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Abstract

Sample path methods are now among the most used techniques in the control of queueing
systems. However, due to the lack of mathematical formalism, they may appear to be non-
rigorous and even sometimes mysterious. The goal of this paper is threefold: to provide a
general mathematical setting, to survey the most popular sample path methods including for-
ward induction, backward induction and interchange arguments, and to illustrate our approach
through the study of a number of classical scheduling and routing optimization problems arising
in queueing theory.
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1 Introduction

There is increasing interest in the subject of the control of queueing systems. This is due in large
part to the wide applicability of results in this area to the control of computers and communi-
cation systems. Consequently, a number of methodologies have been developed to study these
problems. These include queueing theory, discrete event simulation, Markov decision processes, and
sample path analysis. The first two of these methodologies are solely concerned with evaluating
the performance of control policies whereas the last two are concerned with either determining and
characterizing the optimal control policies or obtaining qualitative properties of these policies.

In this paper we focus on the last of these four methodologies, sample path analysis. As the name
indicates, sample path analysis aims at comparing, sample path by sample path, stochastic processes
defined on a common probability space, so that the “optimal behavior” of the system at hand can
be identified. Because of its power and wide-range applicability sample path analysis has been used
for almost two decades to solve optimization problems in the control of queues. In spite of this,
no general formalism has been proposed and statements are often not proven in a rigorous way.
Instead, helpful, but not entirely satisfactory, intuitive explanations are provided. In contrast with
the solid mathematical theory of Markov decision processes (see e.g., Ross [27], Schal [28]), sample
path methods may appear to be less rigorous, not to say mysterious to the unfamiliar reader! More
importantly, this lack of formalism opens the door to mistakes of various kinds as the problems to
be studied become more and more intricate and the arguments more and more involved. Examples
of such mistakes have been reported in Hordijk and Koole [15] and Towsley and Sparaggis [36].

In this paper we provide a theoretical framework for a rigorous use of sample path methods. In
order to do this, we propose a general mathematical setting that can be used to address various
control problems arising in queues and, more generally, in the area of discrete event dynamical
systems. This formalism is based on recent works by Liu et al. [17] and Nain and Towsley [26] on
optimal service disciplines in multi-class single-server systems. We demonstrate the versatility of
this approach by applying it to a number of classical scheduling and routing optimization problems
in queues.

The proof techniques we use belong to three general classes: forward induction, backward induction
and interchange arguments. When applicable, forward induction provides a simple way of obtaining
very strong sample path comparisons between an arbitrary control or policy and the optimal policy.
In order to be applied, it is necessary to identify the hypothesized optimal policy and to derive
equations that capture the time-behavior of the system under any policy. The proof then consists
of a forward induction argument over times of all distinct events, establishing an ordering between
the hypothesized optimal policy and the arbitrary policy. Backward induction appears to be more
involved than forward induction. It requires more structural properties of the hypothesized optimal
policy. The approach based on interchange arguments is generally the most delicate of the three
approaches since it relies on the comparison of policies obtained through the interchange of control
decisions and/or the order of some events in the input sequence (typically, arrival times of customers,
service times, routings). When this happens, it is then essential to verify that the statistics of the

input data have not been changed and that inadmissible control actions (see definition in Section 2)



are not generated. It is worth noting that all three proof techniques are used in the Markov decision
process framework and are not unique to the sample path framework.

For each of these sample path methods, particular care is required when setting up the problem.
This includes choosing an appropriate state description, defining the underlying probability space,
writing down the dynamics of the system, choosing the statistical assumptions to be placed on the
input data, defining the class of admissible controls, selecting the cost function, etc. There are
typically several ways to describe the stochastic evolution of a system, not all of which permit a
comparison between two given policies. Once policies have been compared on a pathwise basis, one
can then compare the expectations of functions of one or more of the state variables. In general,
this is done by invoking the property that the statistics of the input data have not been modified
and by resorting to stochastic ordering (in particular, integral ordering) and stochastic comparison

techniques (see Section 3).

Sample path analysis is usually performed in the transient regime of the system. In order to compare
policies in steady state, one can either combine transient comparison results with a limiting argument
based on convergence assumptions, or work directly in the stationary regime. Both approaches are
illustrated in Section 6.

The paper is organized as follows. In Section 2, we introduce the mathematical setting that will
be used throughout the paper. In Section 3, we define various deterministic and stochastic par-
tial orderings useful for deriving optimality properties of control policies. We also describe useful
properties related to these orderings. In Section 4, we illustrate the use of forward induction in
establishing the optimality of control policies for queueing systems. Two applications of the for-
ward induction argument are considered: in the first one we establish the optimality of the join
the shortest queue policy for a queueing system with identical servers; in the second one we solve a
scheduling problem for a multiclass G/G/1 queue and use this result to show the optimality of the
pe-rule for the multiclass G/M/1 queue. In Section 5, we illustrate the use of backward induction in
establishing the optimality of the routing policy that routes arriving customers to the queue with the
smallest workload for a system of identical servers, each with its own queue. The routing problems
considered in Sections 4 and 5 differ in the information available to the decision-maker. Finally, in
Section 6, we illustrate the use of interchange arguments by revisiting two optimization problems:
in the first one, we discuss the extremal properties of the First-Come-First-Served (FCFS) and Last-
Come-First-Served (LCFS) service discipline with respect to customer response times; the second
one is the well-known Klimov’s problem. Reviews and discussions of related studies are given at
the end of each section.

Because some proofs are very similar, some of them are omitted for the sake of exposition. However,
each important concept is illustrated within at least one proof. This includes proofs that interme-
diate policies are admissible and that the statistics of the input data have not been modified after
the interchange of events. The proofs of these kinds of assertions are subtle and sometimes tedious.
However, they are important since they usually show why a policy is optimal within a particular
class of policies, and illustrate the need for particular statistical assumptions on the input data that
are required for the claimed result to be true.



2 The Mathematical Setting

In this section we outline the mathematical setting that will be used throughout this paper.

Let (2, F, P) be a probability space. Throughout this paper Q will be the canonical space of all
standard queueing input sequences such as, customer arrival times, customer service requirements,
customer routings, etc. Let ¢ be the identity mapping on €.

A typical example is Q = [[22; Q,, with Q,, = Ry x R4, where a generic element in € is written
in the form w = (W, wi,...,wl wl ...). Tt will be convenient to define the coordinate processes
(™) on Q as 7 (w) = w™ for all n = 1,2,..., m = 0,1, so that ¢ = (¢9,61,...,9%,¢%,...).
Here, ¢2 and ¢. may represent the arrival time and the service requirement of the n-th customer
in a queueing system, respectively.

We shall consider stochastic processes (Xp,), of the form
Xn = fale, (X012 (U)i5)!) € Sny n=12,3,..., (2.1)

where the initial state X7 € Sy is known, U; € A for i = 1,...,n — 1, and f, is a measurable
mapping from § X H?:_ll S; x A1 into S, respectively. Here, u = (U,), is the control and A is
the action set.

To illustrate this point let us return to the queueing system example. Define
X’n+1 = maX(O’Xﬂ + I(Un = 1) ¢'}L - ( '(V)L+1 - (b?),))’ n= 1a23 ceey

with X; = 0 and U, € {0,1}. Then, X, represents the workload at the arrival time of the n-
th customer in a FCFS single-server queue with customer inter-arrival times (¢2,; — ¢2), and

customer service requirements (4.),, where customers may be denied access to the queue upon

arrival (customer n is rejected if U,, = 0).

Associated with each system will be a collection of sets (Hy),, a collection (A(k))r of subsets of
the action set A, a sequence of measurable mappings (gn)n, gn : Q % [[i; S; x A"~ — H,,, and
a sequence of measurable mappings (ap)n, @, @ H, — {0,1,...}. We shall say that a control

u = (Up)n is admissible if, for every n =1,2,...,

U, = m(Ya) (2.2)
U, € A(an(Yn)), (2.3)
with Y, := gn(é, (Xi)2,, (U:)1=}), where 7, is a measurable mapping from H, — A for every

n=12....

Condition (2.2) reflects the fact that the decision-maker may only have partial information (i.e. Y)
on the system at a decision epoch, whereas (2.3) gives the admissible actions at a decision epoch.
In the following we will identify the set of all admissible controls for the problems at hand with the



set of all mappings 7 := (7, )n, hereafter referred to as admissible policies with a slight abuse of
terminology, associated with each admissible control, and we will use the superscript 7 to indicate
the enforced control (i.e., X7, UZ and Y,T).

Coming back to the example of the single-server queue, let A = A(1) = {0,1} and A(0) = {1}.
Assume that ¥;7 = ((XF)1y, (UF)7S!) for all n > 1, and an(¥;7) = L(X7 > 0). Thus, in this case

K3
the decision to admit or to reject a new customer is only based on the past and current state of
the workloads (and not, for instance, on future arrival times or future service times) as well as on
the past decisions. Also note from the constraints placed on U ,U7,... that a customer finding an

empty system will always be admitted.

We conclude this section with a discussion on randomized policies. Randomized policies may easily
be taken care of within this setting by enlarging the state-space 2 as shown in Nain and Towsley
[26]. In this paper we shall not consider randomized policies for the sake of clarity. Another reason
for this choice is that there will exist optimal policies that are non-randomized in all optimization
problems that we shall address.

A few words about some notation to be used throughout this text: R (resp. Ry, IN) will denote the
set of all real numbers (resp. nonnegative real numbers, non-negative integers). For any X-valued
mappings f and g, the notation f = ¢ will stand for f(z) = g(x) for all z € X.

3 Comparison Methods

In this section, we introduce some partial orderings on R"™, n > 1, that are used for deriving
our main results. We begin with orderings between deterministic vectors and then conclude with
stochastic orderings between random vectors.

Let z,y € R™. The elementwise ordering x; < y;, ¢ = 1,...,n, is denoted by x < y. For any
r = (x1,72,...,7,) € R", let z) > -+ > x[,) denote the components of z in decreasing order. Let
© be the set of permutations on {1,2,---,n}. For any vector z € R™ and for every permutation

0 € ©, define zg = (g(1), -, To(n))-

Definition 3.1 Consider a function f: R™ — R.

(i) f is increasing (decreasing) if x < y implies f(x) < (>) f(y). Here increasing (decreasing) is
taken to mean non-decreasing (non-increasing);

(i) f is convez (concave) if, for all o € [0,1] and z,y € R", z = ax + (1 — a)y implies f(z) <
(2) af(z) + (1 —a)f(y);

(iii) f is symmetric if f(x) = f(y) for any y = xy, where 6 € O;

(iv) f is conver (concave) in each variable if

fzry e yami + (1= Q)yiy oy 20) < () af (21,3 @iy ooy zn) (L — ) (215 oy Yiy ooy 2n)



foralla€0,1],i=1,...,n;
(v) f is L-subadditive (L-superadditive) if

flx,-. o zite,...xjten...,xn) + f(T1,-., Tise. Tj,. .., 2pn) < (>)

flri,.. zi+e,...zj,...,zn) + f(T1,..., T 25+ €2,...,2p).
The following deterministic partial orderings between vectors are useful in sample path arguments.

Definition 3.2 Let z,y € R™.

(i) @ is majorized by y (v <y) if S5, z) < >k Y, k=1,...,n =1 and 37w = 30 yp)s
(ii) = is weakly submagorized by y (x < y) if S5, o) < Sk Y, k=1,...,n;

(i4) = is weakly supermagjorized by y (x <" y) if 30 g 2 > ik v k=1,-..,n;

(iv) x is smaller than y in the partial sum sense (r <ps y) if b2 < SF v, k=1,...,n.

We introduce now a partial ordering on © which will be of use later on. Define the binary relation
R on © as: #' R 6 if there exist a pair of integers j < k, such that

0(j) > 0(k), 0'()=0(k), 0'(k)=00), 0'()=00), i#j, i#Fk. (3.1)
Define now a partial order <g on © as the transitive closure of R, defined by:

1. 0 <e 0 if O'R6;

2. 0" <g 0 if there exists 6" such that 8’ <g 8" and 8" <g 6.

Lemma 3.1 Let 71 <29 < --- <z, and y1 < yy < -+ <y, be real numbers. If §' <o 0, then

(yor — ) < (Yo — ). (3.2)

This is a special case of Lemma 3.4 in Baccelli et al. [1].

We will find the following corollary useful later on.

Corollary 3.1 Let x1 < x9 < - < xp and y1 < ya < --- < ypn be real numbers. Then, for all
e
(y —z) < (yo — ). (3.3)

This is a special case of Corollary 3.2 in Day [5].



When vectors are restricted to take nonnegative integer values, x,y € IN", we have the following
operations that preserve <. Let (., Yz € © be two permutations such that

T3,36) <TG (i+1) O TB,(i) = UB(i+1) and Gul)) <Bu(i+1),

:EXQ;(Z) > xXa:(i + 1), or me(l) = me(i + 1) and X;c(l) > Xz(l + 1).

In words, (5(i) (resp. xz(¢)) gives the index of the i-th smallest (resp. largest) component of z.
For example, if z = (3,5,6,3,5,2), then 8, = (6,1,4,2,5,3) and x, = (3,5,2,4,1,6).

Let e; € IN" be the vector whose components are zero except the i-th component which is one.

Define A;(x) = a:+eX (i) the vector that is obtained by adding one to the i-th largest component of
x

z,and D;(z) = z— l(a:Xm(Z-) >0)e the vector that is obtained by subtracting one from the i-th

Xa (1)
largest component of x if this component is strictly positive. These operations would correspond to
the arrival or departure of a customer, respectively, at the i-th largest queue in a queueing system.

Lemma 3.2 For z,y € IN,

(1) if £ < (<w) y, then Aj(x) < (<w) Aj(y), for 1 <j<i<n;
(i1) if © <y y, then Di(x) <y Dj(y), for 1 <i<j<mn;

(153) if © <y y, then Di(x) <y y, for 1 <i <mn;

() if x <y y, then © <y Aj(y), for 1 <j <n.

Definition 3.3 A function f : R" — R is Schur convez if f(x) < f(y) for all x < y.
The following result can be found in Marshall and Olkin [22, p. 59].

Lemma 3.3 A function f: R™ — R is increasing (resp. decreasing) and Schur convez if and only
if f(z) < f(y) for all x <y y (resp. © <" y).

We are interested in the following classes of functions.

Ci = {f:R"— R|f Schur convex };
C; = {f:R"— R |f convex and symmetric };

Cs = {f:R"—>R|f(x)= Zg(xz) for some convex function ¢ : R — R};
i=1

n

J
Cy = {f:R"HR\f(x):Zx[i] orf(:t):—Zx[i] for some j =1,...,n};
=1

=]

Cs = {f:R"— R |f symmetric, L — subadditive, and convex in each variable }.



The classes of functions C;, i = 1,2, 3,4, were introduced in Marshall and Olkin [22] and class Cj

in Chang [4]. Let CJ = {f | f € C; and f increasing} and Cil = {f|f € C; and f decreasing},
i=1,2,...,5.

The following relationships exist among these classes of functions: C3 C Co C Cy, C3 C C5 C ;.

We introduce the following partial orderings for random vectors.

Definition 3.4 Let X, Y € R" be two random variables.

(i) X is stochastically smaller than'Y (X <4 Y ) if E[f(X)] < E[f(Y)] for all increasing f : R™ —
R;

(ii) X is smaller than Y in the sense of convex ordering (X <. Y ) if E[f(X)] < E[f(Y)] for all
conver f :IR" - R;

(iii) X is smaller than Y in the sense of increasing (decreasing) convezr ordering (X <icz (<dgez) Y)
if B[f(X)] < E[f(Y)] for all increasing (decreasing) convez f:R"™ — R;

(iv) X is smaller than Y in the sense of E; (E}, E}) ordering (X <g, (<1 <p) Y)ifE[f(X)] <

(2

E[f(Y)] for all f €C; (c], C}).

These notions of the stochastic ordering on the random variables (or vectors) can be generalized to
stochastic processes. Let X; and Y; be two stochastic processes, t € R4. The process X; is said to be
smaller than Y; in the sense of <z for a certain class of functions F, denoted by {X(¢)} <z {Y(¢)},
if

Vn €N, V(t,tg,-- 1) €RY", (X(t1), X(t2), -+, X(tn)) <7 (V(t1), Y (t2), -+, Y (tn))-
These could be the class of increasing functions (<), convex functions (<.;), etc.

The E; ordering has received little attention in the area of control of queues because it does not
exhibit useful closure properties. Although FEs results exist in the literature regarding control of
queues, they have not been obtained via sample path arguments. Instead, they are usually obtained
via the following closure property.

Proposition 3.1 Let XM, X®) e R” and YV, Y (2) € R"™ be pairs of independent random vectors
with exchangeable components. If X <p, (<gp1) YO, i = 1,2, then XU + X® <p, (gt
2 2

YW 4 y@),

This is a useful property because <p, is not closed under convolution. We will show an example

where an EI ordering will be established via sample path arguments and the above closure property
coupled with the fact that Cy C C; will yield an Ey ordering (Section 6).

Some of our results will require that random variables (r.v.’s) have distributions with increasing
failure (hazard) rate (IFR) or increasing likelihood ratio (ILR). A r.v. X € R4 has IFR (or has an



IFR distribution) if and only if
Xs >st X, 0<s<t,

where X; is the remaining life of X which has reached the age of t.

In order to define the ILR distribution, we first define the likelihood ratio ordering. Let X,Y € R

be two continuous nonnegative random variables with density functions fx and fy respectively. A

random variable X is smaller than a random variable Y in the sense of likelihood ratio ordering
fr@)/fx(@) < fy(y)/fx(y), 0<z<y.

One of the properties of the likelihood ratio ordering is that it implies the strong stochastic ordering,
ie.,
X<pY =5 X<V

The random variable X € Ry is said to be increasing in likelihood ratio (ILR) (or has an ILR
distribution) if
Xle’rXta OSSSta

where X; is the remaining lifetime of X which has reached the age of t. A random variable is ILR
if and only if its density function is log-concave (or, Polya frequency of order 2). One example is
the r.v. with the gamma distribution with shape parameter greater than or equal to 1.

The likelihood ratio ordering can also be defined for discrete random variables. We say that X <;. Y
it P(Y = z)/P(X = x) increases in . Last, an ILR random variable has an IFR distribution.

4 Forward Induction

In this section we will illustrate the use of forward induction in establishing the optimality of
control policies for queueing systems. When it is applicable, forward induction provides a simple
way of obtaining very strong sample path comparisons between an arbitrary policy and the optimal
policy. In order to be applied, it is necessary to identify the hypothesized optimal policy and to
derive equations that describe the behavior of the system under any policy over time. The proof
then consists of a forward induction argument over the times of all distinct events establishing an
ordering between the hypothesized optimal policy and the arbitrary policy. As we shall see, care
must be taken in defining the probabilistic structure of the system. Typically there is more than
one way of describing the evolution of a system but not all of them make possible a comparison
between the optimal policy and the arbitrary policy.

We shall consider two applications of forward induction in this section, one establishing the opti-
mality of the join the shortest queue (SQ) policy for a system of identical servers, each with its
own queue; the other establishing the optimality of the uc rule for the multiclass G/M/1 queue.
The first application will demonstrate some of the subtleties in choosing the appropriate proba-
bilistic structure whereas the second application will demonstrate the application of sample path
arguments, even in the case where the optimality result is in expectation.



Optimality of the Join the Shortest Queue Rule

As a first application, consider K identical servers, each with its own infinite capacity queue. We
shall assume without loss of generality that the first customer enters an empty system. Customers
arrive according to an arbitrary arrival process and, at the time of their arrival, are routed to one of
the K queues. Customer service times are independently and identically exponentially distributed
r.v.’s with mean 1/u. Last, each queue is served by a non-idling scheduling policy. The objective
is to determine the routing policy that minimizes some cost function of the joint queue lengths.
We will show that the policy that routes a customer to the server with the shortest queue (SQ) of

customers minimizes a rich set of cost functions.

We present a probabilistic description of the system.

Let Q8 =Ry, k € {0,1,..., K}, and let (2, F) = ((IT32; Q8) 5+, o(([152, 26)K+)) . For every

w= (W}, wy,..), (Wl wl . ), ... (WK Wl .)€ Q, define the coordinate processes

bn(w) = wp,
foralln=1,2,..., k=0,1,... , K.
Let P be any probability measure on (Q,F) such that (¢2),,...,(¢X), are independent Poisson

processes, each with rate p, independent of ¢° := (¢0),, and such that ¢} < ¢y < .-+ a.s. and

lim,, s d)g = 00 a.s.

For every n = 1,2,..., 2 will represent the arrival time of the n-th customer in the system. Note
from the definition of P that the arrival process ¢° is arbitrary as long as it is independent of

the Poisson processes. The interpretation of the Poisson processes (¢f)i, k = 1,2,..., K, is given
below.

It is useful to merge ¢°, ¢',...,¢" into a single ordered sequence of event times which will be
referred to as 1 < t9 < ---. Note that we can assume without loss of generality that at each time

epoch t,, there is only one event, as (@})n,---,(¢X), are independent Poisson processes. As it is
necessary to identify the type of event that occurs at time t,, let e, € {0,1,..., K} where e, = k

if t, = qbf for some | <n, k €{0,1,...,K}. Here, e, = 0 corresponds to an arrival.
Recall the definition of D;(x), x[;), e; given in Section 3.
Introduce the processes (QF)%,, QT € NX as

Q = 0 (4.1)
Qni1 = 1(en >0)De,(Q7) + 1(en =0) (evy + Q) n=1,2,..., (4.2)

where the admissible controls (U] ), are in the form

Uz = mn (6% QD) (UF)IS!), forn=1,2,.... (4.3)



In (4.3), (7p)n := 7 is any collection of measurable mappings 7, : Ry N x (N®)" x {1,2,... , K}"~!
into {1,...,K}. Let II be the collection of all such mappings. As mentioned in Section 2, we will
identify the set of all admissible controls to the set II.

It is worth observing from (4.2) that the value of U] is irrelevant when e,, > 0. Therefore, although
decisions are made at all times t1,ts,..., only those occurring at arrival times will influence the

process (QF ).

From (4.1)-(4.3) we define the continuous-time process (Q™(¢),t > 0) as

oo

Q)= 3 Q(t)l(tn St < tns1), VE>0. (44)

n=1

We claim that the distribution of the process (Q™(¢), t > 0) is the same as the distribution of the
process (Q7(t), t > 0), where Q7 (t) is the queue-length vector at time ¢ in the original queueing
system, when at time ¢, the routing decision (777{ (if it applies, namely, if e, = 0) is given by

ﬁ;{ =, (qﬁo, (Qf);;l, (ﬁf)?;ll), for every n =1,2,....

We shall not give a detailed proof of this equivalence. The proof relies on the fact that because

of the exponential service times, (¢F), in (4.2) is the virtual departure process of the k-th largest
queue under any routing policy, for every k =1,2,..., K.

We shall denote by II the set of all admissible routing policies. Let arg mini<;<x x; denotes the
smallest index 4 in {1,2,..., K} such that z; < z; forall j =1,2,..., K.

Let p € II denote the policy that always routes customers to the shortest queue, namely,

0 PN\TL py\n—1 _ . p
Pn (¢ AQ7)iz1, (UF)ish ) = arg 151@13“1( Qk,m (4.5)

where Q,’;n is the k-th component of the vector Q7.

We are now in the position to state and prove the following result.

Theorem 4.1 The SQ policy p is the optimal policy out of the class of policies II in the sense that

it minimizes the joint queue length process in the sense of EI, in other words,
Q1) <4y Q) (46)

Vt >0 and © € IL.

Proof. Let m € II be an arbitrary routing policy. Condition on a single sample path w € Q2. We
will establish that
Q(t) <w Q7(t), t=0, (4.7)

10



by induction on the event times.

Basis step. Because the first customer always enters an empty system (4.6) trivially holds for
0<t <.

Induction step. Assume that (4.7) holds for 0 < t < t,,. Application of Lemma 3.2(i) with i = K
and j < K in the case of an arrival and Lemma 3.2(ii) with ¢ = j = e, in the case of a service
completion yields (4.7) for ¢ = ¢, (here ¢ = j when e, > 0 because of the construction (4.2) that
ensures that at time ¢,, a departure, if any, will occur in the k-th largest queue both in the system
governed by p and in the system governed by =; this is the justification for the construction (4.2)).

As there is no change in the process (Q™(t), t > 0) in the interval [t,,t,11), (4.7) holds for 0 < ¢ <
tot.

It follows that E[f(Q”(¢))] < E[f(Q7(t)] for all ¢ > 0 and for all increasing and Schur convex
functions f which in turn yields (4.6), thus completing the proof. 1

This result was first established in Ephremides et al. [6].

Using the same type of arguments, this result has been extended in a number of different directions.
For example, if the queues associated with the servers have finite capacities (which need not be
identical), then the join the Shortest Non-full Queue (SNQ) policy has been shown to be optimal
in the sense that

(L%t s <o {L™(t)}i0
QL) <gm QT

for all policies 7 that know the arrival times of all customers, all past queue length information and
are required to route a customer to a non-full queue if one exists. Here {L"(t)} denotes the loss
process for this system operating under policy w. Details of this and related finite capacity routing
problems can be found in Sparaggis et al. [31] and in Towsley et al. [37].

In Ephremides et al. [6], besides stating and proving a result similar to (4.6), the authors also
established the optimality of the Round Robin policy (RR) among the class of policies that use no
information on the state of the queues, under the assumption of i.i.d. exponential service times,
arbitrary arrivals and identical initial queue lengths at all of the servers. The trick here is to find
a probabilistic description of the system appropriate for proving the result. In that paper, the
authors described a system with an arbitrary arrival process and with a Poisson process to describe
service completions. Each event in this process signals the simultaneous departure of customers at
all non-empty queues. Because routing policies are unable to make any use of information regarding
departures from servers, this probabilistic description does not affect the behavior of a policy.
Although there is no equivalence between the joint queue lengths in the system defined above and
the system of interest, the marginal queue lengths at each queue have the same statistical behavior
in both systems.

Let QT (t) denote the queue length vector for the system described above. It is proven in Ephremides
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et al. [6] that the individual queue length statistics for this system are identical to those for the
original system, hence

Qr(t) =t QF(t), 1<k<s,t>0.

The proof that the RR routing policy is the optimum policy consists of using the weak majorization
arguments of Theorem 4.1 to establish

Q) <y Q7(1), VE20, (4.8)

which has as its consequence,
QFR(t) < Q7(1), VE20. (4.9)

This result has been generalized in two ways. First, RR has been shown to minimize the process of
the number of losses at all times when all buffers have the same finite capacity and service times
are exponentially distributed (see Sparaggis et al. [32]). Second, RR has been shown to be optimal
in the case of infinite capacity buffers and i.i.d. service times with a distribution having increasing
failure rate (see Liu and Towsley [21]). This last result of [21] has recently been extended to the

case of i.i.d. service times with general distribution by Liu and Righter [18].

Similar ideas have been applied to the problem of scheduling n different classes of customers to
a single server (see Towsley et al. [35] and Sparaggis et al. [30]). The latter study establishes a
duality result between routing problems and scheduling problems.

Last, Chang [4] has used forward induction to establish the optimality of the balanced Bernoulli

routing policy for identical servers and general service times out of the class of Markovian routing

policies with positive correlation. This result is interesting because it is based on an <, ; ordering.
5

Optimality of the puc-rule

We provide an additional example of the usefulness of the forward induction argument. There are
K classes of jobs to be processed on a single server, equipped with a buffer of infinite capacity.
Each arriving job carries with it a random service requirement and leaves the system as soon as it
completes service.

At every arrival and service completion epoch a decision-maker has to decide what class of customers
is given access to the server until the next decision epoch. Within classes the service discipline is
irrelevant.

The objective is to find an allocation policy of the server to the classes of customers that minimizes
some weighted cost function, namely, a weighted sum of the remaining service requirements and a
weighted sum of the expected number of jobs in the different classes.

We now give a more precise description of the model. Let Q) = ]RE X ]RI:LI for k =1,2,..., K,

and let (Q,F) = (Hle Qk,0<HkK:1 Qk)) For every w = ((w},wl),..., (W, wk)) in Q with
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m _ m m _ .
wpt = (wk’l, Wiy, - - .) for m = 0,1, define the coordinate processes

¢?k1?n(w) = wlrcrjna

foralln =1,2,..., k=1,2,...,K, m = 0,1. Forevery n =1,2,..., k =1,2,..., K, qbg’n and
gb,{z,n are the arrival time and the service requirement, respectively, of the n-th customer of class k.

Let ¢ = ((ng’n,qS,lc’n)oo )E_| be the identity mapping on Q. Also define ¢° = (¢2,n)k,n to be the

n=1

sequence of all arrival times.

In the following it will be convenient to think of this system as a system with K queues and a single
server where customers of class k£ join queue k upon arrival, for k =1,2,..., K.

Let P be any probability measure on (£2, F) such that 0 < ¢271 < ¢>2’2 < ---as. and lim, ¢27n =
o0 a.s. forevery k=1,2,...,and 0 < qﬁ,{m <ooas. foraln=1,2,....,k=1,2,..., K.

Here, an admissible policy m, hereafter referred to as an admissible scheduling policy, is a collection
of measurable mappings,

mn t RY x (NK)" x (Rf)" % {1,2,... K}"L = {1,2,... K},

such that 7, (z, (qr.1) K 1, - s (@) B (e )KL (en) B, (wi) P2 1) is the allocation of the server
at the n-th decision epoch given that ¢ = x, the number of customers (resp. total unfinished work)
in queue k (k =1,2,..., K) at the i-th decision epoch was g ; (resp. vg;) fori =1,2,...,n—1, the
current number of customers (resp. total unfinished work) in queue k is gk (resp. vkn), and the
previous decisions are uq,...,uy—1. The decision k indicates that the server is allocated to queue k

until the next decision epoch.

We shall denote by II the set of all admissible scheduling policies. Let us assume that the first
customer enters an empty system. Then, given a policy m € II, it is easy to construct stochastic
processes representing the number of customers in queue k at time ¢ (denoted as Q7 (¢)), the un-
finished work in queue k at time ¢ (denoted as V}7(t)), the occurrence of the n-th decision epoch
(denoted as 77) and the decision made at the n-th decision epoch (denoted as UT). Observe, in
particular, that

U7 = m (6, (QEENC 1 QE I (T - (DS, U7

for all n = 1,2,..., so that at any decision epoch the decision-maker can use information regarding
future arrivals and future service times, as well as service times of customers presently in the system,
the number of customers (resp. unfinished work) in each queue, and the previous decisions. Also
note that idling policies are allowed since the server may be allocated to an empty queue, and that
the decision is irrelevant when the system is found empty just after a service completion. Clearly, the
information available at a decision epoch exhibits some redundancy since past and current queue-
lengths and workloads can be determined if one knows ¢ and the past decisions. This redundant
information is introduced for future use (e.g., see (4.10)).
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Consider the cost function 5 | 7, V77 (t) where the weights ()1, satisfy r; > rg > -+ > rg > 0.

Denote by v € II the policy that always allocates the server to the non-empty queue with the highest
weight, namely,

Ud = (¢ (Qk(Tl ))k 1r- (Qk( ))k 17(Vk7(717))£(:17 s (Vie(7, ))g 17(U17);L 11) =k, (4.10)

if Y1 QF(77) = 0 and if Qf () > 0.

Define V™(t) = (V" (t),...,VE(t)) for all ¢ > 0. We have the following result:

Theorem 4.2
Z e Vi (8 Z e Vi (t (4.11)

for allt >0 and 7 € II.

Theorem 4.2 follows from the following two lemmas, the first of which is proven in Nain and Towsley
[26]:

Lemma 4.1 Let (a1,...,ax) and (bi,...,bx) be RE-valued vectors such that XF_| a; < K, b;
fork=1,2,..., K. Then,

K K
> rear <Y ri b (4.12)
k=1 k=1

Lemma 4.2

V(t) <ps VT (1), (4.13)

for allt > 0 and for all w € 11.

Proof. Let m € II be an arbitrary policy. Condition on a single path w € Q. Let (t,)22,,
0 < t; <ty < --- be the sequence resulting from the superposition of the K arrival processes

( g,k)n,k, of the K departure processes in the system governed by policy =, and of the K departure

processes in the system governed by policy 7 (simultaneous events are allowed). Observe that
lim,, o t, = +00 a.s. thanks to the definition of P.

The proof is by induction on the times of events.
Basis step. Because the first customer enters an empty system (4.13) trivially holds for 0 < ¢ < ¢;.

Induction step. Assume that (4.13) holds for 0 < ¢t < ¢, and let us show that it is still true for
tn <t <tn41. There are two steps.

Step 1: ¢, <t <tpt1.
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If K, V(t,) = 0 then (4.13) clearly holds for t,, <t < t,41.

Consider the case that >5,V.(t,) > 0 and let I = min{i = 1,2,..., K : V;'(t,) > 0}. By the
definition of v and of the sequence (¢,) ; we have

(V@) V) = (00, 0,17 (0n) = (8 = ), V4 (ta)s -, ViL(E) ) - (4.14)

For k =1,2,...,1 —1, it is seen from (4.14) that
k
0=> V() <Y Vi ()
i=1 i=1

On the other hand, we have for k = 1,1+ 1,..., K, cf. (4.14),

zk:Vﬂ(t)=zk:Vi(t) (t—tn) <Zv7f (t — tn) <ZV7T

where the first inequality follows from the induction hypothesis.
Step 2: t = t,41.

Clearly, for 6 =vyand 6 =«
V;é(tm—l) = V;é(t;u—l) + Z ¢ll,z 1 (¢?,2 = tn—l—l) )
=1

fori=1,2,..., K. Inequality (4.13) at time t,4+1 then follows from step 1. 1

We now show how the above sample path property can be used to establish the optimality of
the pc rule for the G/M/1 queue. More precisely, we now address the minimization of the cost

function Y5 | cx E[QF(t)] where c;’s are arbitrary nonnegative constants. We restrict the analysis

to policies in II that do not know future service requirements. In other words, a policy © = (7, )n
is now an admissible scheduling policy if

7= (% QEETNEL, - QRN (UF)E)

where 7, is a measurable mapping from 7, : ]Rﬂ\_I x (NFY x {1,...,K}*! — {1,2,...,K} for
every n = 1,2,.... Let I" be the set of all such policies. Observe that the policy v belongs to I' (see
(4.10)).

In addition to the conditions placed on the probability measure P, we shall assume that P must

be such that the sequences of service requirements (cﬁ%n)n, el (gb}(,n)n in queues 1,..., K, respec-
tively, are mutually independent i.i.d. sequences of r.v.’s such that P(gb,{:’n <z)=1-—exp(—prx)

(exponential service requirements), further independent of the arrival process ¢°.
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Theorem 4.3 Assume that puicy > pgcy > +++ > pgckg > 0. Then, the scheduling policy in T

that always allocates the server to the non-empty queue with highest uycy (the so-called pc-rule)

minimizes the cost function Y b, ¢ E[QF(t)] over all policies in T, for all t > 0.

Proof. An argument based on Wald’s lemma yields E[Q7(t)] = up B[V (t)] for k = 1,2,..., K,
t > 0, when 7 € I'. This combined with Theorem 4.2 (with ry = prcg, £ =1,2,..., K) yields the
desired result. n

Theorem 4.3 says that the pc-rule is optimal out of the policies that may know future arrival times,
past and current queue-lengths and past decisions, but not present and future service requirements
in a multiclass G/M/1 queue. Proofs of the optimality of the uc-rule based on interchange arguments
(see Section 6) have been obtained by Baras et al. [2], Buyukkoc et al. [3], and Nain [24].

5 Backward Induction

In this section, we illustrate the use of backward induction in establishing the optimality of the
routing policy that routes arriving customers to the queue with the smallest workload for a system
of identical servers, each with its own queue. The routing problem considered here differs from the
one analyzed in Section 4 in that the decision-maker has now information on the workloads.

Consider a queueing system with K > 1 servers labeled 1,2,..., K, each server being equipped with
its own infinite-capacity waiting queue. When a customer arrives in the system, it is immediately
routed to one of the K queues. The routing decisions are made based on the current workload of
the queues. The customer arrival times are arbitrary and the customer service times are i.i.d. r.v.’s
which are independent of the arrival times.

We will assume that the system is initially empty. However, the result of this section holds for
arbitrary initial workload, provided it is independent of the sequence of service times. Similarly,
we will not deal with randomized policies for sake of simplicity. Nevertheless, using the technique
presented in Nain and Towsley [26] one can easily extend our result to the larger class of policies
that include randomized policies.

We give below a precise description of the underlying probability space for this model. Introduce
Q, =Ry x Ry and let (2, F) := (II521 @, 0 (ITheq ). For every w = (wp,w1,...) € Q with

wn = (WY, wk) € Qp, define the coordinate processes

P (W) = wy, (5.1)

for all n = 0,1,..., m = 1,2. Observe from (5.1) that the mapping ¢ : Q — Q defined as
¢ = (89,0}, 09,83, ...,8%, ¢L,...) is nothing but the identity mapping on €. In the following we
shall use the shorthand ¢ = (¢ )n,m and ¢™ = (¢} )n-

The components of the input process ¢ will receive the following interpretation: for every n =
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1,2,..., ¢2 and ¢! are the the arrival time in the system and the service time, respectively, of the
n-th customer.

Let P be any probability measure on (€2, F) such that the service times form a sequence of i.i.d.
random variables with arbitrary distribution and that the arrival process is independent of the
service times but otherwise arbitrary. We will assume without loss of generality that the system is
empty when the first customer arrives.

Here, an admissible policy 7, hereafter referred to as an admissible routing policy, is a collection of

oo

measurable mappings (7,)52 ,

Tt RN x (]R+K)" xRy" 1 x {1,2,... . K} 1 = {1,2,... K},

0 l)n—l

s(wi)iey, (23)i5
that ¢ = 0, the vector of the workloads at the i-th arrival epoch was w; fori =1,2,...,n—1, the

current vector of the workloads is wy,, the service times of the (n — 1)-st customers are z1,..., 2L |,

such that m, (z (u;)7~") is the queue to which the n-th customer is routed to given

and the previous routing decisions were u1,...,u,—1. We shall denote by II the set of all admissible
routing policies.

Given 7 € II, we have the following evolution equations for the workload in the system:
T T 1 T 0 0 + <
Wn+1,k: (Wn,k+¢n l(Un :k)_( n—|—1_¢n)) k:132a"'7Ka TL:1,2,..., (52)

with (z)" := max(0,z), where Vk, Wi, =0, and

Ur = mn (¢ (W), (6D, (UF)ES) (5.3)

foralln=1,2,.... In (5.2) i 1s the workload in queue k just before the n-th arrival epoch, and

U] is the queue to which this customer is routed to, under policy = € II.

As in the example of the optimality of the pc-rule (cf. Section 4), it is worth noting that the
information available at a decision epoch exhibits some redundancy since the workload in queue k
just before the arrival of the n-th customer may clearly be determined from the arrival times ¢° and
from the sequence of service times (¢} )"_' as shown in (5.2). The reason for introducing explicitly
the past and current workloads in the definition of an admissible policy will become apparent soon

(see (5.5)).

Define W7 = (WT,...,W[) to be the vector of the workloads just before the n-th arrival epoch.

Rewriting (5.2) in vector form yields

. +
ma= (Wi teurol —i(@0, — %) . n=12..., (5.4)

with i:= (1,1,---,1), where the notation (v)* stands for ((v1)¥,..., (vk)") if v = (v1,...,vK) €
RX (see the definition of e, := (0,---,0,1,0,---,0) in Section 3). Recall that arg mini<j<k T;
denotes the smallest index i in {1,2,..., K} such that z; <z, forall j =1,2,... K.
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Let p € II denote the Smallest Workload (SW) policy that routes every customer to the queue with
the smallest workload, namely,

pu (%, ). IS ()2)) = ang min ve n =12, (5

where 20 € RN, v; = (Vig,--,ViK) € R, %, 2} € Ry and u; € {1,2,...,K}.

Observe from the definition of arg min that if two queues or more have the smallest workload then
the customer is routed to the queue with the smallest index among these queues.

The following result is due to Foss [8, 9, 11]. The proof we give here is based on that in Foss [11].

Theorem 5.1 The policy p is optimal in the sense that

WE <gr Wi, (5.6)

foralln =1,2,... and for all w € II.

Proof. Relation (5.6) trivially holds for n = 1 since W{ = W] = 0. Let n > 2 be a fixed, arbitrary,

integer.

Let 7 € II be an arbitrary policy and define 7(; ;) = (71, T141,+++, ) for all 1 <1 < m.

For any k € {1,2,...,n — 2}, define 7(¥) € II to be the policy that makes the same decisions as
at the first £ decision epochs and then switches to the SW rule at decision epochs £k +1,...,n —1,
namely,

k
7TEl,)n—l) = T(1,k)P(k+1,n—1)- (5.7)
What 7(*) does after the (n — 1)-st decision epoch is irrelevant.

We shall use a backward induction argument to show that for 0 < k <n — 2,

n

(8 x
Wi < W (5.8)

Basis step: k=n — 2.

Since 7r(-n_2) =

; m; for j =1,2,...,n — 2, it is clear that for all w € Q

a(n—2)

_ T
Wity (w) = Wi (w). (5.9)
Since
(n—2) . . (n—2)
Ur =U? , =arg min w’_, =arg min w”
n—1 n—1 glﬁng n—1 ngjSK n—1 >
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we obtain from (5.4) that

(n—2) (n—2)

+
Wi = ( n-1 t+ Cym(n=2) $r1 —1(gn — ¢21)>
™ 1 co0 40 \\T
= (Wn—l + eUﬁ_l ¢n—1 —1 (¢n - ¢n—1))
. +
= (W;{fl + eU;[_1<I571171 —i(gp — ¢271))
= W,
where the ordering < is defined in Section 3 (see Definition 3.2).
Therefore, relation (5.8) holds for k =n — 2.

Inductive step: assume that for a given [, 1 <1 <n —2, (5.8) holds for all ] < k <n — 2. We will
prove that (5.8) still holds for &k =1 —1.

Define IT,, to be the set of all finite collections of mappings (7, )n,_; such that (5.3) holds for
m=1,2,...,n. We shall use the following lemma whose proof will be provided later.

Lemma 5.1 Let n > 2 be an arbitrary positive integer, and let m € II be an arbitrary policy. Then,

for any arbitrary k € {1,2,...,n — 2}, there exists a policy ~v*) € 1I,,_1 such that

’Y((i)k) = T(1,k—1)Pk> (5.10)

and

wy® < wr®, (5.11)
1

Thus, by applying Lemma 5.1 to 7() entails the existence of a policy ") € II,,_; such that

nH o _ _( —
7((1)51) = W((l),l_l)m = T(1,1-1)P1L,

and
0

wy < wirt. (5.12)
1

n

Applying the inductive assumption to policy ~® implies that there exists a policy ) € II,,_; such
1

that v = 7((1)71)/)([4_1771_1) and that

o Q)
Wy < W (5.13)

Since

v = 7((i)’l)p(l+1,n—1) = T(1,1-1)PIP(I4+1,n—1) = W(l_l)a
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we obtain from relations (5.12) and (5.13) that

=1 O] O] )

n

where the last inequality uses again the inductive assumption. This completes the induction.

The proof is completed by noting that ﬂé(l))nil) = P(A,n—1)- I

Proof of Lemma 5.1. Let m be an arbitrary policy in IT and let £ € {1,2,...,n — 2} be a
fixed integer. Recall the definition of arg min given earlier in this section. Let r = U] and s =

argmini<j<x Wy;. Here 7 is the queue where the k-th customer is routed to and s is the queue

with the smallest workload at the k-decision epoch, in the system governed by =.

Define
Q= {we QW) — (B41(w) — W) <0 or r(w) = s(w)}

We construct a new input process ¢ = (¢')nm on € such that on Q — Q the service times of

customers k and k + 1 are interchanged. More precisely, for all w € €,

Vi) = $iw) 21, i#k i#k+l
Ghw) = Gk (we)+ i (w1 (wen-0)

@) = G (we2-0)+ w1 (ve).

The key observation is that both processes ¢ and 1 have the same distribution. The proof, given in
the Appendix, relies on the fact that policies in II do not use information on future service times,

including the service time of arriving customers.
We now define a new policy v*¥) € II,,_; as follows. First, let

A= d® fori=1,2,. k-1 (5.14)

%(k) = ;i (5.15)

so that v(*) follows = during the (k — 1)-st decision epochs and follows the SW rule at the k-th
decision epoch.

Since ¢° = % and ¢} = o} fori =1,2,...,k — 1, it is worth observing from (5.14) and (5.15) that
for all w €
WY (W) = Wi (4w), i=1,2....k (5.16)
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We now complete the definition of policy v*). Define the r.v.’s (Uj);‘;,i 41 88
(k) .
UES () i r(w) = s(w)
Uk+1(¢(w)) = (5.17)

r(w) otherwise,

and, for j=k+2,...,n—1,

( (k) . _ .
Ur(w), if r(w) = s(w) or if

W (@) > 60,1 (w) — DY)

+s(w)1 <U]7-T(k) (w
+ U7 (w) 1 (Uf

& N
Il

r(w))
)(w) ¢ {r(w),s(w)}) , otherwise,

\

(5.18)
for all w € Q.

It is shown in the Appendix that there exist mappings (%);}:—;H, i RyNxRIT = {1,2,..., K}
such that
~ —1 .
U =5 (v, 12), j=k+1,2m -1 (5.19)

= forj=k+1,...,n—1.

The definition of 4(*¥) is then completed by letting fyj(-k)

We now compare w™ (Y(w)) to Wi“(k)(gb(w)) for i = 1,2,...,n. We have already observed (see

2

(5.16)) that W;’(k)(w(u))) = Wi"(k)(gb(w)) for i = 1,2,...,k. On the other hand, it is easily seen
from the definition of v*) and v that for all w € Q,

Wi (W) = Wi ($(w) i=k+1cin, jE{L2. K} —{s(w),rw)}  (5.20)

Consider now the workloads in queues 7 and s. Let Q' = {w | r(w) # s(w)}. It is clear that for all
we Q- W' (W) = Wr* (¢(w)) for i = k +1,...,n. Therefore, on Q — ¥, the workloads
are identical in both systems (one by 7(k) with input process ¢, the other by (¥) with input process
¥):

W W) = WP (pw), weQ-, i=12....n (5.21)

Consider now €. Using the evolution equation (5.2) together with the definition of 4*) (cf. (5.15)
and (5.17)) and 1, we obtain that on QN €,

() + +

Wi oy @) = (W) @) + k@) — 0 @) = 93(@)) " — (@) — 901 (@)))

21



+ +

= (WE (@) + Bh(w) = (B011(w) = 60(@)) " = (#42(w) = dh11 (@)))
< (WL (0@) + 8hw) = (8041(w) — 60(@))) " — (#42(w) — 041 (w))

= W) (0(w)), (5.22)

+ +

and
W 0(@) = (Wha(@) — @5w) — ¥4 @)*
= (Bh1 (@) — (9s(w) = sy (@)

(k)

= Wiiasw)(0W)). (5.23)
Similarly, on (2 — Q) N ¢,

N
W sy (@) = ((W,z;"(l,)w(cu» T 9hw) = s (@) - 92() — W) - w2+1(w>>>

= ((W,z:i’zl,><¢<w>> 0k 11 (@) — (8041 (©) — 62()) " — ($4a(w) - ¢2+1<w>>)+
< ((W,z:i’zi,><¢<w>> — (1 (@) — B2@)  Bhar(w) — (B4r(w) - ¢2+1<w>>)+
= W) (@), (5.24)

since (z +y)T <zt +y if y >0, and

,Y(k) (k)

N
W, oy (W(@) = ((W,z,r(w)ww)) (W1 (@) — D))+ (@) — () - w2+1<w>>)

b +
— (W2 0) ~ (641 @) — @) "+ 8h) — (B4a) - s (@)

(%)

= (W) (3(@)) = (B41(w) — (@) + 91(w) — (B45(w) — B @)

+ +

(k)
— (W2 (6D + k@) - (@1(0) = D) = (Bal) — Ba(@))
(k)
= Wit w)(¢W)), (5.25)
where the third and fourth equalities follow from the definition of the set £ — Q.

Using now (5.21) and (5.22)-(5.25), together with the definition of 7\¥) when i > &k +2 (cf. (5.18)),

2

we obtain for all k + 2 < i < n that if W,Z:C(L)(qﬁ(w)) > ¢ 1(w) — @) (w) or 7(w) = s(w), then

Wi @@) < W) (6w) (5.26)
Whoy®w) < Wi (6(w)). (5.27)
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otherwise

Wi (@) < Wi (6(w) (5.29)
W (b)) < W (6(w)). (5.20)

Therefore, cf. (5.20), (5.26)-(5.29),
Wi (W) <w Wr (g(w)), Yw e Q. (5.30)

Relation (5.30) together with the equivalence in law of the processes ¢ and 1) and the property that
¢ is the identity mapping on € readily imply (5.11). 1

Note that if the waiting buffers of the different queues in the above routing problem is considered
to be merged together, then the SW policy is identical to the FCFS discipline. Related results are
discussed in the next section.

6 Interchange Arguments

In this section, we illustrate the use of interchange arguments by revisiting two optimization prob-
lems: in the first one, we discuss the extremal properties of the FCFS and LCFS service discipline
with respect to customer response times; the second one is the well-known Klimov’s problem.

Extremal Properties of FCFS and LCFS

We consider the effect that non-idling, non-preemptive scheduling policies have on customer response
times. In particular, we illustrate how interchange arguments can be used to show that FCFS
minimizes, in a sense to be made precise, the variability in customer response times. A similar
interchange argument can be used to show the reverse is true with LCFS.

Let Q, = R, xRy and (Q, F) = ([T, Qn, o(TTYZ; Q). As before, for every w = (w1,...wy) € Q
with w, = (w?,wl), we define the coordinate processes ¢¥(w) = wk, n =1,2,..., k = 0,1. Here ¢

and ¢L are the arrival and service times, respectively, of the n-th customer.

Let P be any probability measure on (€2, F) such that the service times form a sequence of i.i.d.
random variables having arbitrary distribution and the arrival process is independent of the service
times but otherwise arbitrary. Note that this describes a system in which there are exactly N
arrivals.

Introduce the stochastic processes
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tn = max{t]_, +sn_1,00}

G = tn+t ¢11J:;
Sp = ¢%J;r
Spo= Spi—{ma}+{ilth_ <o) <t}
Tn = t}r;{ + ¢’711 - ¢2a
forn =1,2,..., N, where the admissible controls (U] ), are given by
Un = mn(0°, (s)i5, Sis (UT)Z)) € S (6.1)

In (6.1)), (7,)n := 7 is any collection of measurable mappings 7, : RyN x Ry"™! x P(N) x (NF)»
into {1,2,..., N}, where P(N) is the set of all nonempty subsets of {1,2,...,N}. Let IT be the
collection of all such mappings. As usual we will identify the set of all admissible controls to the
set II.

These processes receive the following interpretation: under policy 7, U, is the identity of the n-th
scheduled customer, I7 is the position in which customer n is scheduled, ¢} is the time of the n-th
decision, ¢} is the n-th departure time, s7 is the service time of the n-th scheduled customer, S” the
set of customers in the queue at the n-th decision epoch (note that U ¢ Sf for{ =1,2,...,n—1),

and 7 is the response time of the n-th customer.
We will use R}, to denote (r],...,7}%) and C}, to denote (cJ,...,c}).
Let p € II denote the FCFS policy and let v € II be the LCFS policy. They are defined as

pu(¢, (575, 8, (p1);5) = min{i : i €S}
(@, (s0)i7 .S, (pi)i) = max{i:i€S}, VSePN).

We have the following result

Theorem 6.1 Policies p and v are extremal policies within the class 11 in the sense that for all
mell, N=1,2,...,
RY <p, Ry <p R}. (6.2)

Proof. We focus on the FCFS policy, p. Let m € II be an arbitrary policy. We construct a new
process ¥ = (Y5 )m,n on Q as follows,

W = ¢
Ui ¢, m=1,...,N.

This corresponds to an interchange of service times among customers so that, under FCFS, the n-th
customer receives the same service as the customer corresponding to the n-th departure under 7.

24



Using similar arguments as in the proof of Lemma 5.1, it can be shown that ¢ and ¢ are equivalent.
This is a consequence of the fact that service times form an i.i.d. sequence independent of the
arrival times and the fact that admissible policies in II do not use information on service times of
customers that have not been served.

It follows from the construction of ¢ that (¢ (w)) = ¢™(w) for all w € Q. Condition on w € Q.
Define the permutation v on {1,...,N} as y(n) = U]

T n=1,...,N. An application of corollary
3.1 yields

Ry(w) = g(w)-¢"(w)
< (R(W)y —¢"(w)
= Ry(w).

Removing the conditioning on w and using the equivalence in distribution of ¢ and % yields the
desired result. The proof of the relation for LCFS proceeds in a similar vein relying on Lemma 3.1.

Observe that the assertions of Theorem 6.1 can also be shown by forward induction. In this case,
the probability space should be constructed in such a way that the n-th service time is independent
of the identity of the customer. The interested reader is invited to write a complete proof.

Slightly weaker results hold for the G/GI/s queue. Let w]; denote the time that the n-th arriving
customer spends in the queue, prior to service, under policy 7 € II, and let W§ = (w],...,w}).
The proof of the previous theorem can be adapted, with little modification to prove

WE <p, Wi <p, W3, Vrell (6.3)

The following weaker result has also been established for response time vectors (see Liu and Towsley

[19]).

RY <g, Ry <g, R}, Vmell (6.4)
Proof of (6.4). We have
%= (] 45wy + 53,
where s7,...,s% are exchangeable rv’s. If f : RY — R is a symmetric convex function, then

g:RY = R defined as
g(-Tl,---,-TN) :E[f($1+81r,...,$N+37]§[)],

is also symmetric convex (see Marshall and Olkin [22, Proposition B.5, p. 289]). Since any symmetric
convex function is a Schur-convex function and

Elf(ri,- . r0)] = Blg(wi + 57, ...,wy + s§)];
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the relation (6.4) follows from (6.3). 1

The reason for presenting this argument is because it was not based on a sample path argument. We,
(and others, see Chang [4]) have observed that the Ey ordering is not amenable to such arguments.
Instead, such an ordering is typically established by invoking the property that Fs is closed under
convolution (under suitable assumptions). This is the idea behind the proof given above.

In the case of the G/D/s queue, the result on response times can be extended to an Ej ordering
using the argument presented in theorem 6.1 (see Towsley and Baccelli [34] and Liu and Towsley
[19] for details). This is because customers depart in the same order as they begin service. A more
intricate argument based on a sample path construction has been used to extend the result to the
G/ILR/s queue as well (see Liu and Towsley [20] for details).

The previous results can be extended to the stationary regime, provided that it exists. Recall that
the sequence of r.v.’s X,, € R, n > 1 converge to the r.v. X for the class of Borel mappings
F :R — R in the Cesaro sense (see Feller 7, p. 249]) if

1
A}EUOONEE[f(Xi)] = E[f(X)].

Lemma 6.1 Let {X;}2; and {Y;}$2, be two sequences of r.v.’s such that
(X1,.--, XN) <gs (Y1,...,YN), VN >1

If the sequences {X;}°, and {Y;}$2, converge weakly to X andY with respect to the class of convex

functions in the Cesaro sense as n goes to oo, then

X < Y.

Proof. See Liu and Towsley [19]. 1

This last lemma implies that the stochastic orderings <g, and <pg, established for the vectors
of waiting times and response times, respectively, reduce to the stochastic ordering <., on the
corresponding stationary performance metrics W™ and R™, respectively, provided that the weak
convergence assumptions are satisfied. Results on stationary variables had been established pre-
viously in Vasicek [39], Shanthikumar and Sumita [29], Liu and Towsley [19]. They can also be
obtained from Theorem 5.1.

If we consider the class of non-preemptive policies that allow idling, then the results pertaining to

the optimality of FCFS policy hold [19], provided that EI, E2T and icx replace E1, Fs, and czx in
the above results. If we consider the class of preemptive non-idling policies II,, then we have the

following result, Liu and Towsley [19].

Theorem 6.2 Consider a G/M/s system with n arrivals. If the service times are independent of
the arrival process, then, for all N > 1

R?V SEI Rg] SEl R’}V, V7 € Hp. (6.5)

26



Proof. A sketch of the proof is provided here. The complete proof is found in Liu and Towsley [19].
First, we can restrict ourselves to policies that preempt only at arrival times and service completion
times. This is a consequence of the memoryless property of the exponential distribution.

Second, we associate a Poisson process with each of the s servers. The events correspond to times
at which service completions may occur. In particular, a service completion occurs if there is a
customer assigned to that server; otherwise there is no service completion. A customer assigned to
service at an idle server always receives, as its service time, the remaining time until the next event.
The memoryless property guarantees that the received service time is an exponentially distributed
r.v. with the proper parameter.

Now, fix the arrival times, the service completion events, pick an arbitrary policy 7 and focus on p
(FCFS). We establish the following relation,

RY < RYy.

If we consider the sequence of decision epochs (arrival and service completion times), an interchange
argument can be used to show that the policy n' that differs from 7 in that it makes one less
non-FCFS decision yields a response time vector that is majorized by the response time vector
associated with 7. This step can then be repeated until the FCFS policy is produced. Removal of
the conditioning on arrival times and service events yields the desired result for FCFS. A similar
argument yields the result for LCFS (7). 1

In the case of the G/IFR/1 queue, combining arguments in Hirayama and Kijima [13] with those
presented above yield
R%(n) <gl Ry (n), Vmez,.

This does not extend to the G/IFR/s system for s > 1 as it is easy to construct a counterexample

in the case of deterministic service times, (see Liu and Towsley [19] for details).

Last, these results have been extended to in-forests Liu and Towsley [20] and to a class of parallel
processing systems modeled by fork/join queueing networks (see Baccelli et al. [1]). Similar results
have also been obtained for systems in which customers have deadlines (see Baccelli et al. 1] and
Liu and Towsley [19, 20]).

Klimov’s Problem

The following situation was considered in Klimov [16]. There are K infinite capacity FIFO queues.
The service requirements are mutually independent r.v.’s and have p.d.f. Bi(x) in queue k (k =
1,2,...,K). Customers arrive according to an independent Poisson process with rate A and are
assigned to queue k with probability pg (Zsz1 pr = 1). There is a nonidling single server that is
allocated to one of the queues at a time, in a nonpreemptive way. In other words, a new allocation
of the server to a queue may only occur at a departure epoch if the system is nonempty, or when
a customer enters an empty system. Upon his service completion in queue j a customer is sent to
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queue k with the probability p;i, and leaves the system with the probability pjo = 1 — Zé\;l Diks
independently of the state of the system.

We assume that (1) the routing matrix P := (pjr)i<jr<k is such that every customer eventually
leaves the system (which implies that I-P is invertible, where I is the identity matrix; cf. Klimov
[16, Lemma 3]), (2) f;° zdBg(z) := by < 0o and [3° x? dBi(z) = bg) < oo fork=1,2,...,K,
and (3) Ap(I — P)~ 14" < 1, where p = (p1,p2,--.,px) and b = (b1, by, ..., bx)7 (here (-)7 denotes
transposition). It is shown in Klimov [16] that (3) is the stability condition under any nonidling
service policy.

Let ¢ > 0 (kK =1,2,...,K) be the holding cost per unit of time and per customer in queue k.
The objective is to find a server allocation policy that minimizes the long-run average expected cost
incurred over an infinite horizon.

We now give a more precise description of the underlying probability space.

Introduce @, := Ry x N x ({1,2,..., K} x Ry)™ and let (2, F) := (1%, Qn, 0 ([122; Q). For

every w = (wi,ws,...) € Q with w, = (W2, wl,...) € Qy, define the coordinate processes

Pn (W) = wy', (6.6)

forall n = 1,2,..., m = 0,1,.... Observe from (6.6) that the mapping ¢ : Q — Q defined as

$w) = (A W), (W), (W), ¢3(w), -, $p(w), G (w), ...) is the identity mapping on Q. As
usual, we shall use the shorthand ¢ = (¢}")m n-

The components of the process ¢ will receive the following interpretation: for every n = 1,2,...,
#Y is the arrival time in the system of customer n, ¢} is the total number of visits of customer

n to a queue, @2 is the queue to which customer n is routed upon arrival in the system, ¢2+2

j=1,2,...,8% —1, is the queue to which customer n is routed upon completion of his j-th service,
and ¢2t1 j =1,2,..., ¢l is the service required by customer n at his j-th visit to a queue.

Let P be any probability measure on (€2, F) such that the aforementioned statistical assumptions
are satisfied (Poisson arrivals, independent service times, etc.) and such that the first customer

arrives at time 0 (i.e., ¢ = 0 a.s.).

A policy 7 is a collection of measurable mappings (7,)n, T : (]NK )n — {1,2,..., K}, such that
for every k =1,2,... K,
Wn(xl,...,xn) 75 k if Tgn = 0, (67)

where z; = (14,...,2k,;) fori =1,2,...,n. The left-hand side of (6.7) gives the index of the n-th
queue to be visited by the server given that the current number of customers in queue % is xy,, for
k =1,2,...,K, and the number of customers in queue k at the i-th decision epoch was wy; for
k=1,2,...,K,i=1,2,...,n—1. The constraint in the right-hand side of (6.7) indicates that the

server cannot be allocated to an empty queue (nonidling policy).
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We say that a policy m € TI is stationary if there exists a measurable mapping f : N —

{1,2,..., K} such that, forevery n = 1,2,..., mp(z1,...,2,) = f(zy) for all (z1,...,2,) € (]NK)n.

We will assume that the first customer enters an empty system. Thus, given a policy 7 in IT and
an input sequence ¢, it is easy to construct on (£2,F, P) the following stochastic processes:

e {7 the time of the n-th decision, n =1,2,..;
e Q7 (t), the number of customers in queue k at time ¢ > 0 for k =1,2,..., K;

® qn = (¢ ns--+qNn), Where gp , := QF (t3) is the number of customers in queue k at the n-th

decision epoch, for n=1,2,..., k=12,... K.

Let II be the set of all policies such that for every 7 € II the process {(Q7(),...Q%(t)), t > 0}
is a regenerative process with respect to the times where a customer enters an empty system. For
instance, any stationary policy belongs to II. Also any policy that may only know the queue-length
history in the current busy cycle and that follows the same policy in each busy cycle belongs to II.

We want to find a policy in II that minimizes the long-run average expected cost

g : : 1 r& ™
H" :=liminf ?/0 kglckQ,c(t)dt]. (6.8)

Because of the statistical assumptions we have placed on the model, and because of the definition
of the set II it is easily seen from renewal theory that minimizing H™ is equivalent to minimizing

the cost J™ := F [ fOZ SE . aQF(t) dt}, where Z is the duration of a busy period under any policy

w € II. Note that Z does not depend on 7 € II since the server cannot idle under policies in II.

Also observe that J™ < oo for every 7 € II since

. 5\ 1/2 5\ 1/2
I < (122% ck> (eiz2)"” (B1a7)"”, (6.9)
by Cauchy-Schwartz inequality, where M is the number of customers served during a busy period.
The proof that E[Z?%] and E[M?] are both finite is left to the reader (hint: compute the first two

moments of the total service time required by a customer and apply Theorem 1 in Ghahramani and
Wolff [12]).

Define k :={1,2,... ,k} and k®:= {k+ 1,k +2,..., K}. Assume that the queues are numbered as
follows: assign number 1 to the queue that maximizes the quantity

K
Ci = 2j=1 PijCj

i =1,2,..., K.
b1 7 ? = 7
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Then, recursively for £ = 1,2,..., K — 1 assign the number &£+ 1 to the queue in k¢ that maximizes
the quantity

k
Ci — 2jek’ ng)cj

b+ T

)

where k is the set of nodes {1,2,...,k} in the new numbering and where Tz-(k is the expected

sojourn of a job in k having started at queue ¢ € k. A closed-form expression for Tz-(k) is given in
Nain et al. [25].

The following result is due to Klimov [16]. The proof we give is a variant of the proof given in Nain
et. al [25]. Similar arguments can be found in [10, 38, 42|, where some generalizations of the model

were considered in [10].

Theorem 6.3 The policy n* € 11 that always assigns the server to the nonempty queue with the
smallest number is optimal among all policies in 11.

Proof. Let m be any policy in II different from 7*. Since 7* is stationary, we shall substitute the
notation 7} (x1,...,2,,) for 7*(x,) with a slight abuse of notation.

n

Define 7! = (7Tl ) to be the policy that follows policy 7 for the first [ steps and then 7* afterwards.
n

In other words,

! ) mu(z,.z,) forn=1,2,...,1
ﬂ”(xl"”’x")_{ 7 (xn) forn=1+1,1+2,..., (6.10)

for all (x1,...,x,) € (INK)H, n=1,2,....

Assume that
J(@'1) < J(xh, (6.11)

for i =1,2,.... Then, J* < J~.
Indeed, (6.11) together with the fact that 7° = 7*, yields
T < g, (6.12)

for! =1,2,.... On the other hand, we see from the inequalities fOZ YK, ckQ}C’l (t)dt < MZ1g;ca<XK Ch

a.s. (M has been defined earlier in this section), E[Z?] < oo, E[M?] < o0, and from lim;_,o, ' =7

that the bounded convergence theorem applies to J™ to yield lim;_, o Jr = Jr. Combining this
result together with (6.12) gives J™ < J~.

We now prove (6.11) which will conclude the proof.
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l
Let [ > 1 be an arbitrary integer. Assume that 7!(x1,...,z;) # 7*(z;) for some (z1,...,7;) € <]NK)
since otherwise (6.11) is trivially true from the definition of policy ='.
On Q define the r.v. 0 to be the time when the I-th decision is made under policy «*. Let Q be the

subset of Q such that f(w) < Z(w) for every w € Q and such that the nonempty queue with the

smallest number s not selected by policy 7! at the I-th decision epoch for every path w in Q.

In other words,
Q= {w €Q: f(w) < Z(w) and 7} (q’fl(w),...,qfl(w)) # min{k =1,2,...,K: qﬂ(w) # 0}}

On  define two {1,2,..., N}-valued r.v.’s jo and i, where jj is the nonempty queue with the
smallest number at time 6, and 4 is the queue that is selected by policy 7! at time 6. Observe that
jo < ig from the definition of the set 2 and from the definition of 7. Let S;, (resp. S;,) be the

service time of the customer at the head of queue iy (resp. jp) at time 6, and call e (resp. 7) this
customer.

On 2 define the [0, 00)-valued r.v.’s

jo—1
p = inf{sZSiO : Z Q;Crl(ﬁ—l—s):()}

k=1

Jo—1
c = inf{sESjO: Z Qzl(ﬁ—kp-}-s):()}_

k=1

With the above definitions we see that, on Q, policy 7! serves € in (6,6 + Si,), empties queues
in jo-1in (0 + Si,, 0 + p), serves n in (0 + p,0 + p + Sj,), and empties again queues in j,-1 in
@+ p+Siy, 0+ p+ o) (cf. Figure 1).

We introduce the following notation: for any finite sequence (x;); of nonnegative real numbers we
shall denote by z(;) its i-th smallest element.

From the process ¢ we now construct a new process ¥ = (¢5,")mn such that on Q) the route and
the successive service requirements along this route of a customer that enters a queue in j,-1 in
(0,0 + p) and in (0 + p,0 + p + o), respectively, are interchanged. More precisely, we define from

the sequence of arrival times (¢9), a new sequence (a,,), such that
n if ¢5 ¢ jo-1 or if ¢ & (0,0 + p+ o)
an =1 # +o if ¢2 € jo-1 and if ¢° € (6,0 + p)

# —p if #2 € jo-1 and if ¢ € (0 + p, 0 + p+ o).
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On Q, the process 1) is then obtained by letting

(W;n)m,n = (a’(n)a ¢gxn7 (21na . ')a (613)

for every £k = 1,2,..., where a,, is a mapping from IN into IN that gives the position of the n-th
element of the ordered sequence (a(,)) in the original sequence (an), (for instance, if a¢;y = as,

aez) = a2 and a3y = a1 then a1 =3, ay =2 and a3 = 1). We shall further assume that 1) = ¢ on
Q- Q.

The key observation is that both processes ¢ and 1) have the same distribution. This result is a
direct consequence of the statistical assumptions we have placed on the model and of the fact that

policies in IT do not know the arrival times, service times and routes of the customers (see Section

5 and the Appendix for the proof of a similar assertion).

We now introduce a new policy 7(!) such that

) = 7, forn=1,2,...,1—1 (6.14)
D = (6.15)
and
([ io(w) if S g ((w)) #0

foril+1<r<n-1,

Sl gm D (p(w) = 0,

(1) ( W(l)(w(w)), cen ,QZZ(I) (¢(w))) = 3 and w € Q

o (qg(l)(lp(w))) otherwise,

forn>1+4+1and w € Q.

e

Observe that 7\ is well-defined as a function of qf(l) (V(w))y---yqF  (Y(w)) whenn > 1+1andw €
. . ey ey . (1)

Q since ig(w) = m (ql (W(w)),...,q ' (z/z(w))) and jo(w) = min{s =1,2,...,K : ¢ sl (V(w)) #

0}. This clearly follows from (6.14)-(6.15) together with the definition of ¢. This observation,

together with the fact that 7(!) is nonidling, ensures that 7(!) € II.

In words, policy 7(!) follows 7 at steps 1,2,...,] — 1 and then follows 7* afterwards except that it
applies 7; the first time after the /-th decision epoch when queues in j;-1 become empty. To see

more precisely how 71 behaves, consider the input sequence Y(w). fweQ— Q, then on the input

sequence 1(w) policy 71 behaves like policy ! does on the input sequence ¢(w) = w.

Assume now that w € €. Then, (cf. Figure 1) on the input sequence ¥(w), 7() will follow 7 in
(0,0(w)), will serve n in (f(w), #(w) + Sj,(w)), will empty queues in jo-1 in (0(w) + Sj,(w), O(w) +
o(w)), will serve € in (§(w)+o(w), f(w) +0o(w)+ Siy(w)), and will finally resume policy 7* afterwards
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Policy 7! on Q

T € queues in jg-1 n queues in jg-1 *
| ] ] ] ] | ]
I I I I I | 1

0 0 0+S; O+p O+p+Sj O+p+o Z

T n queues in jg-1 € queues in jg-1 *
| ] ] ] ] | ]
I I I I I | 1

0 0 0 + S, 0+00+0+S5; O+p+o Z

Figure 1: Policies 7! and #(1).

(which implies, in particular, that queues in jj-1 will be emptied in (f(w) + o(w) + Sy (w), O(w) +

o(w) + p(w)))-
From the definition of policy (V) it is seen that

paey)

Qr (t,w)=Qr " (t,w), fork=12... K, (6.16)

forall we Q,t € [0,0(w)) U (O(w) + o(w) + p(w), Z(w)).

Therefore,
il ey [ 17 K l ey
g — g = E/O > e (QFm - @)t
7Y k=1
[ r0+pto K ! o
_ E / e (QF'®) ~ QF" () dt|  from (6.16)
_6 k=1
[ r0+pto K
= B\ Xa(ero- f”(t)ow)dt] (6.17)
L k=1
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where

0+pto K . L
f(i,j)izEl/e Ty (oo - z“<t>ow)dt|z’o=i,jo=j].

k=1

In (6.17) the notation QF"(t) o ¢ stands for (QF"(t) 0 ) (w) = QF"” (1, ¥(w)).

Notice that (6.17) follows from the identities §(w) = 0(Y(w)), p(w) = p(Y(w)), o(w) = o(P(w))
that hold by construction of v, and from the property that both processes ¢ and i have the same
distribution.

Define xj (resp. yx) to be the number of jobs that left queues in jy-1 in (8 + S;,,0 + p) (resp.
(0 +p+Sjy,0 + p+0c)) under 7' to enter queue k for k € (jo-1)°.

We have (cf. Figure 1)

fG.))=E|lcg— >, a|plio=ijo=3j|—E||a— >, cax|olio=1i4o=3j
ke(j-1)e ke(j-1)e
(6.18)
The right-hand side of (6.18) is the same as the right-hand side of equation (3.12) in Nain et al.
[25]. Therefore, by following the arguments in [25] it is easily seen that f(i,7) > 0 if and only if

j—1 j—1
C’i - Zke(j_l)c prE-]?g ) Ck < Cj - Zke(j_l)c pgjk ) Ck
b+ T Y - b +T9 Y '
% i j

This proves that 7(1) performs better than 7!, that is,

a1

g < g (6.19)
Define now 6 to be the first time when 7(1) does not follow 7* after the I-th decision epoch. Using
the same procedure we can generate a new policy 7(2) that follows 7 at steps 1,2, ... ,1—1, follows 7*
at steps [ and [+ 1, and such that J(7(?)) < J(7(1)). Repeating this argument gives us a sequence of
policies (7(™),, such that 7(™) follows 7 at steps 1,2,...,1—1, follows 7* at steps I, [+1,...,[+n—1,
and such that

g < g (6.20)

Since lim,,_, o 7™ = 71 by construction of W(”), we see from the bounded convergence theorem
that

-1 . (n)
J* = lim J" .

n—0o0

Combining this result with (6.19) and (6.20) yields J™ ' < J™ which completes the proof.
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7 Appendix
In this appendix, we first prove the equivalence in law of the process ¢ and ¥ in Section 5. Then,
we give a proof of (5.19).

Proof of the equivalence of ¢ and . In order to show the stochastic equivalence of processes
¢ and v, we prove the following claims:

Claim 1: (¢} (w), ¥, (w)) has the same distribution as (¢}(w), ¢t (w));
Claim 2: ¢;(w) and ¥, ,(w) are independent of the sequence (¢, i # k, i # k + 1);
Claim 3: ¢;(w) and ¥}, (w) are independent of the sequence 9°.

These assertions clearly imply the stochastic equivalence of the processes ¢ and v in view of the

assumption of mutual independence between ¢° and ¢!, and the i.i.d. assumption of the sequence
ot

The proof of these claims uses the fact that admissible policies of IT do not use information on service
times of customers to be routed to queues. This last fact together with the stochastic assumptions

made on process ¢ imply that random variables ¢} and ¢; 41 are independent of random variables

W, #°, 7 and s. Therefore, for all A, B C R4,

P (44(w) € 4, Yi11(w) € B)

+ P (Yh(w) € 4, Yy (w) € B,w € 2= 0)

<¢k+1( ) €A, pi(w) €EB,weN— ﬁ)
§)+P(¢>k+1( ) € 4, ¢>,£(w)eB)P(weQ—Q)

we Q) +P(ghii(w) € A)P(sh(w) € B)P(wen-0)
we Q) +P(ghw) € A) P(¢h(w) € B) P(weQ-0)

S
=
£
m
s
S
ol
=
€
m
w
)
m
)
A m ~— ~—r
"U "U

)
(
(
(6() € 4, hi1(w) € B) P (w
(
(
(shcc

= P(ph(w) € 4, gppi(w) € B).

Hence, Claim 1 holds. Similarly, for all A, B C Ry, and C ¢ R, Y,

P (¥h(w) € A, ¥y (@) € B, ¢ € )

= P (i) €A, pl(w) €B, ¥’ € C,we )
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+P (zp,ﬁ(w) €AYl (w)eBYelC wen— ﬁ)
= P(%(w) €A g € B, ¢’ € C,weq)
+ P (¢}11(w) € 4, h(w) € B, ¢° € C, w € 0 - O)
= P(giw) €4, op(w) € B)P (¢ €Cwe)
+ P (¢h1(w) € 4, dh(w) € B) P (¢" € C,w e Q- Q)
= ( eA) (¢k+1 )P(¢OEC,w€§)
+ P (¢hi1(w) € A) P ( Ww) eB)P(¢eCwen-Q)
= ( eA) ( ) (gbOeCweQ)
+P(¢,§(w)eA)P(¢,§(w)eB)P(¢°eC,weQ—Q)
= P(¢k(w) € 4)P(¢k(w) € B)P(¢* € C)
= P(fw) €4, gl e B v €C).

Hence, Claim 3 holds. Claim 2 can be shown in an analogous way and the detailed proof is left to
the interested reader. "

Proof of (5.19).

Recall that policy 7(*) makes SW decisions from the (k 4+ 1)-st decision epoch. Thus, if r # s, i.e.,

. k k k
= 0, 5,

(the service time of customer n in process ¢) under the condition r # s. Therefore, one can readily
check from (5.17) that Uy41 is independent of 9 ;.

is not an SW decision, then necessarily 7, ', = s. In other words, 7,/ is independent of qﬁi

More generally, we verify below that policy v(*) thus defined is an admissible policy, v*¥) € TI,,_;.
For this, we first note that the workloads of the queues can be described by the routing decisions and
the input process ¢. Indeed, it is easily seen from the evolution equation (5.2) that, given the initial
workloads of the queueing system, the workload vector W7 is fully determined by the arrival times,
service times of previously arrived customers, and the previous routing decisions. Therefore, the

mapping 7, in (5.3) can be in fact defined as a mapping 7, : R.N x Ry™ 1 x {1,2,..., K}" ! —
{1,2,..., K} such that
0 m 1 T\m—1 0 1ym—1 Tym—1
T (6%, (WL, ()3 (UF)ETY) = o (6%, (611, (U)ET) - (71)
Using a simple induction implies that there is a mapping 7, : RN x Ry™ ! — {1,2,..., K} such
that (7.1) can be further written as
T (6% (Walits, (80 (UFELY) = 7o (@ (0D)121) - (72)
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We now come back to the proof of the admissibility of the controls (Uj)?;,:; 41 defined in (5.17)-(5.18).

Consider first Uy,.;. We note that there exist mappings fi, gr : RN x Ry.*~! — {1,2,..., K} such
that

ro= fi (v0, i) (73)
s = g (0, (D). (74)
Therefore, it follows from (5.17) that

(k)

U1 = U 1(r =s)+rl(r #s)
= ﬁ-l(clfgl (¢07 (¢zl)i‘c:1) 1(r=s)+rl(r#s)

= A (W0 (WD) 10 = 8) +r1(r £ 9).

Thus, in view of (7.3) and (7.4), there exists a mapping 541 : R4N x Ry*¥ — {1,2,..., K} such
that

U1 = Fe (4% (WHEL) (7.5)
Similarly, it follows from (5.18), that for k+2 < j <n —1,
k (k)
U, = 7r](- 1 (W,ZT 21/12+1—1/12 01"7“:3)
(k) (k) (k) (k) (k)
+ (@™ =5+ 107" = 1)+ U1 UFY ¢ {rs)) 1 (W < g — vl r#s).

Since
(k) ~ | — ~ i—
Urt =70 (6", (e1mr) = 77 (v whis),

for k+2 < j < n—1, we obtain a mapping 7; : R, xR,/ ! - {1,2,...,K} such that (5.19)
holds.

Therefore, (Uj);}:—; 41 are admissible controls, with associated admissible policies (Vj)?:_,i 41
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