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Abstract

In this paper, we will apply the decomposition techniques reported in the
literature to closed queueing networks with finite buffers. Number of approxima
tions reported in the literature for open queueing networks with blocking are
based on decomposing the network into individual queues and analyzing them in
isolation. However, there is no such algorithm reported in the literature for closed
queueing networks with finite buffers, and reported algorithms are in general not
based on any theory. Results of this paper provide an insight into such networks
towards developing approximation algorithms.
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1. Introduction

Networks of queues with blocking have proved useful in modeling computer

systems, distributed systems. telecommunication systems and flexible manufac

turing systems. A queueing network with blocking can be thought of as a set of

arbitrarily linked finite queues. In particular, blocking occurs when the flow of

units through one queue is momentarily stopped due to the fact that another

queue has reached its capacity limitation. Queueing networks with blocking are

in general difficult to treat. Most of the techniques that are employed to analyze

such queueing networks are in the form of approximations, numerical techniques,

and simulation techniques.

Approximations developed In the literature for closed queueing networks

with blocking are in general not based on any theory. Instead, they are based on

the empirical observations of the behavior of the performance rnetrics of such

networks. On the other hand, most of the approximations developed in the litera

ture for open queueing networks are in fact based on decomposing the network

under consideration into individual nodes and analyzing them in isolation.

The decomposition procedure presented in this paper is an application of the

decomposition methods developed in the literature (cf. Takahashi [21],

Scheweitzer [18] and Stewart and Zeiszler [19]) to closed queueing networks with

finite buffers. The parameters of closed queueing networks under study and

different blocking mechanisms that arose out of studying various real life systems

are defined next in section 2. In section 3 we discuss the decomposition procedure
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for networks under type 1 blocking, while networks under type 2.2 blocking is

discussed in section 4. Finally, discussion on other types of blocking mechanisms

and conclusions are given in section 5.

20 Closed Queueing Networks with Finite Buffers

In this paper, we will consider closed queueing networks consisting of N

nodes and K customers. Each node consists of a single queue served by a server

with an exponentially distributed service time with rate J..Li; 8
1

is the capacity of

node i including the service space in front of server i, i== 1,... ,~. A customer at

node i will join node j with probability P£j' i,j= 1,... ,~. Customers at each node

will be served in a FIFO manner. Capacity of node i can be finite or infinite.

Furthermore, let 11 denote the state of a closed queueing network and PLn) be the

steady state queue length distribution. Then, P{n) is the solution of the system

PQ=O and ~ P(n )=1 where Q is the rate matrix of the network under con

n lea"

sideration. Once the P(n )'s are known, the performance measures of the net-

work, i.e. mean queue lengths, throughput, etc, can be readily calculated. Obtain-

ing P(n )'s is a three step procedure: i) Generation of states; ii) Generation of the

rate matrix, Q ; and iii) Numerical solution of the system, PQ=O. A detailed dis-

cussion of these steps can be found in Perras, Nilsson and Liu [16].

An important feature of networks with finite buffers is that a server may

become blocked when the capacity of the destination node is full. Onvural and

Perros [14] have classified the most commonly used blocking mechanisms as fol-
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lows:

TYPE 1 Blocking Mechanism: 40.\ customer upon completion of its service at

node i attempts to enter destination node j. If node j at that moment is full, the

customer is forced to wait in front of server i until there is a departure from the

destination node j. The server remains blocked for this period of time and it can

not serve any other customers waiting in its queue. This blocking mechanism has

been used to model systems such as production systems and disk I/O subsystems.

TYPE 2 Blocking Mechanism: A customer at node i declares its destination

node j before it starts its service. If node j is full, the ith server becomes blocked.

i.e. it can not serve its customer. When a departure occurs from destination node

i. the ith server becomes unblocked and the customer begins receiving service.

This blocking mechanism has been used to model systems such as production sys

tems and telecommunication systems. Depending on whether the blocking custo

mer is allowed to occupy the position in front of the server when the server is

blocked. this blocking mechanism is divided into the following two sub-

categories.

TYPE 2.1: Position in front of the server can not be occupied when the server

is blocked.

TYPE 2.2: Position in front of the server can be occupied when the server is

blocked.

TYPE 3 Blocking Mechanism: A customer upon service completion at server

i attempts to join destination node j. If node j at that moment is full, the
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customer receives another service at node i. This is repeated until the customer

completes a service at server i at a moment that the destination node is not full.

Within this category of blocking mechanism, the following two sub-categories

have been studied in the literature.

TYPE 3.1: Once the customer's destination is determined it cannot be altered.

This blocking mechanism arose in modeling telecommunication systems.

TYPE 3.2: A destination node is chosen at each service completion indepen

dently of the destination node chosen the previous time. This type of blocking is

associated with reversible queueing networks with blocking.

Comparisons between these distinct types of blocking mechanisms in closed

queueing networks have been carried out to a limited extent by Onvural [11] and

Balsamo, Persone and Iazeolla [6]. An interested reader may refer- to these two

references as well as Onvural and Perros [14) for further details.

A closed queueing network with finite buffers (hereafter referred to as CQN

F) has product form solution for all blocking mechanisms defined above when the

network has exactly two nodes (cf. Akyildiz [1], Diehl [8], Gordon and Newell [9]).

Onvural and Perras [15] showed that a CQN-F under type 1 blocking has product

form solution if the number of customers in the network is equal to the smallest

buffer capacity plus one. Gordon and Newell [9] studied CQN-F under type 202

blocking and introduced the concept of holes in cyclic networks. They proved

that if the number of holes in a cyclic network (total capacity of the network

minus the number of customers in it) is less than or equal to the minimum buffer



5

capacity then the network has a product form solution. Yao and Buzacott [23]

showed that a CQN-F with reversible routing under type 3.2 blocking has a pro

duct form solution. A CQN-F under type :3.1 blocking has a product form solu

tion if i) the number of customers is such that no node can be empty (cf. Hordijk

and Van Dijk [10]) or at most one node is allowed to be empty (cf. Akyildiz [5]);

ii) two-station cyclic network with multiple job classes (cf. Van Dijk and Tijms

[22]); iii) central server model (cr. Pittel [17], and Dallery and Yao [7]); iv) the

network is reversible (cf. Hordijk and Van Dijk [10]).

Approximation algorithms for CQN-F are proposed by Akyildiz [2,3,~J, Suri

and Diehl [20], and Onvural and Perros [13]. In particular, Onvural and Perras

presented an algorithm to calculate the throughput of a CQN-F under type 1 and

type 2.2 blocking mechanisms as the number of customer varies from one to the

capacity of the network. Their algorithm approximates the number of customers

at which the throughput is maximum and fits a curve that passes through some

known points to estimate the throughput at unknown points. It is restricted to

some specific topologies. Suri and Diehl studied cyclic networks with finite capaci

ties in which the first queue has an infinite capacity. The algorithm gives the

mean response time and it works for both type 1 and type 2.2 blocking mechan

isms. Akyildiz [2] finds an equivalent non-blocking network which has the same

or almost equal number of states as the blocking network. The non-blocking net

work has product form solution and its throughput is approximately the same as

that of blocking network. In Akyildiz [3], another approximation for blocking
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queueing networks is introduced to calculate the mean queue lengths of nodes.

The approximation is based on a mapping from the states of the network under

study with infinite buffer capacities to the states of the network with finite buffer

capacities. In Akyildiz [4], the above two algorithms are extended to include gen-

eral servers. All three algorithms are given for Type 1 blocking mechanism.

Finally, a survey of closed queueing networks with blocking is given in Onvural

[12].

3. CQN-F Under Type 1 Blocking

In this section, we will discuss how CQN-F under type 1 blocking can be

decomposed into individual nodes so that when these nodes are analyzed in isola-

tion, the marginal probabilities remain unchanged. Before we proceed with the

general decomposition procedure, let us present an example of decomposing cyclic

networks under type 1 blocking mechanism into individual queues. We note that,

in cyclic networks, type 2.1 has the same rate matrix as type 1 blocking mechan-

ism after the buffer capacities are adjusted (cf. Onvural [11]). Hence, the presen-

tation below is also valid for cyclic networks under type 2.1 blocking mechanism.

Now, we will consider a four-node cyclic network under type 1 blocking.

Service time at each node is assumed to be distributed exponentially with rate J..L .•
1

Let B, be the capacity of node i including the service space in front of server i,

i=1, .. ,4.
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States of the above cyclic network can be described as n =( n n n n)
.., - . l' 2' 3' -4

where ni is the number of customers at node i, i==1,... ,4. We have, O:5n.~B.+l
% &

where ni=Bi+l denotes that node i is full and node i-l is blocked by node i,

i=1, ... ,4.

Figure 1. A four-node cyclic network

We will first partition the state space of the network into disjoint sets,

Si(j,S), with respect to the number of customers at node i and the status of server

i , where j is the number of customers at node i and s is the status of the server,

i.e. let s=a denote that the server is active serving and s==b denote that the

server is blocked. Server is idle only if there is no customer in its queue. Then:

for 0< j :5 8.+1,
%

4

8
i
(j ,a)= ((n l' n2, n3 , n 4) I n

l
=J; ».+ 1~ Bi + 1; 2: min (Bk , nk)= K; o-. », ~ e, + 1I;

Ie=l

and for l~j ~ B. + 1,
I

4

S,.(J·,h)= ((n
1,n 2,n 3,n 4

)1n.=j; n j + 1=Bj + 1+l; 2: min(Bk,nk)=K;o~nk<Bk+ll;
k=l
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Now, let B. ==2, i= 1,2,3.4; K==4, and consider the states of the cyclic net-
l

work in which there are zero customers at node one. The global balance equations

for these states are given below:

(1-13+ ~4)P(O,O,2,2) = ~2P(O, 1,1,2)+~3P(O,1,3,1)
J.1 4P (0,O,2,3) = J.12P(O, 1,1,3)+ 1-13P (0,O,2,2)
(J..L 2+ 1-1 3+ J..L 4)P (O,1,1,2) = J.L

1
P{1,0,1,2)+J.12P(O,2,0,2)+ J.L3P(O,1,2,1)

(~2+ J.1 ..)P(O,1,1,3) = J.L3P(0, 1,1,2)+ 1-1 1P( 1,0,1,3)
(~2 + ~4)P(0,2,O,2) = Jlt1P( 1,1,0,2)+1-13P(0,2,1,1)
(1-1 2+ fJ- 3+ J..l-t)P (0,2,1,1) = J-L

1
P{1,1,1,1)+ 1-1 2P (1,3,0,1)+ fl.3P(O,2,2 ,0)

(J.1~ + J.1 3)P (0,2.2,O) = f-Ll P( 1,1,2,0)+ J.12P (1,3,1,0)
(Jl.3)P (0,2,3,0) = J-L 1P( 1,1,3,0)+ 1-1 2P (0,2,2,0)
(1-1 2 + J.1 3 + J.1 4)P(O,1,2,1) = J..L

1
P( 1,0,2,1)+ J..l2P(O,2, 1,1)+ J..L3P (O,2,:3.0)

(1-13 + J.1-t)P(O,1,3.1) = J.L2P(O,2, 1,1)

vVe note that n.=3 denotes that node i-l is blocked by node i. Summing
l

these equations side by side and canceling common terms, we have:

where P ((". ,8 ),( m j' t)) is the joint marginal probability of having ". and "', cus-

tamers at nodes i and j while the server status are sand t respectively. Pl(n.t)

is the marginal probability of having n customers at node i while the server

status is t.

The right hand side of equation i is the total departure rate from node 1

leaving node 1 with a customers and the left hand side is the total arrival rate to

node 1 when there are zero customers in it. We note that leaving the state where

node 1 has °customers can only occur with an arrival from node 4, i.e. with rate

J.L
4
P 1(0). However, there can not be an arrival unless there is a customer at node
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4. Hence, the total rate is ~4Pl(O)-J..14P(Ol,04). Similarly, ~lPl(l,a) is the rate

at which customers depart from node 1 when there is one customer in it (hence

leaving zero customer behind). However, a customer at node 1 can not depart if

the destination node (node 2) is full. Furthermore, in cyclic networks under type

1 blocking, a blocked customer will depart immediately after the customer

departs from the destination node with a corresponding rate, i.e. J.L2 P 1(l,b ).

Similarly, for other Sl(j,s)'s, we have:

(~l+ ~-t)P1(1,a )- J..L 4P ((II' a ),(04) ) = ~tP 1(0)- J..L 4P ((°1) ,( 04) ) + J..L 2P 1(2,b )

+ ~lP1(2,a)- J.l 1P ((21,a ),(22,a)) (ii)

(1-l
2

+ 1-l
4
)P 1(1,b)-1-l4P ((11, b),(04)) = 1-l1P ((11.a),(22, a)) (iii)

(1-l
1
+ 1-l

4
)P 1(2,a )-1-l

4
P ((21,a),(04))= I-lIP1(3,a)+ 1-l4P 1(1,a )-1-l4P ((11,a),(04)) (iv)

1-l
2
P 1(2,b)= 1-l

4
P 1(1,b )-1-l4P ((11,b),(04))+ 1-l1P ((21,a),(22,a))

l-li P 1(3,a)= 1-l4P 1(2,a )-1-l4P ((21,a),(04))

(v)

(vi)

Now, let P((nj,s) I (mi,t)) be the conditional probability of having nj custo

mers at node j given that there are m i customers at node i while the server status

are sand t respectively. Then the above system of equations can be equivalently
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written as follows:

{1- p(o.l( 1.,6 )))....

P({2~~a )1(2.,4))"'1 (1- P(O.I(21'4))).... 4

..,.

From these equations, we observe that node 1 in isolation behaves like a cox-

ian server with state dependent arrival rates and state dependent branching pro-

babilities . .\:ow, consider the two phase coxian server as shown in Figure 2. Let

Al(i,k) be the arrival rate, a12(i) is the probability that a customer upon comple-

tion of its service at phase 1 will join phase 2 when there are i customers at node

1 and the customer at service is in phase k; k=1,2. Then, l-a I 2(i) is the probabil-

ity that a customer will leave coxian server upon service completion at phase 1.

The capacity of the coxian server is equal to S (i.e., B 1+1). The additional buffer

capacity is used to accommodate the blocked customer.

Figure 2: Node 1 in isolation
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Phase 1 of the coxian server corresponds to server 1 of the cyclic network. If

server 1 gets blocked in the cyclic network then the customer in phase 1 of the

coxian server will join phase 2. A departure from phase 2 (node 2 of the cyclic

network) corresponds to the departure of the blocked customer from node 1. \Ve

note that, for this example, servers 1 and 2 can not be blocked at the same time.

State dependent parameters of the above coxian server in terms of the cyclic

network under consideration is given below.

;\.1(0)=1-14 (1-P(0-t 101))'

;\'1(1,1)=1-14 (1-P(04 1(ll'a))),

;\.1{1,2)=1-14 (1-P(04' (l1,b))),

;\.1{2,1)=1-14 (1-P(0-t1 (21,a))),

a
12

(i)= P{ 221(il,a))),

Note that ;\.1{3,k)=0, k=1,2, seeing that there can not be an arrival if node 4 is

blocked by node 1. Likewise, a
12

(3)= O since when node 1 is blocking node 4,

node 2 can not be full. This is due to the fact that we have 4 customers in the

cyclic network and when node 1 blocks node 4 at least 3 customers are allocated

between them. Finallyv x ,{2,2)=0 because the probability that node 1 is empty

aiven that server 1 is blocked when there are 2 customers in it is equal to 1.
o

Hence, a node of a cyclic network in isolation behaves like a coxian server

with state dependent arrival rates and branching probabilities. The same con-

cept holds for arbitrary topologies which can be easily recognized from the global
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balance equations following a similar approach to the one presented above.

Let 44. be the set of nodes with direct connections to node i, i.e .
•

Ai = (jl PJ1>O. j= L.. .. ,N; ]*i)

and lA·1 be the cardinality of set ,,{ , i.e. number of nodes with direct connections
l l

to node i. Furthermore, let Z, (l) be the l th path that starts and ends at node i,

I.e.

Z.(l) = (i, i l .i, ,... ,i)
t I .~

where ilk is the kth node in the path I.

Now. let us consider one of such paths, (i, )ll,j,~,.·.,i). For a moment,

assume that there are n . customers at node i and the number of customers in the
t

network be such that, at the most, nodes it through it can be full at the same
l ".

time. In this case, a customer upon service completion at node i may find node it
1

full, blocking server i. Now, the question is when this blocked customer will

depart from node i. If upon service completion at node if customer chooses to go
I

to node i'2 and node if~ is not full, then the customer at node ill will depart and

at the same time customer at node i will join node i, unblocking server i, How-,

ever, if customer at node J·l.~ gets blocked because its destination is full then the

blocked customer at node i can not depart. Hence, in the worst case a customer

at node i will wait for service completions at nodes it ,... .i, before leaving node i.
1 "'

On the other hand, at the time node i is blocked, it is possible that nodes

it ' · · . , it are also blocked. In this case, customer at node i will not wait for ser-
1 k
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VIce completions at nodes i. ' .... if ' instead. it may wait for service comple-
\ Ie

tions at nodes i, to it ' n=k+ 1,.·... In.
Ie-\ n

Now, let ~:(k,jIJ be the arrival rate to coxian server (i.e., node i) when there

are k customers in it and the customer at service is in phase if of path l . 'vVe
n

note that, this is equivalent to the arrival rate to node i when there are k custo-

mers at node i and servers i and i, to i. are blocked. Furthermore, let a .
I "'-\ 1l It

be the probability that a customer upon completion of its service at phase i,,. will

go to phase J, of the lth path. Note that in a given path. if the customer is at.
phase Jt that means that nodes i to it are blocked by nodes i/ to it · Upon ser-

r r - \ \ r

vice completion, if the customer joins phase it ' this corresponds to the case that.
server i

l
• is blocked upon service completion and finds nodes i l• _I to i l. _

1
blocked.

Decomposition procedure for a given node i

[1] For a moment assume that the buffer capacity of each node is equal to 1 (i.e.
consider only the servers) and let the resulting network be the phases and

branches of the coxian server.

[2] For each path Z\(l) = (i, jll,jl.!, ... ,i), find node k=il", such that

K - 1 - (B. + B. + B. )~ 0, and
1l 1l 1l

K-1-(B
lI

+8
j l

+8j , +8j l )<0.
I 1 "'" "'" + l

Delete all the arcs on the path (i[ .i, ,... ,i).
'" '" ~ \

[3] Eliminate all phases that are not connected to any other phase. Then. i)
Add one arc to each phase which will, with some probability, allow a custo

mer to depart from the coxian server, and ii) for each phase il" add routes to



all proceeding phases i, ,. ... i,
k - I m

[4] Let C, be the capacity of the coxian server. Then:

(:==[K ifK-Bt$.O

l B + I~4 ·1 otherunse
l 1

[5) Calculate the arrival rates to node i as follows:

A ~(k .i, ) == )' J.1 (1 - P (0 I (k., b),(B. ,b),...,(B) ,a) ))
~ ,. ~ r r I ltl ',

rEA,

If if =i then this equation reduces to the following:,.

A,I(k,jl ) = L J-L,(l-P(O, I (ki,a))),.
rEA,

14

[6] Calculate the branching probabilities as follows: Let:

if p >0
11 It

otherwise

a~ . (k)=b . . *P((B. ,a) I (k.,b),(B. ,b),uo,(B. ,a),(B. ,b),oo.,(B. ,b))
h It n Jl h & It 11 h 1l

'" • p ". 1 '" "'.1 .-1

We note that the above equation reduces to the following if i, = i
r

a~ (k)=b *P((B. ,a) I (k.,a), ...(B. ,b), ...,(B ,b))
tlt it It 1l 1 It It

o ...,. I e-I

Figure 3: A five-node CQN-F
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Now, for presentation purposes, consider a five node network shown in figure

3. Without loss of generality consider node 1 in isolation. At the end of step 1, we

have the following illustration.

There are t\VO paths that start and end at node 1. i.e. Z1(1 )==( 1,2,3,1) and

Z~==(1.4..).1). Final representation of the coxian server is given at the end of step

3 as follows:

From step 4. C 1==-1. Arrival rates and branching probabilities are given by steps

,) and 6. To give few examples, we have:

A1\ O) = J.L3(1- P(03 I0J)+ J.L 5(1- P(05 I 01) )

A
1
1(1,3) = J.L3(1- P(03 I (ll,b ),(22,b ),(23,a)))+ J.L5(1- P(05 I (11,b ),(22,b ),(23,a )))

aI2(1) = P12*P((22,a) I (ll'a))

aI3(1) = P12*P((23,a) I (11,a),(22,b))
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4. CQN-F Under Type 2.2 Blocking

In this section, we will apply the above decomposition procedure to cyclic

networks under type 2.2 blocking. Its extension to arbitrary topologies is rather

straightforward following the discussion given for CQN-F under type 1 blocking

and cyclic network under type 2.2 blocking.

Type 2.2 blocking for CQN-F, arbitrary topology and any number of custo

mers in it, is not always well defined. This is because, in this general case

deadlocks may occur and these deadlocks can not be resolved without violating

the rules of type 2.2 blocking. For example, let us consider two nodes of a CQN-F

in tandem with buffer capacities 2,3 respectively and let K= 10.

sub-l sub-2

Now, consider a state of this network where there are 2 customers at node i and 3

customers at node 3 (i.e. both are full). Furthermore, assume that customer at

node i choose node j and customer at node j choose node i as their respective des

tinations. This will cause both servers to become blocked. This deadlock can not

be resolved without violating the rules of type 2.2 blocking. For instance, it could
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be resolved by forcing the blocked customer at node i (or at node i) to change its

destination or by temporarily switching to type 1 blocking (i.e. allow servers to

start serving customers).

Let us now consider a four-node cyclic network as shown in figure 1 with

buffer capacities B, and exponential servers with rate f-li l i=1,2,3,4. State of this

network is described as n = (n 1,n Z,n 3,n 4) where ni is the number of customers

at node i. We have 0< n $; B .. Server i is blocked if n. = B. .
lIt + 1 1+1

Without loss of generality, let 8.=2, i=1,2,3,4; K==.J, and consider node 1
1

of this cyclic network. A customer arriving to node 1 will first wait for customers

ahead of it at node 1 to complete their service requirements. Finally, when it

enters to the service center, one of the following three events can happen: i) there

is a space at node 2; ii) node 2 is full'and there is a space at node 3; and iii) nodes

2 and 3 are full. In case of i, the customer will start receiving service and its ser-

vice can not be interrupted until completion (which may not be the case for arbi-

trary topologies)..After service completion, it will depart from node 1 and join

node 2. On the other hand, if the customer at node 1 finds node 2 full at a time

there is a space at node 3 (case ii) then server 1 is blocked while server 2 is active.

The customer at node 1 will first wait for service completion at node 2 and then

start receiving service at node 1. Services at nodes 1 and 2 can not be interrupted.

Finally, in case iii servers 1 and 2 are blocked. Hence, the customer at node 1 will

wait for service completion at node 3, then at node 2 before starting to receive its

service at node 1. Hence, node 1 looks like the following coxian server in isolation.
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'vVe note that, the same coxian server equivalence will result from the global bal-

ance equations following the procedure presented above for CQN-F under type 1

blocking.

/

We will now give the parameters of this coxian server in terms of the condi-

tional probabilities of the original cyclic network. Let C 1 be the capacity of the

server. Then C 1= B 1= 2. Let aij(k) denote the probability of going from phase i

to phase j. Then, a
32

(k)= 1, k=O,l; a21(k)= 1, k=O,1,2c A customer at phase 1

will depart with probability 1. Departures from other phases are not allowed.

Furthermore, a customer arriving to service center (either as a new arrival or due

to a departure of a customer ahead of it) will join phase j with probability aOj(k)

when there are k customer in the coxian server excluding the arriving customer.

Finally, we will give an algorithm similar to the one presented above for

CQN-F under type 1 blocking which can be used to find the equivalent coxian

representation of a node i in a cyclic network under type 2.2 blocking mechanism.

[1] Apply steps 1,2 and 3 of the above algorithm noting that there is only one
path that starts and ends at node i. Let C,=min(Bi , K).
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[2] If the resulting coxian server has l phases, then

a =1 f ._.) lj,J-l or) - ..,... ,

Customers are allowed to depart only from phase 1 (i.e. server i).

[31 Let aOj(m) be the probability that a customer upon arriving to the service
center will join phase i. j==l, ... .l (either as a new arrival or due to a depar
ture of a customer ahead of it) when there are m customers in the server
excluding the arriving customer. Then:

aOj(m) =1-P((Bj + 1) I (m1),(B~), ...,(B)))

[4] Let Ai ( m ,j) be the arrival rate to the coxian server when there are m custo
mers in the server and the customer at service is in phase j. Then:

1\ j (m,j)= IJ.j -1 (l-P(Oj -1 I(m1),( B 2)""'( Bi -1)))

5. Conclusions

In this paper. we applied the decomposition technique developed in the

literature to CQN-F under type 1 and 2.2 blocking mechanisms. The presented

discussion is readily applicable to the other blocking mechanisms defined in sec-

tion 1 for some topologies through equivalencies of blocking mechanisms.

Type 3.2 blocking is introduced to study flexible manufacturing systems

which can be modeled as a CQN-F with reversible routing. Then, Yao and Buza-

cott [23] showed that such networks have product form solutions. Type 3.1 block-

ing mechanism has been studied extensively and has been showed to have a pro-

duct form solution for number of different topologies with restricted number of

customers in the network. Type 2.1 and type 3.1 blocking mechanisms are not

always well defined for arbitrary topologies with arbitrary number of customers

in the network. This is due to deadlocks. Deadlocks can not be easily resolved in

CQN-F under these two blocking mechanisms. To eliminate this problem, most
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of the studies for these two types of blocking mechanisms assumed deadlock-free

networks.

Exact decomposition of a CQN-F under some type of blocking can always be

established from the global balance equations. This approach will, in turn, give

the equivalent coxian server representation of a node in isolation. The parameters

of this coxian server usually depends on the conditional parameters of the original

network hence they are not immediately available. Most of the approximations

developed in the literature for open networks are based on the same decomposi..

tion procedure presented in this paper. The difference between different approxi

mations are, then, is the way the conditional probabilities are approximated. One

interesting fact about open queueing networks is that the conditional probabili

ties required by the decomposition procedure appears to be state independent.

Empirically, we have observed that this is not the case for CQN-F. This may be

an explanation why there is no approximation reported in the literature to calcu

late the marginal queue length probabilities of CQN-F. This paper presents an

insight to the behavior of CQN-F. It provides an intuition to the arrival and

departure processes of nodes. A study of the exact decomposition procedure

should provide a good understanding towards developing approximations for

CQN-F.
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