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Duality and Equivalencies in Closed Tandem Queueing Networks

Abstract

Equivalence relations between closed tandem queueing networks are established.
Four types of models are under consideration: single-server infinite-capacity buffer
queues, infinite-server queues with resequencing, single-server unit-capacity buffer
queues with blocking before service, and single-server unit-capacity buffer queues
with blocking after service. Using a customer/server duality we show that in a net-
work consisting of single-server infinite-capacity-buffer queues, customer-dependent
service times and server-dependent service times yield equivalent performance char-
acteristics. We further show that for closed tandem queueing networks, a sys-
tem consisting of single-server infinite-capacity-buffer queues (resp. infinite-server
queues with resequencing) and a system consisting of single-server unit-capacity-
biaffer queues with blocking before service (resp. blocking after service) have equiv-
alent performance behaviors. As applications of these equivalence properties, we
obtain new results on the analysis of symmetric closed tandem networks, where all
the service times are independent and identically distributed random variables. In
particular, we obtain a closed-form expression for the throughput of networks with
unit-capacity-buffer queues and blocking before service when the service times are
exponentially distributed. We also prove the monotonicity of throughput (of queues)
with respect to the number of queues and number of customers in these models. This
last property in turn implies the -existence of nonzero asymptotic throughput when
the number of queues and number of customers go to infinity.

Keywords: Equivalence, customer/server duality, closed tandem queueing net-
work, infinite server with resequencing, queues with blocking, customer-dependent
service, symmetric queueing network.



Dualité et équivalences dans les réseaux de files d’attente en tandem
fermés

Résumé

Des relations d’équivalence entre des réseaux de files d’attente en tandem fermés sont
établies. Quatre types de modeles sont analysés : files d’attente a serveur simple et
tampons de capacité infinie, files d’attente a serveur infini avec reséquencement, files
d’attente a serveur simple et tampons de capacité unitaire avec blocage avant service,
files d’attente & serveur simple et tampons de capacité unitaire avec blocage apres
service. Utilisant une dualité de client /serveur, nous démontrons que dans un réseau
de files d’attente a serveur simple et tampons de capacité infinie, les temps de service
dépendant des clients et les temps de service dépendant des serveurs fournissent des
caractéristiques de performances équivalentes. Nous démontrons ensuite que pour
ces réseaux de files d’attente en tandem fermés, un systéme de files d’attente a
serveur simple et tampons de capacité infinie (resp. files d’attente a serveur infini
avec reséquencement) et un systéme de files d’attente a serveur simple et tampons
de capacité unitaire avec blocage avant service (resp. files d’attente a serveur simple
et tampons de capacité unitaire avec blocage apres service) ont des performances
équivalentes. Commec applications de ces propriétés d’équivalence, nous obtenons
nouveaux résultats sur ’analyse des réseaux symétriques ou les temps de service
sont des variables aléatoires i.i.d. En particulier, nous obtenons une expression sous
forme close pour le débit des réseaux avec tampons de capacité unitaire et blocage
avant service quand les temps de service ont une distribution exponentielle. Nous
prouvons aussi la monotonie du débit (des files d’attente) par rapport aux nombre
de files et nombre de clients dans ces modeles. Cette derniére propriété implique
Pexistence d’un débit asymptotique non nul quand le nombre de files et le nombre
de clients tendent vers l'infini. '

Keywords: Equivalence, dualité client/serveur, réseaux de files d’attente en tan-
dem fermés, serveur infini avec reséquencement, files d’attente avec blocage, réseau
symétrique. ’ ‘



1 Introduction

In this paper, we establish equivalence relations between closed tandem queueing networks.
We consider four types of models: single-server infinite-capacity-buffer queues, infinite-server
queues with resequencing, single-server unit-capacity-buffer queues with blocking before service,
and single-server unit-capacity-buffer queues with blocking after service.

Using a customer/server duality we show that in a closed tandem network consisting of single-
server infinite-capacity-buffer queues, the case when service times are associated with customers,
i.e. customer-dependent service, and the case when service times are associated with servers,
i.e. server-dependent service, yield equivalent performance characteristics. This I;roperty allows
one to analyze systems with customer-dependent service times from known results on systems
with server-dependent service times.

We further show that for closed tandem queueing networks with customer-dependent service,
a system consisting of single-server infinite-capacity-buffer queues (resp. infinite-server queues
with resequencing) and a system consisting of single-server unit-capacity-buffer queues with
blocking before service (resp. blocking after service) have equivalent performance behaviors.
Since exact analysis and bounds are sometimes easier to obtain in one model than in another
model, these equivalences allow us to analyze one system via the other one.

We then apply all these equivalence relations to symmetric closed tandem networks, where
all the service times are independent and identically distributed random variables. We obtain
various new performance analysis results. In particular, we obtain a closed-form expression for
the throughput of networks with unit-capacity-buffer queues and blocking before service when
the service times are exponentially distributed. We show the monotonicity of throughput (of
queues) with respect to the number of queues and number of customers in these models. This
last property in turn implies the existence of nonzero asymptotic throughput when the number of
queues and number of customers go to infinity. We also prove that in a network with single-server
infinite-capacity-buffer queues, the stationary cycle time distribution and the total throughput
of the network are symmetric in the number of queues and the number of customers. Moreover,
for any fixed sum of these two numbers, if the service times have a PERT type distribution (cf.
Baccelli and Liu [6]), the total throughput of the network is concave in these numbers and is
" maximized when their absolute difference is smaller than or equal to 1.

The idea of interchanging the role between customers and servers was introduced before in
Rego and Szpankowski [18] and Weber [21]. In [18], this idea was used to study polling systems
with unit-capacity buffers by looking at a dual closed queueing network. Whereas in [21], this
idea was used to show that the makespan is independent of the order of the queues in an open
tandem network. We will remark that the customer/server duality”is somewhat related to the
customer/hole duélity concept which was first introduced in Gordon and Newell [14] for closed
tandem queues with finite-capacity buffers, and used thereafter by Akyildiz {1], Ammar and
Gershwin [2] and Dallery, Liu and Towsley [11], etc., in related models.



The monotonicity of throughput (of queues) with respect to the number of queues and
number of customers in these models are related to (and some of them are derived from) the
monotonicity properties established by Baccelli and Liu [6]. Our proof of the existence of nonzero
asymptotic throughput uses the large deviation bound of Baccelli and Konstantopoulos [3]. The
symmetry of the stationary cycle time distribution with respect to the number of queues and
the number of customers in a network with single-server infinite-capacity-buffer queues was first
proved by Schassberger and Daduna [19] for exponential service times (they in fact obtained a
closed form expression which is an Erlang distribution). The concavity result comes from our

equivalence result and a concavity property in [6].

All models considered in this paper can be represented by stochastic strongly connected
marked graphs (see Appendix A which illustrates how this can be done). The reader is referred
to Baccelli, Cohen, Olsder and Quadrat [4] for the recent development on marked graphs. For
networks with blocking, the reader is referred to Onvural [16] for a survey and Perros [17] for a
bibliography. The model with resequencing buffers is an example of synchronization constraints.
For an overview of results on queueing models for systems with synchronization constraints we
refer to Baccelli and Makowski [7].

The organization of the paper is as follows. In Section 2, we describe in detail the models
and notation used in the paper. In Section 3, we present the customer/server duality and estab-
lish equivalence relations between different models. In Section 4, we apply these properties to
symmetric queueing models in order to obtain new quantitative and qualitative results. Finally, '
in Section 5, we provide further applications of our equivalence properties and extensions.

2 Models and Notation

In this paper, we consider closed tandem queueing networks where a number of customers, say
M, pass a number of service stations, say N, in a cyclic order. In a closed tandem network with
N stations and M customers, the stations are labeled 1,2,---, N, and the customers are labeled
1,2,---,M. The topology of the system (i.e. the order in which the stations are ordered) is
described by the flow (n; — ng — -+ — ny — ny), where n; € {1,2,---,N},1<j<N.

The following closed tandem queueing network models will be analyzed in the paper.

Model 1 : Single-server queues with infinite-capacity buffers.
In each station there is one single server and a buffer of infinite size, i.e. at least M. At
each station, the customers are served in first come first serve (FCFS) order.

Model 2 : Infinite-server queues with resequencing.

Without loss of generality, the customers are labeled in the reverse direction of the network
flow, i.e., for all 2 < i < M, customer ¢ is initially either in the same station as i — 1 or in



Figure 1: Model 1: single-server infinite-capacity-buffer queues.

_ an upstream station of that of i — 1. In each station there are infinitely many (i.e. at least
M) servers. After the n-th service completion, a customer, say i, 1 < i < M, can leave the
station if and only if customers 1,---,7 — 1 have left the same station for the n-th time,
and customers i + 1,- - -, M have left the same station for the n — 1-st time, n > 1. In this
way, customers do not overtake each other.

O O | O

Figure 2: Model 2: infinite-server queues with resequencing.

Model 3 : Single-server queues with unit-capacity buffers and blocking before service.

In each station there is one single server and a waiting buffer of size 1. By convention,
we assume that the servers have no buffer, i.e., the customer in service remains in the
waiting buffer. Thus, ¥ > M. The blocking mechanism is the so-called blocking before
service (or communication blocking): a customer starts service at a station only when the
downstream station is empty. .

3 O—1 O~ 0—E O~ O~ O0—~10—

» Figure 3: Models 3 and 4: single-server queues with unit-capacity buffers.



Model 4 : Single-server queues with unit-capacity buffers and blocking after service.

The model is similar to the previous one. In each station there is one single server and a
waiting buffer of size 1. Again, the servers are assumed to have no buffer. Thus, N > M.
‘The blocking mechanism is the so-called blocking after service (or manufacturing blocking):
a customer starts service at a station as soon as it enters the station. At the completion
of its service, it leaves the station only when the downstream station becomes empty. The
server is blocked during the time interval between a service completion and the departure
of the corresponding customer from the station.

All these models can be represented by stochastic (strongly connected) marked graphs (see
Appendix A which illustrates how this can be done). Therefore, the results established in Baccelli
and Liu [5] concerning the existence and the uriqueness of the throughput and stationary cycle
times are readily applicable to our systems (see below). Moreover, the stochastic monotonicity
and concavity properties obtained by Baccelli and Liu [6] and the large deviation bounds derived
in Baccelli and Konstantopoulos [3] will be applied to our systems together with the equiva-
lence properties established in the current paper to prove the existence of nonzero asymptotic
throughput.

Let o,  be the service duration of the k-th service initiated at stationn,1<n< N, k2> 1.
Let of, , be the service duration of the k-th service of customer m, 1 < m < M, k > 1. The

system will be said to have server-dependent service if the service times are specified by the
sequences {Ui’k}?’:l, 1 < n < N, and to have customer-dependent service if the service times

are specified by the sequences {07, ;}?2,,1<m < M.

In this paper, the network will be called symmetric if all the service times are independent and
identically distributed (i.i.d.) with the same (cumulated) distribution function. In a symmetric
system there is no distinction between server-dependent and customer-dependent services.

In general, in a system with server-dependent service, the identity of the customers is not
important. The topology of the system determines its performance characteristics. However,
in a system with customer-dependent service, its performance characteristics are determined by
the manner in which the customers are ordered and are spaced among them.

Therefore, for the models 1 and 2, i.e. closed tandem quéueing networks with infinite-.
capacity-buffer queues, the state of the system (n; — ny — --- — ny — n;) at time ¢ > 0,
referred to as &;, will be represented by the following vector:

(mm Gnpo s Mng 1 =T, Ming gy * 7 7y Ming, 15 — 702, 0 "Man,gay ' My, _nN) s (2-1)
where g, is the number of customers in station n (including those in service, if any), and m,, ,, is

the identity of the v-th customer in station n according to FCFS order, 1 < n < N, 1 < v < ¢,.
Note that in the above representation, the negative integers represent the stations and the



positive integers the customers. For example, the state of the systems in Figure 1 and 2 is given
by (4,3,-1,2,1,-2,-3).

By convention, we will assume that any rotational shift of the state yields an equivalent
representation. For example, the state

(—nN’ mnly(InI y s Mg, —n, mng,qnz s" %y an,l’ —TNg,-: 'mnN,qu LI mnN,l)
is considered the same as that of (2.1).

The state representation is said to be in canonical form if it is in the form of (2.1) and if
ny = N. Note that the canonical representation of a state is unique.

’

Two state representations S and S’ are said to be equivalent, denoted by § = &, if they can
be obtained one from the other by rotational shifts. In other words, § = &' if S and S’ have the
same canonical representation.

For the models 3 and 4, i.e. closed tandem queueing networks with single-server unit-
capacity-buffer queues, since there is at most one customer at a station, the state of the system
at time ¢ > 0, referred to as &, will be represented by the following canonical form:

(mnnmnw'."amnN) (2.2)

where nyy = N, and m,, is the identity of the customer at station = if any, and m,, = 0 otherwise.
For example, the state of the system in Figure 3 is given by (4,3,0,2,1,0,0).

Let B; , (resp. C3 k) be the time epoch when the k-th service is initiated (resp. completed)
at stationn, 1 <n < N,k > 1. Let By (resp. Cr.x) be the time epoch when customer m
starts (resp. completes) its k-th service, l <m < M, k> 1.

In closed tandem networks, the throughputs (defined as the number of service completions
per unit of time) of the different stations are identical. Let 6 denote the throughput of a station,
and O the throughput of the network. Assume that the service times are integrable and that
the sequence {0, ;, 1 < n < N}32, or the sequence {oF, ;, 1 < m < M}{2, is stationary and
ergodic. It was shown in Baccelli and Liu [5] that

k k

8= —_— 1<n<N. .
kli"éock klinéoE[csk] o8 snsh (2.3)

where a.s. denotes “almost surely”. Similarly,

0—th im ————

k
.S. <m< M. .
am e k—»ooE[C Bl a.s l1<m<M (2.4)

Throughout this paper we assume that these limits exist. It is clear that for a network of N
stations, ,

@=N-6. (2.5)



The cycle time in the network, defined from the viewpoint of a customer, is the sum of the
successive sojourn times of a tagged customer at stations ny,ng,--+,nn. It can also be defined
from the viewpoint of a station, i.e. the time between two successive departures of a tagged
customer from a certain station. Conditions under which the cycle times convérge to stationary
random variables were obtained in [5]. In particular, if, in addition to the stationary and ergodic
assumption on the service times, there is a station n such that its service times {U;‘k}z’;l have
infinite support and are independent of the other ones, then the cycle times converge (in coupling
or in total variation) to unique stationary random variables. Throughout this paper, we will
assume that the stationary cycle times exist, and are denoted by ¢; (resp. ¢5,) for station n

(resp. customer m). For models 1 and 3, they are defined by

¢ £ Jim(Chun-Cieh  1<n<N, (2:6)
n £ Mm(Chpwm—Chp) 1Sm<M, (27)
whereas for models 2 and 4, |
¢, £ Jm(Blun-Biy), 1<ng<h, (28)
$n £ lm(Bham-Bh), 1Sm<M, (2.9)

where 2 denotes equality in distribution.

In a symmetric system there is no distinction between the servers and between the customers.

We will thus use ¢ to denote the stationary cycle time.

It is easily seen that the first moments of these cycle times are the same in the same network.
Let E[@] denote this mean cycle time. We have

M MN

0= m, E’) = m (210)

In the sequel, whenever necessary, a supper index 7, ¢t = 1,2, 3,4, will be used in the above
notation and quantities to indicate the type of models of the network. They will also be param-
eterized by the number of stations and the number of customers in the system. For instance,

N1(N,M) denotes a model-1 network with N single-server infinite-capacity-buffer queues and
M customers. The symbol CZ:}C(N,M) denotes the k-th service completion time at queue 7 in

such a network.



3 Duality and Equivalences

3.1 Customer/Server Duality and Equivalence between Server-Dependent
Service and Customer-Dependent Service

We first consider queueing networks of model 1, i.e. single-server queues with infinite-capacity
buffers. We will show that in a certain sense, server-dependent service and customer-dependent
service are equivalent. In order to do that, we introduce the notion of customer/server duality.

Let A be a network of N stations and M customers, with topology (N =+ N ~1 — ... —
1 — N), and the initial state Sg

SO = (q;)+"'+QI°V"'" q;’+"'+qgl—1+1v "N’ )
(I;+"'+(I?V—l’ Tty Q;+"'+Q?V—-2+1a ,_N+1a ""Q;’, Tty 17 _1)’ (3'1)

where ¢, is the initial number of customers in station n, 1 <n < N.

Let N be the customer/server dual (or simply, dual) of N. The dual network N of N is
obtained from A in the following way: '

¢ reverse the flow of N;
¢ replace customer i of A/ by station ¢;

o replace station ¢ of A/ by customer i.

The resulting network N , viz., the dual of A, has M stations and N customers. The customers
of N in between two stations are considered as the customers of the downstream station (in the
direction of flow of ./V) Thus, the topology of N is (1-2—..-—- M — 1), and the initial

state of NV is obtained by reverving the string of S and changing the signs of its components:

SO = (1’ _17...’ _qf,...’N_]_, —Q;)_"'_QIOV—2_1,"W ._.q;’_..._q;’v_l’
N, =g == Ry = L e == gR). - (62)

Such a dual transformation is illustrated in Figure 4, where the white circles represent
stations and the black ones the customers. In the example, N = 3, M = 4. The initial state
of the original system is (—3,4,3,-2,2,1,—1), whereas the initial state of the dual system is
(1,-1,-2,2,-3,-4,3).

In the sequel, the variables associated with the dual network N will be denoted by the

~
13

symbol tilde “ ™. For instance, &7, , is the service duration of the k-th service of customer m
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(a) (b)

Figure 4: Customer/server dual. (a) Original network. (b) Dual network.

in the dual network . The operator “R” denotes the reversion of a string, and the operator
“—” changes the sign of the components in a string. For instance,
(1,-1,-2,2,-3,-4,3) = —R(-3,4,3,-2,2,1,-1).
We are now in a position to prove the following equivalence relations between server-dependent

service and customer-dependent service in closed tandem queueing networks with single server

and infinite-capacity buffers.

Theorem 3.1 Let N be a model-1 network with N stations and M customers, and N be its
(customer/server) dual. ’

o Ifforalll<n< N,andallk > 1, 0, , =0d,,, then

St = —R(gt), t> 0, (33)
sk = Biy,  1<n<N, k>1, (3.4)
sk = Cipy  1<m<N, k21 (3.5)
o Ifforalll <m < M, andallk 21, o, =G, 4, then
St = _R(gt)a t2 O’ (36)
Ck = Bhy  1<m<M, k2>1, (3.7)
ok = Copy  1<Sm<M, k21 (3.8)



Proof. The assertions are shown by induction on the event (i.e. service commencement or
completion) epochs 0 = #; < ¢3 < +-- < ¢ < ---. We only consider the relations (3.3—3.5). The
proof of the others is analogous.

For t; = 0, it is readily checked from the definition of the customer/server dual network,
So = —R(S).

Assume there is some integer v > 1 such that relation (3.3) holds for all 0 < ¢ < t,, and relation
(3.4) holds for all n, k such that B} , < t,.

7,

In NV (resp. V), a server, say n, can start its k-th service by time ¢, if and only if the
number, say m, on the left of —n in S;, (resp. S;,) (or one of its equivalent representations) is

positive (representing the first customer to be served or being served). Since N is obtained by
reversing the flow of A" and by interchanging the servers and the customers in A/, the inductive

assumption S, = —R(gg,,) implies that customer m can start service at station n in A at time

t, if and only if customer n can start service at station m in N at time t,. Thus, relation
(3.4) holds for all n,k such that B;, , < ¢,. This in turn implies that relation (3.3) holds for all

t, <t<tyr,asforalll<n<N,andall k> 1,0, , =35,.

Therefore, by induction, (3.3) holds for all £ > 0, and (3.4) holds for all 1 < n» < N and all
k > 1. Relation (3.5) is a consequence of (3.4). A |

Corollary 3.1 Let N be a model-1 network with N stations and M customers, and N be its

(customer/server) dual. Then, under the conditions of Theorem 3.1,

g2, 4L Ld, 1<n<N, 1<m<M, (3.9)
and
N-0=0=0=M-4. ' (3.10)

Proof. The cycle time in the original network defined from the viewpoint of customer m, i.e.
Crok+m — Cr i (resp. from the viewpoint of station n, i.e. C; , n — C;, ;) corresponds to the

~cycle time in the dual network defined from the viewpoint of station m, i.e. C’fn kM — C~'fn k

(resp. from the viewpoint of customer n, i.e. é;,k+N —C5 ). Relation (3.9) now follows from the

facts that these transient cycle times (i.e. differences of service completion times) are identical

according to Theorem 3.1, and that they converge to unique stationary random variables (cf.

(5]).

10



Due to Theorem 3.1, at any time, the number of service completions in A" and in N are the
same. Thus, relation (3.10) holds. |

The customer/server duality concept enables us to analyze queueing models in which service
times are related to customers instead of to queues. To illustrate this fact we present the
following result.

Theorem 3.2 Let N be a model-1 network with N queues and M customers. Assume that
the service times that customer i demands at the different queues are i.i.d. with ezponential
distribution with parameter p;, t = 1,..., M. Assume further that all service times are mutu-
ally independent. Then, the steady-state cycle times of the different customers have the same
distribution, whose Laplace-Stieltjes transform is given by

' M N+l
o= X st (72) (3.11)

(Grronirt)EZ(M,N=1) =1 \Hit s
where
M
Z(M,N—l):{(jl,...,jM):j;ZO,Z]}:N—I} (3.12)
=1

and

Mo Mo\
P, - im) = [ w7 2. [Te*] (3.13)
=1 (J1rmim)E€Z(MN-1)i=1

Proof. The result comes from relation (3.9) and the results of Schassberger and Daduna [19]. B

Note that in Theorem 3.2, the cycle time is independent of the order in which the customers
are served in a particular station (or the initial arrangement of the customers in the network).
However, as remarked in Boxma [8], in a general model-1 network with server-dependent service,
the cycle time distribution depends on the order in which the queues are visited unless all service
times are exponential. Thus, in a general model-1 network with customer-dependent service, the
cycle time distribution depends on the order in which the customers are served in a particular
station.

3.2 Equivalences between a Model without Blocking and a Model with Block-
ing '

We now establish some equivalence relations between networks with infinite-capacity buffers and
those with unit-capacity buffers. Roughly speaking, the results below indicate that in a model-1
(resp. model-2) network, if the customers as well as the stations are replaced by single-server

11



unit-capacity-buffer queues (see Figure 3 where the network corresponds to such a transformation
from the networks in Figures 1 and 2), then the resulting model-3 (resp. model-4) network has

equivalent performance characteristics.

Throughout this subsection, we will consider networks with customer-dependent service. In
such a case, the identities of the servers have no importance. Hence, for networks of models 3
and 4, we will use the following form of state representation (cf. (2.2))

(ml’m2,"'7mN)7

where m,, is the identity of the customer at a station if any, and m,, = 0 otherwise. It is assumed
that m,4q (resp. m,_;) is the customer (if any) at the downstream (resp. upstream) station
of customer m,. Note that the additions and subtractions on indices should be understood as
modulo N, i.e., my4; denotes my and mg denotes my.

We will use the symbol “T"” to denote the operator that changes the negative components
in a string to zero. For instance,

T(1,-1,-2,2,-3,-4,3) = (1,0,0,2,0,0,3).

Theorem 3.3 Let N1(N, M) be a model-1 network with N stations and M customers, and
N3(N + M, M) a model-3 network with N + M stations and M customers. If T(SA(N,M)) =

SN +M,M), and if forall1 < m < M and all k > 1, af,’:k(N,M) = af,'gk(N+ M, M), then

T(S{(N,M)) = S}N+M,M), t>0, (3.14)
ByW(N,M) = BIA(N+M,M), 1<m<M, k1, (3.15)
CEL(N.M) = CZ(N+MM), 1<m<M, k>l (3.16)

Proof. Note first that both S}(N, M) and S3(N + M, M) have N + M components.

The assertions are shown by induction on the event (i.e. service commencement or comple-
tion) epochs 0 = ¢ <ty < -+~ <t < -+

For t; = 0, (3.14) trivially holds. Assume there is some integer v > 1 such that relation
(3.14) holds for all 0 < ¢t < t,, and relation (3.15) holds for all m, k such that Bf,,’:k(N, M) < t,.

In N1(N, M) (resp. N3(N + M, M)), a customer, say m, can start its k-th service by time t,
if and only if the number, say n, on the right of m in S},(N, M) (resp. S} (N + M, M)) (or one
of its equivalent representations) is negative (resp. zero). In such a case, for N1(N, M), —n is

the server on which customer m can start service, whereas for N3(N + M, M), n = 0 means that

the downstream queue of the station where customer m is located is empty so that customer
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m can start service (recall that the blocking mechanism in A3(N + M, M) is blocking before
service). Therefore, the inductive assumption T(S} (N,M)) = S (N + M, M) implies that
customer m can start service in N1(N, M) at time ¢, if and only if customer m can start service
in N3(N + M, M) at time t,. Thus, relation (3.15) holds for all m, k such that Bf,’:k(N, M) <t,.
This in turn implies that relation (3.14) holds for all ¢, <t < t,41,asforall 1 < m < M, and
all k > 1, 0% (N, M) = 053 (N + M, M).

Therefore, by induction, (3.14) holds for ;:LH t >0, and (3.15) holds for all 1 < n < N and
all k£ > 1. Relation (3.16) is a consequence of (3.15). |

Corollary 3.2 Let N1(N, M) be a model-1 network with N stations and M customers, and
N3(N + M, M) a model-8 network with N + M stations and M customers. If T(S}(N,M)) =
S3(N + M, M), and if for all 1 <m < M and all k > 1, 05 (N, M) = 05 (N + M, M), then

N -8 (N,M)=0YN,M)=0*N +M,M)=(N+ M) 3N+ M,M). (3.17)

Combining the above equivalence properties (Theorem 3.3 and Corollary 3.2) and the duality
properties (Theorem 3.1 and Corollary 3.1), we can analyze model-3 networks with customer-
dependent service by analyzing model-1 networks with server-dependent service. In particular,
. when the service times are exponential, we obtain product-form solutions, as is illustrated in
the following theorem. '

Theorem 3.4 Let N3(N, M) be a model-3 network with N queues and M customers, N > M.
Assume that the service times are mutually independent, and that the service times of customer i
are i.i.d. with ezponential distribution of parameter p;, 1 < 1 < M. Then the network throughput
of N3(N, M) is given by

Gu(N - M -1)
" Gu(N-M)

O}N,M)=M (3.18)

where Gp(K') is the normalizing constant of the product-form solution of the model-1 network
with M stations and K customers and server-dependent exponential service times:

M
; 1
Gu(K) = > (H ,,,u)- (3.19)
n1++nM:I\'; =171
ny, -,y 20

Proof. Let NY(N — M, M) be a model-1 network with M customers and N — M single-server

infinite-capacity-buffer queues. Assume that the service times in N'(N — M, M) are mutually
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independent, and that the service times of customer i arei.i.d. with exponential distribution with
parameter py;, 1 <7< M. Let JF\/W‘(M,N — M) be the dual of N(N — M, M), with M stations
and N — M customers. Then the service times in /P\/'Vl(M, N — M) are mutually independent, and

the service times of station 7 are i.i.d. with exponential distribution of parameter u;,1 <7 < M.

By coupling the service times in these networks (see the proof of Theorem 4.1 below), we
obtain from Corollaries 3.1 and 3.2 that the network throughputs of these systems are identical:

@3N, M) = O}(N — M, M) = OL(M, N — M).

Since 7\7‘(M, N — M) has a product-form solution, we obtain (see e.g. Gelenbe and Mitrani {13,
p. 103)) for the throughput of a station of A7’1(M, N - M),

—~ GM(N-M-1)
1 — =
01 (M, N — M) Cog (V=315
Thus
Gm(N-M-1)

O=0\(M,N-M)=M

Gm(N - M)

Note that the computation of the normalizing constant Gps( K') can be carried out efficiently
in O(M K) steps (see Buzen [9]). '

Similar to the equivalence between model-1 and model-3 networks, the model-2 (inﬁnité
servers with resequencing) and model-4 (unit-capacity buffers with blocking after service) net-
works are equivalent:

Theorem 3.5 Let N?(N,M) be a model-2 network with N stations and M customers, and
N4(N + M, M) a model-§ network with N + M stations and M customers. If T(S3(N,M)) =
S§(N +M,M), and if forall 1l <m < M and all k > 1, afrfk(N,M) = af,’:k(N + M, M), then

T(SHN,M)) = SHN+M,M), t>0, (3.20)
BEE(N,M) = BSA(N+M,M), 1<m<M, k>l (3.21)
CoZ(N,M) = CIW(N+M,M), 1<m<M, k>1 (3.22)

Proof. The proof is similar to that of Theorem 3.3, and is carried out by induction on the event
(i.e. service commencement or completion) epochs. Note that in N2(N, M) and N4 (N + M, M),
a departure time of a customer coincides with the service commencement time of the customer in
the downstream station. Note also that in N*(N, M) and N*(N + M, M), the k-th departure of
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a customer, say m, occurs only after its service completion and the k-th departures of customers
1,---,m — 1. The detailed proof is left to the interested reader. [ ]

Corollary 3.3 Let ‘N2(N,M) be a model-2 network with N stations and M customers, and
NN + M, M) a model-§ network with N + M stations and M customers. If T(S3(N,M)) =
SH(N + M, M), and if for all 1 < m < M and all k > 1, 003 (N, M) = 05 (N + M, M), then

N -62(N,M)= 0*(N,M)=0%N + M,M)= (N +M)-0*(N + M, M). (3.23)

Using the above equivalence properties, we can easily prove the following bounds on the
throughput of model-4 networks.

Theorem 3.8 Let N be a model-4 network with M customers and N single-server unit-capacity-
buffer queues, N > M. Assume that the sequences of service times {o] }32,, 1 <m < M, are

mutually independent and are stationary and ergodic. Then,

M <0< }AE : (5 24)
E[ma.xlsmsM Urcn,l] B - m=1 E[U;:n,l]. . .

Proof. Let N’ be a model-2 network with M customers and N — M infinite-server queues
with resequencing.- The sequences of service times in N’ are coupled with those of A in the
sense that o7, , is also the service time of the k-th service of customer m in . It then follows

from Corollary 3.3 that A and N have the same network throughput:

0=0". ' (3.25)

Let V] and N be two model-2 networks having the same topology and the same service
times as those of /. They differ from A only in that the resequencing mechanism is relaxed and
enhanced, respectively. In A, there is no resequencing, whereas in NV}, the customer departures
from any station are synchronized: a customer can leave station n for the k-th time only when
all the customers have completed the k-th service at station n. It is easily seen (cf. Baccelli
and Liu [6]) that A has a larger network throughput and A} has a smaller network throughput

than N':
0, <0’ 0. (3.26)

Moreover, in AV, the customers are always in service, so that @] is the sum of the number

of service completions of each customer per unit of time. Hence,

Moo
01= > Fos (3.27)

m=1
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In NJ, however, the customer arrivals to (as well as the departures from) any station are syn-

chronized, so that the mean cycle time E[¢}] is

N-M
71 _ —
Elg)) = E [ S, o k] (N = M| max, o5
Thus,
p MIN-M) M . (3.28)
. E[‘f"z] E [ma.xlSmSM U,Cn’l]
Combining relations (3.25—3.28) yields the desired result. |

4 Applications to Symmetric Networks

In this section, we present the applications of the above duality and equivalence properties
to symmetric networks, i.e. networks where all the service times are i.i.d. with the same
distribution function. In such networks, there is no distinction between server-dependent and
customer-dependent services. We are interested in performance measures such as throughput
and cycle time in these networks.

4.1 Symmetry, Monotonicity and Concavity Properties

Theorem 4.1 Let N be a symmetric model-1 network with N stations and M customers. Then
the distribution of the stationary cycle time and the network throughput are symmetric in M
and N. "

Proof. Let A be the dual of A/ with i.i.d. service times. Assume that the distribution
functions of the service times in A" and A are the same. We can thus couple the service times

of N and N in such a way that forall 1 <n < N,and all k > 1, Ok = Op k- (Note that more
precisely, we should say that there exists a probability space such that for all 1 < n < N, and
all k > 1, 0 , = 6, a.s.) It then follows from Corollary 3.1 that ¢}, (resp. ¢7,) and < (resp.

g;) are identical in law, 1 <n < N,1<m < M.

Note that the only difference between A/ and N is that the number of servers and the num-
ber of customers are interchanged (the direction of flow has no importance as the network is
symmetric). Therefore, we conclude that the distribution of ¢ is symmetric in M and N. Asa
consequence, the network throughput of a symmetric model-1 network is also symmetric in M
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and N (cf. (2.10)). |

Remark: As mentioned in the introduction, the resuit of Theorem 4.1 is well-known for expo-
nential service times (cf. Schassberger and Daduna [19]). In that case they even showed that
the cycle time distribution depends on N and M only through the sum of them.

We show below that the station throughput of a symmetric closed tandem queueing network
is monotonically decreasing in its number of stations and number of customers under some

conditions.

Theorem 4.2 Let N'(N;, M;) (resp. //\f\i(ﬁ;,ﬁi)) be a symmetric model-i network with N;
stations and M; customers (resp. N; stations and A//.T, customers), 1 = 1,2,3,4. Assume that for
each i = 1,2,3,4, the service times in N*(N;, M;) and N\'(ﬁ,,ﬁz) are equivalent in law. If for
1 =1,2,3,4, conditions (4.1), (4.2), (4-3), (4-4) hold respectively,

Ny > Ny, M, > My, Ny - Ny > My — My; (4.1)

N2 > Ny, My > My (4.2)

. — . ~ Ny _ N

N3> N3,  Ms> M, N3 — N3 > 2(Ms - Ms), <2 (49)
M3 M3

~ - -~ - N N

Ny > Ny, My > My, Ng— Ny > My — My, < A (4.4)

then the station throughput of//\f\i(]vi, M,) is smaller than that of N*(N;, M;):

0'(Ni, M) < 0'(Ni, M),  i=1,2,3,4. (4.5)

Proof. The casesz =1 and 7 = 2 are special cases of Theorems 5.1 and 5.2 below, respectively.

For case ¢ = 3, let N/(N3 — M3, M3) (resp. /V’(]V;; - M\g,ﬁg)) be a symmetric model-1
network with N3 — M3 stations and M3 customers (resp. JV3 - M\3 stations and M\;; customers).
The service times in N3(N3, M3), N'(N3 — M3, M3), m(ﬁ3,ﬁl\3) and J/\/'\'(ng - M\;;,ﬂg) are
equivalent in law. It then follows from Corollary 3.2 that
N3 - M3 . 0/

N3
N3 — M;

és(ﬁ3,ﬂ3) = —N'—— 0I(N3—M37M3)
3

63(N3, M3) = (N3 — M3, M3),

Under condition (4.3),
Ny~ Ms2 Ny~ Ms,  Ms>Ms, (N3 Ms)~ (N~ Ms) > My~ M.
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Thus, applying (4.5) (for case i = 1) to networks N(Ns — M3, M) and N'( N3~ Ms, M3) implies
that

0'(N3 — M3, Ms) < 0'(N3 — M3, Ms).
It then follows that

N NoeMa + ~ o~ —
03(N3, M3) = iﬁ—‘"’-o’(zvs—Ma,Ms)
3
Na— M.
< 223 ¢(Ns— M, Ms)

3
Na—
< Moo Ms gin, — My, M)
N3
= 93(N33M3)3

where the last inequality comes from the fact that ﬁg/ﬂg < N3/M3 according to (4.3).

The case i = 4 can be shown in an analogous way in using Corollary 3.3 and the relation
(4.5) (for case ¢ = 2). The detailed proof is omitted. [

Remark: For model-1 and model-2 networks, the monotonicity properties are established
under more general statistical assumptions in Theorems 5.1 and 5.2 in the next section. An
application of the monotonicity properties of Theorem 4.2 will be presented later on in the
paper to show the nonzero asymptotic station throughput when the number of stations and the
number of customers tend to infinity.

According to a result of Baccelli and Liu [6], we know that in model-1 networks, when the
service times have a PERT type distribution, the station throughput and the network throughput
are concave in the number of customers in the system. A distribution function is of PERT type if
it is a distribution function of the length of the critical path of a PERT graph where the weights
are random variables with exponential distributions. In particular, the class of PERT type
distributions includes the exponential and Erlang distributions. Note that a concavity property
holds for nonsymmetric model-1 networks with server-dependent service, i.e., the servers can
have different service time distributions.

We now use the equivalence property (Corollary 3.2) to show the following concavity prop-
erty.

Theorem 4.3 Let N be a symmetric model-1 network with N stations and M customers. Let
L = M + N be fired. Assume that the service time distribution is of PERT type. Then, the
network throughput of N is concave in M and N. Furthermore, the network throughput is
mazimized when |M — N| < 1.

Proof. Let A be a symmetric model-3 network with M customers and L = N + M queues.
The service times in A have the same distribution as those in A/. It follows from Corollary 3.2
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that the networks A and A/" have the same network throughput: © = ©’.

Applying further the result of Baccelli and Liu [6] implies that @’ is concave in M, so is ©.
Moreover, O is concavein N =L — M.

Since © is symmetric in M and N = L — M according to Theorem 4.1, we obtain that O is
maximized when M = |L/2| or M = [L/2], where |z] is the integer part of z, and [z] is the
smallest integer greater than or equal to z. In other words, M = Nor M = N £ 1. |

Remark: For model-3 networks, the concavity and the maximization of the network throughput

were obtained in {11] for nonsymmetric server-dependent service.

4.2  Exact Analysis and Bounds of Throughput

We now consider the throughput of queueing networks with blocking. We first obtain the
following closed-form solution of the throughput in a symmetric closed tandem network with
single-server unit-capacity-buffer queues and exponential service times.

Theorem 4.4 Let N be a symmetric model-3 network with M customers and N single-server
unit-capacity-buffer queues, N > M. Assume that all the service times are i.i.d. with exponential
distribution of parameter u. Then the network throughput © and the station throughput 6 of N
are given by :

_ M(N - M) _ M(N - M)
O=w-=fx=7 > =rFJEz-p- (46)
Proof. It follows from Theorem 3.4 that
Gm(N - M -1)
=M. .
(0] G (N = 3) (4.7)

where Gar(K) is the normalizing constant of the product-form solution of the model-1 network
with M stations and K customers with exponential service of parameter . Thus (cf. (3.19)),

Gum(K)= Z p K. (4.8)
n+---+ny =K,
ny,c,nm 20
There are ( MA-;}E 1_ 1 ) terms in the right-hand side of the above equation. To see this, we
note that a vector (ny,---,npr) corresponds to the binary chain .

1.---101---10---01-:--1
S~ S——— N——’
ny n2 nmM



with K ones and M — 1 zeros. The state vector (ny,---,nas) is thus determined by the positions
of the zeros among K + M — 1 letters.

Thus, it follows from (4.7) that

Gu(N-M-1) (M-

O=M—cuw-m M NC
M

Consider now the equivalence properties between model-2 (infinite server with resequenc-
ing) and model-4 (blocking after service) networks. We assume here that these networks are
symmetric. In the literature, there is no analytical method for these networks, even under the
assumption of exponential service times. Various approximate solutions were proposed for the
model-4 networks, see [16] for a survey. According to the equivalence properties (Theorem 3.5
and Corollary 3.3), these approximate solutions are applicable to the model-2 networks.

Moreover, using these equivalence properties, the bounds obtained in one model can be
transmitted to another. The bounds in Theorem 3.6 illustrated such idea. We present here
some more examples.

Corollary 4.1 Let N be a symmetric model-4 network with M customers and N queues, N >
M. Assume all the service times are i.i.d. ezponentially distributed with parameter i. Then,

M(N - M) M
ma.x{p- N1 ,u-zﬁl%} < 0 < Mu. (4.9)
Proof. First, as a consequence of Theorem 3.6,
M
=17

It was shown in [12] that the blocking-after-service mechanism yields a larger throughput
than the corresponding network with blocking-before-service mechanism. Thus, for the sym-
metric model-4 network AV with M customers, N queues and exponential service times, a lower
bound of the throughput can be obtained from the corresponding model-3 network using The-
orem 4.4:

(4.11)

Combining (4.10) and (4.11) yields (4.9). [ |
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Using the lower bound in (4.9)together with Corollary 3.3, we obtain

Corollary 4.2 Let N be a symmetric model-2 network with M customers and N queues. As-
sume that all the service times are i.1.d. erponentially distributed with parameter pp. Then,

M(N - M) M } (4.12)

Ozmax{l" N—l ’#.ZM 1

=17

4.3 Asymptotic Throughput

We now consider the asymptotic station throughputs of the closed tandem networks when the
number of stations and the number of customers tend to infinity. Our results rely on the
monotonicity properties of Theorem 4.2 and the large deviation bound established in Baccelli

and Konstantopoulos [3] (see also [4, pp. 394-404]).

Let ¢ be a random variable. Assume that the moment generating function of o exists for
some zg > 0,

h(2) ® E(e*) < 00, - Vz< z. (4.13)

Let H(z) be the Cramer-Legendre transform for the distribution function of o,
H(z)™ inf (log(h(z)) - 2z). (4.14)

Let
5 & inf{z | £ > E[o], H(z)+log(2) < 0} (4.15)

Lemma 4.1 For: = 1,2,3,4, let Ni(Ni,Mi) be a symmetric model-i network whose service
times have the same law as the random variable o. If N; = M; for i = 1,2, and N; = 2M; for
i = 3,4, then the station throughput of N*(N;, M;) is bounded below by 1/v:

0 (N* (N, M;)) > i=1,2,3,4. (4.16)

2| =

Proof. It has been shown in [11] that in a strongly connected marked graph, two reachable
initial markings yield the same throughput. Thus, the throughputs of the networks N*( N;, M;),
1t = 1,2,3,4, are independent of the initial queue lengths. We can therefore assume, without
loss of generality, that in Nl(Nl, M), at time zero, there is one and only one customer in each
station.

As is illustrated in Appendix A (Figure 6), the model-1 networks can be represented by a
subclass of stochastic Petri nets. Note that for sake of simplicity we assume that any transition
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has no simultaneous firing. This corresponds to the Petri nets with “recycled” transitions.
Therefore, the out-degree of a Petri net representing the model-1 network is 2 (including the
one exit arc for the “recycling place”).

By applying now the large deviation bound of (3], we obtain that

oL (N ( My, My)) > }/

As a consequence of the equivalence property between model-1 and model-3 networks (cf. Corol-
lary 3.2), we get that

, 1
G3(N3(2M3, M3)) = 8 (NY (M3, M3)) > >
As we mentioned in the previous subsection, a model-2 (resp. model-4) network has larger

throughput than the model-1 (resp. model-3) network with the same number of stations and
the same number of customers. Therefore,

AN My, M) > 91(N1(M2,M2))2$,
6" (N*(2M4, My))

v

P (N3(2My, My)) > 73

We are now in a position to establish the following existence property of asvmptotic through-
put. ;

Theorem 4.5 Fori=1,2,3,4, let N‘(N;,M,-) be a symmetric model-i network whose service
times have the same law as the random variable o. Let ¢ > 1 be a positive integer constant. If
M; = M, N; = qM fori= 1,2, and N; = (¢+ 1)M for i = 3.4. then the asymptotic station
throughput of N*(N;, M;) when M goes to infinity ezists. denoted by 6'(q). and is bounded below
by 1/(qv):

_. o 1
o) = lim FW(N, M) 2 —,  i=1.23.4 A7
8'(q) = lim &' (N'(N:, M) 2 el 1.2,3.4 (4.17)
If, further, the random variable o has a PERT type distribution, then

) - ,
Fg) = im 6NN M) 2 —-

7+1 1 =1,2.3.4. (4.18)

2|

Proof. Owing to Theorem 4.2. we have

BN (g(M + 1).M+1)) < W (gM.M)). i=12 M>L
PN ((g+ DM+ 1. M+1) < §FN((g+ DM, i=34 M1,
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These monotonicities imply the existence of the asymptotic throughputs
6'(q) = lim &N (gM,M)), i=1,2, (4.19)
M—oco

6'(q) = 'A}iinoo()"(/\f"((q+1)M,M)), i=3,4. (4.20)

According to Lemma 4.1, 8'(N1(M, M)) > 1/7, so that 6*(1) > 1/7.

For general g > 1, consider the network A''(¢M, M). Assume that the stations are labeled in
a cyclic order so that the topology of the networkis (1 — 2 — --- — ¢M). Since the throughput
is independent of the initial queue lengths, we can assume without loss of generality that at time
zero, the customers are equally distributed in the sense that stations M,2M, -~ ,gM have one
customer each, and the others have no customer. Let 7 = 0y +--- 4 04, where 03, -+,0, are

independent versions of random variable o. Let

ho(2) = E(e™) = (E(e))! = (h(2))", (4.21)
Hyz) % inf (log(hy(2)) - =) = inf (qlog(h(=)) - =2) = qH(z/q),  (422)
Yq def inf{z | z > E[r], Hy(z)+ log(2) < 0}. | (4.23)

A simple calculation yields

gy = inf{qz |z > E[o], H(z)+ log(2) < 0}
inf{y | y > qE[o], H(y/q) +log(2) < 0}
inf{y | y > E[r], ¢H(y/q)+ qlog(2) < 0}
inf{y [ y > E[r], qH(y/q)+ log(2) < 0}
Yq-

v

Using again the result of [3] implies that

1

PN gM, M) > 717, > et (4.24)
Therefore,
PN M, M) > 6" (N (M, M)) > ;1— >, (4.25)
P N*((g + 1)M, M) A 71 >, (4.26)
PN (g + DM M) > BN (g+1)M, M) > 7i > (4.27)
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Equations (4.24)—(4.27), together with (4.19) and (4.20), readily imply relation (4.17).

If o has a PERT type distribution, then, according to the concavity property of Theorem 4.3,

we obtain that

6 (W (20M,20) 2 — 0" W {(g+ 1M, (g + M) > — -

e (4.28)

=L [~

Relation (4.18) now follows as an immediate consequence. | |

Corollary 4.3 Fori = 1,2,3,4, let N(N;, M;) be a symmetric model-i network whose service
times have the same law as the random variable 0. Let q be a positive integer constant such that
q> 2. Then

_. o 1
0'(q) = hm 0t(N:(Ni’ Mt)) 2 " 1= 1,2a (4'29)
Ny =00, M;— o e :
qM; < N; < (¢ + 1)M; ‘
8'(q) = lim FN(NLM)) > ~,  i=3,4.  (4.30)
N; > 00, M;—> > . Y
(g+1)Mi < N; < (g +2)M;

If, further, the random variable o has a PERT type distribution, then

. . 2
0'(q) = lim G (N (Ni, My)) 2 —— - L iz (4.31)
N,' — 00, M,' — 0 q +1 Y
gM; < Ni <(g+1)M;
6'(q) = lim (N (N;y, M) > —— - =, 1= 3,4. (4.32)
Ni— 00, M; > o0 q+1 ~

(g+ 1)M; < N;i < (g + 2)M;

Proof. We only consider the case i = 1, i.e. the model-1 network A''(Ny, My). The case i = 2
is analogous and is omitted. The cases ¢ = 3 and ¢ = 4 are consequences of the cases 1 and 2,
respectively, in view of Corollaries 3.2 and 3.3.

Owing to Theorem 4.2, we have that for all M; > 1 and ¢M; < N; < (¢+ 1) M,,
01 (N (2gMy,2M)) < 61 (N (N, My)) < 0Y (W (gMy, My)).

Using Theorem 4.5 and taking the limit when M; and N; go to infinity in the above inequalities
imply that

8'(q) = lim 6" (N (2qM;,2M;))

M) —o0
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< lim O (NN, M)
N1 — 00, M1 - OO'
qM, < Ny <(¢+ )M,
< lim YN (gMy, My))
M;—»oo
= él(‘])’
so that
lim 0" (N (N1, My)) = 6'(q).
Ny - o0, Mj—>
gM, < Ny < (g+1)M;

Thus, relation (4.31) holds for ¢ = 1. The proof is thus completed. [ |

5 Concluding Remarks, Extensions and Further Applications

In this paper, we have obtained duality and equivalence properties in closed tandem queueing
networks. We have presented the customer/server duality and have shown the equivalence
between customer-dependent and server-dependent services in model-1 networks. We have also
shown the equivalence between model-1 and model-3 networks, and the equivalence between
model-2 and model-4 networks.

These equivalence results hold in fact for nonzero initial workload, i.e., the customers and the

servers have some work to finish at time zero before starting a complete service. Indeed, in such

[+

a case, o5, (resp. ot

) can be considered as the remaining work of server n (resp. customer
m) at time zero. Thus, Theorems 3.1, 3.3 and 3.5 are still valid. Since the throughput and the
stationary cycle time do not depend on the initial workload in general (see [5]), Corollaries 3.1,

3.2 and 3.3 remain true.

The customer/server duality presented in this paper is in certain sense related to the cus-
tomer/hole duality introduced by Gordon and Newell [14]. It was shown by Dallery, Liu and
Towsley [11] that an assembly/disassembly network with finite buffers and blocking before ser-
vice (which is more general than the model-3 networks) is equivalent to its customer/hole dual
where the roles of customers and holes (i.e. unoccupied space in the buffers) are interchanged
and the flows are reversed. Using this result together with the equivalence between model-
1 and model-3 networks established in this paper, we can show the customer/server duality
for symmetric model-1 networks. In order to see this, we consider the network throughput
O!(N, M) of a symmetric model-1 network N''(N, M) and the network throughput ‘(:)I(M, N)
of its customer/server dual N1(M, N). According to Corollary 3.2, OY(N,M) = Q3N+ M, M).
Applying the customer/hole duality to the symmetric model-3 network A3(N + M, M) implies
O33N + M, M) = Q3N + M, N), where we note that the number of holes in N3(N + M, M)
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is N. Using again Corollary 3.2 we get ©3(N + M,N) = O'(M, N). Figure 5 illustrates these

relations. ‘ » :
mﬂﬂﬁ |—Q:E<—OOI ~Cel
-
Model 1/ Model 3 ' Model 1/ Model 3
equivalence equivalence

customer/hole
duality
- ———————

Figure 5: Relations between customer/server duality and customer/hole duality.

Some of the results obtained in Section 4 can be generalized using the notion of stochastic
ordering (in particular the increasing convex ordering <icx, see the definition below) and the

stochastic comparison results obtained in [6].

A random vector X € IR" is said to be smaller than a random vector Y € IR™ in the sense
of increasing convex ordering, denoted by X <. Y, if for all increasing and convex functions

f :IR* > IR, E[f(X)] < E[f(Y)], provided the expectations exist. A sequence of random
variables {zx}3>, is smaller than the sequence of random variables {yx}?2, in the sense of

increasing convex ordering, denoted by {zx}§2, <icx {¥k}iZ,, if for all n > 1, {zi}P, <icx
{yk};clr.l'

For example, it is readily shown that a random variable which, with probability p, is a
constant 1/u, and with probability 1 — p, is an exponentially distributed with parameter g, is
smaller, in the sense of increasing convex ordering, than the random variable with exponential

distribution of parameter p.

Thus, an application of Theorem 3.4 and the monotonicity property with respect to timing
established in [6] implies

Corollary 5.1 Let N be a model-3 network with M customers and N single-server unit-capacity-
buffer queues, N > M. Assume that the service times are mutually independent, and that the
service times of customer i are i.i.d. with mean 1/p;, 1 < i < M. Customer i has constant
service time 1/u; with probability p; and ezponential service time of parameter p; with probability
1—p;, 0<p; <1,1< 1< M. Then the network throughput © of N is bounded below by

Gu(N - M 1)
Gu(N - M)

O>M- , (5.1)
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where Gpr(K) is determined by (3.19).

Concerning the asymptotic throughput, one easily observes, in view of the monotonicity
property with respect to timing established in [6], that Theorem 4.5 and Corollary 4.3 remain
valid if the service times are smaller than o in the sense of increasing convex ordering. Moreover,
owing to the following monotonicity properties (Theorems 5.1 and 5.2) of station throughput
with respect to number of stations and number of customers in model-1 and model-2 networks,
the results of Theorem 4.5 and Corollary 4.3 can be extended to asymmetric model-1 and model-2
networks (see Corollary 5.2 below).

In general, the network throughput and the station throughput of model-1 networks are
monotonically increasing in its number of customers according to the monotonicity property with
respect to initial markings obtained in [6]. However, the network throughput and the station
throughput of a closed tandem queueing network (of one of the four models) are usually not
monotone with respect to the number of stations. We prove in Appendix B that the following
monotonicity of the station throughput in model-1 networks holds with respect to both the
number of stations and the number of customers. ’

Theorem 5.1 Let N(N, M) (resp. N\(]V,H)) be a model-1 network with N stations and M

customers (resp. N stations and M customers) and server-dependent service {oprs 1<n<

N}z, (resp. {65, 1<n< N}, ). Assume that

——

N>N, M>M, N-N>M-M.

Assume further that the sequences {0} ;}72,, 1 < n < N, (resp. {&fhk}‘,j"zl, 1<n< IV,) are

mutually independent, and that for all N < n < ﬁ, the upstream station of n, denoted n',
1<n' < JV, is such that

{U:u,k}z.;l <iex {&;,k}zo:I .

Then the station throughput ofﬁ(ﬁ, M) is smaller than that ofN(N., M):

6(N,M)< (N, M).

Note that the above monotonicity property is different from the monotonicity property with
respect to topology [6]. Indeed, for two model-1 networks, one with more customers and more
stations than the other, the corresponding marked graph of the former cannot, in general, be
obtained by adding transitions and tokens in the corresponding marked graph of the latter.
Thus, the result of [6] does not apply. Nevertheless, according to the representation of model-2
networks by stochastic marked graphs described in Appendix A, such a result does apply to
model-2 networks, so that we can prove (see Appendix B) that in model-2 networks, the station
throughput is monotonically decreasing in the number of stations and the number of customers.

27



Theorem 5.2 Let N(N, M) (resp. N\(N,M\)) be a model-2 network with N stations and M
customers (resp. N stations and M customers). Let {Omupk, 1 <m <M, 1 <n< NP,
(resp. {Ommk, 1 <m< H, 1<n< JV}Z‘;I) be the sequence of service times of customer m at

station n. Assume that N > N and M > M. Assume further that

{Um,n,ka 1<m<M,1<n< N}z(.)—_l Siex {&m,n,ka 1<m<M, 1<n< N}zozl
Then the station throughput ofﬁ(ﬁ,ﬁ) is smaller than that of N(N, M):

6(N,M) < (N, M).

As a consequence, in model-1 and model-2 networks with server-dependent services, if the
service times are increa.singin the sense of increasing convex ordering, then the station through-
put decreases when the number of stations and the number of customers increase. Hence, the
results of Theorem 4.5 and Corollary 4.3 can be extended to asymmetric model-1 and model-2
networks.

Corollary 5.2 For i = 1,2, let N*(N;, M;) be an asymmetric model-i network with server-
dependent service times {0:’,2, 1 < n < NiJR,. Assume that the topology of the network is
(1 -2 — -+ —= N; > 1). Assume also that the sequences of service times of the servers
{022}2‘;1 are mutually independent, and that each of which consists of i.i.d. random variables.
If foralln>1andi=1,2,

8,1 . 5,8 B
0.1 Siex Ont1,1 <iex 0,

nl1 =
then . .
. S 1
6'(1) = A}im (N (M, M)) > ot 1=1,2, (5.2)
and for any positive integer constant such that ¢ > 2,
. S 1
6'(q) = lim ¢ (NY(N,M)) > —, 1=1,2, (5.3)
N—>o00, M—> o e

gM < N <(¢+1)M

where o and v satisfy (4.13), (4.14) and (4.15). If, further, the random variable o has a PERT

type distribution, then

= 2 1
F(g)> — .-, i=12. 5.4
KOE s : (5.4)

For general closed tandem networks with buffers of arbitrary sizes, due to the monotonicity
property with respect to initial markings and to timing [6], the throughput decreases when the
buffer sizes decreases and/or when the service times increases in the sense of <., ordering.
Therefore, Theorem 4.5 and Corollary 4.3 imply
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Corollary 5.3 Let N(N, M) be an arbitrary closed tandem queueing network with N single-
server finite-capacity queues and M customers, and server-dependent service times {0, ,, 1 <
n < N}R.,. The sizes of the buffers are arbitrary, and the blocking mechanism of any server can
be either blocking before service or blocking after service. Assume that the sequences of service
times of the servers {afl,k}zozl are mutually independent, and that each of which consists of i.i.d.

random variables. If for all n > 1, 0, | <ijcx 0, then

lim inf B(A'(2M, M) > 1 (5.5)

2

and for any positive integer constant such that q>2,

lim inf O(N(N,M)) > L
N =00, M—cc q
(@+ )M < N < (¢+2)M

(5.6)

If, further, the random variable o has a PERT type distribution, then

lim inf O(N(N,M)) > 2.
N =00, M—> oo q+1
(g+ )M <N <(qg+2)M

(5.7)

S

In a similar way, we can prove the existence of nonzero asymptotic station throughput for
open tandem queueing networks with blocking. Let A (V) be a tandem network consisting of N
single-server queues with blocking. The first queue has an infinite-capacity buffer with infinite
supply of customers so that the server is never starved. The last queue has an inﬁnité-capacity

downstream buffer so that the server is never blocked. The intermediate buffers have buffers
with possibly finite size. The blocking mechanism of a server, when it has a finite-capacity

downstream buffer, is either blocking before service or blocking after service. According to
the monotonicity property with respect to topology [6], the throughput decreases when a new
single-server queue (with finite or infinite buffer) is added at the end of the tandem network A/,
the station throughput decreases. Therefore, asymptotic station throughput of such an open
" tandem queueing network A (N) exists. Moreover, since for any given N, the throughput does
not depend on the initial queue lengths of the queues, we can assume that there is one customer
at each station initially. Therefore, using the large deviation bound of [3] implies that the station
throughput is greater than 1/4 when the service times are smaller than o in the sense of <;c4.

Hence,

Corollary 5.4 Let N(N) be a tandem network consisting of N single-server queues with block-
ing. The first queue has an infinite-capacity buffer with infinite supply of customers and the last
gueue has infinite-capacity downstream buffer. The blocking mechanism of a server, when it has
a finite-capacity downstream buffer, is either blocking before service or blocking after service.
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Assume that the sequences of service times of the servers {afl,k}i‘_’__l are mutually independent,

and that each of which consists of i.i.d. random variables. If for all n > 1, 0}, | <icx 0, then

I(N) = Jim GN(N)) >~ (5.8)

1
v

The above result proves a conjecture presented in [10] claiming that the throughput of a

transfer line decreases to a nonzero value when the number of machines increases.

Note that in these asymptotic analyses of (station) throughput, we require that service times
are bounded in <., sense by a random variable for which the moment generating function (4.13)
exists for some z9 > 0. A necessary and sufficient condition for the existence of the moment
generating function of o is that the tail distribution of ¢ is bounded by an exponential:

e >0, 29 >0, Vr>ap: P{o >z} <e™*. (5.9)

As we saw in the previous sections, for a symmetric model-1 network A (N, M) with N sta-
tions and M customers, and with exponential service times of parameter y, its station through-
put (N, M) is expressed as
Gny(M -1)

1 _
G, M) = Gn(M)

where Gn(K') was defined in (4.8). Hence,

<N+M—2>”_M+1 .

-1 N-1 M

v, iy = EM =D =p- :
GN(M) (N+M—1)M_M N+M-1

(5.10)
N-1

When N = M, 6'(N,N) > p/2. Therefore, when o is smaller than an exponenetial random
variable of parameter p in <;cx sense, we obtain another lower bound for the asymptotic station
throughput: For any positive integer ¢ > 1,

0'(q) > /2, i=1,2,3,4. (5.11)
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A Modeling Closed Tandem Queueing Networks by Stochastic
Strongly Connected Marked Graphs

In this appendix, we illustrate how the queueing networks analyzed in this paper can be rep-
resented by stochastic marked graphs (which form a subset of stochastic Petri nets). Roughly
speaking, a marked graph is a bipartite graph with a set of transitions and a set of places.
The in-degree (resp. out-degree) of any place is at most one. The evolution of the graph is
characterized by the circulation of tokens, which stay in places, and are consumed and produced
by transitions. A transition is enabled to fire when there is at least one token in each of its
upstream places. The firing consumes one token of each of these places and produces, after some
firing time, one token into each of its downstream places. At any time, at most one firing is
permitted at each transition.

The marked graph in Figure 6 represents the queueing network of Figure 1, where the
transitions represent the servers, the places the buffers and the tokens the customers.

Samme—— transition

legend: Q place

o token

Figure 6: Stochastic marked graph corresponding to the model-1 network of Figure 1.

The marked graph in Figure 7 represents the queueing network of Figure 2, where the “thick-
bar” transitions represent the servers, and the “thin-bar” transitions represent the departures
and have zero firing time. Transition with label ij represents the server in station 7 dedicated
to customer 7,1 <1< 3,1< 5 <4.

The marked graph in Figure 8 represents the model-3 queueing network of Figure 3, where
the transitions represent the servers, the places as well as the tokens in the middle row represent
the waiting buffers and the customers, and the other places as well as the tokens represent the
availability of the downstream waiting buffers.

The marked graph in Figure 9 represents the model-4 queueing network of Figure 3, where
the “thick-bar” transitions represent the servers, and the “thin-bar” transitions represent the
departures and have zero firing time. The places as well as the tokens in the middle row represent
the waiting buffers and the customers, whereas the other places and the tokens represent the
availability of the servers and the downstream waiting buffers.
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Figure 8: Stochastic marked graph corresponding to the model-3 network of Figure 3.

Figure 9: Stochastic marked graph corresponding to the model-4 network of Figure 3.
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"B  Monotonicity of Throughput in Number of Stations and
Customers

The proofs of the monotonicity results are based on Strassen’s Theorem [20] concerning increas-
ing convex ordering, on the monotonicity results of stochastic marked graphs [6], and on the
above correspondence between closed tandem queueing networks and stochastic marked graphs.

Proof of Theorem 5.1.

Observe first that when a station with zero initial queue length is added in N (N, M), then
the station throughput decreases, i.e.,

6 (N +1,M) < 6'(N, M).

Such a relation is implied by the property of throughput monotonicity with fespect to topology
established 'in [6] for stochastic marked graphs. Indeed, the stochastic marked graph corre-
sponding to N(N + 1, M) can be obtained by adding transitions and places to the stochastic
marked graph corresponding to A'(N, M). For example, Figure 10 contains a model-1 network
obtained by inserting a station in between the two left most stations in Figure 1. By adding one
transition and two places (Figure 11-(a)) in the marked graph (Figure 6) corresponding to the
network of Figure 1, and by further removing a redundant place of the resulting marked graph
(Figure 11-(a)), we obtain the marked graph (Figure 11-(b)) corresponding to the network of
Figure 10.

Therefore, in what follows, we will only consider the case that N-N=M-M. Moreover,
we will only consider the case that N-N=M-M= 1, as the general case can be completed

by a simple induction. Without loss of generality, we assume that the topology of M(N, M) is

l1-2—----> N> 1),andtha.tof.//\f\(N+1,M+1)is(1—»2—»---—>N+1—>1). Thus,
the assumption of the theorem indicates that :

{oN ktez1 Siex {ON41.6) k1

Owing to the property of throughput monotonicity with respect to timing [6] in stochastic
marked graphs, we can further assume, without loss of generality, that the service times of

stations ¢ in the two networks A/(N, M) and /V(N—f— 1, M +1) have the same law for¢ = 1,---, N.
Under the mutual independence assumption of the service times, we know that there exists a
probability space such that

{Ui,k’ 1 S n S N}Zo=1 = {6;,,:, 1 S n S N}Zo=1, a.s. (B.I)

component-wise. Moreover, according to Strassen’s Theorem [20] on increasing convex ordering,
we obtain that

{ofeizs < E [{hadizs Howadi], e (B.2)
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Figure 10: The model-1 network with one more station than that of Figure 1.

(a)

()

Figure 11: Stochastic marked graphs corresponding to the model-1 network of Figure 10. (a)
Marked graph obtained by adding transitions and places to that of Figure 6. (b) Equivalent
marked graph obtained by removing redundant places.

Let Cp, i (esp. én,k) be the k-th service completion time of server n in AV (resp. ./V) Let I,
(resp. in) be the initial queue length of station n in A (resp. ]\f\) As we mentioned previously,

the throughput of A (N, M) and /V(N + 1, M 4 1) are independent of the initial queue lengths,
we can assume without loss of generality that

Vo, 1<n<N: lo=I,, and Iy=Iy=iys1=1

It is easily verified that the following recursive equations hold:
Cnik = max(Cni-1,Cn-1k=1n)+ Oni, 1<n<N, k>1, (B.3)
Cok = max(Cop-1,Co_y i) Honpe  1<n<N+1L k21, (B.4)
where, by convention, Co x = Cn k, éo,k = éN+1,k, and if £ <0, then C, , =0 and CA’n,k =0.
Let Xpk, 1 <n < N+1,k>1, be the variables defined by the recursive equation
Xnk = max(Xn k-1, Xn-1k=1n) + On ks 1<n<N+1, k>1, (B.5)

where, by convention, ont16 = Nk, INy1 = In = 1, Xok = Xn414, and if & < 0, then
Xn,k =0.
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It is readily shown by induction that

XN+1,k = XNk Xnk = Chk, 1<n<N, k>1 (B.6)

¢

Therefore, applying Jensen’s inequality on conditional expectétions in (B.4) implies
E[CnlU] > max(E[én,k—1|U]aE[én_l’k_l‘nlU])-f-E[a’n,klU], 1<n<N+1, k>1,(B.7)
where U & {0k 1 <n < N}E,. Replacing (B.1) and (B.2) in (B.7) yields

E[CnilU] > max(E[Crpa|lUL E[C,_y i [U) + Ong, 1<n<N+1, k>1, (BS8)

By a simple induction proof using relations (B.5), (B.6) and (B.8), we can show that
E[CoklU] > Cng = E[CaplU], 1<n<N, k>1. (B.9)

Unconditioning with respect to U implies that

E[Cutl > E[Cni], 1<n<N, k>1. (B.10)
Hence,
. k
6N +1,M +1)= lim ——— < lim = 6(N, M).
( ) k—o00 E[Cl,k] k—o00 E[Cl,k] ( )
The proof is thus completed. : |

Note that by Jensen’s inequality, relation (B.9) implies the following increasing convex or-
dering
{Cn,k,]- <n< N}ZZ] <liex {én,kvl <n< N}}:o:l (Bll)
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Proof of Theorem 5.2.

We first show that insertion of stations and customers in a model-2 network results in addi-
tions of transitions and places in the corresponding marked graph. Indeed, insertion of a station

results in an addition of a column of (two at each row) transitions and (two at each row) places.
Insertion of a customer results in an addition of a row of (two at each column) transitions and

(two at each column) places.

Such a fact is illustrated in Figure 13 which corresponds to the model-2 network of Figure 12.
In the network of Figure 12, a new station with initially one customer is inserted on the right
most of the stations of the network of Figure 2. In order to model this new station, we insert
a column of “thick-bar” and “thin-bar” transitions as well as the places for connections in the
marked graph of Figure 7 corresponding to the model-2 network of Figure 2. The two transitions
and two places of each row in this new column represent the servers of the new station dedicated
to existing customers. Recall that the “thick-bar” transitions represent the services, and the
“thin-bar” transitions represent the departures and have zero firing time. In order to model the
new customer, we insert a row of “thick-bar” and “thin-bar” transitions as well as the places for
the connections. The two transitions and two places of each column in this new row represent
the servers of each station dedicated to this new customer. Figure 13-(a) illustrates the resulting
marked graph. Now, by removing the redundant places of this marked graph, we obtain the
marked graph (Figure 13) corresponding to the network of Figure 12.

maBOG SRANY JEEE ERE

Figure 12: The model-2 network with one more station and one more customer than that of

Figure 2.

The assertion of Theorem 5.2 becomes now a consequence of the properties of throughput
monotonicity with respect to topology and with respect to timing established in [6] for stochastic

marked graphs. ‘ : |
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(b)

Figure 13: Stochastic marked graph corresponding to the model-2 network of Figure 12. (a)
Marked graph obtained by adding transitions and places to that of Figure 7. (b) Equivalent
marked graph obtained by removing redundant places in (a).
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