time in queue of the customer with label n equals D —y + (k—1)D,
which is larger than x.

y > kD — x. The amount of time that the customer with label n spends
in queue during the service time of the customer with label n — kc equals
max(D — y,0). The customer with label n is the kth customer to be served
by the marked server after the customer with label n — kc. Hence

W, < max(D —y,0) + (k — 1)D
<max(D — (kD —x),0) + (k— 1)D
—x—(k—-1)D+ (k- 1)D = x.

Denote now by S; the epoch at which the customer with label j enters service
and let L]‘.Ir be the number of customers waiting in queue just after epoch S§j,

j =1,2,... . Under the condition that L:_k . =i with i < kc —1 the customer
with label n will be the (kc — i)th customer to arrive after epoch S,,_¢.. Denote by
A, the number of arrivals during the interval [S,_x¢, Sy—kc +kD — x]. The random
variable A, is Poisson distributed with mean A(kD — x). The above arguments
show that

W, <x ifandonlyif L} , <kc—1land A, <kc—1-—L}

n—kc*

This leads to

ke—1 ke—1—i ¢
. kDny [MKD = x)]
Py =)= 3 P(L =i) Y e P9 et
i=0 =0

For fixed x and k, we now let n — oo. This gives

ke—=1  ke—1—i ¢
—atkD—x) [MkD — x)]
W)=Y q Y e P X)T’ (9.6.10)
i=0 =0
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where g; = lim;_, o P(Lj+ = i). It remains to find the limiting probabilities g;.
These limiting probabilities can be obtained by a simple up- and downcrossing
argument: the long-run fraction of customers finding k other customers in queue
upon arrival equals the long-run fraction of customers leaving k other customers
behind in queue when entering service. This holds for any integer £ > 0. For
k # 0 we also have that the long-run fraction of arrivals finding k other customers
in queue equals the long-run fraction of arrivals who find k + ¢ other customers
in the system. This latter fraction equals the time-average probability p.i i by the
PASTA property. Hence we find

c
qi = pe+i fori=1,2,... and q():ij.
o
Interchanging the order of summation in (9.6.10), the result (9.6.9) now follows.

Asympftotic expansion

It is also possible to give an asymptotic expansion for 1 — W, (x):

1 — Wy(x) ~ ye ? D% a5 x — oo, (9.6.11)
where
_ o
V= T S e
with T and o as in (9.6.3) and (9.6.4). To prove this result, we fix u with0 < u < D
and let x run through (k — 1)D +u for k = 1,2, ... . Defining

o MD—u) (A (D — U)]]

forr =0,1,...,
Jj!

br(w) = Qs
j=0

we have by (9.6.9) that
1 —W,(x)=1—bge—1(m) for x=(k—-1D +u.

Next consider the generating function B, (z) = Zf‘;o(l — by(u))z". Since the
generating function of the convolution of two discrete sequences is the product of
the generating functions of the separate sequences, it follows that

— 1 —u)(z—
BM(Z) — I—_Z _ Q(Z)ek(D u)(z 1)’

where Q(z) = quio 0 ij . Since Q; = ZZJ;{) Pk, we find after some algebra that

c—1

—c -l HPU=D N " (et = 2
0() = = |:P(Z) - - zc):| = k=0

_ 1 _ c,AD(1-2)Y’
11—z P (I —-2)(1 -z )
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where the latter equality uses (9.6.6). This leads to

c—1
[1 _ Zce)\.D(l—Z) — ekzt(l—z) Zpk(zk _ ZC):| /(1 _ Z)
- k=0

] — z¢erD—2)

Next, by Theorem C.1 in Appendix C and t¢¢*P(1=%) = [, we find

O_e—k(r—l)u .
1 —bj(u)y ~ ———177/ as j— oo
T—1
Take now j =kc—1and x = (k—1)D +u. Then 1 — b;(u) =1 — W, (x). Since
the equation t¢e*P1=7) = 1 implies t~*~D¢ = ¢=2@=D&*=DD " e obtain

e T—Dx

m ask—>oo,

1 = bge—1 ~
which proves the desired result (9.6.11).

9.6.2 The M/G/c Queue

In this multi-server model with ¢ servers the arrival process of customers is a
Poisson process with rate A and the service time S of a customer has a general
probability distribution function B(t). It is assumed that the server utilization p =
AE(S)/c is smaller than 1.

The M /G/c queue with general service times permits no simple analytical solu-
tion, not even for the average waiting time. Useful approximations can be obtained
by the regenerative approach discussed in Section 9.2.1. In applying this approach
to the multi-server queue, we encounter the difficulty that the number of customers
left behind at a service completion epoch does not provide sufficient information
to describe the future behaviour of the system. In fact we need the additional infor-
mation of the elapsed service times of the other services (if any) still in progress. A
full inclusion of this information in the state description would lead to an intractable
analysis. However, as an approximation, we will aggregate the information of the
elapsed service times in such a way that the resulting approximate model enables
us to carry through the regenerative analysis. A closer look at the regenerative
approach reveals that we need only a suitable approximation to the probability
distribution of the time elapsed between service completions. We now make the
following approximation assumption with regard to the behaviour of the process at
the service completion epochs.

Assumption 9.6.1 (approximation assumption) (a) If at a service completion
epoch, k customers are left behind in the system with 1 < k < c, then the time
until the next service completion epoch is distributed as min(Sy, ..., S;), where
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Sy, ..., S{ are independent random variables that have the equilibrium excess dis-
tribution function

1 t
Bu(t) = Wfo (1 - B()ldx, 120,

as probability distribution function.

(b) If at a service completion epoch, k customers are left behind in the system
with k > c, then the time until the next service completion is distributed as S/c,
where S denotes the original service time of a customer.

This approximation assumption can be motivated as follows. First, if not all
c servers are busy, the M/G/c queueing system may be treated as an M/G /oo
queueing system in which a free server is immediately provided to each arriving
customer. For the M /G /oo queue in statistical equilibrium it was shown by Takécs
(1962) that the remaining service time of any busy server is distributed as the
residual life in a renewal process with the service times as the interoccurrence
times. The same is true for the M /G /1 queue; see formula (9.2.32). The equilibrium
excess distribution of the service time is given by B,(¢); see Theorem 8.2.5. Second,
if all of the ¢ servers are busy, then the M/G/c queue may be approximated by
an M/G/1 queue in which the single server works ¢ times as fast as each of the ¢
servers in the original multi-server system. It is pointed out that the approximation
assumption holds exactly for both the case of the ¢ = 1 server and the case of
exponentially distributed service times.

Approximations to the state probabilities

Under the approximation assumption the recursion scheme derived in Section 9.2.1
for the M /G /1 queue can be extended to the M/ G /c queue to yield approximations
p}lp ” to the state probabilities pj. These approximations are given in the next
theorem, whose lengthy proof may be skipped at first reading. The approximation
to the state probabilities implies an approximation to the waiting-time probabilities.
The latter approximation is discussed in Exercise 9.11.

Theorem 9.6.1 Under the approximation assumption,

(cp)! .
P = Tpg””, j=0,1,...,c—1, 9.6.12)

j
P =najep A2 Y bjapy”, j=cet ..., (96.13)
k=c

where the constants a, and b, are given by

a,,:/ {1—Be(t)}c_l{l—B(t)}e_“wdt, n=0,1,...,
0 n!
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A"
th, n=0,1,....
n!

by = foo{l — B(ct)}e™
0

Proof In the same way as in the proof of Theorem 9.2.1, we find

J
P =apgT Ao+ Y T Ay, J=12.., (9.6.14)
k=1

where the constant Ay; is defined by

Ay = the expected amount of time that j customers are present during the
time until the next service completion epoch when a service has just
been completed with k customers left behind in the system.

By the same argument as used to derive (9.2.7), we find under the approximation
assumption that

(At)i =k
(j— k!

However, the problem is to find a tractable expression for A;; when 0 < k <
¢ — 1. An explicit expression for Ay; involves a multidimensional integral when
0 < k < ¢ — 1. Fortunately, this difficulty can be circumvented by defining, for
any 1 <k <c and j > k, the probability My (1) by

o0
Ay = / {1 — B(ct)}e™ dt, k>candj>k. (9.6.15)
0

My (t) = P{j — k customers arrive during the next ¢ time units and the
service of none of these customers is completed in the next ¢ time
units when only ¢ — k servers are available for the new arrivals}.

Then, using the approximation assumption,
o
Ay = / {1— Be(t)}kMkj(z)dt, l<k<c-—-1, j>k. (9.6.16)
0
Further, we have

o0
Aoj =/ {1—-BOIMj(t)dr, j=1.
0
The definition of My;(¢) implies that
Lo )¢

(J—ob

Next we derive a differential equation for My; () when j > k. By conditioning on
what may happen in the first A¢ time units, we find for any 1 < k < ¢ — 1 and
Jj > k that

My () =e ™, k>1 and M) =e j>c

My (t + At) = (1 — AAD) M (2) + AAH{] — B(£)}My41,; () + o(Ar), > 0.
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Hence, forany 1 <k <c—1and j >k,
My (t) = —2Myj (1) + A1 = BOYMiq1 (1), 1> 0.

Multiplying both sides of this differential equation by {1 — B, ()}, integrating over
t and using (9.6.16), we find after partial integration that

k .
Ay =Bt = o By 1sksc—1j=k (9.6.17)

where By; is a shorthand notation for
* 1
By = [ 1= B0}~ B My dr.
0

Next it is easy to establish the recursion scheme for p;.lp P To verify (9.6.12), we
use induction. Obviously, (9.6.12) holds for j = 0. Suppose now that (9.6.12)
holds for j =0, ... ,n—1 for some 1 <n < c— 1. Then, by (9.6.14) and (9.6.17)

n—1

k
app _ app app
pn (1= AAp) = APy Aon + ;)\Pk {Bk+l,n - F(S)Bkn}

n—1 n—1
=Y 2 Bivin — YA Bin = Apy " Bun,  (9.6.18)
k=0 k=1

where the second equality uses Ap, = Bjp, and uses the induction assumption
that pzp P = cppzlip /k for 1 < k < n — 1. Using partial integration it is readily
verified that B, = (1 —AA,,)E(S)/n. Hence we obtain from (9.6.18) that p;/’ =
cppzfyf’ 1/n, which completes the induction step. To verify (9.6.13) we first note that

c—1
)\pgppAoj + Z)»PZPPAkj _ )LPZ{PI By, Jj=>c. (9.6.19)
k=1

The derivation of this relation is similar to that of (9.6.18). Inserting (9.6.19) into
(9.6.14) and using (9.6.15), the desired result (9.6.17) follows.

Computational aspects

The recursion scheme for p;.lp ? is easy to apply in practice. In general the constants
an and b, have to be evaluated by numerical integration. An explicit expression
for b, can be given for deterministic and phase-type services. To compute the a,,
it is recommended to use Gauss—Legendre integration for deterministic services.
To do so for phase-type services, the infinite integral for a, must be first reduced
to an integral over (0, 1) by using that E[g(X)] = E[g(F_l(U))] when F(x) =
P{X < x} and U is uniformly distributed on (0, 1) (take F(x) = B.(x)). The
computational effort of the approximation algorithm depends only to a slight degree
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on ¢, as opposed to exact methods for which the computing times quickly increase
when c gets larger. For the first ¢ state probabilities, we have

p;‘l’f’zpj"”, j=0,1,...,c—1, (9.6.20)

where p;x[’ denotes the state probability p; in the M /M /c queue. To prove (9.6.20),
sum both sides of (9.6.3) over j > c. This yields

o0
0
> P = — . (9.6.21)
— P
j=c
By (5.1.8) and (9.6.12),
p;’ = pr?l and  p”’ = Qp}”ipl forl <j<c—1,

J

Hence, for some constant y, p/’ = yp;xP for 0 < j < c—1. To verify that y =1,
we use (9.6.21) and (5.1.9) to obtain

c—1 c—1
14 app __ app __ exp exp
mm—l—l—ZP; =1-2_7p; —1_”<1_Pdelay>
j=0 Jj=0
174 exp

= piP
P c—1

=1-
v+To

and so ,opf"ipl/(l -p)=1—-y+ ppf’ipl/(l — p). This implies that y = 1 and
s0 (9.6.20) holds. The relation (9.6.20) says that the approximate queueing system
behaves like an M /M /c queue when not all of the ¢ servers are busy. As a by-
product of the above proof, we find for the delay probability Pgerqy = Z;’ic Dj
that
Paciay = Paclay:

where Pj:f; y denote Erlang’s delay probability in the M /M /c queue. It has long
been known that Erlang’s delay probability gives a good approximation to the
delay probability in the general M/G/c queue. Further support for the quality
of the approximation to the state probabilities p; is provided by the result that
p;lp P/ pf’_’ pl is asymptotically exact as j — oo. This result will be proved below.

The generating function

The algorithm in Section 5.1 gives a very simple scheme to compute p;.lp P — p;xP

for 0 < j < ¢ — 1. Define the generating function

oo
Py =) ptal, =1
j=0
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It is a matter of simple algebra to derive from (9.6.13) that

Py(o) = ap 2

1 ﬁﬁ(z), (9.6.22)

where
a(z) = /Oo{l — Be([)}c_l{l _ B(I)}e—k(l—z)t dr,
0
m@:/w“—mmw%WWm.
0

The discrete FFT method can be used to obtain the p;”” for j > c.

Also, the generating function P,(z) enables us to obtain an approximation to
the average queue size. Since L, = 3.2 (j — ¢)p;, the derivative P (1) yields
an approximation to L,. By differentiation of (9.6.22), we find after lengthy alge-
bra that

c
E(S)

a 1
@W=[a—pwl +p50+%ﬂLﬂﬁm, (9.6.23)

where ¢ = 02(S)/E?(S) and

m=A{FﬂNWM

The quantity L, (exp) denotes the average queue size in the M /M /c queue. If c% <
1, the constant y; is very well approximated by (c+ 1)_1C§~E(S)~|—C_l (1 —cg)E(S).
The approximation (9.6.23) has the term y; in common with the approximation pro-
posed in Boxma et al. (1979). This approximation improves the first-order approx-
imation § (1 4 %) Lq(exp) to L, through

1 2L L, (det
LB()X — _(1 + C%) q(exp) q( e) ,
9 2 2Ly (det) + (1 — a)Ly(exp)
where o = Cl—l [ Jf(ES(ZS)) —c— 1] and L, (det) denotes the average queue size in

the M/D/c queue.

Table 9.6.1 gives for several examples the exact and approximate values of
Pgeiay and L,. We consider the cases of deterministic service (cg = 0), E; service
(cg = 0.5) and H, service with the gamma normalization (c% = 2). In the table
we also include the two-moment approximation

L& = (1 = ¢3) Ly (det) 4 3Ly (exp). (9.6.24)
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Table 9.6.1 Exact and approximate results

2=0 =05 2 =2
Pdelay Lq Pdelay Lq Pdelay Lq
c= exac 0.3233 0.177 0.3308 0.256 0.3363 0.487
p =05 app 0.3333 0.194 0.3333 0.260 0.3333 0.479
app2 — 0176 — 0255 — 0491
c= exa 0.1213 0.077 0.1279 0.104 0.1335 0.181
p =05 app 0.1304 0.087 0.1304 0.107 0.1304 0.176
app2 — 0076 —0.103 — 0185
c=10 exa 0.0331 0.024 0.0352 0.030 0.0373 0.048
p =05 app 0.0361 0.025 0.0361 0.030 0.0361 0.047
app2 — 0.023 — 0.030 — 0.049
c= exa 0.7019 1.445 0.7087 2.148 0.7141 4.231
p=0.8 app 0.7111 1.517 0.7111 2.169 0.7111 4.196
app2 1442 — 2143 — 4247
c= exa 0.5336 1.156 0.5484 1.693 0.5611 3.250
p=0.8 app 0.5541 1.256 0.5541 1.723 0.5541 3.191
app2 — 1.155 — 1.686 — 3.277

c=25 exact 0.1900 0.477  0.2033 0.661 0.2164 1.173
p =0.8 approx 0.2091 0.495 0.2091 0.663  0.2091 1.178

approx2 —  0.477 —  0.657 — 1.196
¢c=50 exa 0.0776 0.214  0.0840 0.282  0.0908 0.471
p=0.8 app 0.0870 0.207  0.0870 0.277  0.0870 0.488
app2 — 0211 — 0.279 — 0485

This two-moment approximation can be found in Cosmetatos (1976) and Page
(1972). The useful special-purpose approximation

1 VA4 +5¢—-2
L9y = = [ 1+ (1= p)e - DT 2 L exp)
2 16¢cp
to L, (det) was proposed in Cosmetatos (1976). The results in Table 9.6.1 for the
approximation (9.6.24) use this approximation to L4 (det).

Asymptotic expansions

It is assumed that the probability distribution function B.(¢) = B(ct) satisfies
Assumption 9.2.1. In other words, the service-time distribution is not heavy-tailed.
Let B = sup[s | fooo e’'{1 — B(ct)}dt < o0]. Then, using (9.6.22) and Theorem
C.1 in Appendix C, it is a routine matter to verify that

pj.""p ~ Ot/ as j — oo, (9.6.25)
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where 7 is the unique solution to the equation

o0
1
/ e—k(l—‘f)l{l _ B(Cl)}dt — X (9626)
0
on the interval (1, 1 + B/A). The constant o, is given by
PP pe=1 (90 ,—2(-D) (1 _ B (1)}¥~1(1 — B(r))dt
oy = o1 Jo = B} {1 - BW) 9.6.27)

AfoS te=*0=D1{1 — B(ct)} dt

In Section 9.7 we give asymptotic expansions for the state probabilities and the
waiting-time probabilities in the general GI/G/c queue. Using equation (9.6.26)
and equation (9.7.4), it is not difficult to verify that pi™/pi™| is asymptoti-
cally exact as j — oo. Also, an approximation to the asymptotic expansion of
the waiting-time probabilities can be given. Using (9.6.25) and (9.7.1) to (9.7.4),
we find

1— Wy(x) ~ye ?TD asx — oo, (9.6.28)
where an approximation to y is given by

_ Oapp
Yapp = T 1 (9.6.29)

Two-moment approximations for the waiting-time percentiles

It is convenient to work with the percentiles n(p) of the waiting-time distribution
of the delayed customers. The percentiles n(p) are defined for all 0 < p < 1; see
Section 9.2.2. Just as in the M/G/1 case, we suggest the first-order approximation

1
Napp1 (P) = 5(1 + ) lexp(P) (9.6.30)
and the second-order approximation

Napp2(P) = (1 = ) Nder(P) + Cinexp (D), (9.6.31)

where 7.y, (p) and nge(p) are the corresponding percentiles for the M /M /c queue
and the M/D/c queue. Both approximations require that the squared coefficient
of variation of the service time is not too large (say, 0 < c% < 2) and the traffic
load on the system is not very small. In the multi-server case the fraction of
time that all servers are busy is an appropriate measure for the traffic load on the
system. This fraction is given by Pyejqy. The second-order approximation (9.6.31)
performs quite satisfactorily for all parameter values. The simple approximation
(9.6.30) is only useful for quick engineering calculations when Pgqy is not small
and p is sufficiently close to 1 (say, p > 1 — Pyeqy). Table 9.6.2 gives for several
examples the exact value and the approximate values (9.6.30) and (9.6.31) for the
conditional waiting-time percentiles. It also includes the asymptotic value based on
the approximation (9.6.28). We consider the cases of E; services (cg = 0.5) and
H; services with gamma normalization (c% =2).
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Table 9.6.2 Conditional waiting-time percentiles

=05 2 =2

0.2 0.5 09 099 0.2 0.5 0.9 0.99

c=2 exa 0200 0.569 1.72 3.32 0.256 0.930 348 7.15
p=0.5 appl 0.167 0.520 1.73 3.45 0.335 1.04 345 6091
app2 0.203 0.580 1.70 3.31 0.264 0.920 3.52 7.20
asy 0.282 0.609 1.73 333 0.158 0.907 347 7.14

c=5 exa 0.082 0.240 0.722 1.37 0.099 0.339 132 2.78
p=0.5 appl 0.067 0.208 0.691 1.38 0.134 0416 1.38 2.76
app2 0.082 0.243 0.725 1.36 0.104 0.346 1.32 282
asy 0.146 0.277 0.725 1.36 — 029 132 279

c=5 exa 0.193 0554 1.74 3.42 0.274 0.962 343 6.96
p=0.8 appl 0.167 0.520 1.73 3.45 0.335 1.04 345 691
app2 0.192 0.556 1.73 3.42 0.284 0.967 3.44 6.98
asy 0.218 0.562 1.74 3.42 0.232 0954 342 6.96

c=25 exa 0.040 0.118 0364 0.703 0.052 0.174 0.649 1.35
p=0.8 appl 0.033 0.104 0.345 0.691 0.067 0.208 0.691 1.38
app2 0.040 0.119 0.365 0.701 0.055 0.179 0.651 1.36
asy 0.048 0.117 0353 0.690 0.038 0.182 0.676 1.38

9.6.3 The M* /G /c Queue

In the MX/G/c queue the customers arrive in batches rather than singly. The
arrival process of batches is a Poisson process with rate A. The batch size has a
probability distribution {8;, j = 1, 2, ...} with finite mean 8. The service times of
the customers are independent of each other and have a general distribution with
mean E(S). There are ¢ identical servers. It is assumed that the server utilization
p, defined by

ABE(S)
p=—",
c

is smaller than 1. The customers from different batches are served in order of arrival
and customers from the same batch are served in the same order as their positions
in the batch. A computationally tractable analysis can only be given for the special
cases of exponential services and deterministic services. We first analyse these
two special cases. Next we discuss a two-moment approximation for the general
MX/G/c queue.

The MX /M /c queue

The process {L(¢)} describing the number of customers present is a continuous-
time Markov chain. Equating the rate at which the process leaves the set of states
{i,i + 1, ...} to the rate at which the process enters this set of states, we find for
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the state probabilities p; the recursion scheme

i—1
minG, yupi = Y pih Y By i=1.2,..., (9.6.32)
k=0

s>i—k

where u = 1/E(S). Starting with p, := 1, we successively compute p;, ps, ...
and next obtain the desired p; by normalization. The normalization can be based
on Little’s relation

c—1 c—1
S ipi+e =Y p)=cp (9.6.33)
j=0 i=0

stating that the average number of busy servers equals cp. The computational effort
of the recursion scheme can be reduced by using the asymptotic expansion

pj~ ot/ as j— oo, (9.6.34)
where 7 is the unique solution of the equation
At[l = B(T)] =cu(l — 1) (9.6.35)

on the interval (1, R) and the constant ¢ is given by

c—1
(T =D (e=ipi'/e
i=0
1 —2t2p/(7)/(cp)
Here B(z) = Z;'il Bz’ and R is the convergence radius of the power series (z).
To establish the asymptotic expansion, it is assumed that R > 1. In other words,
the batch-size distribution is not heavy-tailed. The derivation of the asymptotic
expansion (9.6.34) is routine. Define the generating function P(z) = Z/?io Pij ,
|z] < 1. It is a matter of simple algebra to derive from (9.6.32) that

(9.6.36)

c—1
(1/e) Y (c—i)pi’
i=0

1 —2z{l — B@)}/{en(l — 2)}

Next, by applying TheoremC.1 in Appendix C, we obtain (9.6.34).
From the generating function we also derive after considerable algebra that the
long-run average queue size is given by

P(z) =

c—1 2
_ o o EX7) o
Lq_c(l—p);“c ”"’+2(1—p){E<X) 1}+1—p @

where the random variable X denotes the batch size.
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Next we discuss the computation of the steady-state probability distribution func-
tion W, (x) of the waiting time of a customer. The function W, (x) is defined in
the same way as in Section 9.3.2. To find W, (x), we need the probabilities

zj = the long-run fraction of customers who have j other customers in
front of them just after arrival, j=0,1,... .

The delay in queue of a customer who has j > ¢ other customers in front of him just
after arrival is the sum of j — ¢ 4 1 independent exponentials with common mean
1/(cp). Hence this conditional waiting time has an E;_. distribution and so

> I (cux)k
=Wy =Y g Y e By

k!
j=c k=0

A computationally better representation for W, (x) is

00 (c x)k k+c—1
1= W,(x) = Ze*W’Z—' -3 %] x=o (9.6.37)
k=0 : j=0

The probabilities z; are easily expressed in terms of the p;. To do so, let

100
nkzgz,ej, k=1,2,....
j=k

Then, as shown in Section 9.3.2, the probability n; gives the long-run fraction of
customers who take the kth position in their batch. Since the long-run fraction of
batches finding m other customers present upon arrival equals p,,, we find

J
3= pmlj-mi1s J=0.1,....
m=0

For the case of exponential services this formula can be considerably simplified.
Using the recursion relation (9.6.32), we have

Q:%min(j—i—l,c)pj_,_l, j=0.1,... . (9.6.38)

This completes the specification of the exact algorithm (9.6.37) for the computation
of the waiting-time probabilities W, (x). The computational effort can further be
reduced by using an asymptotic expansion for 1 — W, (x). Inserting (9.6.34) and
(9.6.38) into (9.6.37), we find after some algebra that

—C
1= W, (x) ~ Lle—“““—l/f)x as x — oo, (9.6.39)
‘E' —_

where t and o are given by (9.6.35) and (9.6.36).
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The M*/D/c queue

Suppose that the service time of each customer is a constant D. Denoting by
pj(t) the probability that j customers are present at time ¢, we find by the same
arguments as used in Section 9.6.2 that

c c+j
pit+D)=>"p@ri(D)+ Y pe@rj—gpe(D), j=0.1,...,
k=0 k=c+1

where the compound Poisson probability r; (D) is defined by

rj (D) = the probability that exactly j customers arrive during
a given time interval of length D, j=0,1,... .

Letting ¢t — 0o, we find the system of linear equations

C C+j
pi=ri(D)Y pr+ Y rjckreDpr, j=0,1,... (9.6.40)
k=0 k=c+1

together with the normalizing equation Z;io pj = 1. Just as in the M/D/c case,
this infinite system of equations can be reduced to a finite system of linear equations
by using the geometric tail behaviour of the p;. It holds that

pj~ot ) as j— oo, (9.6.41)
where t is the unique root of the equation
oMU = (9.6.42)

on the interval (1, R) and the constant o is given by

c—1

o =[c—ADt' (O] Y pi(/ — 9. (9.6.43)
j=0

As before, f(z) = Z;’il ,szj and the number R denotes the convergence radius
of the power series (z). It is assumed that R > 1.

In general, however, it is computationally simpler to compute the state proba-
bilities p; by applying the discrete FFT method to the generating function P(z) =
Z;io pjzj . In the same way as (9.6.6) was derived, we obtain

c—1
> pie =29

_ =0
P(z) = 1

— 7€ D(1-B@)° (9.6.44)
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since the generating function of the compound Poisson probabilities r; (D) is given
by e *Pl1=A()}; see Theorem 1.2.1. Before the discrete FFT method can be applied,
the unknown probabilities po, ... , p.—1 must be removed from (9.6.44). To do so,
we proceed in the same way as in Section 9.6.1 and rewrite P(z) in the explicit form

c(l—p)(1—2) Z—Zk
PG) =T pipe H (1 _Zk> (9.6.45)

where zo = 1,7z, ..., zc—1 are the ¢ distinct roots of zée*PU—F@} = 1 inside
or on the unit circle. The computation of the (complex) roots zi,...,Zc—1 is
discussed in Appendix G. The asymptotic expansion (9.6.41) follows from the
generating function (9.6.44) and Theorem C.1 in Appendix C. Also, we obtain
after considerable algebra from (9.6.44) that the long-run average queue size is
given by

c—2

(cp)® —clc =1+ ) felc—1)
j=2
. E(X?)
—Jj(G —=Dipj +cp (W - 1)],

where the random variable X denotes the batch size. This relation can be used as
an accuracy check on the calculated values of the probabilities p;.

L,=——
7 2¢(1 - p)

Waiting-time probabilities in the MX /D /c queue

In the batch-arrival MX /D/c queue, the waiting-time probability W, (x) is defined
as the long-run fraction of customers whose waiting time in queue is no more than
x, x > 0. The expression (9.6.9) for W, (x) in the M /D /c queue can be extended
to the MX/G/c queue. For any x with (k — 1)D <x <kD and k = 1,2,..., it
holds that

ke—1 kc—1—m

We@) = wp1 Y. Qke—1-m—j rj(kD —x) (9.6.46)

where Q; = Zf:é pi for j =0, 1, ... and the probability 7, is defined by

100
_EZﬂj, r=1,2,....
j=r

This result is due to Franx (2002). Its proof will be omitted. The asymptotic
expansion

1 — Wy(x) ~ pe PO a5 v 5 0 (9.6.47)
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holds with
_o[B(r)—1]
GRS

where T and o are given by (9.6.42) and (9.6.43). This result can be derived in a
similar way as expansion (9.6.11) for the M/D/c queue was obtained.

The M* /G /c queue

An exact and tractable solution for the MX /G /c queue is in general not possible
except for the special cases of deterministic services and exponential services.
Using the solutions for these special cases, we can give useful approximations for
the general MX/G/c queue. A practically useful approximation to the average
delay in queue per customer is

WP = (1 — c2)W, (det) + c3 W, (exp),

provided that c% is not too large (say, 0 < c% < 2) and the traffic load is not
very small. It was pointed out in Section 9.3 that the first-order approximation
%(1 + c%) W, (exp) is not applicable in the batch-arrival queue. A two-moment

Table 9.6.3 The percentiles n(p) for the M X /E>/c queue

Constant batch size Geometric batch size

c p p 08 09 095 099 0.80  0.90 095 099

1 02 exa 2927 3945 4995 7.458 5.756  8.122 1049 15.98
app 2.836 3.901 4.967 7.440 5.745 8.116 10.49 15.99

1 05 exa 5.107 7.170 9.231 14.02 9.044 12.84 16.64 2545
app 5.089 7.154 9.219 14.01 9.040 12.84 16.64 2547

2 02 exa 1369 1.897 2431 3.661 2989 4.172 5355 8.101
app 1.354 1.887 2.419 3.656 2982 4.167 5.353 8.106

2 05 exa 2531 3561 4592 6985 4.600 6.498 8395 12.80
app 2.535 3.567 4599 699 4.601 6.501 8.401 12.81

5 02 exa 0.621 0.845 1.063 1.560 1.298 1.773 2.246 3.345
app 0.640 0.853 1.066 1.560 1.305 1.779 2.253 3.354

5 05 exa 1.063 1476 1.889 2.846 1.898 2.657 3.417 5.179
app 1.069 1.482 1.895 2.853 1.905 2.665 3.425 5.190

10 0.5 exa 0.553 0.764 0971 1.451 0.980 1.360 1.740 2.622
app 0.566 0.772 0979 1458 0991 1371 1.751 2.634

10 0.7 exa 0.923 1.295 1.667 2.530 1.547 2.181 2.815 4.287
app 0.930 1.302 1.673 2.536 1.556 2.190 2.824 4.297
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approximation to the percentiles 7 (p) of the waiting-time distribution of the delayed
customers is provided by

Napp(P) = (1 — O Naer(P) + C2exp(p), 0 < p < 1.

However, it turns out that in the batch-arrival case the two-moment approximation
to n(p) works only for the higher percentiles. Fortunately, higher percentiles are
usually the percentiles of interest in practice. Table 9.6.3 gives for the MX /E>/c
queue the exact and approximate values of the conditional waiting-time percentiles
n(p) both for the case of a constant batch size and the case of a geometrically
distributed batch size. In both cases the mean batch size E(X) = 3. The normal-
ization E(S) = 1 is used for the service time. The percentiles 7y, (p) for exponen-
tial services and nge(p) for deterministic services have been computed from the
asymptotic expansions (9.6.39) and (9.6.47). These asymptotic expansions already
apply for moderate values of x provided the traffic load on the system is not very
small. An appropriate measure for the traffic load is the probability that all servers
are simultaneously busy. This probability is given by Pp = 1 — ch-;é pj- As a
rule of thumb, the asymptotic expansions can be used for practical purposes for
x > E(X)E(S)/+/c when Pg > 0.2.

9.7 THE GI/G/c QUEUE

It seems obvious that the general GI/G/c queue offers enormous difficulties in
getting practically useful results. Nevertheless, using specialized techniques for
solving large-scale systems of linear equations for structured Markov chains, the
continuous-time Markov chain approach has proved to be quite useful for an exact
analysis of the GI /G /c queue when the interarrival time and service time both have
phase-type distributions; see also Van Hoorn and Seelen (1986) for an approxima-
tive analysis. By a detailed state description involving sufficient information about
the number of customers present and the status of both the arrival in progress
and the services in progress, it is possible to set up the equilibrium equations for
the microstate probabilities. The resulting large-scale system of linear equations
possesses a structure enabling the application of specialized algorithms to solve
numerically the equations, provided the number of servers is not too large; see
Seelen et al. (1985) and Takahashi and Takami (1976). However, this numerical
approach is not suited to routine calculations. The specialized algorithms involve
a clever use of asymptotic expansions for the GI/G/c queue. It is assumed that
the server utilization p = AE(S)/c is smaller than 1, where A denotes the average
arrival rate and E(S) is the mean service time.

Asymptotic expansions

Under Assumption 9.2.1 with B(t) replaced by B(ct), asymptotic expansions can
be given for the state probabilities p; and the waiting-time probabilities W, (x). It
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holds that
pj ~ ot/ asj— o0 9.7.1)
and
1 ik —bx 2
— Wq(x) ~ me as x — OQ. (97 )

Assuming that the interarrival time and the service time have probability densities
a(x) and b(x), the constant § is the unique solution to the characteristic equation

o o0
/ e ¥a(x)dx / e b(y)dy =1 (9.7.3)
0 0

on the interval (0, B) with B = sup{s | fooo e’'{1 — B(ct)}dt < oo}. The constant

T (> 1) is given by
00 —1
T = [/ e_gxa(x)dxi| . (9.7.4)
0

An explicit expression for the constant ¢ cannot be given in general. A proof of
the above asymptotic expansions is beyond the scope of this book. The asymp-
totic expansions were established by Takahashi (1981) for the case of a phase-
type interarrival-time distribution and a phase-type service-time distribution. How-
ever, the class of phase-type distributions is dense in the class of all probabil-
ity distributions on the non-negative axis. Thus, one might conjecture that the
asymptotic expansions hold for a general interarrival-time distribution and a gen-
eral service-time distribution provided that the service-time distribution is not
heavy-tailed.

Two-moment approximations

In this section we restrict ourselves to the particular models of the GI/M/c queue
with exponential services and the GI/D /c queue with deterministic services. These
models allow for a relatively simple algorithmic analysis. The results for these
models may serve as a basis for approximations to the complex GI/G/c queue.
Several performance measures P, such as the average queue length, the average
waiting time per customer and the (conditional) waiting-time percentiles, can be
approximated by using the familiar interpolation formula

Papp = (1= 2 PG1/pJc + 2 PGI/M/c (9.7.5)

provided c% is not too large and the traffic load on the system is not very light.
In this formula Pgy/p/c and PG m e denote the exact values of the specific per-
formance measure for the special cases of the GI/D/c queue and the GI/M/c
queue with the same mean service time E(S). Table 9.7.1 gives for several values
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Table 9.7.1 Some numerical results for the E1g/E>/c queue
p=0.5 p=0.28 p =09

c Lg 1(0.8) 1n(0.95) Ly 1(0.8) 1(0.95) Lgs 1(0.8) n(0.95)

1 exa 0.066 1.21 2.21 0.780 2.59 4.78 221 499 9.25
app 0.082 1.19 2.17 0.813 2.57 4.76 225 514 9.25
5 exa 0.006 0277 0499 0452 0551 0.993 1.75 1.02 1.87
app 0.009 0.243 0452 0466 0.530 0.968 1.76  1.02 1.86

of ¢ and p the exact and approximate values of the average queue size L, and the
conditional waiting-time percentiles 7(0.8) and 7(0.95) for the Ej9/E>/c queue.
In all examples the normalization E(S) = 1 is used. The above linear interpolation
formula is in general not to be recommended for the delay probability, particularly
not when cé is close to zero. For example, the delay probability has the respective
values 0.0776, 0.3285 and 0.3896 for the E19/D/5 queue, the E19/E2/5 queue and
the E10/M/5 queue, each with p = 0.8. Interpolation formulas like the one above
should always be accompanied by a caveat against their blind application. The
above interpolation formula reflects the empirical finding that measures of system
performance are in general much more sensitive to the interarrival-time distribution
than to the service-time distribution, in particular when the traffic load is light.

9.7.1 The GI/M/c Queue

In the GI/M/c queue the service times of the customers are exponentially dis-
tributed with mean 1/u. In addition to the time-average probabilities p;, let

= the long-run fraction of customers who find
J other customers present upon arrival.

There is a simple relation between the p; and the ;. We have
min(j, yup; = Amj—y, j=1,2,.... (9.7.6)

This relation equates the average number of downcrossings from state j to state
Jj — 1 per time unit to the average number of upcrossings from state j — 1 to state
J per time unit; see also Section 2.7.

The probabilities 7; determine the waiting-time distribution function W, (x).
Note that the conditional waiting-time of a customer finding j > c other customers
present upon arrival is the sum of j — ¢ + 1 independent exponentials with mean
1/(cw) and thus has an Erlang distribution. Hence, by conditioning,

1= W,(x) = an Z —eux LEE) (c‘”) . x>0 9.7.7)
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This expression can be further simplified. To show this, we use that

Tj+1
7T

=y j>c—1 (9.7.8)

for some constant 0 < n < 1. The proof of this result is a replica of the proof of
the corresponding result for the GI/M /1 queue; see (3.5.15). Hence
Jj—c+1

71’/ =7 TTe—1, ] 2 C — 1 (979)

As a by-product of (9.7.6) and (9.7.7) we have
pi=1n"pe, j=c (9.7.10)
Substituting (9.7.9) into (9.7.8) yields

1= W,(x) = linc,le_c"(l_”)x, x>0, 9.7.11)

The constant 7 is the unique solution of the equation
oo
n= / e~ P a1 di (9.7.12)
0

on the interval (0,1). To see this, note that {r;} is the equilibrium distribution of the
embedded Markov chain describing the number of customers present just before
an arrival epoch. Substituting (9.7.9) into the balance equations

o 00 k+1—j
Zeur (Cut) J .
- § : cut \eHE) T
T[j_k_j_ nk/o e (k—i—l—j)!a(t)dt’ j=c

1
easily yields the result (9.7.12).

By the relations (9.7.6), (9.7.9) and (9.7.10), the probability distributions {p;}
and {r;} are completely determined once we have computed mg,...,mc—1 Or
Pos - - -, Pc- These ¢ unknowns can be rather easily computed for the special cases
of deterministic, Coxian-2 and Erlangian interarrival times. If one is only inter-
ested in the waiting-time probabilities (9.7.11), these computations can be avoided.
An explicit expression for the delay probability nm._1/(1 — n) is given in Takacs
(1962). For the case of c =1 (GI/M/1 queue), nm.—1/(1 —n) =n.

Deterministic arrivals

Suppose there is a constant time D between two consecutive arrivals. Define the
embedded Markov chain {X,} by

X,, = the number of customers present just before the nth arrival.
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Denoting the one-step transition probabilities of this Markov chain by p;;, the m;
are the unique solution to the equations

00
T = Z mepk, Jj=12,...
k=j—1

together with the normalizing equation Zj.io 7; = 1. Substituting (9.7.9) into these
equations yields that mo, ..., m.—; are the unique solution to the finite system of
linear equations

c—2
Ti= Y Mk FTepioy j, 1<j<c—1,

k=j—1

c—2
Te—

Yomp+ =1, (9.7.13)
, L—=n
j=0

where

o0
k—c+1 ,
piii= Y 0" Mpy. 1<j<c-1L
k=c—1

The constant 7 is the unique solution to the equation n = exp [—cuD(1—n)] on the
interval (0,1). It remains to specify the py; for 1< j < ¢ — 1. Since the probability
that an exponentially distributed service time is completed within a time D equals
1 —exp(—uD), we have

k+1 . .
pka( + >e“DJ(1—e“D)k+‘J, 0O<k<c—1land0<j <k+1.
J

The probabilities py; for k > ¢ — 1 require a little bit more explanation. We first
note that the times between service completions are independent exponentials with
common mean 1/(cu) as long as ¢ or more customers are present. Thus, starting
with k+1 > ¢ customers present, the time until the (k+ 1 — ¢)th service completion
has an Ej . distribution. By conditioning on the epoch of this (k+1—c)th service
completion, we find for any k > ¢ that

D /e ; i o xkee .
DPij :/ ' efu(Dfx)]{l _ e*M(Dfx)}ij (Cu)k+17c7€7q/,x dx
o\ (k —c)!
D k—c
= C e_j“DcM/ w(e_’” — e_”D)C_j dx, 0<j<ec.
J o *k-o

This expression is needed to evaluate p* i We find

D
C j .
Pioyj=Pe-1j+ Cl“?( .)mef eCHIX (p7HX _ gmHDyeT gy
, j i
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for 1 < j < ¢ — 1. Numerical integration must be used to calculate p:;—l,j for
1 < j < c¢— 1. A convenient method is Gauss—Legendre integration. The other
coefficients py; of the linear equations (9.7.13) are simply computed as binomial
coefficients. Once the linear equations (9.7.13) have been solved, we can compute
the various performance measures.

The analysis for the D/M /c queue can straightforwardly be generalized to the
GI/M/c queue. However, in general, the expression for py; with k > ¢ is quite
complicated and leads to a cumbersome and time-consuming calculation of P:—l, j
Fortunately, a much simpler alternative is available when the interarrival time has
a phase-type distribution.

Coxian-2 arrivals

Suppose that the interarrival time has a Coxian-2 distribution with parameters
(b, 11, X2). In other words, the interarrival time first goes through phase 1 and
next it is finished with probability 1 — b or goes through a second phase 2 with
probability b, where the phases are independent exponentials with respective means
1/x1 and 1/X,.

The state probabilities p; for 0 < j < ¢ can be calculated by using the
continuous-time Markov chain approach. Define X (¢) as the number of customers
present at time ¢ and let Y (¢) be the phase of the interarrival time in progress at
time ¢. The process {(X(¢), Y(¢))} is a continuous-time Markov chain with state
space [ = {(n,i) |n=0,1,...;i =1, 2}. Denoting the equilibrium probabilities
of this Markov chain by p,;, we have p, = p,1 + py2. By equating the rate at
which the system leaves the set of states having at least n customers present to the
rate at which the system enters this set, we obtain

min(n, ) (ppt + pn2) = A1 =D)pp—1,1 + A2pn—1,2, n =1 (9.7.14)
This system of equations is augmented by the equations

[min(n, c)u + Aa2lpp2 = min(n + 1, c)upu+1.2 + Abpy1, n>0.  (9.7.15)
These equations follow by equating the rate out of state (n,2) to the rate into

this state. A closer examination of equations (9.7.14) and (9.7.15) reveals that
they cannot be solved recursively starting with p, := 1. Nevertheless, a recursive

computation of pg, ..., p. is possible since
Prtli _ ' > candi=1,2. (9.7.16)
Pni

The relation (9.7.16) extends the relation p,y1/p, = n for n > c. A proof of the
relation (9.7.16) is not given here. It can be deduced from Lemma 3.5.10 and gen-
eral results in Takahashi (1981). The constant 1 can be computed beforehand from
equation (9.7.12). Using the expression for Coxian-2 density given in Appendix B,
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this equation becomes

riii A2
cu(l—m) +2r1  cu(l—n)+ A

=1, (9.7.17)

where r1 = 1 —bA1/(A1 — A2) and rp = 1 — ry. Here it is assumed that A1 # A,
Once 71 is known, we can express pg» into p.i. Substituting p.412 = npc2 into
(9.7.15) with n = ¢ yields

(cpt + A2)per = cunper + Aibpey.

The following algorithm can now be given.

Algorithm

Step 0. Calculate first n as the unique root of equation (9.7.17) on (0,1). Let p,.; :=1
and Py := ibfep(l —n) + A2} Py

Step 1. For k = c—1,...,0, use equation (9.7.14) with n = k 4+ 1 and equation
(9.7.15) with n = k to solve for p;; and py,.

Step 2. Calculate p,, :=p,1+p,p» forn =0,1, ..., c and next use relation (9.7.10)
to normalize the p,, as

-1

Zﬁj—i—L P, n=0,1,...,¢
= I—n

Generalized Erlangian arrivals

Suppose that the interarrival time has density

— t
a(t) = Zq, e =0,

where g, > 0. In other words, with probability g; an interarrival time is the
sum of i independent phases each having an exponential distribution with mean
1/oc. We again use the continuous-time Markov chain approach to compute the
probabilities p;. Define X (¢) as the number of customers present at time ¢ and let
Y (¢) be the number of remaining phases of the interarrival time in progress at time
t. The process {(X (#), Y (#))} is a continuous-time Markov chain with state space
I ={(n,i) | n>0; 1 <i <m}. By equating the rate at which the system leaves
the set of states having at least n customers present to the rate at which the system
enters this set, we find

min(n, c)up, = app—1,1, n > 1. (9.7.18)
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Moreover, by rate out of state (n,i) = rate into state (n, i),

[min(n, c)p + alppi = apyiv1 +min(m + 1, ) puppy1,i +ogipp—1.1

forn > 0and 1 <i < m, where p, ,+1 = p—1,1 = 0 by convention. Again a
rather simple solution procedure can be given in view of

Pn+1,i
Dn,i

=n, n>candl <i<m.

A proof of this result will not be given here. The decay factor 5 is the unique
solution to the equation

al

! 22"" e =) + o

on the interval (0, 1). By substitution of (9.7.18) into the balance equation for p,;,
we obtain for each n > 0 that

[min(n, ) + a]ppi = apy iy +min( + 1, ) pupui1,i

m
+ gimin(n, ) Y pj. 1 <i <m.(9.7.19)
j=1

In particular, since pe41,; = npei for 1 <i <m,

m
(Cl + &) pei = Apeitt + Cpnpe +qici Yy pg, 1 <i <m. (9.7.20)
j=1

The probabilities py, ..., p. can now be computed as follows.

Algorithm

Step 0. Calculate the decay factor 5. Let p,.; := 1.

Step 1. Solve the linear equations (9.7.20) with 2 < i < m to obtain p_ for
2<i<m.

Step 2. For k = ¢ —1,...,0, solve the linear equations (9.7.19) with n = k to
obtain py; for 1 <i <m.

Step 3. Calculate p,, := Z;”zl Pnj forn=0,1,...,c and normalize the p, as

-1

c—1 —
o 5 Pe > —
Dn = ij+1—77 Pns n=0/1,... c.
Jj=0
The algorithm requires that a system of linear equations of order m is solved ¢
times. This is computationally feasible provided m is not too large.
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9.7.2 The GI/D/c Queue

In the GI/D/c queue the arrival process of customers is a renewal process and
the service time of each customer is equal to the constant D. Let us consider the
situation that the interarrival-time distribution has a probability density a(t) with
Laplace transform

oo
a*(s) =/ e Sla(r) dt.
0
We first discuss the computation of the state probabilities

pj = lim pj(l‘), j=0,],...,

t—00

where p;(t) = P{j customers will be present at time ¢}. In a similar way as in
the M/D/c queue, the probabilities p; can be computed from a system of linear
equations. Let

an(D)Ztl_i)ngoan(t’D)a n=0,1,...,

where a, (¢, D) = P{n customers will arrive in (¢, ¢t + D]}, t > 0. Mimicking the
derivation of (9.6.1), we obtain the equilibrium equations

c c+j
pi=ai(D)Y pe+ D praj-rie(D), j=0,1,.... (9.7.21)
k=0 k=c+1

These linear equations are obtained by letting + — oo in

c c+j
pit+ D)= pi(t)a;(t, D)+ Y pr()aj_rsc(t, D).
k=0 k=c+1

To solve the linear equations (9.7.21) together with Zj.io pj =1, we need first to
compute the probabilities a, (D). These probabilities can be numerically obtained
by Laplace inversion. In Section 8.1 it was shown that

1 3 A(l —a*(s))

/ e Xag(x)dx = — 5 (9.7.22)
0 N S
and
00 % 2r % n—1
/ =, (x)dx = LI 79 (Sgi CC) (9.7.23)
0

The infinite system of linear equations for the p; can be reduced to a finite system
by using the geometric tail approach discussed in Section 3.4.2. By (9.7.1),
NN =1 as j — 00,
Pj—1
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sD/c

where T = e and ¢ is the unique solution of the equation

o
e’P/e / e ax)dx =1 (9.7.24)
0

on the interval (0, 0o). Hence a finite system of linear equations is obtained for the
pj by replacing p; by pyt=U~M for j > M with M a sufficiently large integer.

Waiting-time probabilities

In general it is not possible to give a tractable algorithm for the waiting-time proba-
bilities in the GI/D/c queue. An exception is the Ey/D/c queue. The waiting-time
probabilities in the Ey/D/c queue are the same as the waiting-time probabilities
in the M/D/kc queue with the same server utilization as in the E;/D/c queue.

Theorem 9.7.1 The waiting-time distribution function Wy (x) in the multi-server
G1/D/c queue is the same as in the single-server GI1'“® /D /1 queue in which the
interarrival time is distributed as the sum of c interarrival times in the GI/D/c queue.

Proof Since the service times are deterministic, it is no restriction to cyclically
assign the customers to the ¢ servers. Then server k gets the customers numbered as
k,k+c,k+2c,... fork=1,...,c. This simple observation proves the theorem.

The theorem has the following important corollary.

Corollary 9.7.2 The waiting-time distribution function W,(x) in the Ex/D/c
queue is identical to the waiting-time distribution in the M /D /kc queue with the
same server utilization.

Proof An Erlang (k, o) distributed random variable has the same distribution as
the sum of k independent random variables each having an exponential distribution
with mean 1/«. Consider now the Ey/D/c system with mean interarrival time
k/a and the M /D /kc system with mean interarival time 1/«. By Theorem 9.7.1,
both the waiting-time distribution in the Ej/D/c system and the waiting-time
distribution in the M/D/kc system are the same as the waiting-time distribution
in the E.x/D/1 queue with mean interarrival time ck/«. This gives the desired
result.

What can be done for the case of a general interarrival-time distribution? Then
an approximation to the waiting-time probabilities can be computed by using Theo-
rem 9.7.1. The idea is to approximate the GI*)/D/1 queue by an Ph/D/1 queue
by replacing the interarrival-time distribution by a tractable phase-type distribution
that matches the first two or three moments. Section 9.5.4 discusses algorithms to
compute the waiting-time probabilities in the Ph/D/1 queue.
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9.8 FINITE-CAPACITY QUEUES

This section considers queueing systems having room for only a finite number
of customers. Each customer finding no waiting place available upon arrival is
rejected. A rejected customer is assumed to have no further influence on the system.
In finite-capacity systems the finite waiting room acts as a regulator on the queue
size and so no a priori assumption on the offered load is needed. A practical
problem of considerable interest is the calculation of the rejection probability. A
basic problem in telecommunication and production is the design of finite buffers
such that the rejection probability is below a prespecified value. In this section it
will be shown that the rejection probability for the finite-buffer model can often
be expressed in terms of the state probabilities for the corresponding infinite-buffer
model. This result greatly simplifies the calculation of the smallest buffer size such
that the rejection probability is below a prespecified value. Before discussing this
result in Section 9.8.2, we first discuss in Section 9.8.1 an approximation to the
state probabilities in the M/G/c/c + N queue.

9.8.1 The M/G/c/c + N Queue

The M/G/c/c queueing model has a Poisson input with rate A, a general service-
time distribution, ¢ identical servers and N waiting positions for customers to await
service. An arriving customer who finds all ¢ servers busy and all N waiting places
occupied is rejected. A tractable exact solution of this model is only possible for
the case of a single server (M/G/1/N queue), the case of exponential services
(M/M/c/c + N queue) and the case of no waiting room (M/G/c/c queue). The
M/G/c/c queue (Erlang loss model) was discussed in detail in Section 5.2 and
the M/M/c/c + N queue was dealt with in Exercise 5.1.

In the M/G/c/c + N queue the service time S of a customer has a general
probability distribution function B(x) with B(0) = 0. No restriction is imposed on
the load factor p defined by p = AE(S)/c. Let {p;,0 < j < N + ¢} denote the
limiting distribution of the number of customers present. The next theorem extends
the approximation that was given in Theorem 9.6.1 for the state probabilities in the
infinite-capacity M /G /c queue. An approximation to the waiting-time probabilities
(percentiles) in the M/G/c/c+ N is outlined in Exercise 9.14. This approximation
is based on the approximation to the state probabilities.

Theorem 9.8.1 Under Assumption 9.6.1, the state probabilities p; are approxi-
mated by

i = %Pa’”’, 0<j<c—1,

J
p;lpp =prli’;aj_c.+12pzppbj_k, c<j<N+c—-1,
k=c
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Table 9.8.1 Numerical results for Py,; in the M/G/c/c + N queue (c =5).

p =05 p=0.8 p=1.5
c% N=1 N=5 N=1 N=5 N=1 N=5
0 app 0.0286 0.00036 0.1221  0.0179 03858  0.3348

exa [0.0281- [0.00032— [0.1212—- [0.0168— [0.3854—- [0.3332—
0.0293] 0.00038] 0.1236]  0.0182] 0.3886]  0.3372]

% app 0.0311 0.0010 0.1306 0.0308 0.3975 0.3395

exa 0.0314 0.0010 0.1318 0.0314 0.4000 0.3400

2 app 0.0370 0.0046 0.1450 0.0603 0.4114 0.3555

exa 0.0366 0.0044 0.1435 0.0587 0.4092 0.3537
N+c—1

P =pp —(=p) Y p"i=N+c,
k=c

where p = LE(S)/c and the constants a, and b,, are the same as in Theorem 9.6.1.

Proof The proof of the theorem is a minor modification of the proof of Theo-
rem 9.6.1. The details are left to the reader.

The result of Theorem 9.8.1 is exact for both the case of multiple servers with
exponential service times and the case of a single server with general service
times, since for these two special cases the approximation assumption holds exactly.
Further support for the approximate result of the theorem is provided by the fact
that the approximation is exact for the case of no waiting room (N = 0).

Numerical investigations indicate that the approximation for the state proba-
bilities is accurate enough for practical purposes. Table 9.8.1 gives the exact and
approximate values of the rejection probability Py; for several examples. The prob-
ability P; denotes the long-run fraction of customers who are rejected. By the
PASTA property,

Prej = PN+c-

In all examples we take ¢ = 5 servers. Deterministic services (c% = 0), E services
(c% = %) and Hj services with gamma normalization (c§ = 2) are considered. For
the latter two services, the exact values of P, are taken from the tabulations of
Seelen et al. (1985). For deterministic services, computer simulation was used to
find P;. In the table we give the 95% confidence intervals. It is interesting to
point out that the results in Table 9.8.1 support the long-standing conjecture for the
GI/G/c/c+ N queue that P, — 1 —1/p as N — oo when p > 1.

A proportionality relation

For the case of p < 1 the computational work can be considerably reduced when
the approximation to Py; must be computed for several values of N. Denote by
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p}oo)(app) the approximation given in Theorem 9.6.1 to the state probability pj(.oo)

in the infinite-capacity M/G/c queue. This approximation requires that p < 1."An
inspection of the recursion schemes in Theorems 9.6.1 and 9.8.1 reveals that, for
some constant y,

P =yp™®@pp). j=0.1,....N+c—1. (9.8.1)

The constant y is given by y =[1 —p Z;’i Nec p](.oo) (app)]~!. In the next section
it will be seen that this proportionality relation implies

(1=p) > P (app)

app Jj=N+c
P = = , (9.8.2)
(00)
I—=p Y p{* (app)
j=N+c
where Pr‘gp = p?ffl . denotes the approximation to Py;. The computation of the

probabilities p](.oo) (app) was discussed in Section 9.6.2.

The approximations p]‘fl’ ? and pj(oo) (app) are exact both for the case of multiple
servers with exponential service times and for the case of a single server with
general service times. Therefore relations (9.8.1) and (9.8.2) hold exactly for the
M/M/c/c+ N queue and the M/G/1/N + 1 queue. For these particular queueing
models the proportionality relation (9.8.1) can be directly explained by a simple
probabilistic argument. This will be done in the next subsection. It is noted that for
the general M/G/c/c + N queue the proportionality relation is not satisfied when
the exact values of p; and pj(oo) are taken instead of the approximate values.

9.8.2 A Basic Relation for the Rejection Probability

In this section a structural form will be revealed for the rejection probability. In
many situations the rejection probability can be expressed in terms of the state
probabilities in the infinite-capacity model. In the following, p; and p}oo) denote
the time-average state probabilities for the finite-capacity model and the infinite-
capacity model. To ensure the existence of the probabilities p}oo), it is assumed
that the server utilization p is smaller than 1.

Theorem 9.8.2 Both for the M/M/c/c + N queue and the M/G/1/N + 1 queue
it holds that
pi=vp. j=01,... . N+c—1 (9.8.3)

for some constant y > 0. The constant y is given by y =[1 —p Z;C:)N—&-c pj(oo)]_1

and the rejection probability is given by
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o0
(1=p) > p
P = I=Nre (9.8.4)

oo
o Y

J=N-+c

Proof The proof of (9.8.3) is based on the theory of regenerative processes.
The process describing the number of customers present is a regenerative stochas-
tic process in both the finite-capacity model and the infinite-capacity model. For
both models, let a cycle be defined as the time elapsed between two consecutive
arrivals that find the system empty. For the finite-capacity model, we define the
random variables

T = the length of one cycle,

T; = the amount of time that j customers are present during one cycle.

The corresponding quantities for the infinite-capacity model are denoted by 7>
and Tj(oo). By the theory of regenerative processes,

(c0)
_ETD e BTG

= (00) _ , j=0,1,...,N+ec. 9.8.5
Dj ET) p; E(T®) J +c ( )

The crucial observation is that the random variable 7; has the same distribution
as Tj(oo) for any 0 < j < N+ ¢ — 1 both in the M/M/c/c + N queue and
in the M/G/1/N + 1 queue. This result can be roughly explained as follows.
Suppose that at epoch 0 a cycle starts and let the processes {L(r)} and {L©°(¢)}
describe the number of customers present in the finite-capacity system and in the
infinite-capacity system. During the first cycle the behaviour of the process {L(¢)} is
identical to that of the process {L(OO) (t)} as long as the processes have not reached
the level N + c¢. Once the level N + ¢ has been reached, the process (L) (1))
may temporarily make an excursion above the level N + c. However, after having
reached the level N + ¢, both the process {L(¢)} and the process {L (¢)} will
return to the level N + ¢ — 1. This return to the level N + ¢ — 1 occurs at a
service completion epoch. At a service completion epoch the elapsed service times
of the other services in progress are not relevant. In the M/G/1/N + 1 queue
the reason is simply that no other services are in progress at a service completion
epoch and in the M/M/c/c + N queue the explanation lies in the memoryless
property of the exponential service-time distribution. Also, it should be noted that
at a service completion epoch the elapsed time since the last arrival is not relevant
since the arrival process is a Poisson process. Thus we can conclude that after a
downcrossing to the level N 4+ ¢ — 1 the behaviour of the process (L)1)} is
again probabilistically the same as the behaviour of the process {L(¢)} as long as
the number of customers present stays below the level N + c. These arguments
make it plausible that the distribution of 7 is the same as that of Tj(oo) for any
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0< j < N +c¢ — 1. Next it follows from (9.8.5) that (9.8.3) holds with
_E(T™)
- EM)
The proportionality relation (9.8.3) is the key to the proof of (9.8.4). We first
note that in the finite-capacity model the average number of busy servers equals

Al — Prj) E(S) by Little’s formula. Writing A(1 — Pyj )E(S) as co(1 — Ppj), it
follows that

N+c c—1 c—1
cp(1 = Prj) = Y _min(j.c)pj =Y jpj+c(l = p)).
j=0 j=0 j=0

Substituting (9.8.3) in this equation gives

c—1 c—1
cp(l=Prj) =y Y jp™ +cl—y > p>)

j=0 j=0
c—1 o0

=y > ir +ell—y(1 =Y pi*)
j=0 j=c

o0
=y Y_min(j, c)p> + ¢ —cy.

Jj=0
By Little’s formula, the average number of busy servers equals cp in the infinite-
buffer model and so Z;io min(Jj, ¢) p/(.oo) = ¢p. This leads to

cp(l = Prej) = ycp + ¢ —cy.
Solving for y gives
P — (I—p)y — 1). (9.8.6)
o
Also, using the PASTA property,

N+c—1 N+c—1
Pej=pnie=1— Y pi=1-y Y p
=0 =0

o0
=1-yl1= Y pl. (9.8.7)
j=N+c

By (9.8.6)and (9.8.7), y = [1—p 372, p;™17". Next the result (9.8.4) follows.

It is important to point out that the assumption of a single server with general
service times or multiple servers with exponential service times was only used for
the proof of (9.8.3). The proof of (9.8.4) does not use this assumption, but is solely
based on the proportionality relation (9.8.3).
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Table 9.8.2 Numerical results for the D/M/c/c + N queue
p=0.8 p =0.95

N=0 N=10 N=25 N=0 N=50 N=75

c=5 app 1.02E-2 6.99E-4 6.59E-7 1.48E-1 1.39E-6 6.83E-9
exa 1.11E-2 7.49E-4 7.06E-7 1.59E-1 1.44E-6 6.74E-9

c=25 app 1.59E-3 144E-4 137E-7 498E-2 7.54E-7 3.53E-9
exa 1.71E-3 1.55E-4 1.46E-7 5.23E-2 7.80E-7 3.65E-9

c¢=100 app 2.16E-4 2.08E-6 1.97E-9 9.60E-3 1.94E-7 9.07E-10
exa 2.32E-4 223E-6 2.11E-9 9.96E-3 2.00E-7 9.39E-10

Interpretation of formula (9.8.4)
Define for the infinite-capacity M /G /c queue the tail probability

N+c = the long-run fraction of customers who find N + ¢ or

more other customers present upon arrival.

By the PASTA property I‘[g\‘fi)c = Zj“:’N ‘e p}oo), and so formula (9.8.4) can be
written in the more insightful form

(00)
(I-pIn
Prj = 7&)“ (9.8.8)
- ’OHN+C
(00)

Practitioners often use the tail probability IT, . from the infinite-capacity model as
an approximation to the rejection probability in the finite-capacity model. The for-
mula (9.8.8) shows that this is a poor approximation when p is not very small. The
approximation Hg\ﬁ)c differs by a factor (1—p)~! from the right-hand side of (9.8.8)
when N gets large. The improved approximation (9.8.8) is just as easy to use as

the approximation Hgvoi)c. In queueing systems in which the proportionality relation
(9.8.3) does not necessarily holds, the structural form (1 — p)l'Igf,’i)C /(1= ,ol'[Ef,’i)C)

can nevertheless be used as an approximation to P;. In Exercise 9.14 this will
be illustrated for the single-server queue with a Markov modulated arrival process.
Here we illustrate the performance of the approximation (1 — p)l'lgvoi)c /(11— pHE\?i)C)
to the rejection probability in the D/M /c/c 4+ N queue with deterministic arrivals.
Table 9.8.2 gives the approximate and exact values of Py, for several examples.
The numerical result shows an excellent performance of the approximation. In
all examples the approximate value of P is of the same order of magnitude
as the exact value. This is what is typically needed when a heuristic is used for
dimensioning purposes.

9.8.3 The M*/G/c/c + N Queue with Batch Arrivals

Theorem 9.8.2 can be extended to the batch-arrival MX /G /c/c+ N queue. In this
model batches of customers arrive according to a Poisson process with rate A and
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the batch size X has a discrete probability distribution {8;, j > 1} with mean B.
Denoting by p the mean service time of a customer, it is assumed that the load
factor p = ABu/c is smaller than 1. As before {p;, 0 < j < N + c} denotes the
limiting distribution of the number of customers present. For finite-buffer queues
with batch arrivals we must distinguish between these two cases:

(a) Partial rejection: an arriving batch whose size exceeds the remaining capacity
of the buffer is partially rejected by turning away only those customers in
excess of the remaining capacity.

(b) Complete rejection: an arriving batch whose size exceeds the remaining capac-

ity of the buffer is rejected in its entirety.

The emphasis of the discussion will be on the case of partial rejection. We first
derive an expression for the tail probability HE\(/):?C in the infinite-capacity M* /G /c
queue. Let { pj(.oo)} denote the time-average probabilities in the infinite-capacity
MX /G /c queue. Then, by the PASTA property,

the long-run fraction of batches finding k other customers present upon arrival
=, k=0,1,... . (9.8.9)

Suppose that the customers are numbered as 1, 2, ... in accordance with the order in
which the batches arrive and in accordance with the relative positions the customers
take within the same batch. Define for j =0, 1, ...,

nj(oo) = the long-run fraction of customers who have j other customers in front
of them just after arrival (including customers from the same batch).
In Section 9.3.2 we have already shown that

the long-run fraction of customers taking the rth position in their batch

1C>O
=EZﬂj, r=12....
j=r

This result in conjunction with (9.8.9) gives

o0
7% = ZP(OO) > Bei=0.1.... 9.8.10)

s=j—k+1

Hence, in the infinite-capacity model, the long-run fraction of customers having
N + ¢ or more customers in front of them just after arrival is given by

myy, = Z Z a Z Bs. ©.8.11)

j= N+c k=0 s=j—k+1
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As before, let P,; denote the long-run fraction of customers who are rejected in
the finite-capacity model. For the MX /G /c/c + N queue with partial rejection,
we approximate Pp; by

(00)
(I =)0

Prj ~ 7&; (9.8.12)
- pHN+c

The approximation (9.8.12) to P,.; holds exactly for the M X/G/1/N queue with
partial rejection and the MX /M /c/c + N queue with partial rejection. It is left to
the reader to verify that the proportionality relation (9.8.3) remains valid for these
special cases. In the proof of Theorem 9.8.2 one needs only to modify formula
(9.8.7). In the MX/G/c/c + N model with partial rejection,

N+c o0

Pii==3p > Gts—N-of,.
ﬂko

=i s=N+c—k+1

This result follows by noting that the fraction of customers rejected is the ratio of
the average number of customers rejected per batch and the average batch size.

Complete rejection

In the MX/G/c/c + N queue with complete rejection it is no longer true that the
proportionality relation (9.8.3) holds for the case of a single server with general
service times and for the case of multiple servers with exponential service times.
However, one might make the heuristic assumption that p; ~ y p](.oo) for0<j <
N + ¢ — 1. Exercise 9.19 is to verify that this heuristic assumption leads to the
approximation

N+c—1
(00)
(=p)| 1= > u
=0
Py ~ / , (9.8.13)
N+c—1
(00)
l—p|1-— u;
j=0
where
1 J N+c—k
u™ = 5 n Y B
k=0 s=j—k+1

A remarkable result is that for the case of a constant batch size Q with Q <
N + 1 the approximation (9.8.13) is exact for both the MX/G/1/N + 1 queue
with complete rejection and the MX/M/c/c + N queue with complete rejection;
see Exercises 9.20 and 9.21. In these cases with a constant batch size Q it holds
that p; ~ yp](.oo) forany0<j<N+c— Q.
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Table 9.8.3 The MX/G/1/N + 1 queue with complete rejection

Geometric Two-point

2 N=0 N=50 N=250 N=0 N=50 N=250

0.1 app 8.99E-1 1.40E-2 1.62E-7 8.86E-1 8.88E-3 1.29E-8
exa 9.40E-1 1.59E-2 1.82E-7 8.86E-1 9.01E-3 1.31E-8

10 app 8.99E-1 6.09E-2 2.64E-4 8.86E-1 5.58E-2 1.79E4
exa 9.40E-1 6.21E-2 2.68E-4 8.86E-1 5.55E-2 1.79E-4

Table 9.8.3 gives some numerical results for P; in the MX/G/1/N +1 queue
with complete rejection. For the batch size we consider both the two-point distri-
bution P{X = 1} = P{X =7} = 0.5 and the geometric distribution P{X = j} =
(1/4)(3/4)/~! for j > 1. In both cases the mean batch size § = 4. The service-
time distributions are the Eq distribution (cLzg = 0.1) and the H; distribution with
the gamma normalization (c% = 10). The offered load p is taken equal to 0.8. The
results in Table 9.8.3 indicate that the approximation (9.8.13) performs quite well
for practical purposes.

Asymptotic expansion for P

For larger values of the buffer capacity N, the calculation of P,,; can further be
simplified when an asymptotic expansion for the tail probabilities in the inﬁnite-
buffer model is known. If P,;; = (1— p) Zj SNt T (oo)/[l —p Zj N4 T )] and

(c0)

an asymptotic expansion T~ onl as j — oo is known, then

(1= p)on™ e/ ~ )

1 — ponpNte/(1 — ~ (1= p)on™ /(1 —n) for large N.

Prq

To illustrate this, consider the single-server MX/G/1/N + 1 queue with partial
rejection. For the MX /G/1 queue the asymptotic expansion rr] ~onlas j—
oo holds when the service time is not heavy-tailed, where the constants o and
n = 1/t are determined by the relations (9.3.5) and (9.3.6). When using the
asymptotic expansion one needs only to calculate the root of a non-linear equation
in a single variable.

Two-moment approximation

The practical applicability of the formulas for Py,; stands or falls with the computa-

tion of the state probabilities J'[j(oo). In some queueing models it is computationally

feasible to calculate these probabilities using embedded Markov chain analysis or

continuous-time Markov chain analysis. Howe(ve)r in many queueing models the
(0.0]

exact computation of the state probabilities 7; is not practically feasible. This
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is for instance the case in the MX /G /c queue with general service times. In such
situations one might try to approximate the exact solution of the complex model
through the exact solutions of simpler related models. In this chapter we have
already seen several examples of such two-moment approximations. The rejection
probability itself is not directly amenable to a two-moment approximation, but
indirectly a two-moment approximation is possible through the ‘percentile’ N («)
defined by

N (a) = the minimal buffer size for which the rejection probability Py;
does not exceed the value «.

This will be illustrated for the MX /G /c/c+ N queue. Denoting by c% the squared
coefficient of the service time of a customer, the two-moment approximation to
N(@) is given by

Napp (@) = (1 — ¢3) Ner (@) + 5 Nep (@), (9.8.14)

where N (o) and Ny, (o) are the (approximate) values of the minimal buffer
size N(a) for the MX/D/c/c + N queue and the MX/M/c/c + N queue. The
buffer sizes Nges (o) and Neyp (o) are computed by using the (approximate) formula
for Py; in the particular cases of deterministic services and exponential services.

Relatively simple algorithms are available to compute the state probabilities rrj(oo) in

the MX /M /c queue and the MX /D/c queue; see Section 9.6.3. The two-moment
approximation (9.8.14) is only recommended when c% is not too large (say, 0 <
c_% <2).

Table 9.8.4 illustrates the performance of the two-moment approximation (9.8.14)
for the M/G/c/c+ N queue, where the number of servers has the two values ¢ = 1
and ¢ = 10. For both Erlang-2 services (cé = 0.5) and H, services with gamma
normalization (c% = 2), the approximate and exact values of N(«) are given for
several values of «. Any fractional value resulting from the interpolation formula
(9.8.14) has been rounded up. The results in the table show an excellent perfor-
mance of the two-moment approximation and also nicely demonstrate that N (o)
increases logarithmically in o as o increases.

9.8.4 Discrete-Time Queueing Systems

Many practical queueing systems operate on a discrete-time basis. A discrete-time
queueing system is characterized by time-slotted service. A new service can only
start at the beginning of a time slot, and the service time is a multiple of time slots.
In applications the discrete-time queueing systems typically have finite buffers
to store incoming packets. Packets are the entities to be served. Let us assume
that there are c¢ service channels and a buffer of capacity N to store incoming
packets. The buffer excludes any packet in service. Each service channel can handle
only one packet at a time. A new service can only start at the beginning of a
time slot. The service times of the packets are independent of each other. It is
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Table 9.8.4 The minimal buffer size in the M/G/c/c + N queue
p=0.5 p=0.8

a 1072 107% 107 1078 10710 10=2 1074 107¢ 10°8 10710

c=1

c% = % exa 4 9 15 20 25 10 26 41 57 73
app 4 10 15 20 25 10 26 41 57 73

c% =2 exa 7 16 26 35 45 19 49 80 110 141
app 7 17 25 36 46 19 50 80 111 140

c=10

c% = % exa 1 7 12 17 23 8 24 39 55 71
app 1 7 13 17 23 8 24 39 55 71

c% =2 exa 1 10 20 29 39 14 44 74 105 135
app 1 10 20 29 39 14 45 75 106 135

assumed that the number of time slots needed to serve a packet has a geometric
distribution {(1 — r)"~1r, n > 1}. The case of deterministic services is included as
a special case (r = 1). In many telecommunication applications the service time
of a packet is deterministic and equals one time slot. A served packet leaves the
system at the end of the time slot in which the service is completed. The numbers of
packets arriving in the system during consecutive time slots are independent non-
negative random variables with the common probability distribution {a,,n > 0}.
It is assumed that the packets arrive individually during the time slots and that
an arriving packet is rejected when it finds the buffer full upon arrival. It is no
restriction to use the convention of individual arrivals provided that the partial
rejection strategy applies when arrivals actually occur in batches. The load factor
p is defined as
pP=—
c

where A = 220:1 nay is the arrival rate of new packets and u = 1/r is the mean
service time of a packet. Let

Py,j = the long-run fraction of packets that are rejected.

Under the assumption of p < 1 an approximation to P, can be given in terms
of the state probabilities in the corresponding infinite-buffer model. Assuming that
p < 1, define for the infinite-buffer model the probability uj(.oo) by
uj(oo) = the long-run fraction of time slots at whose beginnings there are
J packets in the system

for j =0, 1, ... . By the assumption of geometrically distributed service times, the
process describing the number of packets present at the beginning of a time slot is
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a discrete-time Markov chain. This Markov chain was analysed in Example 3.4.1
for the particular case of deterministic services. Letting

oo
U@ =) ud el <L,
a minor modification of the Markov-chain analysis in Example 3.4.1 yields

c—1
AR Y uE e+ (1 =)k = e+ (1 =12

U(z) = k=0

, . , (9.8.15)
€=+ 1 -r)2)AR)
where A(z) = Y .2 a,z". This expression is well suited for numerical purposes.

First the ¢ unknowns u(()oo), e ,ugo_ol) are determined by computing the complex

roots of the denominator of (9.8.15); see Appendix G. Next the discrete FFT method
can be applied to obtain the numerical values of the state probabilities u®. In
order to obtain the approximation to Py, in the finite-buffer model, we need the

tail probability Z N4 T ( ) for the infinite-buffer model. In the infinite-buffer

(00)

model the probability 7; is defined as

(00)

7; = the long-run fraction of packets who find j other packets

present upon arrival.

By the same arguments as used to obtain (9.8.10), we find

<oo) Z (00) Z 0,1,.... (9.8.16)

s=j—k+1
The proposed approximation to Py; in the finite-buffer model is

(1=p) 3 =

Jj=N+c

— .
1—p Z nj(oo)

j=N+c

Prej ~

(9.8.17)

It has been shown in Gouweleeuw and Tijms (1998) that for the single-server
case this approximation is asymptotically exact for large N (more precisely, the
approximation (9.8.17) is exact for the single-server case when the probability of
more than N arrivals during one time slot equals zero). In general it turns out
that (9.8.17) provides an excellent approximation to the rejection probability. To
illustrate this, Table 9.8.5 gives some numerical results for the case of determin-
istic service times. The number of servers is ¢ = 1 and ¢ = 2, while the Poisson
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Table 9.8.5 Numerical results for the discrete-time queue

c=1 c=2

N Poisson Geometric N Poisson Geometric

1 exa 3406x107! 4737x107! 2 exa 2379x107!  4.133x107!

app  3.024x10~!1  4.119x107! app 1.879x10~!  3.481x10~!
5 exa 5.505x1072  1260x1071 5  exa 6.595x1072  1.970x10~!
app  5.504x1072  1.254x107! app  6.044x1072  1.859x10~!
10 exa 1481x1072 5081x1072 10 exa 1.693x1072 9.054x10~2
app 1.481x1072  5.081x1072 app  1.592x1072  8.849x 102
50 exa 3.294x107% 5.178x107% 50 exa 3.702x107% 3.036x1073
app  3.294x107%  5.178x10~* app 3.511x107%  3.001x10~3
100 exa 1.046x10710 2656107 100 exa 6.626x10713 1.476x1073
app 1.046x10710 2.656x1070 app 6.283x10713 1.460x1073

distribution and the geometric distribution are considered for the distribution {a;,}
of the number of arrivals during one time slot. In all examples we take the load
factor p = 0.9.

To conclude this section, it is noted that the approximation to P..; can be
extended to discrete-time queueing systems with correlated input. In many applica-
tions the input is not renewal but correlated. The switched-batch Bernoulli process
is often used for modelling correlated input processes. In this model there is an
underlying phase process that is alternately in the states 1 and 2, where the sojourn
times in the successive states are independent random variables that have a discrete
geometric distribution. The mean of the geometric sojourn time and the distribution
of the number of arrivals in a time slot depend on the state of the phase process.
Exercise 9.16 is to work out the approximation to Py; in this useful model with
correlated input.

EXERCISES

9.1 Consider the M/G/1 queue with exceptional first service. This model differs from the
standard M/G/1 queue only in the service times of the customers reactivating the server
after an idle period. Those customers have special service times with distribution function
By(t), while the other customers have ordinary service times with distribution function B(?).
Use the regenerative approach to verify that the state probabilities can be computed from the
recursion scheme (9.2.1) in which Apga;_; is replaced by Appa;_, where a, is obtained
by replacing B(t) by Bg(#) in the integral representation for a;. Also, argue that p( satisfies
1—po = Al pomo+ (1 — pg)ie1], where 1 and pg denote the means of the ordinary service
times and the special service times.

9.2 Consider the M/G/1 queue with server vacations. In this variant of the M/G/1 queue
a server vacation begins when the server becomes idle. During a server vacation the server
performs other work and is not available for providing service. The length V of a server
vacation has a general probability distribution function V (x) with density v(x). If upon return
from a vacation the server finds the system empty, a new vacation period begins, otherwise
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the server starts servicing. Denote by pg;(pj ;) the time-average probability that j customers

are present and the server is on vacation (available for service). Use the regenerative approach
to verify the recursion scheme:

1—p X Y 1)/
|

= —— 1—-V(@)}dt, i >0,
P0j = Eay A { 0} iz
1oy d j
p1j = EV) Z‘)kajfk +)»Z(p0k +Piaj—k, J =1,
k=1 k=1

where a, is given in Theorem 9.2.1 and vy is the probability of k arrivals during a single
vacation period. (Hint: take as cycle the time elapsed between two consecutive epochs at
which either the server becomes idle or finds an empty system upon return from vacation.)

9.3 Consider an M/G/1 queueing system in which the service time of a customer depends on
the queue size at the moment the customer enters service. The service time has a probability
distribution function Bj(x) when R or fewer customers are present at the moment the
customer enters service; otherwise, the service time has probability distribution function
B;(x). Denote by py;(p2;) the time-average probability that j customers are in the system
and service according to Bi(B) is provided. Use the regenerative approach to verify the
recursion scheme

min(j,R)
1 1 .
Pij =/\Poa;_)1 +A Z Plka;,)k, J=12....
k=1
d @)
paj =4 Y (puc+puway, j>R
k=R+1

where a,(,i) is the same as the constant a, in Theorem 9.2.1 except that B(t) is replaced by
. R R

B;(t),i = 1,2. Also, argue that 1 — pg = A{u; Zj=0 p1j+ua(l— Zj=0 p1j)}, where y;

is the mean of the distribution function B;. (Hint: note that the long-run fraction of service

completions at which j customers are left behind equals the long-run fraction of customers

finding j other customers present upon arrival.)

9.4 Consider the M/G/1 retrial queue from Exercise 2.33 again. Let py;(pj;) denote the
long-run fraction of time that the server is idle (busy) and j customers are in orbit for
j=0,1,....

(a) Use the regenerative aproach to establish the recursions

Jvpoj =Ap1,j—1, J=12,...,

ra;j

J + ! EJ A +Az i=1,2
= ai_ —aj_ 1, =1,2,...,
PU = TP T T, 2 k1 + =k | PLk=1.

where a; = fooo e M (At)k(l/k!){l — B(t)}dr with B(t) denoting the probability distribution
function of the service time of a customer. (Hint: let Tp;(7) denote the amount of time
during one cycle that the server is idle (busy) and j customers are in orbit and let Ny;
denote the number of service completions in one cycle at which j customers are left behind
in orbit. Argue that AE(T ;1) = E(Nyj) for j > 0, AE(Ty j_1) = jvE(Tp;) for j > 1

and E(Ty;) = Zi:(l) E (NOk)ij for j > 0, where ij is defined as the expected amount
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of time that j customers are in orbit during a given service time when k customers were
left behind in orbit at the completion of the previous service time.)
(b) Use generating functions to verify that

)\2 1 Ot(Z)
poo = (1 — p) exp —7[0 mdz ,

where a(z) = [° e MI=D(1 — B(n)}dr.

(c) Instead of the M/G/1 queue with a linear retrial rate, consider the M/G/1 queue
with a constant retrial rate. That is, retrials occur according to a Poisson process with rate
v when the orbit is not empty. Modify the above results. This problem is based on De Kok
(1984).

9.5 Consider the M/G/1 queue with exponential first service from Exercise 9.1 again.
Assume that service is in order of arrival. Let Wy (x) denote the limiting distribution function
of the delay in queue of a customer.

(a) Verify that the generating function P(z) = Z;i() pjzj is given by

P() = poll —Aa(z) — zao(z))]7
1 —Aa(2)

where a(z) = [° e 17911 — B(1)}dt and ap(z) = [5° e 17D {1 — By(n)} dt.
(b) Verify that the relation (2.5.14) also applies to the M /G /1 queue with server vacations,

Ly 1
where E(z74 )= pg+ E[P(z) — pol. Next prove that

o0 1 Apo(1 — b(s))
S - W, ()} dx =~ |1 — pg— —— 0" |,

/0 e g ()} dx s |: Po s—)n+)ub*(s):|
where b; (s) = fooo e 5%by(x) dx is the Laplace transform of the density of the exceptional

first service and b*(s) = fooo e *b(x) dx is the Laplace transform of the density of the
ordinary service.

9.6 Consider again the M/G/1 queue with server vacations from Exercise 9.2. Assuming
that service is in order of arrival, let Wy (x) denote the limiting distribution function of the
delay in queue of a customer. . )

(a) Letting Py(z) = Z?io po;jz’ and Pi(z) = Zfil p1jz/, verify from the recursion
scheme in Exercise 9.2 that
il _ha@

v(z) and Pi(2) =zPy(2)

h@ =27, 1 —a(2)

where v(z) = foooef)“(lfz)’{l —V(@®)}dt and a(z) = foooef)‘(]fz)t{l — B(t)}dt. Argue
(00)
that relation (2.5.14) also applies to the M /G /1 queue with server vacations where E (szlC>O )
is given by Py(z) + P1(2)/z.
(b) Verify that the Laplace transform of 1 — Wy (x) is given by

ok *
/‘”ﬂx{l Wy dy = LT OEG)
0 N

where £*(s) = (1 — p)s/[s — A+ Ab*(s)] and n*(s) is the Laplace transform of the density
[1 — V(x)I/E(V). Here b*(s) is the Laplace transform of the service-time density, &*(s)
corresponds to E (e ~$Deo) in the standard M /G/1 queue without vacations and n™*(s) is the
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Laplace transform of the equilibrium excess density of the vacation time. Decomposition
results of this type are discussed more generally in Fuhrmann and Cooper (1985).

9.7 Consider the (R, S) inventory model with limited order sizes. In this model the inventory
position is reviewed every R periods. At each review the inventory position is ordered up
to the level S provided that the order size does not exceed the constant Q; otherwise, the
replenishment order is of size Q. It is assumed that Q > ug, where p g is the mean demand
between two reviews. The lead time of a replenishment order is negligible. The cumulative
demands between successive reviews are independent random variables. Demand in excess
of on-hand inventory is back ordered.

(a) Let the random variable &; denote the cumulative demand between the kth and (k+1)th
review and let A; denote the difference between S, the order-up-to level, and the inventory
position just after the ith review. Verify the Lindley equation

A =max(0, A;j_1+& -1 — 0).

(b) Use the results (9.5.5) and (9.5.17) for the D/G/1 queue to derive an explicit expres-

sion for the long-run fraction of demand that is back ordered when the demand variables &;
have a Coxian-2 distribution.
9.8 A certain product is produced at a constant rate of » > 0. The product is temporarily
stored in a finite buffer with capacity K. The production is stopped when the buffer is full.
A stopped production is resumed as soon as the stock level falls below K by a customer
demand. Customers asking for the product arrive according to a Poisson process with rate
M. The demand of each customer is for a constant amount of D. The customer is satisfied
with the amount in the buffer when the stock level is below D. It is assumed that AD < r.
One wishes to choose the buffer size K such that the long-run fraction of customers with
partially unsatisfied demand is below a prespecified level o with & small. Use results from
Section 9.4.1 to show that the required buffer K («) is approximately given by

1 yé
K@)~ =In| —
(o) 5 n<m>,

where § > 0 is the unique solution of D =14 ré/A and the constant y is given by
y =(1—p)/@D — (1 - p)) with p = AD/r.
9.9 A finite buffer storing a liquid material is emptied at a constant rate of » > 0. Customers
bringing in the liquid material arrive according to a Poisson process with rate A. The buffer
has a finite capacity of K > 0. If a customer brings in an amount of work that is larger than
the remaining room in the buffer, the whole amount of work of the customer is rejected. The
amounts of work brought in by the customers are independent and identically distributed
positive random variables. This queueing model is known as the M /G /1 queue with bounded
sojourn time. Let 7,; (K) be defined as the long-run fraction of customers who are rejected.
(a) For the case that the amount of work brought in by a customer is a constant D, argue
that 7, (K) equals the loss probability in the M/G/1 queue with impatient customers
from Section 9.4.2, where the service time equals D/r and the impatience time t equals
(K — D)/r. In particular, conclude that

(1— 2D

- as K - oo
8§D — (1 —p)

Trej (K) ~

where p = AD/r < 1 and § > 0 is the unique solution of AP =1 +r8/X. If the amount of
work brought in by a customer has an exponential distribution with mean «, then it follows
from results in Gavish and Schweitzer (1977) that

Trej (K) ~ (1 — pre Pe=I=PK/e o K 5 0
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provided that p = Aa/r is smaller than 1. It is an open problem whether the asymptotically
exponential expansion for 7,,; (K') holds when the amount of work brought in by a customer
has a general distribution with a non-heavy tail.

(b) Let K () be the smallest value of K for which 7., (K) < a. Use the discretization
method from Example 5.5.2 to investigate the performance of the two-moment approxima-
tion K(a) ~ (1 — c%)Kdet(ot) + c%Kexp(a) for o small and 0 < cg < 2, where K g ()
and Kexp(a) are determined by the asymptotic expansions in (a). Here cg is the squared
coefficient of variation of the amount of work brought in by a customer. This problem is
based on De Kok and Tijms (1985).

9.10 Consider the M /G /c queue with service in order of arrival. Prove that relation (2.5.14)
remains valid. Derive from this relation that

EILSO WS — 1) (0 —k+ 11 = AFE(DE), k=1.2,... .

9.11 Consider the M/G/c queue with service in order of arrival. Let V(x) denote the
conditional waiting-time distribution function of a delayed customer. That means V(x) =
[Wg(x) — Wgq(0)]/ Pgeiqy- Denote by v(x) the derivative of V (x) for x > 0.

(a) Use relation (2.5.14) to verify that

00 . 0
Z Pe+j2’ = Pielay /(; e MDY () dx.
Jj=0

(b) Let p;p P denote the approximation to p; from Theorem 9.6.1 and let vgpp (x) be the

corresponding approximation to v(x). Use (9.6.21) and (9.6.23) to verify that the Laplace
transform of vgpp (x) is given by

o (1 - p)a*(s)
ap (N di = &P ),
/0 ¢ A=

where the Laplace transforms a™(s) and B*(s) are given by

c [ 1 c [
@)= & [Tt = BN 1= B dr, 50 == [ e = B,
nJo nJo
Here B, (t) is the excess equilibrium distribution function of the service time.
(c) Verify by inversion of the Laplace transform of vgpp (x) that
X

Vapp (x) = (1 — p){1 — (1 — B (x))} +)¥-/(; Vapp (x — y){1 — B(cy)}dy, x >=0.

Assuming that the service-time distribution is not heavy-tailed, use the same arguments as
in Section 8.4 to verify that

e [° eV [1 — pBe(cy) — (1 — p){1 — (1 = Be(3)}1dy
A fo” el {1 — B(cy)}dy

11— Vapp(x) ~

as x — oo, where 8 > 0 is the solution to A [ €% {1 — B(ct)}dt = 1. This problem is
based on Van Hoorn and Tijms (1982).
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9.12 Use exact results from Section 9.5.3 to verify numerically that

oo
app 1 - B(D) and WP — Jp (t = D)b()dr

P =
delay = [59 06(=D)p(1) dt 1 B(D) — 1+ [0 5t=D)p(t) dt

are excellent approximations t0 Pgejqy and Wy in the D/G/1 queue. Here B(r) and b(z)
are the probability distribution function and the probability density of the service time. The
constant § is the unique positive solution to e8D fooo 68)’[9(),) dy = 1. These approximations
for the D/G/1 queue are due to Fredericks (1982).

9.13 Consider the machine-repair model from Exercise 5.2. Assume now that the service time
S of a request has a general probability distribution function B(x). Extend the approximate
analysis of the M /G /c queue in Section 9.6.2 to the machine-repair model. Verify that the
resulting approximation to the limiting distribution {p;} of the number of service requests
in the system is given by

P = MOESYpy”. 0<j<c—1

j

P = (N = c+ Dvag p”) + DN =k c<j<N
k=c

with

o0

ag = [ 1= BT 1= BW)gg ) dt, By = | (1 - Blen)igy(t)dt,
0 0

where Be(f) denotes the equilibrium excess distribution of B(¢) and ¢y, (¢) is given by
oy (1) = (JN__kk) (1 —e V)i =ke=vt(N=)) 't > 0and k > j > c.

9.14 Consider the finite-capacity M/D/c/c + N queue with deterministic services. It is
assumed that the server utilization is less than 1. Let W, (x) be the limiting distribution of
the delay in queue of an accepted customer. For k =1, ... ,c, let

v =3 () (5 (1-5)7 . ozx=o
j=k

be the probability distribution function of the kth order statistic of ¢ independent random vari-
ables that are uniformly distributed on (0, D). An approximation to W, (x) can be calculated
by the following algorithm:

Step 0. Use the results of Theorem 9.8.1 to compute approximations p]qp P to the state
probabilities p; in the M/D/c/c + N queue.

Step 1. Approximate 1 — Wy (x) by Z,N: J;C—l[pj”” /(1= P )1Vj (x), where Vi, (x) is
givenby 1 — U, 1(x —kD) fork>0and 0 <r <c— 1.

Use computer simulation to find out how well this approximation to W (x) performs.
Investigate the quality of the approximation to W, (x) which results by approximating p;

through yp]‘.’o for 0 < j < N + ¢ — 1 in accordance with (9.8.3), where pj(.oo) is the state

probability in the M /D /c queue. Further, investigate how well the two-moment approxima-
tion (9.6.31) works for the conditional waiting-time percentiles in the M/G/c/c + N queue
(the computation of Wy (x) in the M/M/c/c + N queue is discussed in Exercise 5.1).

9.15 Consider a single-server queueing system in which the arrival process is the result of
the superposition of m homogeneous on-off sources. Each source is alternately on and off,
where the on-time has an exponential distribution with mean 1/v,, and the off-time has
an exponential distribution with mean 1/v,s. The sources act independently of each other.
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Whenever a source is on, it generates service requests according to a Poisson process with
rate 8. There is a buffer of capacity N for temporarily storing service requests which find the
server busy upon arrival; an arriving service request finding the buffer full is rejected. The
service time of a request is distributed as a mixture of Erlangian distributions with the same
scale parameters. This queueing system is a special case of the so-called MAP/G/1/N + 1
queue with a Markov modulated Poisson arrival process.

Develop a computer program to test the performance of formula (9.8.8) as an approximate
formula for the rejection probabilities Py,;. Use the results from Exercise 5.27 to compute

the customer-average probabilities 7% in the infinite-buffer model. Check your computer

program with the results that are given below for the case of E, services, m = 25 sources,
Von = Voff = 0.1 and the two values 0.2 and 0.8 for the system load p.

p =02 exa app p =038 exa app

N=0 1708x10"1 1723x107! N=0 449 x10~! 4.616x 107!
N=5 1766x107° 1817x10™> N=5 5455x10"2 5.825x 1072
N=10 1972x1077 2042x1072 N =50 9.453x10~7 1.002 x 10~°
N=15 2437x10713 2530x 10713 N =100 6.139 x 10712 6.511 x 10712

9.16 Consider the discrete-time SBBP/D/c/c + N queueing system. In this model there is
an underlying phase process that is alternately in the states 1 and 2. The sojourn times in the
successive states are independent positive random variables that have a geometric distribution
with mean 1/w; in state i for i = 1, 2. If the phase process is in state i at the beginning
of a time slot, then the number of packets arriving during that time slot has the discrete
probability distribution {algl), k > 0} for i = 1, 2. This phase process is called a switched-
batch Bernoulli process (SBBP). There is a buffer of capacity N to store incoming packets.
Any arriving packet finding the buffer full is rejected. The transmission of a packet can only
start at the beginning of a time slot. The transmission time of a packet is deterministic and
equals any time slot. There are ¢ service channels. Letting «; = Z,?il kalgl) fori =1, 2, the
system load p is defined by p = A/c with A = (/w1 + a2/w2)/(1/w1 + 1/wy) denoting
the average arrival rate of packets. It is assumed that p < 1. For the infinite-buffer model,
define ”1(10?) as the long-run fraction of time slots at whose beginning n packets are present

and the phase process is in state i. Let U (z) = >0 uflof)zn fori=1,2.
(a) Use discrete-time Markov chain analysis to verify that

c—1
YAV @z =y AP @I + AP @az w1 x (= )

v ==

)

2¢ = [y1AD @) + 1 A@ ()1z¢ + y AD () AP (2)

where AD (z) = Z;'IOIO a,(,i)z" and y; =1 —w; fori =1,2and y =1 — w; — wy. The
expression for U @ (z) is obtained by interchanging the roles of 1 and 2 in the expression
for U(l)(z). Argue that

2 c—1 2 c—1

YYo= 3w | =

i=ln=1 i=1n=0

and argue that an additional 2c¢—1 relations between the 2¢ unknowns u;o?) forO<n<c-—1
and i = 1, 2 are obtained by noting that U (1)(1) and U@ (z) are analytic for |z| < 1.
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(b) For the infinite-buffer model, let 7% be the long-run fraction of packets that find j
other packets in the system upon arrival. Argue that

o
(‘X’) ZZ ey P =01

k 0i=1 s=j—k+1

(c) Develop a computer program for the discrete-time SBBP/D/c/c + N queue. Check
your computer program with the results below for the parameter values ¢ = 3, w; =
0.4, > =0.2,01 = 1.4 and ap = 2.0. In case 1 a Poisson distribution is taken for each of

the distributions {a,,l)} and {a(z)} in case 2 a geometric distribution is taken for {a,(,l)} and
2)

a Poisson distribution for {a,

N=5 N =10 N =20 N =30

Case | exa 1.683 x 1072 2.194 x 10~% 3.908 x 10™3 6.965 x 10~ 12
app 1.085x 1072 1.689 x 10~* 3.024 x 1078 5.390 x 1012
Case 2 exa 3.781 x 1072 2.927 x 10™3 3.101 x 10™° 3.413 x 10~
app 2.603 x 1072 2.245x 1073 2.506 x 107> 2.816 x 10~/

9.17 Consider the D/M/c/c+ N queue and the M/M /c/c+ N queue with the same average
arrival rate and the same mean service time. For these two models, denote by N, () and
Nexp (o) the smallest value of N for which the rejection probability is below a prespecified

level «. Verify experimentally that Ny, () ~ %Nexp (o).

9.18 Consider the finite-capacity variants of the M/G/1 queue with exceptional first ser-
vice from Exercise 9.1, the M/G/1 queue with server vacations from Exercise 9.2 and the
M/G/1 queue with variable service rate from Exercise 9.3. Verify that the structural form
(9.8.4) for Py, remains valid for these queueing models. Do the same for the finite-capacity
variant of the M /M /c queue with impatient customers from Exercise 5.3.

9.19 Consider the batch-arrival MX /G /c/N + ¢ queue with complete rejection of a batch
when an arriving batch of customers does not find enough room in the buffer for the whole
batch. Let P; denote the long-run fraction of customers who are rejected.

(a) Argue that

N+c
rej Z Pk Z sBs-
k=0 s>N+c—k
(b) Using the approximation assumption p; ~ yp;oo) forj=0,1,..., N+c—1, modify

the proof of part (b) of Theorem 9.8.2 to obtain the approximation (9.8.13) to Py;.

9.20 Consider the batch-arrival M* /G /c/c+N queue with complete rejection. Suppose that
the batch-size distribution {8 j} has the property that Zstl Bs =1forsomel < Q < N+1.
Prove that p; = yp}oo) for 0 < j < N 4 ¢ — Q for both the MX/G/I/N + 1 queue and
the MX/M/c/c + N queue. (Hint: define T, T;, 7(%0), Tj(oo) as in the proof of part
(a) of Theorem 9.8.2 and let Ny and N, ',Eoo) denote the number of service completions in
one cycle at which k customers are left behind. Argue first that E(Ny) = E (N,EOO)) for

0 <k < N +c— Q. Next conclude that E(7}) = E(Tj(oo)) for0<j <N +c— Q, since
E(Nj))=1E[Tj+...+ Tj11-glfor0<j<N+c— Q)
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9.21 Consider the batch-arrival MX/G/c/c + N queue with complete rejection. Suppose
that the batch size is a constant Q with 1 < Q < N + 1. Prove that the approximation
(9.8.13) to Py is exact for both the MX/G/1/N + 1 queue and the MX/M/c/c + N
queue.

BIBLIOGRAPHIC NOTES

The queueing theory literature is voluminous. A good account of the basic theory is
provided by the books of Cooper (1991), Kleinrock (1975,1976) and Takécs (1962).
A book emphasizing the analysis of the transient behaviour of queues is Newell
(1971). A thorough treatment of most of the background material in Section 9.1
can be found in the book of Wolff (1989). The regenerative approach used in
Sections 9.2 and 9.3 to analyse single-server queues with Poisson input has its
origin in the paper of Hordijk and Tijms (1976). This versatile approach was used
in Tijms et al. (1981) and Tijms and Van Hoorn (1982) to give an approximate
analysis of multi-server queues with state-dependent Poisson input; see also Van
Hoorn (1984). For finite-capacity queues of the M/G/1 type the structural form
for the rejection probability was noticed in the papers of Keilson and Servi (1989)
and Tijms and Van Ommeren (1989). The papers of Sakasegawa et al. (1993)
and Tijms (1992) provide theoretical and empirical support to this formula as an
approximation to a broad class of queueing systems; see also Gouweleeuw (1996).
The material on two-moment approximations for the minimal buffer size is based
on De Kok and Tijms (1985) and Gouweleeuw and Tijms (1996).
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Appendices

APPENDIX A. USEFUL TOOLS IN APPLIED PROBABILITY

This appendix summarizes some basic tools that can be found in most introductory
texts on probability.

Law of total expectation

In many applied probability problems it is only possible to compute certain prob-
abilities and expectations by using appropriate conditioning arguments. Since con-
ditional expectations are based on additional information, they are often easier to
compute than unconditional expectations. The law of total expectation states that,
for any two random variables X and Y defined on the same probability space,

E(X)=) EX|Y=yP{Y=y) (A1)
)7
when Y has a discrete distribution and
o
E(X) =/ EX|Y=y)f(ydy (A2)
—00

when Y has a continuous distribution with probability density f(y). It is assumed
that the relevant expectations exist. The law of total probability is a special case
of the law of total expectation:

P{X <x}=) P(X <x|Y=y}P{Y =y} (A3)

y

when Y has a discrete distribution and

PX < x} = f PIX <x|¥ =y} f()dy (A4)

—00

A First Course in Stochastic Models H.C. Tijms
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when Y has a continuous distribution with probability density f(y). The law of
total expectation and the law of total probability will be frequently used in this
book. We illustrate these laws by two examples.

Example A.1 Service with interruptions

A single unloader is available to unload ships. The unloading time U of a ship
has a given probability density f(#) with finite mean y. The unloading process,
however, is subject to interruptions. Those interruptions have exogenous causes and
occur according to a Poisson process with rate A. The durations of the interruptions
are independent and identically distributed random variables with mean §. After
an interruption the unloading of the ship is resumed at the point it was stopped
by the interruption. What is the expected amount of time needed to complete the
unloading of the ship?

Letting the completion time C denote the total amount of time needed to complete
the unloading of the ship, the answer to the above question is

E(C) =y + 18). (A.5)

To verify this, let N denote the number of interruptions during the unloading of
the ship. By conditioning upon the unloading time U of the ship, it follows from
the law of total probability that

P{N:n}:/OOP{Nzn|U=t}f(t)dt
0

:/Ooe_mwf(t)dt, n=0,1,....
0

n!

By conditioning on N and letting R; denote the duration of the ith interruption, it
follows from the law of total expectation that

E(C)=) E(C|N=n)P{N =n)
n=0

o0
=Y EWU+Ri+-+R, | N=n)P(N =n}
n=0

=Y EWU|N=n)P{N=n}+Y ERi+-+ R)P{N =n}
n=0

n=1
and so o
E(C)=EWU) + ZnE(Rl)P{N =n}=EWU)+ E(R))E(N).
n=1

Since E(N | U =t) = At, we have E(N) = fooo Atf(t)dt = Ly and thus (A.5)
follows.
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Example A.2 The double-up strategy in roulette

In European roulette the wheel is divided in 37 sections, numbered as 1, ... , 36
and 0. Of the sections numbered from 1 to 36, 18 are red and 18 are black. The
section marked 0 is assumed to be winning for the house. You have decided to bet
on 10 spins of the wheel and to use the double-up strategy. You bet each time on
red. Your initial bet is €1. You double your bet each time red does not come up.
If red appears, you start again with a bet of €1. You get paid twice your bet when
red comes up and you lose your bet otherwise. What is the expected value of your
loss after a playing round of 10 bets and what is the expected value of the total
amount you bet during the playing round?

To answer these questions, note that the betting process starts anew each time red
comes up except that fewer bets are left. Instead of considering 10 bets, consider
a playing round of n bets under the double-up strategy and define the random
variables L, and A, by

L, = the player’s loss after a playing round of n bets,

A, = the total amount the player bets in a playing round of n bets.

To compute the expected values of L, and A,, it is natural to condition on the
random variable Y denoting the number of spins of the wheel until red comes up
for the first time. Obviously, Y is geometrically distributed with parameter p = é—g
By conditioning on Y and noting that the player’s profit is €1 each time red comes
up, it follows that

E(Ly) =[-14ELi-D)]p+[-1+ELp2)](1=p)p+--
+[—1+E(L1)](1—p)”‘2p+[1+2+-~-+2”‘1](1—p)",
EA)=[1+E@A-D]p+[1+2+E@A2)]d—-pp+---+[1+2
+o 2"+ EADIA = p)"Pp +[1 +24- o+ 2”‘1] (1-p.

Since 1 +2 + -+ +2%¥=1 =2k _ 1 we thus have the recursions

n—1

E(Ly) =) [-14+E@Lix)]U=p)p+ (2" =1)(1-p)".
k=0
n—2

E(A) =Y [ =14+ B |0 =pfp+ "= 1) (1 = py!
k=0

for n > 1 with the boundary condition E (Lg) = E(Ap) = 0. These relations
enable us to compute recursively the values of E(L,) and E(A,). In particular,
E(L1p) = 0.9421 and E(A19) = 34.858. To conclude, we remark that explicit
expressions for E(L,) and E(A,) can be derived from the recursive relations by
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using the generating-function technique to be discussed in Appendix C. Omitting
the details, we state

— l-»p n_
E(Ln)==pnt [0 =p)' 1], nzl,
E(A,) = E(L,), n=>1.

1-2p

Indeed E(L,)/E(A;) =1 —2p = 31—7 in accordance with the fact that the house
percentage in European roulette is 2.702%.

Convolution formula

Let X and X, be two independent, non-negative random variables with respective
probability distribution functions Fi(x) and F>(x). For ease assume that F>(x)
has a probability density f>(x). Then, by a direct application of the law of total
probability, we have the convolution formula

P{X1+X2§X}=/O Fiix —=y) () dy, x=>=0.

Moments of a non-negative random variable

Let N be a non-negative, integer-valued random variable. A useful formula is
o0
E(N)=)_P{N > k). (A.6)
k=0

To verify this result, write Y g P{N > k} = > 7o) Z;C:)kﬂ P{N = j} and
interchange the order of summation. The relation (A.6) can be generalized. For
any non-negative random variable X with probability distribution function F(x),

o
E(X) =/ [1 - F(x)] dx. (A7)
0
A probabilistic proof of (A.7) is as follows. Imagine that X is the lifetime of a
machine. Define the indicator variable /(¢) by I(t) = 1 if the machine is still

working at time ¢ and by /(t) = 0 otherwise. Then, by E[I(¢)] = P{I(t) = 1}
and P{I(t) = 1} = P{X > t}, it follows that

E(X):E[/wl(t)dt}:/OOE[I(t)]dtzfooP{X>t}dt,
0 0 0

which proves (A.7). The interchange of the order of expectation and integration is
justified by the non-negativity of 7(¢). The result (A.7) can be extended to

E(X")=k/ K= Foldy, k=1,2,... . (A8)
0
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To see this, note that (A.7) implies
o0 o0
Ex" = / P{X* > 1}dt =f P{X > 1'%y dr
0 0

and next use the change of variable 1 = x*.

Mean and variance of a random sum of random variables

Let X1, X5, ... be a sequence of independent and identically distributed random
variables whose first two moments are finite. Also, let N be a non-negative and
integer-valued random variable having finite first two moments. If the random

variable N is independent of the random variables X1, X», ..., then
N
E <Z Xk> = E(N)E(X}), (A9)
k=1
N
var (ZXk> = E(N)var(X) + var(N)E*(X}), (A.10)
k=1

where E2(X1) is the shorthand notation for [E(X;)]?. The proof uses the law of
total expectation. By conditioning on N, we find

N 00 N
E(ZXk> :ZE(ZXk | N:n) P{N = n}
k=1 n=0 k=1
=) E (Xn: Xk> P{N =n}=> nE(X|)P{N =n},

which verifies (A.9). Note that the second equality uses that the random variables
X1, ..., X, are independent of the event {N = n}. Similarly,

“| (&)

2 0 N 2

:ZE (ZXk> |N=n|P{N=n}
n=0 k=1

=Y [MEX]) +n(n— DE*(X))]P{N = n)
n=0

= E(N)E(X3) + E[N(N — DIE*(X)). (A.11)

Using 02(S) = E(S%) — E*(S), we obtain (A.10) from (A.9) and (A.11).
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Wald’s equation

The result (A.9) remains valid when the assumption that the random variable N is
independent of the sequence X1, X7, ... is somewhat weakened. Suppose that the
following conditions are satisfied:

(i) X1, X2, ... is a sequence of independent and identically distributed random
variables with finite mean,

(i) N is a non-negative, integer-valued random variable with E(N) < oo,

(iii) the event {N = n} is independent of X, 41, X;,4+2,... for each n > 1.

Then it holds that N
E (Z Xk> = E(X))E(N). (A.12)
k=1

This equation is known as Wald’s equation. It is a very useful result in applied
probability. To prove (A.12), let us first assume that the X; are non-negative. The
following trick is used. For n = 1, 2, ..., define the random variable I; by

_ 1 if N>k,
“Tlo itN <k

Then Y0, Xp = .02, Xi Iy and so

N 00 00
E (Z Xk> =E (Z Xk1k> =Y EXily),
k=1 k=1

k=1

where the interchange of the order of expectation and summation is justified by the
non-negativity of the random variables involved. The random variable I; can take
on only the two values 0 and 1. The outcome of I; is completely determined by the
event {N < k—1}. This event depends on X1, ..., Xr—_1, butnoton Xy, Xp4+1,... .
This implies that I is independent of X;. Consequently, E(XyIx) = E(Xy)E (Ix)
for all k > 1. Since E(Ily) = P{Iy = 1} and P{l;y = 1} = P{N > k}, we obtain
(A.9) from (A.6) and

N 00
E <Z Xk> = Z E(X1)P{N > k}.
k=1 k=1

For the general case, treat separately the positive and negative parts of the X;.
The assumption E(N) < oo is essential in Wald’s equation. To illustrate this,
consider the symmetric random walk {S,,n > 0} with So = 0 and S, = X; +

-+ 4+ Xp, where X1, X3, ... is a sequence of independent random variables with
P{X; =1} = PX; = -1} = % for all i. Define the random variable N as
N =min{n > 1| S, = —1}, that is, N is the epoch of the first visit of the random

walk to the level —1. Then E(X| 4 ---+ Xy) = —1. Noting that E(X;) = 0, we
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have, however, that E(X| + --- 4+ Xy) is not equal to E(N)E(X1). The reason is
that E(N) = oo.

Example A.3 A reliability problem

To illustrate Wald’s equation, consider the following reliability problem. An elec-
tronic system has a built-in redundancy in the form of a standby unit to support an
operating unit. The two units are identical. When the operating unit fails, its tasks
are immediately taken over by the standby unit if available. A failed unit immedi-
ately enters repair. The system goes down when the operating unit fails while the
other unit is still in repair. The lifetime L of an operating unit is assumed to have
a continuous probability distribution F(x) with finite mean . The repair time of
a failed unit is a constant o > 0. The successive lifetimes of the operating unit are
independent of each other. A repaired unit is as good as new. Both units are in
perfect condition at time 0. What is the expected time until the system goes down
for the first time?

To solve this problem, denote by L the lifetime of the operating unit installed
at time 0 and denote by L1, L, ... the lifetimes of the subsequent operating units.
Then the time until the first system failure is distributed as Lo+ L; + ---+ Ly,
where the random variable N denotes the first » > 1 for which L, is less than
the nth repair time. The random variables Li, ..., L, and the event {N = n} are
mutually dependent, but the event {N = n} is independent of L, 1, L,4+2, ... for
each n > 1. Hence we can apply Wald’s equation. This gives

E(time until the first system failure) = E(Lg) + E(L1)E(N)
=ul[l+ E(N)].
To find E(N), note that N has a geometric distribution with parameter p = P{L <
o). Hence E(N) = 1/F(«) and so
1
E (time until the first system failure) = |1 + ——|.
F(a)

In practical applications the mean lifetime will be much larger than the mean
repair time. In other words, the occurrence of a system failure is a rare event. For
those situations there is a deep but extremely useful result stating that the time
until the first system failure is approximately exponentially distributed; see also
Example 2.2.4.

Coefficient of variation

Let X be a positive random variable with finite mean E(X) and finite standard
deviation o (X). The coefficient of variation of X is defined by

_ o(X)
Cx = E(X)
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Since this quantity is dimensionless, it is a very useful measure for the variability of
the random variable X. Usually one works with the squared coefficient of variation
c%( rather than with cx. For example, the deterministic distribution has ci =0,
the exponential distribution has cgf = 1 and the Erlang distribution with shape
parameter k has the intermediate value cg( =1/k.

Failure rate function

Let X be a positive random variable with a probability distribution function F(¢)
and a continuous probability density f(¢). For example, the random variable X
represents the lifetime of some item. The failure, or hazard, rate function of the
random variable X is defined by

[

"O=T"F0

for those values of ¢ with F(t) < 1. The failure rate has a useful probabilistic
interpretation. Think of the random variable X as the lifetime of an item. The
probability that an item of age ¢ will fail in the next At time units is given by
P{t < X <t+ At}
P{X >t}
_ fA:
T 1—F(@)

P{t < X<t+At| X >t}=

+ o(At) as At — 0.

Hence r(t) At gives approximately the probability that an item of age ¢ will fail in
the next At time units when At is small. Hence the name ‘failure rate’. Noting that
—r(t) is the derivative of the function In[1 — F(¢)], it follows that the failure rate
function r(¢) determines uniquely the corresponding lifetime distribution function
F(t) by

t
1—F(t)=exp{—/ r(x)dx}, t > 0.
0

As a consequence, the case of a constant failure rate r(x) = A for all x corresponds
to the exponential distribution function F(x) = 1—e=*, x > 0. In other words, an
item in use is as good as new when its lifetime is exponentially distributed. Other
important cases are the case of an increasing failure rate (the older, the worse) and
the case of a decreasing failure rate (the older, the better). A random variable with
an increasing (decreasing) failure rate can be shown to have the property that its
coefficient of variation is smaller (larger) than 1. The failure rate is a concept that
enables us to discriminate between distributions on physical considerations.

Convergence theorems

To conclude this appendix, we state a number of basic convergence theorems that
will be used in this book. These theorems can be found in any textbook on real
analysis, e.g. Rudin (1964).
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Theorem A.1 Let ayy,,n,m = 0,1, ... be real numbers. If all the numbers a,;,
are non-negative or if Y v > o> lanm| < 00, then

n=0m=0 m=0n=0
This theorem is a special case of what is known as Fubini’s theorem in analysis.

Theorem A.2 Let {p,,m = 0,1,...} be a sequence of non-negative numbers.
Suppose that the numbers anp, n,m =0, 1, ... are such that

lim a,, = apn
n—oo

exists forallm =0,1,... .

(a) If all numbers ay,, are non-negative, then

hm lnfzanmpm = Z Am Pm-

(b) If there is a finite constant M > 0 such that |ay,| < M for all n,m and if
Y oo Pm < 00, then
o0 o
nhanolo Z Anm Pm = Z Am Pm -
m=0 m=0

The first part of the theorem is a special case of Fatou’s lemma and the second
part of the theorem is a special case of the bounded convergence theorem.

The above theorems can be stated in greater generality. For example, a more
general version of the bounded convergence theorem is as follows. Let {X,} be a
sequence of random variables that converge with probability 1 to a random variable
X. Then

lim E(X,) = E(X)
n—oo

provided that |X,| < Y, n > 1, for some random variable ¥ with E(Y) < oo.
Recall that convergence with probability 1 means that

Plo € Q: lim X,(@) = X(@) = L.

where €2 is the common sample space of the random variables X,, n > 1, and the
random variable X. Often one uses the term ‘almost sure convergence’ instead of
the term ‘convergence with probability 1°.

Finally, we mention the important concept of the Cesaro limit. A sequence
{an, n > 1} of real numbers is said to have a Cesaro limit if lim,_,o(1/n) > _, ax
exists. A sequence {a,} may have a Cesaro limit while the ordinary limit does
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not exist. For example, suppose that a, = 1 for n even and a, = 0 for n odd.
Then lim,,_, s0a, does not exist, while lim,,_, 5, (1/7) ZZZI ar = 1/2. However, if
the ordinary limit exists then the Cesaro limit exists as well and is equal to the
ordinary limit.

APPENDIX B. USEFUL PROBABILITY DISTRIBUTIONS

This appendix discusses a number of important distributions which have been
found useful for describing random variables in inventory, reliability and queueing
applications. In particular, attention is paid to the practical problem of fitting a
tractable distribution to the first two moments of a positive random variable.

The exponential distribution

A positive random variable X is said to be exponentially distributed with parameter
A > 0 when it has the probability density

f@&)y=xre, t>0.
The corresponding probability distribution function F(¢) is given by
F)y=1—e™, t>0.

Its mean and squared coefficient of variation are given by
1 2
E(X)ZX and cy =1

The exponential distribution is of extreme importance in applied probability. The
main reason for this is its memoryless property and its intimate relation with the
Poisson process. The memoryless property states that

PX>t+x|X>t)=e™, x>0,

independently of ¢. In other words, imagining that X represents the lifetime of
an item, the residual life of the item has the same exponential distribution as the
original lifetime, regardless of how long the item has already been in use. The
memoryless property is in agreement with the constant failure rate property of the
exponential distribution.

The following well-known results for the exponential distribution are very use-
ful. If X; and X, are two independent random variables that are exponentially
distributed with respective means 1/A1 and 1/A;, then, for any ¢ > 0,

A

P{min(X1, X») <t} =1 —e M2 and  P{X| < Xp} = )
AL+ A2

(B.1)
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In other words, the minimum of the two exponentially distributed lifetimes X; and
X is exponentially distributed with mean 1/(A; + A) and the probability that the
lifetime X expires earlier than the lifetime X5 is A1/(A1 + X2).

Example B.1 A first-passage time problem

An electronic system has two crucial components, 1 and 2, that operate indepen-
dently of each other. The lifetime of component i has an exponential distribution
with mean 1/o; for i = 1,2. If a component breaks down, it is replaced by a
new one. The time needed to replace component i by a new one is exponentially
distributed with mean 1/8; for i = 1, 2. The system continues to operate as long as
one of the components is functioning, but it fails when none of the two components
works. Both components are in perfect condition at time 0. What is the expected
time until the first system failure?

Let us say that the system is in state 1 (2) if only component 1 (2) is functioning
and it is in state 3 when both components are functioning. In view of the memory-
less property of the exponential distribution, we can define the random variable T;
as the time until the first system failure when the current state of the system is state
i. We wish to compute E(73). To do so, we derive a system of linear equations
in E(T;) for i =1, 2, 3. By conditioning on the next state and using the results in
(B.1), it follows that

B2 1 B1
E(Ty)) = + E(T3), E(D) = + E(T3),
() ar+p  ar+ B (1) (12) ar+p1 ar+ B (1)
ETy = —— 4+ % pay+—* By
3 _Oll—i-otz o] +ap ! o1 + o2 o

These equations are easily solved for E(73).

The gamma distribution

A positive random variable X is said to be gamma («, 1) distributed when it has
the probability density

kata—l B
At t > 0’

f@®) = F(a)e , >

where @ > 0 is the shape parameter and A > 0 is the scale parameter. The symbol
I' (o) denotes the complete gamma function which is defined by

o0
o) = / et Vdt, a>0.
0

This function has the property that I'(« + 1) = oI'(«@) for @ > 0. In particular,
(@) = (@ — 1! if « is a positive integer. The probability distribution function
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F(t) of a gamma (a, A) distributed random variable X is given by

1 At
F@t) = —/ e "udu, t>0.
() Jo

The latter integral is known as the incomplete gamma function. The class of gamma
distributions is closed in the following sense. If X| and X5 are two independent ran-
dom variables that are gamma (1, A) and gamma (o, A) distributed, then X+ X»
has a gamma (o1 + oz, A) distribution (an easy way to prove this is to use Laplace
transforms; see Appendix E). In particular, the sum of n independent random vari-
ables each having the same gamma (o, A) distribution is gamma (n«, A) distributed.
In queueing applications the gamma distribution is often used to model service-
time distributions and in inventory applications to model demand distributions. The
numerical evaluation of the gamma distribution function is hardly more difficult
than that of the standard normal distribution function. Fast numerical procedures
for the computation of the incomplete gamma function are widely available; see
for example Press et al. (1992).

The mean and the squared coefficient of variation of a gamma («, 1) distributed

random variable X are given by
E(X)ZX and CX:E'

This result shows that a unique gamma distribution can be fitted to each positive
random variable with given first two moments. To characterize the shape and the
failure rate of the gamma density, we distinguish between the cases cé <l(@=>1
and ci > 1 (o < 1). The gamma density is always unimodal; that is, the density
has only one maximum. For the case ci < 1 the density first increases to the
maximum at ¢t = (¢ — 1)/A > 0 and next decreases to zero as t — 0o, whereas
for the case c%( > 1 the density has its maximum at t = 0 and thus decreases from
t = 0 onwards. The failure rate function is increasing from zero to A if cgf < 1 and
is decreasing from infinity to zero if cg( > 1. The exponential distribution (cg( =1)
has a constant failure rate A and is a natural boundary between the cases ci <1

2
and ¢y > 1.

The Erlang distribution

The Erlang (Ey) distribution is a special case of the gamma distribution. For a pos-
itive integer k, the Erlang (k, 1) distribution is nothing else than the gamma («, A)
distribution with ¢ = k. The probability density and the probability distribution
function of an Erlang (k, A) distributed random variable X are

_ k—1
}\,k[k 1

f(t):me—“ and F(t):l—Ze
! =

The Erlang (k, A) distribution has a very useful interpretation. An Erlang (k, A)
distributed random variable X can be decomposed as the sum of k independent
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random variables each having an exponential distribution with the same mean 1/2;
see also Appendix E. The Erlang probability distribution function can be numeri-
cally evaluated without using a general code for the incomplete gamma integral. For
fixed ¢, the Poisson probabilities p;(t) = e~ (At)/ /j! can be recursively calculated
from po(t) = e and pi(t) = (At/j)pj—1(t) for j =1,2,... . However, expo-
nent underflow may occur in the calculation of pg(f) when At is very large. There
is a simple trick to avoid the exponent underflow. Define g;(¢) = In [ pj (t)]. The
recursion scheme qo(t) = —At and g;(¢) = In(At/j) + ¢;—1(¢) for j > 1 offers no
numerical difficulties at all. Any desired p; (¢) is calculated from p; (¢) = explg;(¢)]
if gj(t) = —100 (say) and p;(t) = O otherwise. The trick of working with loga-
rithms is one of the most useful tricks to avoid underflow in numerical analysis.
Logarithms enable us to reduce the manipulation with extremely large (small)
numbers to the manipulation with moderately sized numbers.

The lognormal distribution

A positive random variable X is said to be lognormally distributed when it has the
probability density

SRR SR NS PR -
f(t)_mmexp[ 2[ln(t) Al /oc], t >0,

where the shape parameter « is positive and the scale parameter A may assume
each real value. The probability density function F(¢) equals

F(t):<b<1n(t)7_k>, t>0,

o

where ®(x) = (1/4/2m) ffoo exp(—u2/2) du is the standard normal probability
distribution function. The mean and the squared coefficient of variation of the
lognormal distribution are given by

1 2 2 2
E(X) =exp A+Ea and cy =exp(ax”) — 1.

Thus a unique lognormal distribution can be fitted to each positive random variable
with given first two moments. The lognormal density is always unimodal with a
maximum at 1 = exp(h — «?). The failure rate function first increases and next
decreases to zero as t — oo and thus the failure rate is only decreasing in the
long-life range.

The Weibull distribution

A positive random variable X is said to be Weibull distributed when it has the
probability density

f@) = ar()* exp[—(AN)¥], >0,



444 APPENDICES

with the shape parameter « > 0 and scale parameter A > 0. The corresponding
probability distribution function F(¢) is given by

F@)=1—exp[—(A)*], t>0.

The mean and the squared coefficient of variation of the Weibull random variable
X are

VA s La42/
E(X)_kl"<1+a) and ¢} = TSI

A unique Weibull distribution can be fitted to each positive random variable with
given first two moments. For that purpose a non-linear equation in o must be
numerically solved. The Weibull density is always unimodal with a maximum at
t=2"10 -1/ if ¢} <1 (@ >1),andats =0if ¢ > 1 (@ < 1). The
failure rate function is increasing from O to infinity if cgf < 1 and is decreasing
from infinity to zero if c% > 1.

The gamma and Weibull densities are similar in shape, and for ci < 1 the log-
normal density takes on shapes similar to the gamma and Weibull densities. For
the case cg( > 1 the gamma and Weibull densities have their maximum value at
t = 0; most outcomes tend to be small and very large outcomes occur only occa-
sionally. The lognormal density goes to zero as ¢+ — O faster than any power of
t, and thus the lognormal distribution will typically produce fewer small outcomes
than the other two distributions. This explains the popular use of the lognormal
distribution in actuarial studies. The differences between the gamma, Weibull and
lognormal densities become most significant in their tail behaviour. The densi-
ties for large t go down like exp[—At], exp[—(At)¥] and exp —%[ln(t) — A]2/a2].
Thus, for given values of the mean and the coefficient of variation, the lognormal
density always has the longest tail. The gamma density has the second longest
tail only if @ > 1; that is, only if its coefficient of variation is less than one.
In Figure B.1 we illustrate these facts by drawing the gamma, Weibull and log-
normal densities for c§( = 0.25, where E(X) is taken to be 1. To conclude this
appendix, we discuss several useful generalizations of exponential and Erlangian
distributions. In many queueing and inventory applications there is a very substan-
tial (numerical) advantage in using the generalized distributions rather than other
distributions.

Generalized Erlangian distributions

An Erlang-k (Ej) distributed random variable can be represented as the sum of
k independent exponentially distributed random variables with the same means. A
generalized Erlangian distribution is one built out of a random sum of exponen-
tially distributed components. A particularly convenient distribution arises when
these components have the same means. In fact, such a distribution can be used
to approximate arbitrarily closely any distribution having its mass on the positive
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Figure B.1 The gamma, lognormal and Weibull densities

half-axis; see also Section 5.5. We discuss two special cases of mixtures of Erlan-
gian distributions with the same scale parameters. First, we consider the Ex_j
distribution which is defined as a mixture of E;_; and Ej distributions with the
same scale parameters. The probability density of an Ej_ x distribution has the

k—1

following form:
k=2
_ k—1 —ut k —ut
1) = S 1— LA
f@) =pu T + U =pu D¢

t >0,

where 0 < p < 1. In other words, a random variable having this density is with
respective probabilities p and 1— p distributed as the sum of k—1 and k independent
exponentials with common mean 1/u. By choosing the parameters p and p as

1
> [kci —Jka+ ) - k2c§}

p_l-i-cX
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the associated Ej_1 j distribution fits the first two moments of a positive random
variable X provided that

1

2

<y < —.

k= X~ k-1
We note that only coefficients of variation between 0 and 1 can be achieved by
mixtures of the Ex_j i type. Also, it is noteworthy that the Ex_ ; density can be
shown to have an increasing failure rate.

Next we consider the Ej ; distribution, which is defined as a mixture of E; and

E} distributions with the same scale parameters. The density of the E x distribution
has the form

f@&)=ppe ™ +(1 - p)ukme_’“, 1=0,

where 0 < p < 1. By choosing
_ptk(l—p)

2kck +k —2— Jk2 +4 — 4kck
and u=—-,

20k — D1 +c%) E(X)

p:

the associated Ej  distribution fits the first two moments of a positive random
variable X provided that
k> 44

4k

<ck <

| =

Hence the Ej ; distribution can also achieve values of c§( with c§( > 1.

For use in applications the Ex_j  density is generally better suited than the E7
density since the Ex_1  density is always unimodal and has a shape similar to the
frequently occurring gamma density. The E ; density may be useful in sensitivity
analysis. For both theoretical and practical purposes it is often easier to work with
mixtures of Erlangian distributions than with gamma distributions, since mixtures
of Erlangian distributions with the same scale parameters allow for the probabilistic
interpretation that they represent a random sum of independent exponentials with
the same means.

Hyperexponential distribution

A commonly used representation of a positive random variable with a coefficient of
variation greater than 1 is a mixture of two exponentials with different means. The
distribution of such a mixture is called a hyperexponential distribution of order 2,
an H; distribution. The density of the H, distribution has the form

f(0) = pipie ™™ + pouse™, 1 >0,

where 0 < pp, p» < 1. Note that always p; + p» = 1, since the density f(¢)
represents a probability mass of 1. In words, a random variable having the H, den-
sity is distributed with probability p; (p2) as an exponential variable with mean
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1/m1 (1/u2). The hyperexponential density always has a coefficient of variation
of at least 1 and is unimodal with a maximum at ¢+ = 0. The failure rate func-
tion of the hyperexponential distribution is decreasing. The H» density has three
parameters and is therefore not uniquely determined by its first two moments. For
a two-moment fit, the H, density with balanced means is often used; that is, the
normalization p1/u; = pa2/u2 is used. The parameters of the H, density having
balanced means and fitting the first two moments of a positive random variable X
with ci > 1 are

1 2 —1 2p1 2p>
= — 1+ X . =1- ) = ) = .
p1=3 ( C§(+l> P2 P M= TRy T

In the context of a Coxian-2 distribution we give below another normalization we
believe to be a more natural one. A three-moment fit by an H, density is not
always possible, but it is unique whenever it exists. An H; density can only be
fitted to the first three moments m 1, my and ms3 of a positive random variable X
with c§( > 1 when the requirement mms3 > %m% is satisfied; see Whitt (1982). If
mims = %m% then the H, fit is the exponential density, otherwise the parameters
of the three-moment fit are given by

1 1l — uomy)
M1,2=—{ali\/a%—4az}, pr=————, pr=1-py,
2 M1 = 42

where ap = (6m% — 3m2)/(%m§ —mm3) and a; = (1 + %mzaz)/ml. The require-
ment myms > %m% holds for both a gamma distributed and a lognormal distributed
random variable X with ci > 1.

Coxian-2 distribution

The hyperexponential density requires that the weights p; and p, are non-negative.
However, in order that pjuiexp(—u1t) + papaexp(—uot) represents a probability
density, it is not necessary to require that p; and p, are both non-negative. The
class of H, distributions can be shown to be a subclass of the class of so-called
Coxian-2 (C,) distributions. A random variable X is said to be Coxian-2 distributed
if X can be represented as

X — X1+ X, with probability b,
Xy with probability 1 — b,

where X| and X, are independent random variables having exponential distribu-
tions with respective means 1/u; and 1/u>. In words, the lifetime X first goes
through an exponential phase X and then through a second exponential phase X»
with probability b or it goes out with probability 1 — b; see Figure B.2. It can be
assumed without loss of generality that © > u,.
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b
——  exp(u) exp(i)

>

Figure B.2 The Coxian distribution with two phases

A Coxian-2 distribution having parameters (b, (1, up) with 1 < pp can be shown
to have the same probability density as the Coxian-2 distribution having parameters
(0%, uy, u3) with ui = p2, u5 = g and b* =1 — (1 — b)ju1 /2. Assuming that
U1 > 2, the Coxian-2 distributed random variable X has the density

Fio) = prpre M+ (1 — puoe™if gy # o,
pire M + (1 = ppufte ™™t if puy = po,

where p1 =1 —bu /(1 — u2) if w1 # pup and p;1 =1 —b if w1 = wy. Thus the
class of H, densities is contained in the class of Coxian-2 densities. Note that the
H; distribution allows for two different but equivalent probabilistic interpretations.
The H, distribution can be interpreted in terms of exponential phases in parallel
and in terms of exponential phases in series.

The density of a Coxian-2 distributed random variable X always has a unimodal
shape. Moreover, it holds that

s

N =

2
Cxy =

where ci > 1 only if the density has the form pjuiexp(—uit) + paparexp(—puat)
for non-negative p; and p,. The Coxian-2 density has three parameters (b, @1, (2).
Hence an infinite number of Coxian-2 densities can in principle be used for a two-
moment fit to a random variable X with cg( > % (the E; density is the only possible
choice when c% = %). A particularly useful choice for a two-moment match is the
Coxian-2 density with parameters

142
M2 = ——-— 1, b= E{ME(X) -1}

This particular Coxian-2 density has the remarkable property that its third moment
is the same as that of the gamma density with mean E(X) and squared coefficient
of variation c%. The unique Coxian-2 density having this property will therefore
be called the Coxian-2 density with gamma normalization. This normalization is a
natural one in many applications.
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A two-stage process with negative probabilities

For cg( < % it is not possible to fit a Coxian-2 distribution to the first two moments
of the positive random variable X. A fit using an Ej y— distribution requires many
stages when ci is close to zero and thus might be unattractive in (queueing) appli-
cations. A remarkable alternative involving two exponential stages was proposed
in Nojo and Watanabe (1987). The positive random variable X is approximated
through a two-stage process. The process starts in stage 1. It stays in stage 1 for
an exponentially distributed time with mean 1/y. Upon completion of the sojourn
time in stage 1, the process expires with probability p; and moves to stage 2 with
probability 1 — p;. The sojourn time in stage 2 is also exponentially distributed
with the same mean 1/y. Upon completion of the sojourn time in stage 2, the
process expires with probability p, and returns to stage 1 with probability 1 — p;.
In stage 1 the process starts anew. The idea is to approximate the random variable
X by the time until the process expires. Using results from Appendix E, it is not
difficult to verify that the Laplace transform of this lifetime is given by

ypis + v (p1 + p2 — pip2)

fres) = )
s>+ 2ys+y2(p1 + p2 — pip2)

The moments of the lifetime are directly obtained from the Laplace transform
f*(s); see (E.2) in AppendixE. If cg( < % and the first three moments my, my
and m3 satisfy mym3 < %m% it is nearly always possible to match the first three
moments of f*(s) with the first three moments of X by allowing for negative values
of p; and p, but requiring that y > 0. This is particularly true when c% =0. A
surprising finding is that in many (queueing) applications excellent approximations
are obtained by replacing the random variable X through the two-stage process and

treating p; and p» as if they were probabilities.

APPENDIX C. GENERATING FUNCTIONS

The generating function (or z-transform) of a discrete probability distribution {py,
k=0,1,...} is defined by

o
P@=) md, k=L
k=0

The variable z is usually taken as a real-valued variable, but in certain applications
it may be convenient to treat z as a complex-valued variable. It is easily verified
that the probability distribution {px, Kk = 0, 1, ...} can be recovered analytically
from the compressed function P(z) by

_1d*P©)
P = gk

, k=0,1,.... (C.1)
z=0

The result (C.1) shows that a discrete probability distribution is uniquely determined
by its generating function. Also, the moments of the probability distribution {py}
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are readily obtained from P(z). For example, the first two moments are obtained
from the relations

D kpe=P'(1) and Y k(k—p = P"(1).

k=0 k=1

In general the relation (C.1) is only of theoretical value. It is often possible to
obtain an explicit expression for P(z) when the probabilities py are unknown (e.g.
from a difference equation for the py). In Appendix D we discuss the discrete
Fast Fourier Transform algorithm to recover the p; numerically when an explicit
expression for P(z) is available. Usually it is not possible to analytically recover
the px from (C.1).

A useful probabilistic interpretation can be given to P(z). If the random variable
N is distributed according to {px}, then

P(z) = EY). (C.2)

A direct consequence of this relation is that the generating function of the con-
volution of two discrete probability distributions is the product of the generating
functions of these two probability distributions. More specifically, suppose that the
random variable N = X + Y, where X and Y are two independent discrete ran-
dom variables with respective probability distributions {ax, k =0, 1,...} and {bg,
k=0,1,...}.Let py = P{N =k}, k=0,1,... . Then the generating function
P (z) of the distribution {py} is given by

P(z) = A(z2) B(2), (C.3)

where A(z) and B(z) are the generating functions of the probability distributions
{ax} and {b;}. This follows from E(zX*Y) = E(zX)E(zY). In practice it is usually
faster to compute the p; by applying the discrete Fast Fourier Transform method
rather than using the convolution formula p; = Z)i:o aj_by for j > 0.

Example C.1 The coupon-collecting problem

Suppose there are r different types of coupons and each time we obtain a coupon it
is equally likely to be any one of the r types. How do we compute the probability
distribution of the number of coupons we need to collect for a complete set of
coupons? Denote this number by the random variable X. The random variable X
can be written as

X=Yi+-+Y,

where Y; is the number of additional coupons that need to be collected to increase
the number of different coupons in the collection from i — 1 to i. The random vari-
ables Y1, ..., Y, are independent of each other and Y; has a geometric distribution
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with parameter o; = 1 — (i — 1)/r. The generating function of Y; is

oo
Pi(7) = (1 — @)1k = @iz .
i(2) ;az( )T = T —anz

Noting that oy = 1 and letting 8; = 1 —o; = (i — 1)/r, it follows from (C.3) that
the generating function P(z) = ) ro P{X = k}z* is given by

az...arzr

(1=pB2)--- (1= Br2)
Using partial-fraction expansion, we next find

V2 Vr
PZ :a...azr ++ s
@ =z [1—ﬂzz 1—ﬁrz]

P()=Pi(2) - P (2) =

where the residue y; is given by

d 1
;= — ), i=2,...,r.
4 H<1—ﬂe/,3i) l ’

=2

00
Noting that Zj’il (1 —p)pjf]zj =(1-p)z/(1—(1— p)z), we can invert the final
expression for P(z) to obtain

PIX =K =arar [+ 4] kzr (€

Example C.2 Success runs

Another illustration of the usefulness of the generating function approach is the
analysis of success runs in independent Bernoulli trials. How do we compute the
probability that in n independent Bernoulli trials with success probability p there is
some sequence of s consecutive successes? For fixed s, denote this probability by
P, for n > 0. The probability P, can be written as P, = Z;l:() pjforn=0,1,...,
where the probability p; is defined as

pj = the probability that for the first time a sequence of s
consecutive successes occurs at the jth trial.

Note that {p;, j = 0,1,...} is a probability distribution with Z,ﬁo pi = L
Obviously p; =0 for j < s and p; = p*. For j > s, we have the recursion

N
pi=> P =ppjk. j=s+ls+2,....
k=1

To prove this, fix j > s and denote by A the event that a sequence of s consecu-
tive successes occurs for the first time at the jth trial. The event A can only occur



452 APPENDICES

if one of the mutually exclusive events By, ..., By occurs, where By is the event
that each of the first k — 1 trials have success as outcome but the kth trial does
not. Noting that P(A) = p;, P(By) = pk_l(l — p) and P(A | By) = pj—, the
recursion follows by applying the law of conditional probabilities. As an alternative
to the recursion scheme, the probabilities p; can also be numerically obtained by
numerical inversion of the generating function. Multiplying both sides of the above
recursion for p; by z/ and summing over j, it follows that the generating function
P(2) = Z;io p;z/ satisfies

oo N
PR =p+ > Y P -ppia

Jj=s+1 k=1
N oo
=p 4+ PN =p) D padd
k=1 j=s+1

N
=p + PR Y P -p).

k=1
This gives L
P = —2F . (C5)
1=> " pFla - pt
k=1

Hence an explicit expression has been obtained for the generating function P(z) of
the unknown probabilities {p;}. Using this expression the unknown probabilities p;
can also be numerically obtained by applying the discrete Fast Fourier Transform
method from Appendix D. A simple but extremely useful method to compute p; for
large j is to use an asymptotic expansion. This approach will be discussed below in
a general setting. To do so, some basic concepts from complex function theory are
needed such as the concept of an analytic function. In a nutshell, a function on a
domain in the complex plane is called analytic when the function is differentiable
infinitely often on that domain. A fundamental theorem from complex function
theory states that a function f(z) is analytic in the complex region |z|] < R if
and only if f(z) allows for the power series representation f(z) = fo’:o fnZ" for
lz] < R.

Asymptotic expansion
Suppose that the generating function P(z) = Z}’io ijj of an (unknown) proba-
bility distribution {p;, j =0, 1, ...} has the form
_ N@©@
- D)

The generating function P(z) is defined for |z| < 1, but assume that N(z) and
D(z) are analytic functions whose domains of definition can be extended to a

P(z) (C.6)
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region |z| < R in the complex plane for some R > 1. It is essential that the radius
R is larger than 1. Note that the generating function (C.5) is indeed of the form
(C.6), where the numerator and denominator are analytic functions on the whole
complex plane (R = o0). It is no restriction to assume that N(z) and D(z) have
no common zeros; otherwise, cancel out common zeros. Let us further assume that
the following regularity conditions are satisfied:

C1 The equation D(z) = 0 has a real root zg on the interval (1,R).

C2 The function D(z) has no zeros in the domain 1 < |z| < zo of the complex
plane.

C3 The zero z = zp of D(z) is of multiplicity 1 and is the only zero of D(z) on
the circle |z] = zp.

The following theorem is of utmost importance. The insightful proof of the
theorem is included for completeness. Recall that f(x) ~ g(x) as x — 0o means
that f(x)/g(x) — 1 as x — oo.

Theorem C.1 Under the conditions CI to C3,
pj ~ yozaj as j — oo, (C.7)

where the constant yy is given by

_ 1 N(zo)
20 D'(z0)”

Yo = (C.8)

Here D' (z0) denotes the derivative of D(x) at x = zy.

Proof We first mention the following basic facts from complex function theory.
The most important fact is that a function f(z) is analytic at a point z = a if
and only if f(z) can be expanded in a power series f(z) = Y ,~an(z — a)" in
|z—al| < p for some p > 0. The coefficient a, of the Taylor series is the nth
derivative of f(z) at z = a divided by n!. The analytic function f(z) is said to
have a zero of multiplicity k in z =a if ag = - - - = ax—1 = 0 and a; # 0. Another
basic result is the following. The Taylor series Zsz:o an(z—a)" of a function f(z)
at the point z = a coincides with the function f(z) in the interior of the largest
circle whose interior lies wholly within the domain on which f(z) is analytic.
The proof of (C.7) now proceeds as follows. The conditions C1 to C3 imply
that there is a circle around z = 0 with radius Ry larger than z¢ such that P(z) is
analytic in |z| < Rg except for the isolated point z = z¢. Since D(z) has a zero of
multiplicity 1 at z = z¢, it follows from the Taylor series that D(z) = (z — z0)¢ (2)
in |z| < Rp, where ¢ (z) is an analytic function with ¢ (zg) # 0. Thus we can write
P(z) as P(z) = H(2)/(z — zp) for some analytic function H(z) in |z| < Ry with
H (zp) # 0. Using a Taylor expansion H(z) = H(z9) + (z — z0)U (z), we next find
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that P(z) can be represented as

ro
=20

P(2) =

+U(2) (C9)

in |z| < Ry, z # zo. Here U (z) is an analytic function in the domain |z| < Ry and
the residue ro = H(zg) is given by

ro = lim (z = 20)P(2) = N (z0)/D'(z0)-

The remainder of the proof is simple. Since U (z) is analytic for |z| < Ry we have
the power series representation U(z) = Zﬁo u;z’ for |z| < Ro. Let R; be any
number with zg < R; < Rg. Then, for some constant b, uj| < bR]_" for all j > 0.
This follows from the fact that the series Z;io u;z’ is convergent for z = Rj.
Using the power series representation of U(z) and the fact that the power series

representation P(z) = Z;io pjzj extends to |z| < zg, it follows from (C.9) that

o0 r o o0

. —_ 0 . )
> pizd = —) (/20 + > _ujzl. Izl < 2.
j=0 0 =0 j=0

Equating coefficients yields _
pj= —rozaj_l +uj, j=0.

Since |u;| < bR’ for some constant b and R; > zp, the coefficient u; tends to
zero faster than z;, /. Hence we can conclude the asymptotic expansion (C.7).

It is noted that Theorem C.1 does not require that {p;} is a probability distri-
bution. The theorem applies to any sequence {p;, j = 0,1,...} with p; > 0 for
all j and Zj?io pj < 0o. The asymptotic expansion (C.7) is very useful for both
theoretical and computational purposes. It appears that in many applications the
asymptotic expansion for p; can be used for relatively small values of j. To illus-
trate this, consider the generating function (C.5) for the problem of success runs.
This generating function P(z) is the ratio of the two analytic functions N (z) = p*z°
and D(z) =1-Y_, p¥~1(1 — p)z* whose domains of definition can be extended
to the whole complex plane (R = 00). It is readily verified that the equation

N
1= pa-pxt=o0
k=1

has a unique root zo on the interval (1, co). Hence condition Cl1 is satisfied. The
verification of the technical conditions C2 and C3 is omitted and is left to the
interested reader. The unique root zo of the above equation must be numerically



D. THE DISCRETE FAST FOURIER TRANSFORM 455

Table C.1 The exact and approximate values for Q,

s=2 s=S5
n  exact approximate n  exact approximate
5 0.50000 0.50156 15 0.831543 0.831541
10 0.173828 0.173824 50  0.4558865475 0.4558865475
15  0.06024170 0.06024171 100 0.1931794513 0.1931794513

25  0.0072355866 0.0072355866 ~ 200  0.0346871989 0.0346871989

calculated. A safe and fast method to compute z( is the bisection method. Once zg
is computed, we can approximately calculate p; from

p(pzo)’ .y

P 7o’ for j large enough.
(1= p) Y k(pzo)
k=1

pj =

Denoting by 0, = Zj'in pj the probability that it takes n or more Bernoulli trials
to obtain a sequence of s consecutive successes, we give in Table C.1 the exact and
approximate values of Q,, for several values of n. We take p = 0.5 and s = 2 and
s = 5. The numerical results in Table C.1 confirm the finding that the asymptotic
expansion (C.7) is remarkably accurate and already applies for relatively small
values of j. This finding is very important for practical purposes.

APPENDIX D. THE DISCRETE FAST FOURIER TRANSFORM

The discrete Fast Fourier Transform (FFT) method is a very powerful method to
recover numerically the values of unknown probabilities pg, kK = 0, 1,... when
an explicit expression is available for the generating function P(z) = Y ;2 izt
The FFT method has many other applications. Another applied probability problem
for which the discrete FFT method may be very useful is the calculation of the
convolution of two or more discrete probability distributions. The discrete FFT
method represents a breakthrough in numerical analysis.

Before stating the discrete FFT method for the numerical inversion of a generat-
ing function, here are some basic facts from discrete Fourier analysis. The discrete
Fourier transform takes n numbers fy, ..., fy—1 into n coefficients cg, ..., cy—1
such that there is a one-to-one correspondence between { fi} and {c;}. The f; are
real or complex numbers and the c¢; are complex numbers. A finite Fourier series

n—1
ch ezkx
k=0
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is sought that agrees with f at n equally spaced points x; = 27 €/n between 0 and
2m. More specifically, we look for complex numbers co, ... , cy,—1 such that

n—1
cheik(zne/")=f£, £=0,...,n—1. (D.1)
k=0

It is convenient to write these linear equations in matrix notation as
Fc=f.
Here F is a complex-valued matrix whose (¢, k)th element (F)¢ is given by
(Fyu=wr, 0k=0,...,n—1,

where the complex number w is defined by
w= e2ni /n.

Let F be the matrix whose elements are the complex conjugates of the elements

of the matrix F. The matrix F has the nice property that

FF=FF =nl, (D.2)

where [ is the identity matrix (the column vectors of the symmetric matrix F
form an orthogonal system). To verify this, let W = e~>"/" denote the complex
conjugate of w. The inproduct of the rth row of F and the sth column of F is
given by

Yrs = wOwO + w w' + ersz 44 w(n—l)rw(n—l)s-

For r = s each term equals ¢Y = 1 and so the sum yrs 18 n. For r # s the sum y,
can be written as 1 + o +--- +a" ! = (1 —a™) /(1 — ) with & = W w*(# 1).
Since w" = ¥ =1 and W" = ¢~ = 1, we have o = 1 and so y,; = 0 for
r # s. This gives (D.2). By (D.2), we have F~l = (l/n)f. It now follows that
the vector ¢ of Fourier coefficients is given by ¢ = (1/n)F f. Componentwise, we
have

lnfl .
k== fre N k=0 n—1 (D.3)
n =0

This inversion formula parallels the formula ¢ = (27)~! ffﬂ f(x)e ™ dx in
continuous Fourier analysis. Notice that (D.3) inherits the structure of (D.1).

In many applications, however, we proceed in reverse order: we know the
Fourier coefficients ¢, and wish to calculate the original coefficients f;. By the
formula (D.1) we can transform ¢ back into f. The matrix multiplications in (D.1)
would normally require n> multiplications. However, the discrete FFT method per-
forms the multiplications in an extremely fast and ingenious way that requires
only nlog,(n) multiplications instead of n%. The key to the method is the simple
observation that the discrete Fourier transform of length n (n even) can be written
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as the sum of two discrete Fourier transforms, each of length n/2. Suppose we
know the ¢ and wish to compute the f; from (D.1). It holds that

%n—l %n—l

n—1
ch ekal/n — Z Cok 827112(21()/11 + Z Cot1 e2m€(2k+l)/n
k=0 k=0 k=0

%n—l %n—l

Z Cop 2R/ | 0 Z Coppr €KY @/D (D gy
= k=0

The discrete Fourier transform of length n can thus be written as the sum of two
discrete Fourier transforms each of length n/2. This beautiful trick can be applied
recursively. For the implementation of the recursive discrete FFT procedure it is
convenient to choose

n=2"

for some positive m (if necessary, zeros can be added to the sequence fy, ..., fu—1
in order to achieve that n = 2" for some m). The discrete FFT method is numer-
ically very stable (it is a fast and accurate method even for values of n with an
order of magnitude of a hundred thousand). The discrete FFT method that calcu-
lates the original coefficients f; from the Fourier coefficients c is usually called
the inverse discrete FFT method. Ready-to-use codes for the discrete FFT method
are widely available. The discrete FFT method is a basic tool that should be part
of the toolbox of any applied probabilist. It is noted that the discrete FFT method
can be extended to a complex function defined over a multidimensional grid.

Numerical inversion of the generating function

Suppose an explicit expression is available for the generating function
o
P()=) piz', Iz =1
=0

How do we obtain the unknown probabilities py? Choose an integer n = 2™
such that

o0
E pj =€
j=n

for some prespecified accuracy number €, say € = 1072 (often one can find a
known distribution {a;} such that Zj“:’k pj < Zfik a; for all k; otherwise, the
truncation integer n has to be found by trial and error). Then calculate the complex
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numbers
1 )
Ck:_P(e—2mk/n)’ k=0,...,n—1 (D.5)
n
from the explicit expression for P(z). Note that each of the points z; = e Zmik/n,

k=0,...,n— 1 satisfies z* = 1 and thus lies on the unit circle |z] = 1. By the
power series representation of P(z) and the choice of the integer n, we have

1 n—1

né—O

This relation is of the same form as (D.3). Thus the unknown probabilities p, can
be calculated by applying the inverse discrete FFT method to the known vector

(cos -5 Cn—1)-

Example D.1 The M/D/1 queue

Consider the M/D/1 queue with deterministic services. In Section 2.5 it was shown
that the generating function of the limiting distribution {px} of the number of
customers present is given by

1—AD)(1 -z
$, lz| <1,
1 — ze?P(-2)

P(z) =

where X is the arrival rate of customers and D is the fixed service time of a
customer with AD < 1. Hence the state probabilities {pr} can be calculated by
applying the discrete FFT method. In the specific problem of the M/D/1 queue,
the explicit expression for the generating function P(z) is of the form Q(z)/R(2).
In such a situation one should verify whether or not R(z) has zeros on the unit
circle |z| = 1 (each zero of R(z) on the unit circle must also be a zero of Q(z)
since P(z) = Y 5o, pk2k is analytic for |z] < 1). If a point zx = e 27k/" is a
zero of R(z), the corresponding Fourier coefficient ¢, cannot be calculated directly
from (D.5) but can be found by applying L’Hospital’s rule to Q(z)/R(z) at the
point z = zx (often zg = 1 is a zero as is the case in the M/D/1 problem).

APPENDIX E. LAPLACE TRANSFORM THEORY

This appendix gives a brief outline of some results from Laplace transform theory
that are useful in applied probability problems. Suppose that f(x) is a continuous
real-valued function in x > 0 such that | f(x)| < AeBX x > 0, for some constants
A and B. The Laplace transform of f(x) is defined by the integral

Frs) = /0 ™ f(x) dx
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as a function of the complex variable s with Re(s) > B. The integral always
exists when Re(s) > B. If f(x) is the probability density of a random variable
X, the Laplace transform f*(s) is defined for all s with Re(s) > 0 and can be

interpreted as
f*(s) = E(e™%). (E.1)

Moreover, we then have

k %
E(XF) = (—1)* fim 9/~

im = k=12 (E2)

The results (a) to (c) below can easily be verified from the definition of Laplace
transform. In the statements it is assumed that the various integrals exist.

(a) If the function f(x) = ag(x) + bh(x) is a linear combination of the functions
g(x) and h(x) with Laplace transforms g*(s) and h*(s), then

[¥(s) = ag™(s) + bh*(s). (E.3)

(b) If F(x) = f; f(y)dy, then

/OO e Frydx = 1) (E.4)
0 N
If f(x) has a continuous derivative f/(x) then

/0 e fl(x)dx = s5f*(s) — f(0). (E.5)

(c) If the function f(x) is given by the convolution

X
1w = [ st =m0 dy
of two functions g(x) and i(x) with Laplace transforms g*(s) and A*(s), then

f(s) = g"(s)h™(s). (E.6)

In addition to these results, we mention without proof the following useful
Abelian theorem. If fooo e " f(x) dx is convergent for Re(s) > 0 and lim,_, o, f(x)
exists, then

o
lim f(x) = lim s/ e f(x)dx. (E.7)
X—>00 s—0 0
In applied probability problems one often encounters the situation of a non-negative

random variable X that has a positive mass at x = 0 and a density on (0, co). Then

1 — E(e5%)

/00 e "P{X > x}dx = (E.8)
0
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Usmg that E(e %) = P{X = 0}+fOo “r(x)dx and P{X >x}=1—-P{X =

fo m(y)dy with m(x) denoting the derivative of P{X < x} for x > 0, the
relation (E.8) follows directly from (E.3) and (E.4). Of course the result (E.8) also
holds when X has a zero mass at x = 0.

In specific applications requiring the determination of some unknown function
f(x) it is often possible to obtain the Laplace transform f*(s) of f(x). A very use-
ful result is that a continuous function f(x) is uniquely determined by its Laplace
transform f*(s). In principle the function f(x) can be obtained by inversion of its
Laplace transform. Extensive tables are available for the inverse of basic forms of
f*(s); see for example Abramowitz and Stegun (1965). An inversion formula that
is sometimes helpful in applications is the Heaviside formula. Suppose that

where P(s) and Q(s) are polynomials in s such that the degree of P(s) is smaller
than that of Q(s). It is no restriction to assume that P(s) and Q(s) have no zeros
in common. Let 51, ... , s¢ be the distinct zeros of Q(s) in the complex plane. For
ease of presentation, assume that each root s; is simple (i.e. has multiplicity 1).
Then it is known from algebra that P(s)/Q(s) admits the partial fraction expansion

P(s r r r
) __n 2 g
o) s—s85 Ss—5 S — Sk

where r; = lims_,; (s — 5;) P(s)/Q(s) and so rj = P(sj)/Q'(sj), 1 < j < k. The
inverse of the Laplace transform f*(s) = P(s)/Q(s) is now given by

P
fx) = Z Q((SSJJ)) : (E.9)

as can be verified by taking the Laplace transform of both sides of this equation.
This result is readily extended to the case in which some of the roots of Q(s) =0
are not simple. For example, the inverse of the Laplace transform

P(s)
10 =

where P(s) is a polynomial of degree lower than m, is given by

m

p(m—j)(a)xj—l
fx) = e Z rrpTTr—— (E.10)

Here P (a) denotes the nth derivative of P(x) at x = a with P©(a) = P(a).
It is usually not possible to give an explicit expression for the inverse of a
given Laplace transform. In those situations the unknown function f(x) may be
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obtained by numerical inversion of its Laplace transform f*(s). Numerical inver-
sion methods that perform well for probability functions f(x) are discussed in
Appendix F.

Example E.1 The Erlang distribution

Suppose that Xy, ..., X, are independent random variables having a common
exponential distribution with mean 1/u. Then X + - - - + X, has the probability
density

ny,n—1_,—ux

KXY ¢ 1so,

(n— 1!
that is, X 4+ --- 4+ X, is Erlang (n, ) distributed. To prove this, note that the
Laplace transform of the probability density f,(x) of X; 4 --- 4 X,, is given by
f*(s) — E[e—S(X1+"'+X,,)]

¥

n

= E(e X1y E(e™ ).

Noting that E (e %) = fooo e Fue ™ dx = pu/(s+nu) for all s with Re(s) > —pu,
it follows that

n

_r
(s +m)m

Using (E.10), the inversion of f,(s) shows that f, (x) is indeed given by the Erlang
(n, ;) density.

fas) =

Example E.2 The renewal function

Consider a renewal process for which the probability distribution function B(x) of
the interoccurrence times of the events has a probability density b(x). The renewal
function M (x) is defined by

M(x) =) B,(x), (E.11)
n=1

where B, (x) is the probability distribution function of X1 +-- -+ X,,. That is, B, (x)
is the n-fold convolution of B(x) with itself. The distribution function B, (x) has
a probability density b, (x). Since b, (x) is the density of X| + --- + X,,,

o0
f e by () dx = E[em 01 0] = [0t
0

where b*(s) = [~ e ™**b(x) dx. By (E4),
[b*)]"

N

/00 e B, (x)dx = (E.12)
0
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Thus we find M*(s) =Y .-, s~1[b*(s)]", which yields the general formula

b*(s)

M= mror

(E.13)

This expression can be inverted for the Erlang density. As an illustration, consider
the case of b(x) = A2xe ™. Then b*(s) = [A/(A + 5)]* and so

2
M*(s) = ———.
(s) s2(s +21)
Partial-fraction expansion gives

1 1 1

—lg4 1y 1
M*(s) = 22 4
(s) 52 + s+ 24

By applying (E.3), (E.9) and (E.10), we obtain

1 o1 on
M@)= Mt ——+— , t>0.
(1) 5 4+4e >

APPENDIX F. NUMERICAL LAPLACE INVERSION

For a long time numerical Laplace inversion had the reputation of being difficult and
numerically unreliable. However, contrary to previous impressions, it is nowadays
not difficult to compute probabilities and other quantities of interest in probability
models by using reliable Laplace inversion methods. This appendix briefly discusses
two effective Laplace inversion algorithms. These algorithms involve complex cal-
culations. There is nothing magic about doing calculations with complex numbers.
These calculations can be reduced to operations with real numbers by dealing sep-
arately with the real part and the imaginary part of the complex numbers. Simple
facts such as the relation e’* = cos(x) + i sin(x) for any real x and the represen-
tation z = re'? for any complex number z are typically used in the calculations in
addition to the basic rules for adding and multiplying two complex numbers. Here
i denotes the complex number with i> = —1. Certain computer languages such as
the language C++ have automatic provision for doing complex calculations. In
many applied probability problems it is possible to derive an expression for the
Laplace transform of some unknown function. Let the real-valued function f () be
an unknown function in the variable ¢ > 0. Suppose its Laplace transform

Fos) = / T e iy di
0

in the complex variable s is known. Assume that the function f(¢) satisfies the
following conditions:

1. f(¢) is of bounded variation on any finite interval.
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2. f(¢) is continuous for ¢ > 0.

3. For any b > 0 the function e~b" £(¢) is monotone for ¢ > 1 (b) for some number
to(b).

4. ;7 e P f(1)] dt < oo for any b > 0.

In probability applications the function f(¢) is often the complementary cumula-
tive probability distribution function of a continuous random variable. In this case
the conditions 1 to 4 are automatically satisfied. A basic result from analysis is that
a real-valued function f(r) is of bounded variation if and only if it can be writ-
ten as the difference of two monotone functions. Under the above conditions the
following version of the Poisson summation formula from Fourier analysis holds:

= 2mn - .
Z f <t+ T) e—b(l+27‘[l’l//’l) — Z Z f*(b+inh)elnht

n=—00o n=—00o

for any constants /4, b > 0. This Poisson summation formula is the basis for the
following algorithm of Abate and Whitt (1992).

Inversion algorithm of Abate and Whitt

In Abate and Whitt (1992) it was shown that

1 l, o
= () 4 N Cyre e (AR
f0 =5 (5)+= 2D Re(f ( = )) c@n (FD

for any constant a > 0, where the error term €(a, t) is given by

€la.n)=)Y e " f(@2n+ D).

n=1

To calculate f(¢) from (F.1) for a given value of ¢, we need f*(s) for the sequence
{(a+2km)/2t,k =0,1, ...} of complex numbers. In calculating f(¢) through the
representation (F.1) there are three possible sources of error. First the discretization
error associated with €(a, t). Second, the truncation error associated with approxi-
mately calculating the infinite series in (F.1). Third, the round-off error associated
with subtracting positive numbers that are close to each other. The discretization
error can be controlled by choosing the constant a sufficiently large. Assuming that
the function f(¢) is bounded by 1, as typically holds in probability applications, it
follows from the inequality

—a

le(a. 1) < —
1—e @
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that the discretization error can be limited to 1078 by choosing @ = 19.1 and to
10~13 by choosing @ = 28.3. However, the constant a should not be chosen unnec-
essarily large. The risk of losing significant digits when calculating the infinite series
in (F.1) increases when the constant a gets too large. A useful method of summa-
tion for the infinite series in (F.1) is the classical Euler summation method. This
method proves to be quite effective in accelerating the convergence of the alternat-
ing infinite series in (F.1). Also, the method decreases the risk of losing significant
digits in the calculations. In Euler summation the infinite series Z,fozo(—l)kak in
(F.1) is approximated by the Euler sum

E(m.n) =Y (27" Suk
k=0

for appropriately chosen values of m and n, where

j
Sj =Y _(-Dra.
k=0

Numerical experience shows that the Euler sum E(m,n) computes the infinite
series Z,fio(—l)kak in (F.1) usually with an error of 10~13 or less when n = 38
and m = 11 are taken (this requires the computation of only 50 terms). For more
details the interested reader is referred to Abate and Whitt (1992). The Abate—Whitt
algorithm gives excellent results for functions f(¢) that are sufficiently smooth
(say, twice continuously differentiable). However, the inversion algorithm performs
less satisfactorily for points at which the function f(¢) or its derivative is not
differentiable.

Inversion algorithm of Den Iseger

Another simple algorithm to invert Laplace transforms was given in Den Iseger
(2002). In general this algorithm outperforms the Abate—Whitt algorithm in sta-
bility and accuracy. The strength of the Den Iseger algorithm is the fact that in
essence it boils down to an application of the discrete FFT algorithm. The Den
Iseger algorithm has the additional advantage of inverting the Laplace transform
simultaneously at several points. Suppose you wish to calculate f(¢) for a number
of points in the interval [0, fy]. For appropriately chosen values of A > 0 and
M > 1 with (M — 1)A = 1y, the algorithm calculates the function values f(£A)

for £ =0,1,..., M — 1. The algorithm is based on the representation
bt I 1 b+ir; +imt
FeA) ~ %X;ajf_lRe [f* <%>i|cos(n£(l+l))dt (F.2)
]:

for appropriately chosen values of b and n, where the abscissae A; and the weights
aj for j =1,...,n are given numbers that depend only on n. The error in (F.2)
converges very fast to zero as n gets larger. For practical purposes it suffices to
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Table F.1 The constants «; and A; for n = 8, 16

aj(n=238)

Aj

2.00000000000000000000E+00
2.00000000000009194165E+00
2.00000030233693694331E+00
2.00163683400961269435E+00
2.19160665410378500033E+00
4.01375304677448905244E+00
1.18855502586988811981E+01
1.09907452904076203170E+02

aj(n = 16)

2.00000000000000000000E+00
2.00000000000000000000E+00
2.00000000000000000000E+00
2.00000000000000000000E+00
2.00000000000000025539E+00
2.00000000001790585116E+00
2.00000009630928117646E+00
2.00006881371091937456E+00
2.00840809734614010315E+00
2.18638923693363504375E+00
3.03057284932114460466E+00
4.82641532934280440182E+00
8.33376254184457094255E+00
1.67554002625922470539E+01
4.72109360166038325036E+01
4.27648046755977518689E+02

3.14159265358979323846E+00
9.424777796076939341796E+00
1.57079633498486685135E+01
2.19918840702852034226E+01
2.84288098692614839228E+01
3.74385643171158002866E+01
5.93141454252504427542E+01
1.73674723843715552399E+02

Aj

3.14159265358979323846E+00
9.42477796076937971539E+00
1.57079632679489661923E+01
2.19911485751285526692E+01
2.82743338823081392079E+01
3.45575191894933477513E+01
4.08407045355964511919E+01
4.71239261219868564304E+01
5.34131955661131603664E+01
5.99000285454941069650E+01
6.78685456453781178352E+01
7.99199036559694718061E+01
9.99196221424608443952E+01
1.37139145843604237972E+02
2.25669154692295029965E+02
6.72791727521303673697E+02

465

take n as large as 8 or 16 to achieve a very high precision. In Table F.1 we give
both for n = 8 and n = 16 the abscissae A; and the weights «; for j =1,... ,n.
It is convenient to rewrite (F.2) as

et L 2 L(bHir +im@—1)
f(m)NK;aj/O Re[f ( - >]cos(7r€t)dt.

Put for abbreviation g, = % Z;zl o; f02 Re [f* (W)] cos(mft) dt. Then

f(LA) ~ (2¢"%/A)g,. The integral in gy is calculated by using the trapezoidal rule
approximation with a division of the integration interval (0, 2) into 2m subintervals
of length 1/m for an appropriately chosen value of m. It is recommended to take
m = 4M. This gives

2m—1
1 N lp 15+ fon
~ it 0 Zam F.3
8t E fp cos( - ) + 5 (F.3)
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where f; is defined by

" b4ir +i -1
f;:ZajRe[f*< +iAj+in(p/m ))i|’ p=0.1,....2m.
j=1

A

The approximation of (2P /A)ge to f(LA) is extraordinarily accurate. Rather
than calculating from (F.3) the constants g, for £ = 0,1,..., M — 1 by direct
summation, it is much better to use the discrete Fast Fourier Transform method to
calculate the constants gy for £ =0, 1, ..., 2m — 1. More important than speeding
up the calculations, the discrete FFT method has the advantage of its numerical
stability. To see how to apply the discrete FFT method to (F.3), define g; by

. 35+ fa). k=0,
fk*a k=1,...,2m—1.

Then, we can rewrite the expression (F.3) for g, as

1 2m—1
g5 Re|: gkeZ”'“‘/zf"} (F4)
k=0

for £ =0,1,...,2m — 1. The discrete FFT method can be applied to this repre-
sentation. Applying the inverse discrete FFT method to the vector (gp, - .. , 82m—1)
yields the sought vector (go, ..., g2m—1). Here is a summary of the algorithm:

Input: M, A, b, n and m.
Output: f(kA) fork=0,1,... , M — 1.

Step 1: Calculate for p =0,1,...,2mand 1 < j <n,
b+iki+in(p/m—1)
* * J
fj,;— Re|:f < A .

Next}\calculate fy=2 ajff, for p=0,1,...,2m. Let 2 = %(fo* + for)
andgsz,:“ fork=1,...,2m—1.

Step 2: Apply the inverse discrete FFT method to the vector (g, ... , €m—1) in
order to obtain the desired vector (go, ... , g2m—1)-

Step 3: Let f(LA) = (2¢?Y/A) g, for 0 < € < M — 1.

In step 3 of the algorithm g, is multiplied by ¢?*. In order to avoid numerical
instability, it is important to choose b not too large. Assuming that the ratio m/M
is large enough, say 4, numerical experiments indicate that b = 22/m gives results
that are almost of machine accuracy 2E — 16 (in general, it is best to choose
b somewhat larger than —In(£)/(2m) where £ is the machine precision). If f
is sufficiently smooth, it usually suffices to take n = 8, otherwise n = 16 is



F. NUMERICAL LAPLACE INVERSION 467

recommended. The parameter M is taken as a power of 2 (say, M = 32 or M = 64)
while the parameter m is chosen equal to 4M. The choices of M and A are not
particularly relevant when f is smooth enough (theoretically, the accuracy increases
when A gets smaller). In practice it is advisable to apply the algorithm for A and
%A to see whether or not the results are affected by the choice of A.

Non-smooth functions

The Den Iseger algorithm may also perform unsatisfactorily when f or its derivative
has discontinuities. In such cases the numerical difficulties may be circumvented
by using a simple modification of the algorithm. To do this, assume that f*(s) can
be represented as

() = v(s, e™) (F.5)

for some real scalar xp and some function v(s, #) with the property that for any
fixed u the function v(s, u) is the Laplace transform of a smooth function. As an
example, consider the complementary waiting-time distribution f(¢) = P{W, > t}
in the M/D/1 queue with deterministic service times D and service in order of
arrival; see Chapter 9. This function f(¢) is continuous but is not differentiable at
the points t = D, 2D, ... . The Laplace transform f*(s) of f(¢) is given by

— A A —sD
Fro =2 e

" sls— A+ e P (F.6)

where A is the average arrival rate and p = AD < 1. Then (F.5) applies with

pPS — A+ Au

=—-D d s = .
X0 and v(s,u) G — D)

In this example we have indeed that for any fixed u the function v(s, u) is the
Laplace transform of an analytic (and hence smooth) function.

In the modified Den Iseger algorithm the basic relation (F.2) should be modi-
fied as

bt N 1
FA) ~ %;aj L v/ (1) cos(m£(t + 1)) dt (F.7)

with

W (1) = Re|w b+l‘)\.j+l.7'[t7 exp inxo_b—i—int .
A A A

It is essential that in (F.7) the constant A > 0 is chosen such that |x¢| is a multiple of
A, where xo comes from (F.5). As before, the integral in (F.7) can be approximated
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Table F.2 The waiting-time probabilities

t P{W, >t}
1 0.554891814301507
5 0.100497238246398
10 0.011657108265013
25 0.00001819302497
50 3.820E-10

by the composite trapezoidal rule. In (F.3) the quantity f; should now be read as

n
fr=3"uq
j=1

|: (b+ikj+in(p/m—1) (inxo b+in(p/m— 1)))}
xRe | v , EXp — .
A A A

The modification (F.7) gives excellent results (for continuous non-analytic functions
one usually has an accuracy two or three figures less than machine precision). To
illustrate this, we apply the modified approach to the Laplace transform (F.6) for
the M/D/1 queue with service time D = 1 and traffic intensity p = 0.8. In
Table F.2 the values of f(¢) = P{W, > t} are given for t = 1,5, 10, 25 and 50.
The results in Table F.2 are accurate in all displayed decimals (13 to 15 decimals).
The calculations were done with M =64, A=1,m =4M, b =22/m and n = 8.
The inverse discrete FFT method was used to compute the g, from (F.4).

In sharp contrast with the accuracy of the modified approach (F.7), I found for the
M/D/1 example the values 0.55607 and 0.55527 for P{W, > t} with t = 1 when
using the unmodified Den Iseger inversion algorithm and the Abate—Whitt algo-
rithm. These values give accuracy to only three decimal places. In the Abate—Whitt
algorithm I took a = 19.1, m = 11 and n = 38 (I had to increase n to 5500 to get
the value 0.5548948 accurate to five decimal places). The M/D/1 example shows
convincingly how useful is the modification (F.7).

A scaling procedure

In applied probability problems one is often interested in calculating very small
probabilities, e.g. probabilities in the range of 10~'% or smaller. In many cases
asymptotic expansions are very useful for this purpose, but it may also be possible
to use Laplace inversion with a scaling procedure. Such a scaling procedure was
proposed in Choudhury and Whitt (1997). The idea of the procedure is very simple.
Suppose that the function f(¢) is non-negative and that the (very small) function
value f(fg) is required at the point 7y > 0. The idea is to transform f(¢) into the
scaled function
fag.ay 1) = ape™ " f (1), t>0
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for appropriately chosen constants ag and a; such that fg, 4, () is a probability
density with mean #y. The choice of the parameters ag and a; is intended to make
Sag,a; (t) not too small. The unknown value fy, 4, (fo) is computed by numerically
inverting its Laplace transform fi , (s), which is given by

faoay ) = aof*(s +a).

Once fy,q, (to) is computed the desired value f(#p) is easily obtained. The com-
putation of the constants ag and a; is as follows:

1. Determine the smallest real number s* such that fooo e ¥ f(x) dx is convergent
for all s with Re(s) > s* (possibly s* = —00).

2. Try to find the real root a; of the equation
df*(s)/ds
J*(s)

on the interval (s*, 0o). Since the function —[1/f*(s)]df*(s)/ds can be shown
to be decreasing on the interval (s*, co), this equation has at most one root.

+1%=0

3. Determine ag = 1/f*(ay).

In many applications this procedure works surprisingly well. We used the mod-
ified Den Iseger algorithm in combination with the scaling procedure to compute
P{W, > t} for t = 75, 100 and 125 in the M/D/1 example discussed above.
The respective values 8.022E — 15, 1.685E — 19 and 3.537E — 24 were calculated.
Those values were exactly the same as the values obtained from the asymptotic
expansion for P{W, > t} for ¢ large.

Analytically intractable Laplace transforms

Sometimes the Laplace transform f*(s) of the unknown function f () is not given
in an explicit form, but contains an analytically intractable expression. To illustrate
this, consider the Laplace transform M™*(s) of the renewal function M(¢) for a
renewal process. As shown by formula (E.12) in Appendix E, the Laplace transform
M*(s) is given by

b*(s)
s[1 —b*(s)]’

where b*(s) is the Laplace transform of the interoccurrence-time density b(z).
Suppose now that this density is given by a lognormal density. In this particular
case it is not possible to give an explicit expression for b*(s) and one has to handle
an analytically intractable integral. How do we handle this? Suppose we wish to
compute M (t) for a number of #-values in the interval [0, 79]. The key observation
is that, by the representation (E.11), the renewal function M(¢) for 0 < ¢t < 1y
uses the interoccurrence-time density b(¢) only for 0 < ¢ < 9. The same is true

M*(s) =
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for the waiting-time distribution function W, (¢) in the M/G/1 queue with service
in order of arrival. Then it follows from the representation (8.2.10) that W, ()
for 0 <t < 1y requires the service-time density b(¢) only for 0 < t < fy. If the
Laplace transform b*(s) of the density b(¢) is analytically intractable, the idea is
to approximate the density b(¢) by a polynomial P (¢) on the interval [0, 9] and by
zero outside this interval. Consequently, the intractable Laplace transform b*(s) is
approximated by a tractable expression

fo
byyp(s) = / e " P(1) dt.
0

A naive approach uses a single polynomial approximation P(z) for the whole inter-
val [0, #p]. A polynomial approximation that is easy to handle is the Chebyshev
approximating polynomial. Gauss—Legendre integration is then recommended to
evaluate the required function values of bjpp (s). A code to compute the func-
tion values of the Chebyshev approximating polynomial at the points used in the
numerical integration procedure can be found in the sourcebook by Press ef al.
(1992). One has a smooth function P(¢) when using a single Chebyshev polyno-
mial approximation P(t) for the whole interval [0, #y]. However, a better accuracy
is obtained by a more refined approach in which the function b(¢) on the interval
[0, 7o] is replaced by a piecewise polynomial approximation on each of the subin-
tervals of length A with A as in (F.2). Den Iseger (2002) suggests approximating
b(t) on each of the subintervals [kA, (k + 1)A) by a linear combination of Leg-
endre polynomials of degrees O, 1, ... ,2n — 1 with n as in (F.2). This leads to an
approximating function with discontinuities at the points KA. However, this diffi-
culty can be resolved by the modification (F.7) for non-smooth functions. Details
can be found in Den Iseger (2002). A simpler approach seems possible when the
analytically intractable Laplace transform b*(s) is given by b*(s) = E(e™*¥) for
a continuous random variable X with a strictly increasing probability distribution
function F(x). Then b*(s) = E[g(U,s)] for a uniform (0, 1) random variable
U, where g(u, s) = exp(—sF_l(u)). The (complex) integral fol g(u, s)du can be
evaluated by Gauss—Legendre integration. The required numerical values of the
inverse function F~!(x) may be obtained by using bisection.

APPENDIX G. THE ROOT-FINDING PROBLEM

The analysis of many queueing problems can be simplified by computing first the
roots of a certain function inside or on the unit circle in the complex plane. It is a
myth that the method of finding roots in the complex plane is difficult to use for
practical purposes. In this appendix we address the problem of finding the roots of
the equation

1 — PPN = o (G.1)

inside or on the unit circle. Here c is a positive integer, §(z) = Z;’il ﬂjzj is the
generating function of a discrete probability distribution {§;, j > 1} and the real
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numbers A and D are positive constants such that ADB/c < 1 with g = Z;'il JBj.
This root-finding problem arises in the analysis of the multi-server M* /D /c queue
with batch arrivals. The equation (G.1) has ¢ roots inside or on the unit circle. The
proof is not given here, but is standard in complex analysis and uses the so-called
Rouché theorem; see for example Chaudry and Templeton (1983). Moreover, all
the ¢ roots of (G.1) are distinct. This follows from the following general result in
Dukhovny (1994): if K(z) is the generating function of a non-negative, integer-
valued random variable such that K'(1) < ¢ and ‘ZK/(Z)‘ < K'(1)|K(z)| for
|z] < 1, then all the roots of the equation z° = K(z) in the region |z| < 1 are
distinct. Apply this result with K(z) = e MPU-B@} and note that K (z) is the
generating function of the total number of arrivals in a compound Poisson arrival
process; see Section 1.2.

To obtain the roots of (G.1) it is not recommended to directly apply New-
ton—Raphson iteration to (G.1). In this procedure numerical difficulties arise when
roots are close together. This difficulty can be circumvented by a simple idea. The
key to the numerical solution of equation (G.1) is the observation that it can be

written as
CPU=BR) — 2mik (G.2)

where k is any integer. The next step is to use logarithms. The general logarithmic
function of a complex variable is defined as the inverse of the exponential function
and is therefore a many-valued function (as a consequence of ¢*+271 = ¢?). It
suffices to consider the principal branch of the logarithmic function. This principal
branch is denoted by In(z) and adds to each complex number z # O the unique
complex number w in the infinite strip —7 < Im(w) < 7 such that e¥ = z. The
principal branch of the logarithmic function of a complex variable can be expressed
in terms of elementary functions by

In(z) = In(r) + i6

using the representation z = re'? with r = |z| and —7 < 6 < 7. Since @ = 7
for any z # 0, we can write (G.2) as

ecln(z)+)\D{lfﬁ(z)} — eZﬂik

with k is any integer. This suggests we should consider the equation
cln(z) + AD{1 — B(2)} = 2mik (G.3)

where k is any integer. If for fixed k the equation (G.3) has a solution zj, then
this solution also satisfies (G.2) and so zj is a solution of (G.1). The question is
to find the values of k for which the equation (G.3) has a solution in the region
|z] < 1. It turns out that the ¢ distinct solutions of (G.1) are obtained by solving
(G.3) for the c consecutive values of k satisfying —7 < 2mwk/c < m. These values
ofkare k = —|(c—1)/2], ..., lc/2], where |a] is the largest integer smaller than
or equal to a. In solving (G.3) for these values of k, we can halve the amount of
computational work by letting k£ run only from O to |c/2]. To see this, note that the
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complex conjugates of In(z) and B(z) are given by In(z) and B(z) (use that B(z)
is a power series in z with real coefficients). Thus, if z; is a solution to (G.3) with
k = £, then the complex conjugate 7, is a solution to (G.3) with k = —¢. Hence it
suffices to let k run only from O to [c/2]. Further, note that the solution of (G.3)
with k = 0 is given by zg = 1. For each k with 1 < k < |¢/2] the equation (G.3)
can be solved by using the well-known Newton—Raphson method. This powerful
method uses the iteration

LoD _ o _ hGE™)
W (z™)

when the equation A(z) = 0 has to be solved. Applied to the equation (G.3), the
iterative scheme becomes

Lo o 1= D/ + 2" B'@") = BN = In(z)"”) + 2mik/c
k — %k 7 ’
1— (D/c)z™B'(z™)

where B’(z) is the derivative of B(z). The starting value z,((o) for the Newton—
Raphson iteration has to be chosen properly. To make an appropriate choice for
Z}({O)’ we have a closer look at the equation (G.3). Let us rewrite this equation as
In(z) = (AD/c){B(z) — 1} +2mik/c and analyse it for the case of light traffic with
A — 0. Then the solution of the equation tends to e?7*¥/¢, Inserting z = e*7i*/¢

on the right-hand side of the equation for In(z) yields
20 = exp [(AD/C){ﬂ(ez’Tik/c) — I+ Znik/c] .

We empirically verified that this is an excellent choice for the starting value of the
Newton—Raphson scheme. In the above approach the roots of (G.1) are calculated
by solving (G.3) separately for each value of k. If some roots are close together,
Newton—Raphson iteration may converge each time to the same root when this pro-
cedure is directly applied to (G.1). However, this numerical difficulty is eliminated
when (G.3) is used as an intermediary.

The above approach for solving 1 — z¢e*P1=A@} = ( can be modified to find
the roots of the equation

£—A@)=0

inside or on the unit circle when A(z) is the generating function of a non-negative,
integer-valued random variable. Assuming that A(0) # O (otherwise, z = 0 is a
root), the equation z¢ — A(z) = 0 can be transformed into the equation

¢ In(z) — In(A(z)) = 2mik

where k is any integer. In general it is recommended to solve this equation by the
modified Newton—Raphson method; see Stoer and Bulirsch (1980). In the modified
Newton—Raphson method the step size is adjusted at each iteration in order to
ensure convergence. In the special case that z¢ — A(z) is a polynomial in z, the
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equation z¢ — A(z) = 0 can be also solved as an eigenvalue problem. Solving the
nth degree polynomial equation 7" — ¢1z" ! — .-+ —¢,_12 — ¢, = 0 with ¢, # 0
is equivalent to finding the eigenvalues of the matrix

C1l 2 Cc3 . . . Cp—1 Cp
1 0o o0 . . . 0 0
o 1 o . . . 0 0
A=
o o o . . . 1 0

Fast and reliable codes for computing eigenvalues are widely available.
Finally, we discuss the computation of the (complex) roots of the equation

(@—9)" —e*Pa" N a—ps)=0 (G.4)

in the right half-plane {s | Re(s) > 0}, where m > 0 is a given integer and o >
0,D > 0and 0 < p < 1 are given numbers. This equation appears in the analysis
of the Ph/D/1 queue and the D/Ph/1 queue; see Section 9.5. The computation
of the roots of equation (G.4) is more subtle than the computation of the roots of
(G.1). The reason is that equation (G.4) has m — 1 roots when m — p > aD and
m roots when m — p < aD. To handle this subtlety, Newton—Raphson iteration
should be used in combination with Smale’s homotopy method. To explain this,
we first rewrite (G.4) as

u™ — e PU= (1 _ p 4 pu)y =0 (G.5)

by the change of variable u = 1 —s/«. The roots of this equation have to be found
in the region {u |Re(u) < 1} of the complex plane. In this region the equation
(G.5) always has m — 1 (complex) roots. If m — p < a D then the equation has an
additional root on (0, 1). This real root is most easily found by repeated substitution:

1/m
werr = e POTOA —ptpup | e=01,.,

starting with ug = 1 —1/m. Next we discuss the computation of the m — 1 complex
roots of (G.5). Put for abbreviation y = ¢ D/m. In the same way as in the analysis
of (G.1), we transform (G.5) into

1 k
In(u) =—1—-uw)y + —In(1 — p + pu) + 2wi— (G.6)
m m
fork=1,2,...,m — 1. To solve (G.6) for fixed k, we use Smale’s continuation

process in which parameters y and p are continued from ¥ = 0, p = 0 onwards
to ¥ =y, p = p. For fixed k and given step size Nyp, the equation

1 k
In(w) =—(1—-uwy; + ;ln(l — pj + pju) + 2711'; (G.7)
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is solved by Newton—Raphson iteration successively for j =1, ..., Nyp with

Vi = y and p;=j

Nstep Nstep .

The Newton—Raphson iteration solving (G.7) for a given value of j starts with
up = uY=Y with »0-D denoting the solution of ((_}.7) with j — 1 instead of
j. For j = 1 we take the starting value ug = e>"'*/™  being the solution of
In(u) = 2mik/m. The procedure is very robust against the choice of Nyp.
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Bounded convergence theorem, 439
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C; distribution, see Coxian-2
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Chapman-Kolmogoroff equations, 87
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Coefficient of variation, 437

Communicating states, 119

Convolution formula, 434

Coupon-collecting problem, 450

Coxian-2 distribution, 447

Customer-average probabilities, 69

Cycle, 40

D-policy, 318
Data transformation, 263, 282

Defective renewal equation, 329
Detailed balance, 193

D/G/1 queue, 374, 376, 424
Directly Riemann integrable, 315
Discrete-time queues, 114, 417, 426
Doubly stochastic, 135

E}. distribution, see Erlang
distribution,

Elementary renewal theorem, 313

Embedded Markov chain, 86

Embedding technique, 291

Engset model, 196, 227

Equilibrium excess distribution, 318

Equilibrium distribution, 98, 155

Equilibrium equations, 99, 149

Equilibrium probabilities, 99, 149

Erlang delay model, 187

Erlang delay probability, 192, 388

Erlang distribution, 442, 461

Erlang loss formula, 196

Erlang loss model, 194, 226

E,/D/oo queue, 72

Exceptional first services, 420

Excess life, 37, 71, 308, 317

Exponential distribution, 440

Failure rate, 438
Fast Fourier Transform method, 455
Fatou’s lemma, 439

FFT method, see Fast Fourier Transform

method
Fictitious decision epochs, 287
Finite-capacity queues, 408—-420
Finite-source queues, 224, 425
First passage time, 48, 92, 170
Flow rate equation method, 150
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Fluid flow model, 369

Gamma distribution, 441
Gamma normalization, 448
Gauss-Seidel iteration, 109
Generalized Erlangian distribution, 444
Generating function, 449
Geometric tail approach, 111, 157
Gibbs sampler, 118
GI/D/c queue, 406
state probabilities, 406
waiting-time probabilities, 407
GI/D/oco queue, 72, 313
GI1/G/1 queue, 371, 424
approximations, 375, 424
state probabilities, 398
waiting-time probabilities, 371
G1/G/c queue, 398
approximations, 399
GI/M/1 queue, 69, 86, 102
state probabilities, 69, 102
waiting-time probabilities, 401
GI1/M/c queue, 400
state probabilities, 400
waiting-time probabilities, 401

H, distribution, see Hyperexponential
distribution,

Hazard rate, 438

Heavy-tailed, 332

Hyperexponential distribution, 446

Incomplete gamma function, 442

Independent increments, 5

Infinitesimal transition rates, 144

Insensitivity, 9, 196, 198, 202, 218,
226-228

Insurance, 18, 104, 274, 326

Inventory systems, 9, 13, 38, 195, 213,
275, 423

Irreducible, 119

Jackson networks, 215, 219

Kendall’s notation, 341

Key renewal theorem, 315

Kolmogoroff’s forward differential
equations, 163

Lack of memory, see Memoryless
property
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Laplace inversion, 460, 462
Laplace transform, 458

Law of total expectation, 431
Law of total probability, 431
Leaky bucket control, 138
Lindly equation, 376

Little’s formula, 50, 345
Lognormal distribution, 443

Machine repair model, 224, 425
MAP/G/1 queue, 230, 426
Markov chains, 81-186
continuous-time, 141-186
discrete-time, 81—-139
Markov decision processes, 233-305
discrete-time, 233-277
linear programs, 252, 286
policy iteration, 247, 284
probabilistic constraints, 255
semi-Markov, 279-305
value iteration, 259, 285
Markov modulated Poisson
process, 24
Markovian property, 82, 142
Matrix geometric method, 161
M/D/c queue, 378
state probabilities, 378, 380
waiting-time probabilities, 381
Mean recurrence time, 95
Mean-value algorithm, 224
Memoryless property, 2, 440
Metropolis-Hastings algorithm, 117
M/G/1 queue, 58, 211, 327, 345
bounded sojourn time, 213, 423
busy period, 353
exceptional first service, 420, 422
finite buffer, 366
impatient customers, 369
LCES service, 356
mean queue size, 58
priorities, 76
processor sharing, 208
server vacation, 421, 422
state probabilities, 60, 65, 346,
348
waiting-time probabilities, 63, 65,
212, 327, 349
work in system, 358
M/G/1/1+ N queue, 408
rejection probability, 410
state probabilities, 408, 410
waiting-time probabilities, 425
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M/G/c queue, 384, 424

delay probability, 388

mean queue size, 389

state probabilities, 385

waiting-time probabilities, 391, 424
M/G/c/c + N queue, 224, 408

rejection probability, 410

state probabilities, 408, 410

waiting-time probabilities, 425
M/G/oo queue, 9, 32, 72
M/M/1 queue, 188

state probabilities, 189

waiting-time probabilities, 190
M /M /c queue, 190, 198

state probabilities, 191

waiting-time probabilities, 192
M/M/c/c+ N queue, 224, 408
Modified value iteration, 264
MX/D/c queue, 395

state probabilities, 395

waiting-time probabilities, 396
MX/G/1 queue, 360

state probabilities, 361

waiting-time probabilities, 363
MX/G/c queue, 392, 397
MX/G/c/c + N queue, 413

complete rejection, 415, 427

partial rejection, 414
MX /G /oo queue, 30, 32

group service, 30, 228

individual service, 30
MX/M/c queue, 392

state probabilities, 393

waiting-time probabilities, 394

N-policy, 66

Network of queues, 214-224
Non-arithmetic, 314
Nonstationary queues, 32, 169
Null-recurrent, 95

Numerical Laplace inversion, 462

Offered load, 343

On-off sources, 162, 369, 425
Open networks of queues, 215
Optimization of queues, 290

Panjer’s algorithm, 20
Parrando’s paradox, 135
PASTA property, 57
Phase method, 36, 209
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Phase-type distribution, 209, 342
Poisson process, 1-18
compound, 18
Markov modulated, 24
nonstationary, 22, 32
switched, 27
Policy-improvement step, 240
Policy-iteration algorithm, 247, 284
Pollaczek-Khintchine formula, 58, 68,
352
Positive recurrent, 95
Preemptive-resume discipline, 209,
219
Priority queues, 76
Probabilistic constraints, 255
Processor sharing, 208
Product-form solution, 216

Randomized policy, 256
Rare event, 48, 437
Recurrent state, 94
Recurrent subclass, 120, 124
Regenerative approach, 345
Regenerative process, 40
Relative value, 240, 246
Reliability models, 47, 49, 184, 323,
337, 437
Renewal equation, 308, 310
Renewal function, 35, 308, 461
asymptotic expansion, 36, 315, 334
computation, 36, 310, 334
Renewal process, 34, 308
central limit theorem, 46
Renewal-reward process, 41
central limit theorem, 46
Renewal-reward theorem, 41
Residual life, 37, 71, 308, 317
Retrial queue, 77, 421
Reversibility, 116, 194, 226
Root-finding methods, 470
Ruin probability, 326

(S —1,5) inventory model, 9, 195
backordering, 9
lost sales, 195
(s, S) policy, 85, 275
Semi-Markov decision process, 279-305
Server utilization, 189, 343
Shortest-queue, 161, 295
Spectral expansion method, 161
Square-root formula, 12, 200
State classification, 119
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Stationary policy, 237 Two-moment approximations, 351, 375,
Subexponential distribution, 332 391, 397, 399, 416
Successive overrelaxation, 108
Success runs, 89, 451 Unichain, 239
Unichain assumption, 247
T-policy, 77 Uniformization method, 166, 173
Time-average probabilities, 69 Up and downcrossing, 69
Traffic equations, 216, 220
Traffic load, 391 Vacation models, 66, 77, 318, 421

Transient analysis, 87, 162 Value-determination step, 247

expected rewards, 169 Value iteration algorithm, 259, 285
first-passage times, 92, 170 modified, 264

reward distribution, 176
sojourn time, 173

state probabilities, 163, 168, Waiting-time paradox, 39
182 Wald’s equation, 436
Transient state, 94 Weak unichain assumption, 252

Transition rate diagram, 146 Weibull distribution, 443
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