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Queueing networks with blocking are used to represent systems with finite capacity
resources and with resource constraints. Different blocking mechanisms have been
defined and analyzed in the literature to represent distinct behaviors of real systems with
limited resources. Exact product form solutions of queueing networks with blocking have
been derived, under special constraints, for different blocking mechanisms. In this paper
we present a survey of product form solutions of queueing networks with blocking and
equivalence properties among different blocking network models. By using such
equivalences we can extend product form solution to queueing network models with
different blocking mechanisms. The equivalence properties include relationships between

open and closed product form queueing networks with different blocking mechanisms.
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1. Introduction

Queueing networks are used to represent and to analyze resource sharing systems,
such as production, telecommunication and information systems, and they have proved to
be a powerful tool for performance evaluation and prediction [23, 28]. Queueing networks
have been analyzed and solved under different assumptions and constraints. Various
classes of queueing networks have been shown to have product form solutions, and
efficient algorithms to exactly evaluate their performance have been developed [9, 28].
Most of the product form queueing network models require infinite capacity queues.
Queueing network models with finite capacity queues have been introduced in order to
represent real systems with finite capacity resources. In these models, when a queue
reaches its maximum capacity, the flow of customers entering the service center is stopped,
both from other service centers and from external sources in case of open networks. This
phenomenon is referrred to as blocking.

Queueing networks with blocking can be applied to telecommunication systems
and computer systems with limited shared resources, such as interconnecting links or store
and forward buffers, as well as in production systems with the finite storage buffers.

Different blocking mechanisms representing distinct behaviors of real systems
with limited resources have been defined and analyzed in the literature. Some of the
reported blocking mechanisms have been recently named and classified by Akyildiz and
Perros [5] and by Onvural [31], whereas other blocking types, which are most common in
communication systems, have been analyzed and compared by Van Dijk [38, 39]. Each
blocking mechanism defines the service center blocking time, the behaviors of arriving
customers to full capacity service center and the servers' activity in the network. Blocking
types have been compared and equivalence properties derived for open queueing networks
[32, 38, 39], for tandem networks [6, 11] and for closed queueing networks [8, 38].

Exact product form solutions for the steady-state joint queue length probability
distribution of queueing networks with blocking have been derived in the literature under
special constraints, for different blocking mechanisms [1-4, 14, 15, 17, 19-21, 22, 26, 27,
30, 33, 36, 39, 40-43]. Several approximate solutions have been proposed for queueing
networks with blocking. A survey of exact and approximate methods for closed queueing
networks with blocking has been recently presented by Onvural in [31]. Open queueing
networks with blocking and a bibliography on networks with finite capacity queues have

been presented by Perros [34, 35].

In this paper, we present a survey of product form solutions of open and closed

queueing networks with blocking and of equivalence properties among different blocking



product form network models. The equivalence properties include relationships between
open and closed product form queueing networks with different blocking mechanisms.

Equivalence properties between networks with different blocking types are defined
in terms of exact state space transformation functions. By using such equivalence
relationships between steady-state queue length distributions, it is possible both to extend
product form solution and solution methods defined for a given blocking type model to
the corresponding blocking type network model and to extend or to relate insensitivity
properties for queueing networks with different blocking mechanisms.

A consequence of the results of equivalence is an extension of the class of product
form networks with blocking which includes models in which different nodes work under
different blocking mechanisms. These queueing networks can be used to represent
complex systems, for example models of integrated computer-communication systems
whose components have different blocking models (e.g., network links, controllers, and

computer I/O subsystems with different types of blocking).

The paper is organized as follows. Section 2 introduces the queueing network
model and the different blocking types. Section 3 surveys and classifies product-form
networks with blocking and presents equivalence properties between product form

networks with different blocking types. Finally, Section 4 presents the conclusions.

2. The model

We consider queueing networks with both single and multiple types of customers.
Wefirsintroducmodehssumptionsndnotationforthegeneradase. Consider a
queueing network with blocking formed by M service centers (or nodes) and with C
classes of customers. The set of job classes can be partitioned into R disjoint sets
E;.....Eg called chains. Each chain can be either open or closed. The queueing network is
open or closed if it is formed only by open or closed chains, respectively. The network is

mixed if it consists of both open and closed chains.
If chain r is closed then N, denotes the number of customers in the network in chain r,

I=<r<R, and N= lersR N; the total network population. If chain r is open, we assume
Poisson exogenous arrival processes at node i, 1<i<M, 1=<r<R. Poisson arrival rate can be
either load independent or load dependent, respectively denoted as y and y a(n), n=0, rates

depending on the total number of customers in the entire network, or, for multichain
networks, depending on the total network population m, in each chain r, denoted by a,(m)



and m=(mj,..., mg), m:=0, for each chain r, 1<r<R. Functions a and a, are arbitrary and
non negative, 1<r<R.
An exogenous arrival tries to enter node i in class s of chain r with probability py; ),
I=<i<M, 1=ss=<C, s€E,, 1=r<R. In other words, the Poisson arrival process at node 1 in class
s of chain r has parameter v py ) for load independent arrivals, and y a(n) po ) Or Y
a(m) py; ) for load dependent arrivals, according to the arrival function definition.
Customers' behavior between service centers of the network is described by the
routing matrix P = ”P(i,s)(j,t) Il, 1=i,j<M, 1=s,t<C, where Pd,s)Gib) denotes the probability
that a job leaving class s at node i tries to enter node j in class t, t,s€E,, 1<r<R. If chain r is

open then p(; )0 » 1<i<M, 1=s<C, denotes the probability that a job leaving class s in node

1 leaves the network. By definition, the following relation holds, for 1<i<M,1<s<C:
M C

> > PisioPaso= 1
i=li=1

Let us introduce vector X with components x; ,1<i<M, 1=<s<C, s€E,, 1=r=<R,
which can be obtained by solving the following linear system for each chain :

M M
Xis=YPoig T > 2 XitPGod.s)
j=1tEE,

(1)
Note that for each closed chain r, by definition, pys) = P = 0 for s€E,, I=r=R,

1=<i<M. Hence for each closed chain r, linear system (1) is homogeneous and it does not
provide a unique solution. For queueing networks without blocking component x;q

represents the throughput of node i and class s of chain r, for open chains, whereas it

represents the relative throughput or mean number of visits of customers at node i class s
of chain r if the chain is closed, s€E,, 1<r<R, 1<i<M [23,28]. For queueing network with

blocking this meaning is not generally true.



Network routing matrix P is said to be reversible if X;s p(i s)(j,0= Xjt P(j,t)(,s)» and
Y Pod,s) = Xis Pi,s)0 > 1Si,jSM, 1=s,t=<C [21].

Service center i, 1<i<M, is described by the number of servers, the service time
distribution and the service discipline. Let S; denote the state of node i, from which one
can derive vector m; = (0 1)Jj 2).- - -N(i,c)) Where component n; ) denotes the number of
jobs in node i and in class s, 1<s<C. Node i state S; can include other components
according to the node type (service discipline and service time distribution) and the
blocking type. Let n; and n;. denote the total number of jobs in node i and node i chain r,
1=<i=M, I=r=R, respectively.

The service time distribution of jobs at node i, class s is denoted by Fj4(t), t=0,
I<i<M, I=s=<C, with mean value 1/y;q, if it is load independent. Node i service rate for
jobs of class s in chain r can be defined as dependent on the number of customers either in
the whole node i, n;, or in node i and chain r, n;;, and is denoted by p;4f;(n;) and p;f;(n;p)
respectively, n;, n;. =0, where f; and fj. are arbitrary non negative functions, 1<i<M, s€E,,
I1=r<R.

Service time distributions F;¢(t), t=0, Vs, Vi, are assumed to be finite mixtures of Erlang
distributions [9, 23, 28]. Let r;i(0) denote the probability that a job in node i and class s
has a residual service requirement of o exponential phases up to complete its service, o=1.
The detailed definition of state S; includes pairs (k;,,0;p), 1<p=n; , 1=<i<sM, where k;,
denotes the class of the job in position p of the queue, and oj, its residual service

requirement .

Service disciplines are assumed to be defined as follows [12, 13, 21]. Let p denote
a job position in node i queue, when there are n; jobs, 1<p=<n;,1<i<M. Let d(p,n;+1)
denote the probability that an arriving job is placed in position p when there are n; jobs in
the queue, 1<p=<n;+1, and let ¢;(p,n;) denote the fraction of service destined to the job in

position p, 1<p=<n;, n;=0, 1<i<M. By definition, the following relationship holds :

n;+ 1 n;

Y d(p.n)= D ¢@pn)=1 I<p=n;+ 1, n;= 0, 1<i<M

p=1 p=1
According to this definition a service discipline is said symmetric [21] or station balancing
[12] if it satisfies the following condition

O(p.nj) = i(p.nj+1)  Vp,Vn; 2)
The set of service disciplines which can be defined by using this scheme includes several
scheduling policies such as First Come First Service (FCFS), Last Come First Service
preemptive resume (LCFS), Processor Sharing (PS) and Random service. FCFS and

Random disciplines are not symmetric, while LCFS and PS are symmetric policies.



Examples of service disciplines which cannot be represented by the above definition are
any scheduling policies dependent on service time or on job priority.

In queueing networks with blocking additional constraints on the number of
customers are included to represent different types of resource constraints in real systems,

which correspond to definitions of different parameters.
In the first case, let B; denote the maximum queue length admitted at node i (i.e.,

the maximum buffer size), 1<i<M. Then the total number of jobs in node i, n;, is assumed
to satisfy the constraint n;<B;, 1<i<M. In multichain and multiclass networks (C>1 classes

and R>1 chains of customers) one can also define a chain r dependent maximum queue
length at node 1, By, 1<i<M, I=r<R, or a class s dependent maximum queue length at node
i,B(i,S), 1=<i=M, 1=<s=<C.

In the second case, let By denote the maximum population admitted in a
subnetwork W of the whole network. In certain cases, in order to represent particular
system behaviors, a minimum population value Lyy for subnetwork W it is also
introduced. In other words, the total population in subnetwork W, ny = Ziew n;, is

assumed to satisfy constraints Ly=< ny < Byy.

2.1 Blocking mechanisms

Various blocking mechanisms or types that describe different behaviors of
customer arrivals at a full capacity node and the servers' activity in the network have been
defined in the literature. We now introduce the most commonly used five blocking
mechanisms [5, 31, 38, 39].

The first three blocking types, Blocking After Service, Blocking Before Service and
Repetitive Service Blocking, have been named and classified in [5, 31]. They arise because
of the finite capacity of each service center of the network or maximum queue length for
each chainr [5, 30, 31].

Let b;s(n;) denote the blocking function, i.e., the probability that a class s job arriving at

node i, class s is accepted when n; is the state of the node, 1<i<M, 1<s<C. The blocking

function can, for example, be defined which may only depend on the total number of jobs
in the node (n;), the number of class s jobs or in the chain.

An example of a simple blocking function for single class queueing networks which
allows to define the maximum queue length B; for each node i, 1<i<M, is defined as

follows [19] :



b; (n;) =1 for O=<n;<B;, b;(B;) =0 1<isM
More generally, one can define
0<bj(n) =1 for O=n;<B;, b;(B;))=0 I=<isM
as an arbitrary non negative load-dependent function which can be used to represent a flow

control mechanism of node 1 input traffic.
A blocking function b;¢(n;) for multiclass multichain queueing networks has been defined

[3] which depends on the total job number in node i (n;), node i chain r (n;.), or node 1 and
class s (n ), as follows:

bis (l‘li) =hi(ni) hir(nir) h(i’s)(n(hs)) 1=<i=M, 1=s=<C, 1=r=<R,
where functions h;, h;;, h; ) are arbitrary, except the following constraint : if h;(1)=0 then

h;(k)=0 Vk=l, and similarly for functions h;; and hg; ).

Remark. Note that, by using blocking functions, the actual routing probabilities of the
queueing network can be interpreted as state dependent probabilities, and they are obtained
by combining the routing probability matrix P with blocking functions b;(n;). Indeed, the
actual probability that a job leaving node i and class s is accepted by node j in class t, when
n; is the state of node j, is given by Pa,s)Gip) Pje(0;y), 1=i,j=M, Iss,t<C, an.

It is worth noting that also some queueing networks with state dependent routing, such as
the model proposed in [37] and extended to multiclass networks in [25,41], can be
included in this model definition, by appropriately defining the state dependent routing

probabilities defined in terms of a constant factor and blocking functions.

The last two blocking mechanisms, Stop and Recirculate Blocking, which are very
common in communication systems, have been named and compared in [38,39]. They
arise because of the maximum queue length constraint for either a subnetwork or the total

queueing network population .

Blocking After Service (BAS) (classical, transfer, manufacturing, production blocking,
[1,5,7,8, 11, 19, 18, 29, 30-35]): if a job attempts to enter a full capacity queue j upon
completion of a service at node 1i, it is forced to wait in node i server, until the destination
node j can be entered. The server of source node i stops processing jobs (it is blocked)
until destination node j releases a job. In other words, node 1 service will be resumed as
soon as a departure occurs from node j. At that time the job waiting in node i immediately
moves to node j.

If more than one node is blocked by the same node j, then a scheduling discipline must be

considered to define the unblocking order of the blocked nodes when a departure occurs



from node j. First Blocked First Unblocked is a possible discipline [7,31] which states that
the first node to be unblocked is the one which was first blocked.
This blocking mechanism has been used to model production systems and disk I/O

subsystems.

Blocking Before Service (BBS) (service, immediate blocking, [6, 8, 10, 11, 16, 17 30-
35]): when a destination node j becomes full, it blocks the service in each of its possible
sending nodes i (i.e., Vi such that for some classes s and t p(i,s)(j,t)>0’ 1<i<M, 1xs,t,<0),
provided that node i is servicing a job whose destination node is j. Services will be
resumed as soon as a departure occurs from node j. The destination node of a blocked
customer does not change, and it is declared before it starts receiving service.
Two different subcategories can be introduced [31] depending on whether the server can
be used as service center buffer when the node is blocked:

BBS-SNO (server is not occupied) when the server of the blocked node cannot be
used to hold a customer.

BBS-SO (server occupied) when the server of the blocked node is used to hold a
customer.
A variant of the BBS type has been considered [8, 17, 24] when the overall set of sending
nodes is blocked, and it is defined as follows :

BBS-0 (Overall Blocking Before Service, type 4) : when a destination node ]
becomes full, it blocks the service in each of its possible sending nodes i, regardless of the
destination of the currently processed job. Services will be resumed as soon as a departure
occurs from node j. The destination node of a blocked customer does not change.

This blocking mechanism has been used to model production, telecommunication, and

computer systems.

Repetitive Service Blocking (RS) (rejection, retransmission, repeat protocol [2, 3, 4, 8§,
11, 14, 15, 19, 20, 22, 30-35, 36, 38, 41, 42]): a job upon completion of its service at queue
i attempts to enter destination queue j. If node j is full, the job is looped back into the
sending queue i, where it receives a new independent service according to the service
discipline.
Two different sub-categories have been introduced depending on whether the job, after
receiving a new service, chooses a new destination node independently of the one that it
had selected the previously:

RS-RD (random destination) if a job destination is randomly chosen at the end of

each new service, independent of the previous choices.



RS-FD (fixed destination) if a job destination is determined after the first service
and can not be modified.

This blocking type has been used to model telecommunication systems.

For the following two blocking types the population either of a subnetwork or of the total
network is assumed to be in the range [L,U], where L and U are the minimum and
maximum populations admitted, respectively. This constraint can be represented by an
appropriate definition of both the load dependent arrival rate functions a(n), n=0 and of the
(network) blocking function d(n), n=0. For multichain networks arrival and blocking

functions can also be defined for each chain r, dependent on the total network population
m, in chainr, a(m) and d(m), m=(mj,...,mg) =0, 1<r<R.

STOP Blocking (interruption [38, 39]): the service rate of each node is delayed by a
factor d(n)=1, where n=0 is the total network population. In other words, the actual job
service rate of each node depends on the state of the entire network according to the
function d(n). When d(n) = 0 then the service at each node in the network is stopped.
Services will be resumed at each node as soon as an exogenous arrival occurs.

This blocking mechanism has been used to model communication systems.

RECIRCULATE Blocking (triggering protocol [26, 27, 38]): a job upon completion of
its service at queue i in class s actually leaves the network with probability p; o d(n),

when n is the total network population, whereas it is forced to stay in the network with
probability p(i)o [1-d(n)], according to routing probabilities. Consequently, a job
completing the service at node i class s actually enters node j in class t with state dependent
routing probability

Pas)G + Pds)o [1-dm] pog ) I=i,j<M, 1ss,t<C, n=0.

This blocking type has been used to model communication systems.

Queueing networks with blocking can deadlock, depending on the blocking type
definition. If a deadlock occurs then either prevention techniques or detection and
resolving techniques must be applied. Deadlock prevention for some types of blocking has
been discussed [31].

Hereafter we shall consider deadlock-free queueing networks in steady-state conditions.



2.2 Product form solution

The state of a queueing network can be represented by an M-vector S=(S1,....Syp),

where S; is the state of node i, 1<i<M. The state space E of the network is the set of all

feasible states. Queueing network evolution can be represented by a continuous time
ergodic Markov chain with discrete state space E. Under the hypothesis of irreducible
routing matrix P, there exists a unique steady-state queue length probability distribution 7
= {n(S), SEE}, which can be obtained by solving the following homogeneous linear
system [23] :

Q=0 3)
subject to the normalizing condition ZSEE 7(S) =1 and where Q is the process transition
rate matrix.

Even if the joint queue length distribution 5t of queuing networks with blocking can
be obtained by formula (3), and other performance measures can be derived from m, the
solution of the linear system (3) becomes infeasible as the state space E dimension grows,
proportionally to the parameters of the model including the number of customers, nodes
and chains.

Under certain constraints, depending both on the network definition and the
blocking mechanism used, & has a product form solution [1-4, 14, 15, 17, 19-21, 22, 26,
27, 30, 33, 36, 39, 40-43]. We consider open, closed and mixed queueing networks
analyzed in steady-state conditions.

For single class open or closed queueing networks with blocking, product form solutions

can be defined as follows :

M
n($) =&V Egi (n;) 4)

where G is a normalizing constant, n is the total network population, and the functions V
and g; ,1<i<M, are defined in terms of network parameters, depending on the blocking
type and additional constraints.

Similarly, for multichain open, closed or mixed queueing networks with blocking, formed

by M nodes and R chains, product form solutions can be defined as follows:

R M
7 (8)=¢& TIV,.mpITg ) (5)
r:] 1=]

where G is a normalizing constant, m, is the total network population in chain r, 1=<r<R,

and the functions V., I=r<R, and g;, 1<i<M, are defined in terms of network parameters,

depending on the blocking type and additional constraints.
The complete definition of funtions V, V, and g; in the different cases of product form

networks with blocking will be given in detail in the next Section.

- 10 -



Other performance indices of interest such as throughput, mean queue length and
utilization, can be calculated from . Let L;, U;, A; and T; denote the mean queue length,

node utilization, throughput and mean response time of node i, 1<i<M, respectively.

3. Equivalence properties in product-form blocking queueing networks

In this Section, we survey product form solutions and equivalence properties of
blocking networks reported in the literature.

For each network topology defined we present a theorem called "PF" (Product
Form) to summarize the product form results and a theorem called "EP" (Equivalence
Property) to summarize the equivalence properties between product form queueing
networks with blocking. Note that in EP theorems, only the equivalencies which can be
used to extend the class of product form solutions are reported.
The results presented in PF theorems hold for homogeneous networks, that is, all nodes
work under the same blocking mechanism. Moreover the corollaries present product form

solutions for non-homogeneous networks, which are deduced from PF and EP theorems.

In order to present the equivalence properties among different blocking models in
terms of steady-state joint queue length distribution, we shall first introduce two basic
relationships, defined both between two closed networks and between two open networks.
First, we consider queueing networks with maximum queue length constraints either at
node i, B;, or at node i, chainr, B;;, 1<i<M, 1=<r<R.

Consider two networks with identical parameters (M, C, R, v, a/(m), N,, P, f;(n;),
Wis» VM, Vn; , <i<M, 1=r<R, 1=<s<C), with buffer sizes B; and B;', or B;; and By, 1<i<M,
I=r=<R, respectively, and different blocking mechanisms X and Y, respectively, where XY
€ BM, where BM is the set of all blocking mechanisms defined in Section 2.

Note that, if the two networks are closed then y = a(m) = 0, 1<r<R,Vm.
Let E and E' be the state spaces of two networks and let #X={nX(S), SEE} and

xY={nY(S"), SEE'} denote the corresponding steady-state probability distributions.

We introduce the following relations between the two blocking types X and Y:
* identity: blocking types X and Y are said to be identical, if B;=B;' or B;=B;,, 1=<i<M,

>
1=r<R, and if E=E', and aX=nY.
* reducibility: blocking type X is said to be reducible to blocking type Y under one of the

two following conditions:

-11 -



@) if B;=B;' or B;=B;,, 1=<i<M, l=r<R, and if there exists a function f so that
aX=f(rY);

(it)  if there exist functions g; or g;. such that B;=g;(B;') or Bj=g;(B;/), 1=<i<M,
I=r<R, and if there exists a bijective function f between the network state spaces E

and E' so that steady-state probability is identical for corresponding states, i.e.,
nX(S)=nY(f(S)), VSEE and f(S)EE'.

We shall first present product form solution and equivalence properties for two
node networks. Then we will consider some special topologies of closed networks, i.e.,
cyclic and central server topology networks. A more general class of networks is
represented by the case of reversible routing. Finally, we discuss networks with arbitrary

topologies.

3.1 Two node cyclic networks

In this Section we present product form results and equivalences for two node
cyclic networks with blocking (see Fig. 2, with M=2). First we observe that, since each
node has only one destination node, by definition, we have :

* RS-RD and RS-FD blocking are identical,
* BBS-SO and BBS-O blocking are identical.

For single class of jobs and FCFS exponential service centers, product form
solution of the joint queue length equilibrium distribution has been proved under BBS-SO
blocking in [17], under RS blocking in [19, 22, 36] and under BAS blocking in [1].

Cohen [14] proved that networks with multiple job classes and general service time
distributions with processor sharing discipline and load dependent service rates have
product form solutions under RS blocking. For networks with multiple job classes,
general service time distribution at nodes with symmetric scheduling disciplines, product
form solution has been proved by van Dijk and Tijms in [40] under RS blocking. The
authors also proved an insensitivity property of the distribution of jobs which shows that
the solution depends only on the mean of the service time distribution.

A similar product form result for multiclass networks with BCMP type nodes [9],
and class independent buffer capacities B;, 1<i<M, has been proved by Onvural [30].

The following theorem summarizes product form results for homogeneous

networks.

Theorem PF1

- 12 -



A homogeneous two-node closed cyclic queueing network with multiple classes of
jobs, class independent buffer capacities B;, i=1, 2, and BCMP type nodes has the

following product form solution of the joint queue length equilibrium distribution under
BAS, BBS-SO, and RS blocking:

product form (5) with

(pfl)
V,(mp)=1 I=r=<R, Vm,
R C
g, (n;) =g, (n;) q g, (i) 111 sy Miis) Vn; , 1<isM
Ir= S=
where,
it (0')
ik: il
(n:)= ] it "
gl( 1) =1 fl(l)
gir (nj;) =1

M (is)

g(i,s)(n(i,s)) = (Xis/l/‘iQ

The proof is based on the underlying Markov processes of the queueing networks
which are reversible. In the theorem's proof, Onvural [30] shows that the product form
solution of the equilibrium distribution under either BBS-SO or RS blocking is identical,
up to a normalizing constant, to the product form equilibrium distribution of the same
network with infinite buffer capacity queues, and it can be obtained by truncating the state
space so that, at most, Bj jobs are allowed at node i, 1<i<M. Indeed, the Markov process
of the blocking network is obtained by truncating the Markov process of the network with
infinite buffer capacities. Hence, product form solution immediately follows from the
theorem for truncated Markov processes of reversible Markov processes which states that
the truncated process shows the same equilibrium distribution as the whole process
normalized on the truncated sub-space [21].

A similar proof is given, in terms of joint queue length distribution, between a two
node cyclic closed network under BAS blocking and the corresponding network with
infinite buffer capacity queues [30]. In this case the state space of the underlying Markov

process of the network with blocking is obtained by truncating the state space of the
network without blocking, by assuming that at most B;+1 jobs are admitted in node i,

1=<i<M. According to the notation introduced in Section 2, let (n{, n,) denote the state of
the network. Let nibs denote node i state, when node i is blocked and the job in service is

of class s, i=1, 2, 1=<s<C, and let eg denote the C-vector with all zero components except

- 13-



for the s-th equal to 1. Then the following theorem, which has been proved [30], states the
equivalence properties which hold between blocking types RS, BBS-SNO and BBS-SO.

Theorem EP1

In a two node closed cyclic queueing network with multiple classes of jobs, class
independent buffer capacities B;, i=1, 2, and BCMP type nodes the following equivalence
properties hold:

i) BBS-SO and RS blocking mechanisms are identical,

ii) BBS-SO and BBS-SNO blocking mechanisms are identical if N < B;+B5-2,

iii) if service rates are load independent BAS blocking is reducible to BBS-SO

blocking when B,-B BS-§ 0=Bl-B ASL 1 and the following function holds

R
nBAS(nl, n2) = nBBS'SO(nl, n2) v (nl,nz) P g < BPA i=12
r=1

R
BAS bs) = 7BBS-SO . BAS
T n,no%)=rm n +e.,n -e Y (nn):
(n .nbs) myrepnie) ¥ 0n): SnysBY;
r=

7BAS(n bs n )=mBBS-SOn -e ,n +e) V (n n)
1 2 1 s 2 s 1 2

R
BAS
z anS B2r
r=1

By combining theorems FP1 and EP1 one can immediately derive the following

result for non homogeneous networks.

Corollary 1

A non-homogeneous two node closed cyclic queueing network with multiple

classes of jobs, class independent buffer capacities B;, i=1, 2, and BCMP type nodes

shows the product form solution (pfl) of the joint queue length equilibrium distribution
under BAS, BBS-SO and RS blocking.

The same networks with multiple job classes in which no class changes are
allowed, and with class dependent buffer capacities B;, , 1<i<M, 1=<r<R, (see Fig.1) have

been considered by Onvural in [30], where a product form solution has been proved under

particular constraints as follows.
Theorem PF2

A homogeneous two node closed cyclic queueing network, with multiple job
classes and with class dependent buffer capacities B;., i=1, 2 and r=1, 2, ..., R, with
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BCMP nodes, except for processor sharing (PS) service discipline, shows a product
form solution of the joint queue length equilibrium distribution under BBS-SO, BBS-SNO
or RS blocking. When nodes with PS discipline are included, the blocking network shows
the product form solution (pfl) if the service rate depends on the total number of jobs at
that node, including both blocked and non-blocked jobs, as if there was no blocking.

Hence one can immediately derive the following equivalences between BBS-SO,
BBS-SNO and RS blocking types, both for homogeneous and for non-homogeneous

networks, as stated by the following theorem and corollary.

B21

- Fig. 1 - A two-node closed queueing network with multiple job classes

and class dependent buffer capacities -

Theorem EP2

In a two node closed cyclic queueing network with multiple job classes and with
class dependent buffer capacities By, i=1, 2 and r=1, 2, ..., R, and with BCMP nodes
where the service rate at the nodes with PS discipline depends on the total number of jobs

in the node, both blocked and non-blocked, BBS-SO, and RS blocking mechanisms are
identical,.The resultt holds for BBS-SNO if N < B;+B»-2 .

Corollary 2

A non-homogeneous two node closed cyclic queueing network with multiple job

classes and with class dependent buffer capacities B;,, i=1, 2 and 1<r<R, and with

BCMP nodes where the service rate at the nodes with PS discipline depends on the total

number of jobs in the node, both blocked and non-blocked, shows the product form
solution (pfl) under BBS-SO and RS blocking, and if N < B;+B»-2 under BBS-SNO,

too..
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Equivalence properties for exponential two nodes networks with a single job class
and load independent service rates have been proved in [8], by including equivalences in

terms not only of joint queue length distribution but also of other mean performance
indices, as given by the following theorem. For networks under BAS blocking, n;® denotes

that node i is blocked when there are n; jobs in it, i=1,2, Vn;.

Theorem EP3

For an exponential two node closed cyclic queueing network with single class of
jobs and load independent service rates, the following equivalence properties hold:

i) BBS-SO and RS blocking mechanisms are identical. Moreover, these blocking

mechanisms yield the same performance indices (U, L;, A;, T;, i=1,2)..

ii) BAS blocking is reducible to RS blocking, and the following function holds

aBAS(n |, ny) = Const 8 >(ny, ny) n; < B;i=1,2

aBAS(B,, (N-B)P) = Const 78 5(B ., N-B) wo/u

nBAS((N-By)®, B,) = Const 8 5(N-B,, By) uy/pt

where Const is a normalizing constant.

Moreover, these blocking mechanisms yield the same performance in terms of

node utilizations and throughputs, while having different mean queue lenghts and

mean response times.

3.2 Cyclic networks

In this Section, we present product form results and equivalences for M-nodes
closed cyclic networks with blocking (see Fig. 2). Similar to the two node networks, each
node in M-node closed cyclic networks has only one destination node. Hence,

* RS-RD and RS-FD blocking are identical,
* BBS-SO and BBS-O blocking are identical.

1 M
L—>|]]]]C}> - O
- Fig. 2 - M-node closed cyclic network -
Similarly, tandem networks under RS blocking were analyzed by Caseau and

Pujolle in [11] with FCFS exponential service centers, intermediate arrivals and load
dependent service rates. The authors showed that RS and BBS-SO blocking types are
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identical, and BAS and BBS-SNO are reducible when B;BBS-SNO=B.BAS. 1 "1<i<M. A

similar result has been derived for closed cyclic networks, as reported by the following
theorem EP4.

Closed cyclic networks with a single job class and FCFS exponential service
centers with load independent service rates was first studied under BBS-SO blocking by
Gordon and Newell in [17], and then under RS blocking by Hordijk and Van Dijk in [19].
Product form solution of the joint queue length distribution has been derived under the
condition that no node can be empty. Product form results are sumarized in the following
theorem PF3.

Equivalence properties among product form networks with blocking types BBS-SO,
BBS-SNO, RS and BAS have been proved in [8] and in [31], and are sumarized in
theorem EP4.

Theorem PF3
A homogeneous closed cyclic queueing network with a single job class,

exponential service centers, load independent service rates, and with

M
N > 'ZIBi_ min{Bj, =1, ..., M}
1=

shows the following product form solution under BBS-SO or RS blocking mechanisms:

product form (4) with

(pf2)
V(n) =1 VYn
gim)=1/gM Vn , 1<isM
where €= (g, ..., €y) is obtained by solving system €= gP' where P'= Il p';; Il ,

]Si:jSM’ p'l:]' = Au“]p]l for iij) Clndp'ii = ]_zjilp'lj :

Theorem EP4

In a closed cyclic queueing network with a single job class, exponential service
centers, load independent service rates, the following equivalence properties hold:

i) BBS-SO and RS blocking mechanisms are identical . Moreover, these blocking

mechanisms yield the same mean performance indices (U, L;, A;, T; , 1<isM).

ii) BBS-SO and BBS-SNO blocking mechanisms are identical if

N= min{Bi+Bj withpl-j>0, ij=1, .., M}-1

Then, these blocking mechanisms yield the same performance indices (U;, L;, A;,

T;, I<isM).
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iii) BBS-SNO and BAS blocking are reducible when Bl-BBS'SN0=B,-BAS+1,
I<i<M, and the bijective function between the equilibrium distributions wBAS and
aBBS-SNO is defined as follows :

nBAS(n ... .n\p) = aBBS-SNO(n | ... ;npp) n; < By, 1<isM
T[BAS(IIl,...,Ilib,B(H_I)mOd M,...,HM) = TEBBS'SNO(HI,...,Hi—l,B(i+1)m0d M +1,...,HM)
I<isM

By combining the product form and the equivalence theorems PF3 and EP4 one
can derive the following corollary which summarizes the product form results for non-

homogeneous cyclic networks.

Corollary 4

A non-homogeneous closed cyclic queueing network with a single job class,

exponential service centers, load independent service rates, and with

M
N > EBZ- - min{Bj, Jj=1, ..., M}, shows the product form solution (pf2) under BBS-SO

i=1
and RS blocking mechanisms.
3.3 Central server networks
The central server model, shown in Fig. 3, is a reversible routing queueing network
and we refer to the following Section for the product form solutions proved for the class

of reversible routing networks. In this Section we survey results specifically proved only

for central server networks.
2
— [1O—
1
—IO—

. M
IO~

- Fig. 3 - A central server queueing network -
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First note that, for this network topology, each node except the central node has
only one destination node, as for M-node cyclic networks. By definition, the following
identities hold when only the central node has finite capacity queue:

* RS-RD and RS-FD blocking are identical,
* BBS-SO and BBS-O blocking are identical.

Central server networks have been studied under RS-RD blocking. A first product
form equilibrium distribution was proved by Dallery and Yao in [15] for a single job class
and general service time distribution at nodes with symmetric scheduling discipline. On
the other hand, Towsley [37] proved a product form solution for a class of networks
which includes the central server model with single job class, state-dependent routing and
general service time distribution at nodes with symmetric scheduling discipline. However,
as pointed out in Section 2, and as discussed and extended by Krzesinski [25] and by Yao
and Buzacott to multiple job classes [41], there exists a relationship between state
dependent routing and blocking functions. Therefore, such product form solution for
networks with state dependent routing can be interpreted as blocking networks. The
following theorem presents a generalization of these results obtained by combining state
dependent routing and finite capacity queues derived by Akyildiz and von Brand [2]. Let 1

denote the central node.

Theorem PF4
Closed central server networks with
» multiplejob classes, but withthe class type of a job fixedin the system, ie.,
with C=R;
* state-dependent routing depending on the class type s defined as follows
P(1,5)(G.s) (S) = Wis(n(js) Ws(Nn1,5) Vs
P(1,5)(.s) =1 2<jsM,1<s=<C
* blocking functions for node i and class s
bis(n; ) = h; (n;) his (nis)) Vn; ,I1<j<M, I<s<C
 general service time distribution at nodes with symmetric scheduling
discipline and exponential service times distributions, equal for each class

at the same node, when the scheduling is arbitrary
shows the following product form equilibrium distribution under RS-RD blocking:

product form (5) with

(pf3)

N(syn(,s) M D.s)
Vi (Np = VS(N(S)) = 151 w(l-1) j£12 I_] st(l'l)

- C=R,1=<s=<C
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C
gimj) =gnj) Sf_ll g3, )0, s) Vn; , 1<isM
with
nj
h;(1-1)
gimy =TI %T)ri k(O3
=1
1.9
h od-1)
- 1q Masd-b
g(i’s)(n(i’s)) - 11;11 Yis
withng; ) jobs of class s in node i, 1<i<M, and N;) = lessc ns) the total number of

jobs of class s in the network, 1<s<C.

The following equivalence property is an application to the central server network
of the more general theorem EP7 presented in Section 3.5. Moreover, note that these

results can easily be extended to the multiclass case.

Theorem EPS
RS-RD and BBS-SO blocking mechanisms are identical when applied to central
server networks with a single job class and where only the central node has finite

capacity queue.
Moreover, these blocking mechanisms yield the same mean performance indices (U}, L;,

Ay Ty, 1<isM).

By combining theorems PF4 and EPS, a case of product form solution holds for

central server networks with BBS-SO, as proved in [8].

Corollary 5

* An exponential central server network with a single job class and where only
the central node has a finite buffer, shows product form solution (pf3) under BBS-SO
blocking.

* A non-homogeneous exponential central server network with a single job class,

where each node has BBS-SO blocking except the central one which has RS blocking,
shows product form solution (pf3).
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3.4 Reversible routing networks

Queueing networks with reversible routing have been studied under RS-RD and
STOP blocking. First, a product form solution has been proved for closed reversible
networks with single class of jobs, FCFS exponential service centers and RS-RD blocking
in [19, 22]. Pittel [36] extended the product form solution to exponential closed queueing
networks formed by nodes with PS discipline, with reversible routing and with multiple
job classes but without class change and RS-RD blocking. Product form solution has
been extended to multiclass mixed queueing networks with class independent buffer
capacities and arbitrary service time distributions when the scheduling of the queue is
symmetric [30, 42, 43], for RS-RD blocking. For similar networks, but with single job
class, product form solution has been derived [38] for RS-RD and STOP blockings.
Recently, this class of product form queueing networks with RS-RD blocking has been
extended [3] to include more general blocking functions which can depend both on the
total population, class population and routing chain population at the node. The following

theorem summarizes such product form results for reversible routing networks.

Theorem PF5S

A homogeneous open, closed or mixed network with

* reversible routing,

* multiple job classes,

e arbitrary service time distributions when the scheduling is symmetric and
exponential service time distributions, equal for each class at the same
node, when the scheduling is not symmetric

* blocking functions for node i and class s

bis (n;) =hi(n;) hi(ny) he; g)(n; ) Vn;

when there are a total of n; jobs in node i, of which n; ;) are in class s and
n;-are in chain r, 1<isM, I<r<R, 1<s<C,

shows the following product form solution under RS-RD blocking:

product form (5) with
(pf4)

V(m)=1 Vm=0, lsr<R
R C
g(m)=gm) [l g ) g )
r= S=

where
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nj

h. (I-1)
A1y = Hli ik; i
gl(n) e f](l) r kll(G 1)

g, ()= ITh; -
1=1

" (i,s)

_ Xish(i,s)(l_l)
I L T
I=1 is

The same network but with single job class, shows the following product form
solution under STOP blocking:

product form (4) with

Vin)=1 Vn

0.
g.(n) = (x;/m) V nj=0, 1<isM

Note that in [38] a different state notation is considered, with one component for each job
in the system, which denotes the node at which the job is present.

The following equivalence result between RS-RD and STOP blocking
mechanisms has been proved in [38].

Theorem EP6

In a closed or open network with

* reversible routing,

* single job class,

e arbitrary service time distributions when the scheduling discipline is
symmetric and exponential service time distributions, equal for each class

at the same node, when the scheduling is not symmetric,
RS-RD and STOP blocking mechanisms are identical.

From theorems PF5 and EP6 one can immediately derive the following product

form solution for non-homogeneous networks.

Corollary 6

A non-homogeneous mixed network with

* reversible routing,

* single job class,
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e arbitrary service tims distributions when the scheduling discipline is
symmetric and exponential service times distributions, equal for each
class at the same node, when the scheduling is arbitrary,
shows product form (pf5) solution under RS-RD and STOP blocking.

A more general network model has been considered in [4]. The authors consider
networks of parallel queues with multiple job classes and reversible routing, where general
interdependent blocking functions and general interdependent service functions are
allowed. Formally, each service center i contains a set of queues and a job entering node 1
requires service at queue (i, s) depending on its present class s, 1<isM, 1<s<C. This
request is accepted with probability A;(q(i, s) | n;), when n; is the state of node i, that is,
the blocking probability depends not only on the total number of class s jobs, but also on
the number of jobs of the other classes. The rate at which queue q provides service is

given by f;(q(i, s) | m;), that is, the rate out of one queue depends on the number of jobs in

the entire node, including the other queues; the mean service rate of a job of class s at
queue q is denoted by w;q. The network under RS-RD blocking shows a product form

solution if both the reversible routing and an invariance condition hold. Informally, such
an invariance condition requires that function P;(n;), defined as follows
n i .
A;(q@, sy) Imyk-1)
Py =1 [ath-s) nkc 1)
ket fi(q sy Tny(k))

where n;(k) is state n; with k jobs in node i, 1<i<M, is invariant to the arriving order of

Vn., 1<i<M

i

jobs at node i, with respect to their class. See [4] for further details.

Theorem PF6
A homogeneous closed network with stations having parallel queues and
* reversible routing,
* multiple job classes,
e arbitraryerviceimesdistributionyhentheschedulingssymmetric and
exponentiakervicetimesdistributionsgequalforeachclassatthesame node,
when the scheduling is arbitrary
* interdependent blocking probability and service rate
shows the following product form solution under RS-RD blocking if the interdependent

blocking and servicing satisfy the invariant condition :

-23 -



product form (5) with

(pf6)
V(m,) =1 V m, =0, I<r<R
c m .
g.(ny) = Pi(n;) HXins(l’S)H R 1|
s=1 qS Miq s:q(i,s)ES Mis

where S is the set of symmetric queues, mj, is the number of jobs at node i in queue g,
Vq, 1<i<M.

3.5 Arbitrary topology networks

In this Section, we survey product form blocking networks without restrictions as
to the topology, i.e., with arbitrary topologies.

The first result was obtained by Hordijk and Van Dijk in [19] for closed networks
with a single job class, FCFS exponential service centers with load independent service
rates and with RS-RD blocking, by assuming that the number of customers in the network

is such that a node cannot be empty.

Theorem PF7
A homogeneous closed queueing network with a single job class, FCFS

exponential service centers, load independent service rates and with
M
N >>'B;-min{B;, j=1, ..., M} (6)
i=1
has the product form solution (pf2) under RS-RD blocking.

An equivalence property between RS-RD and BBS-SO blocking models for
arbitrary topology exponential networks with single class of jobs has been proved in [8].

The extension to multiclass networks can easily be proved.

Theorem EP7
RS-RD and BBS-SO blocking mechanisms are identical when applied to closed

exponential queueing networks with single job class, where each node i with finite buffer
(B; < N) satisfies the following condition:

In other words, condition (7) requires that each node with finite capacity is the only
destination node for each upstream node.
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From such an equivalence property and from theorem PF7 the following product
form solution for non-homogeneous networks with arbitrary topology can easily be

proved.

Corollary 7

A non-homogeneous closed queueing network with a single job class, FCFS

exponential service centers, load independent service rates and where each node with
finite buffer satisfies condition (6), has the product form solution (pf2) under RS-RD and
BBS-SO blocking mechanisms, if nodes with BBS-SO blocking satisfy condition (7).

Multiclass networks with FCFS exponential nodes under BAS blocking have been
considered by Onvural and Perros in [33]. For these networks, a product form solution

has been proved when the population is kept under an upper bound.

Theorem PF§

A homogeneous closed network with multiple job classes, class independent
buffer capacities B;, I<i<M, and FCFS exponential centers, shows the following product

form solution of the joint queue length equilibrium distribution under BAS blocking, if
> Np=min|Bj, 1<i< M|+

rER ;

where R; is the set of routing chains that visit node i, 1<i<M :

product form (5) with

(pf7)
V(m,) =1 V m,, l<r<R
C N,
X.
gm)=T1 M) o
s=1 \"is

To our knowledge, no equivalence property has been proved between arbitrary
topology networks with BAS blocking and other blocking mechanisms, and consequently
no extensions of the product form solution to non-homogeneous networks can be
derived.

RECIRCULATE blocking mechanism has been considered for arbitrary topology
open networks with FCFS exponential nodes and Poisson arrivals [26, 27]. Jackson
derived a product form solution for this blocking mechanism under a minimal population
constraint. Lam extended this product form solution to multiclass networks with class
interdependent blocking.
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STOP and RECIRCULATE blocking models have been analyzed and compared [39].
Van Dijk considers Jackson queueing networks with multiple job class having the job
class-type fixed throughout its residence in the system, i.e., with C=R. The network
population is kept within a range defined by a lower and an upper bound.

Both a product form solution and an equivalence property between STOP and
RECIRCULATE blocking have been derived [39] as stated by the following theorems.
Note that the product form solution proved for IS nodes can be easily extended to other
service disciplines such as PS, LCFS and FCFS, as discussed in [39].

Theorem PF9

A homogeneous Jackson open network with multiple job classes and with the job
class-type fixed throughout its residence in the system (R=C), has the following product
form solution under both STOP and RECIRCULATE blocking mechanisms:

product form (5) with

(pf8)
v=1
m,-1
V.m)= [Ta, () Vm=0, 1<r<R
1=0

n:
XII' 1r

'!Mir

Y n; =0, 1<isM

Theorem EP8
In a Jackson open network with multiple job classes but with the class-type of a
Jjob fixed throughout its residence in the system, STOP and RECIRCULATE blocking

mechanisms are identical.

Note that from the definitions of STOP and RECIRCULATE blocking
mechanisms, defining a non-homogeneous network and then extending product form

results it is not immediate.

Let us now consider an open Jackson network with a population constraint for
lower and upper bounds. It is known that any open queueing network with finite queues
and Poisson arrivals, can be exactly analyzed as a closed queueing network [31]. This

closed queueing network will be called the “anologue” closed network of the open
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network . In the following we define an open Jackson network and its analogue closed
one.

Let us consider an open Jackson network with parameters (M, vy, a(n), P, B;, u;,
1=<i<M) with y=1 and the following contraint on the network populationn : L<n < U, L,
U=0, and with B;zU, 1=i<M. Let P=ll p;; Il 0<i,j<M be the (M+1)x(M+1) routing matrix
where pj; is the probability that upon service completion at node i a job routes to station j,
1<1,j<M, while p; is the probability that upon service completion at node i a job leaves the
system and py; is the probability that an arriving job is routed to node i, with 1<i<M, and
Poo=0-

The arrival rate function a(n) and the departure blocking function d(n), when n jobs are
present in the entire network, satisfy the following contraints [39]:

a(U)=0 if U< and a(n)>0, for L<n<U,

d(L)=0 if L >0 and d(n) =1, for L<n<U.

Let us now define a closed network with parameters (M’, N’, P’, B;’, u;’, 0<i<M).

In order to define the closed analogue to the open Jackson network, assume that
M’=M+1, N’=U, B;’=B;, w;’=u,, 1=i=sM, By’=U-L, P’=P is the M’xM’ routing matrix,
and each node i, 1<i<M, has the same service discipline (FCFS) and service time
distribution (exponential) as the open network. Node O represents the external population
of the open network, and it can be defined as a service center with FCFS discipline and
load dependent service rate puo(ng)=a(n), 0<ny<B,’=U-L, where ny=U-n, and n is the total
population of the subnetwork {1,2,...,.M} : n=leisM n;, L<n<U.
If node 0 works under BBS-O blocking and if the node O blocking function is defined as
follows : by(ng)=d(n), where ny=U-n, L<n<U, then, from the blocking type definition, one
can immediately derive that the closed network behaves like the open Jackson network
under STOP mechanism. Therefore, it is the analogue closed network of the open one.
Fig. 4 shows the open Jackson network and its closed analogue.

The following theorem states that there exists an equivalence property between
STOP and BBS-O blocking mechanisms. From this result it is possible to derive a new
product form solution for a BBS-0 blocking network, as given by the following corollary.
Note that, to our knowledge, this is the only product form network with BBS-O blocking

type.
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- Fig. 4 - An open Jackson network and its analogue closed network -

Theorem EP9

A Jackson network with M nodes, under STOP blocking and with the total
M

network population which satisfies L<n<U, n = Zn ;» 18 reducible to its analogue closed
i=1

network with M+1 nodes where node 0 works under BBS-O blocking with: By = U-L,
wo(ng)=a(n), bp(ng)=d(n), ng=U-n, O<ng<B,). The bijective function between the two joint
queue length distributions nSTOP and aBBS-0 is given by :

wSTOP(n;, ny ... nyy)=aBBS-O(ny, n;, ny ... nyy) V(n;, ny ... nyy), ng=U-n.

Corollary 8

A closed network analogue to an open Jackson network shows the following
product form solution under BBS-O:
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M

1
g, s -0 ) = 5 V0) [1gim) Y(n;, ny ... nyy), ng=U-n.
i=1
(pfo)
where
n-1
V(n) =T a(l) VY n=0
1=L
with a(l)>0 L<l<U, a(U)=0
gm)= (x;/p;) ™M V n, 20, 1<isM

Note that the product form solution (pf9) can be derived by applying formula (pf8) to the

single class network, where nodes have FCFS service discipline.

A different case of queueing networks with arbitrary topology and a set of
population constraints for subnetworks (or clusters) has been analyzed [39]. Van Dijk

considers a closed single-class FCFS-exponential queueing network whose nodes are
partitioned into Z disjoint subnetworks denoted by Cyy, 1=sW<Z. Then we consider these

population constraints in each subnetwork W, i.e., the total subnetwork population, ny =

Ziecw n;, is assumed to satisfy the constraint nyy < Byy, 1<W<Z. In other words, Byy is

the maximum population admitted to subnetwork W. We assume that the routing

probabilities between nodes of the networks are defined as follows [39] :
injV L, jECy 1=W<Z
pij:{ WRwwb? i€ CyjE Cy with WeW' | 1sW,W'<Z
piO \)v\)\ppoJ 1€ w,_]e w’ wit * , 1=SW, =<
where p; ; are arbitrary probabilities within subnetwork W, i,jECy, pi"g ) jecw Pij 18
the departure probability from node i€Cyy to a different subnetwork, and pivg is the
probability that a job arriving at subnetwork Cyy, enters node i, 1<i<sM, 1<W<Z. In other
words, the routing among subnetworks is node independent, whereas upon job arrival at

and within a subnetwork, an arbitrary routing is allowed.

The author defines an ‘overall”’ STOP or RECIRCULATE blocking, that is, as
long as one of the subnetworks is saturated, i.e., when for some W nyw < By, 1sW<Z,

the blocking mechanism acts on all the nodes outside that subnetwork, that is, when the
service at each node i€ECyy,, with W'#W, 1=sW'<Z, is stopped or recirculated. Both a

product form solution and an equivalence property between STOP and RECIRCULATE

blocking have been proved [39], as reported in the following theorems.
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Theorem PF10

A homogeneous closed Jackson network with single job class and a set of finite
constraints defined on subnetworks shows the following product form solution under
‘overall’ STOP and ‘overall’ RECIRCULATE blocking mechanisms:

product form (4) with

(pf10)
Vin)=1 Y n=0
gn)= (x,/p;)M V n, 20, 1<i<M

Theorem EP10
In a closed Jackson network with finite constraints defined on subnetworks and a
single class of jobs, ‘overall’ STOP and ‘overall’” RECIRCULATE blocking mechanisms

are identical.

4. Conclusions

Queueing networks with blocking and product form solution have been presented
and compared, by considering different blocking mechanisms introduced in the literature.
Blocking type definitions arise from modeling systems behaviors in many different fields
including production, communication, and computer systems.

Equivalence properties between blocking types for product form networks have been
presented and classified according to network topology, both in terms of joint queue
length distribution and in terms of mean performance indices. Moreover, by combining
product form results and equivalence properties, product form solutions have been
extended to non-homogeneous networks where different nodes can have different types of
blocking. This class of networks can be used to model complex systems, e.g., integrated
computer-communication systems.

Finally, an equivalence relation between open Jackson networks with STOP blocking and
the closed analogues has been defined, from which a new product form case for BBS-0

blocking was derived.
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