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Abstract

The application of product-form queueing networks to the
performance analysis of store-and-forward packet-switching
networks is considered. Multiple routing chains are used to
model the different routing behaviors of packets. Queueing
networks with open chains are first studied. The mean end-to-end
delay over all chains is derived, and the application of this
delay formula to optimal channel capacity assignment and optimal
routing is discussed. Analytic results for the mean and
distribution of end-to-end delay of each chain are presented.
The issue of fairness among chaips is also addressed.

Queueing networks with closéd chains are studied next. The
use of a closed chain to model a virtual channel with flow con-
trol window is illustrated. While analytic expressions for
performance measures sﬁch as throughput and end-to-end delay are
available, the computation of numerical results is very dif-
ficult. Two approximate methods which are computationally ef-
ficient ére presented. Finally, queueing network models with
population size constraints are considered, and the application
of these models to buffer management in a switéhing node and

permit-oriented congestion control is discussed.

Keywords: Queueing network models, packet switching networks,
throughput, end-to-end delay, capacity assignment, routing,
flow control, buffer management, permit-oriented congestion

control, fairness.



1. Introduction

A store-and-forward packet-switching network consists of a
set of switching nodes interconnected by communication channels.
Host computers and terminals constitute sources and sinks of data
messages to be transported by the network (see fig. 1). The
basic unit of data transfer within the network is a packet*.
Each packet traverses from its source node tovits destination
node through a series of communication.channeis along its path
(or route). Queues are formed for the communication channels in-
side the switching nodes. The progress of packets in the network
is governed by certain communication protocols. The objective
of this paper is to review recent efforts on the application of
product—-form queueing networks [1]-[4] to model store-and?forward
packet communication networks.

A store-and-forward network can be viewed as a collection of
resources shared by data sources and sinks. There are three
types of physical resources in the network: communication chan-
nels, packet buffers, and nodal processofs. In modeling such a
network, the nodal processors are often neglected because proces-
sor delays incurred by packets are typically substantially less
than communication channel delays.

To transport a packet from one node to another in a store-
and-forward network, the resources needed along the source-

* When a data message to be transported is longer than the size
of a packet, it is segmented into several packets which need to
be reassembled later to form the original message. The segmenta-
tion and reassembly functions may be either performed by the
network nodes or by the data sources and sinks.



destination path are communication channels and one buffer in
each node along the path. It is obvious that the set of com-
munication channels and/or the set of nodal buffers can be preal-
located. Preallocation is a "safe" operational strategy.
However, it is extremely wasteful because data sources are
typically very bursty.

A store-and-forward protocol is a means for dynamically al-
locating network resources and thus sharing them statistically.
In a store-and-forward network, a packet can progress from one
node to the next along its route with the allocation of just a
communication channel and two buffers (one at each side of the
channel). If the packet is successfully received and accepted
in the next node, a positive acknowledgement message will be
returned to the previous node, either separately as a shor;
packet or piggybacked in the header of a data packet traveling
in the reverse direction. The packet buffer in the previous node
can then be freed. 1If, however, no acknowledgement has been
received at the end of of a time-out period, the packet will be
queued for retransmission. |

Currently, there:are two basic types of packet communication
services: datagram and virtual channel (5]. We shall consider
their differences from the modeling viewpoint énly. In a
datagram network, each data packet (datagram) traverses the
network as an independent entity. 1In a virtual channel network,
data packets belong to "virtual channels“ connecting data sources

and sinks. The admittance of packets into a virtual channel is



controlled. Also, packets in the same virtual channel are
usually characterized by the same routing behavior.

Given a set of external traffic demands, the efficient
utilization of a network's channel and buffer resources depends
on the hetwork's routing algorithm as well as its flow and
congestion control techniques. Measures of network performance
typically include its throughput (in packets deliveredvpef
second) and some measure of the network transit delay. These
performance measures may need to be characterized for all packets
transported by the network or fof.individual éiasses of packets
(e.g., packets between specific source-sink péirs).

Product-from quéueing network models havé»been successfully
applied to the performance analysis of store—ahd—forward nétworks
with some or all of the above features. To do so, several sim-
plifying assumptions}are necessary; they willrbe introduced in
section 2. Queueing network models also have a number of limita-
tions. One such limitation is that adaptive routing cannot be
modeled. Analytic results are available for situations where a
set of paths is provided between each source—destination node
pair; and these paths may be either chosen detérministically or
randomly, but not adaptively for packets.

The accuracy of éueueing nethrk models ié affected by the
presence:of the various communication protocolé, which may;impede
the progress of packets through the network buf which cannét be
easily modeled (examples are segméntation and reassembly of mes-

sages, some of the data link control functions, etc.). Also,



various network measurement and control traffic are often not ac-
counted for in the models to be described below. Therefore
queueing network models results should be viewed in most cases

as a somewhat optimistic prediction of network performance.



2; Assumptions and Definitions
The key assumption necessary for the application of queueing
network models to analyze a store-and-forward network was

originally introduced by Kleinrock [6,7]:

The Independence Assumption: "Each time a packet joins a

queue in the network, its length is determined afresh from
the probability density function
b(x) = uexp(-ux) x> 0

where 1/py 1is the mean packet length (in'humber of bits)."

The above assumption.removes the statistical dependence of the
packet length at the various channels of a roQte. Without this
assumption, the analysis of store-and forward networks is not
mathematically tractable.

In actual networks, packets usually have a maximum length.
Also, measurement results indicate that packet lengths are not
really exponentially distributed [7,8]. Therefore, analytic
results provided by queueing network models are merely approxima-
tions. However, these approximate results are'generally deemed
to be adaquate and valuable for phe design aﬁd performance
characterization of‘Store-and—forward packet?SWitching networks
[71. |

We next define the class ofiqueueing networks suitable for
store-and-forward networks. (This class of network models is
only a subset of network models that have a product-form solution

[2]1-[4].) The notation used throughout this paper is also in-



troduced.

Servers in the network model are indexed by i = 1,2,...,M.
Server 1 works at a constant rate of C; bits per second. We
shall only consider first-come first-served (FCFS) servers (to
model communication channels) and infinite-server (IS) servers
(to model random delays). Customers (i.e., packets) belong to
different "routing chains"; these chains are }pdexed by k =
l,2,...,k. Specifically, the roﬁﬁing behaviof of chain k is
modeled by a first-order Markov éhain with transition
probabilities

pég) = Prob[to server j | currently at server i}
1,9 =1,2,...,M : (2.1)
We note that a first-order Markov chain is adéquate for modeling
both tﬁe case of a single route and the case of multiple routes
between a given source and destination. Retransmission and
rerouting due to random transmission errors can also be modeled
by appropriate definition of the transition probabilities [9].

Since the routing behavior of packets traveling between dif-
ferent sburce—destination node pairs are different, a queueing
network model must specify at least one routing chain for each
source-destination node pair. It is sometimes desirable to
specify multiple chains between each.source—deétination node pair
to correspond to "virtual channels" connecting several data
sources in the same source node to several data sinks in the same

destination node. For a datagram network, it is sufficient to
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define just one chain for each source-destination node pair.
It is assumed that chain k packets arrive to the source node
of the chain according to a Poisson process with rate Y packets

per second, where k = 1,2,...,K. Define
Y =Y1+Y2+ LI I 3 +YK

Y is the total external arrival rate to the network. Given Yk
and p§§), the mean rate Aik of chain k packet arrivals to server

i in the queueing network model is determined from:

Ay = Y, 6 +tfx (k) (2.2)
1k - kCik JkP31
=1
where
1 if i dis source
node of chain k o
Gik = _ _ , (2.3)
0 otherwise

The arrival rate of packets from all chains to server i is
A = L A | (2.4)

The traffic intensity of chain k packets at server i is defined

to be

ik _ ‘ (2.5)
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and the overall traffic intensity of server i is

K
=1 P (2.6)
14 Pk

Let the state offthe queueing network be denoted by
5 = (n3, ny, ooy ny)
where
Rj = (Miy3r Pyor weey Nyg)

where Nn;x is the total number of chain k packets at server i.

Define

ni=nil+niz+.o. +niK

and
n = (nl, Nor eeey nM)

A chain is said to be open if it allows bpth external ar-
rivals and departures to occur freely. As a }ésult, the number
of packets in a chain can range from 0 to «, 1For a network with
open chains, the equilibrium probability of the network state S
has the following préduct form solution [2]):

M p.(n)

ps) = 1 A4 | | (2.7)
1=1 ~ ’
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where
K Diknik
ni! II T server 1 is FCFS
k=1 Dy
py(ny) = (2.8)
, n
ﬁ Pix 1k server 1 is IS
k=l !
and
1/(1-p) server i is FCFS
;= ‘ o (2.9)
exp(pi) server 1 1s IS

The equilibrium probability of n also has a product form [2]:

M Pi(ni)
P(n) = I = (2.10)
i=] i
where
p,"1 server 1 1s FCFS
Pi(ni) = . ‘ (2.11)
Py i
server 1 dis IS
nil ,

A routing chain is said to be closed if the number of
packets in the chain is fixed. Queueing networks with closed
chains and networks with chain population size constraints are

useful for modeling flow and congestion control in store-and-
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forward networks. These models will be discussed in sections 4
and 5 respectively.

Given a set of traffic demands modeled by the rates {Yk, k
1,2,...,K}, the basic performance measures of interest are the
network throughput and mean end-to-end (or source-to-destination)
delay. Define

T = mean end-to-end delay over all packets transporfed by the
network
Y* = network throughput in paCkéts per second
These two measures may be adequate by themselves or it may be
necessary to characterize the performance of individual routing
chains. Define
Tk = mean end-to-end delay of chain k packets transported by
the network
Y: = throughput of chain k in packets per second
We note that sometimes mean delays’are not adequate for network
design pﬁrposes and it is desirable to characterize the higher
moments or percentiles of the delay random variables. Results
on the distribution of end-to-end delay will be discussed in sec-
tion 3.5.

If the network éﬁitching nodes have adequate buffers so that
flow and congestion controls are not needed (a situation modeled
by queueing networks with open chains), the chain throughput is

the same as the chain arrival rates, i.e.,

YZWw=Y, = k=1,2,...,K (2.12)
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Otherwise, some external arrivals are rejected due to buffer,

flow or congestion constraints and the throughput is smaller than
the corresponding arrival rates, or

.*
e <Y k=1,2,...,K (2.13)

v . |
The difference between Yk and Yk is the rate at which chain k ar-
rivals are rejected. Since rejected packets are retransmitted

*
later, the ratio yk/yk can be interpreted as the number of trials

needed for a packet to gain admittance to the network.
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3. Open Queueing Network Models

We consider in this section the efficient utilization of
communication channels in a packet network via routing assign-
ments. Various performance criteria are addressed.

Queueing network models with open chains are employed. The
number of buffers at each node is‘assumed to be very large (in-
finite) so that flow and congestion controls are not needed. The
effect of packeﬁ transmission errors is also assumed to be

negligible.

3.1 A Formula for Mean Network Transit Delay

The mean end-to-end delay T for an arbitrary packet tran-
sported by the network was first derived by Kleinrock [6,7]. It
can be obtained as follows. By Little's formula [10], the mean
number of packets in transit within the network is equal to YT.

Let E[ni] be the mean number of packets at channel i. We have

YT = lf Eln,] | " (3.1)
i=1
Since the»communication channel delays dominate most other
delays, we shall assume that the M servers are all communication
channels hodeled by FCFS queues. The marginal queue length
distribution from eg.(2.11) gives rise to the following mean

queue length:

Py
1-p

E[n] = 1=1,2,...,M (3.2)

i
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Thus
M »p
1
YT = ] —— (3.3)
=1 17P4

Since Py = Ai/(uci) (see egs.(2.4) to (2.6)), we have

M A
1 A
=1y 1 (3.4)
Y ga1 HC4M

which is sometimes written as

f
1 i
T == Z = (3.5)
Y =1 C°fy
where fi = Ai/u (in bits per second) is called the channel i

flow [11].

Recall that under our present assumption;-Y* = Y. Using T,
as given by eq.(3.5), as our performance measure, we shall con-
sider next the problems of channelfcapacity assignment and op-
timal routing.

In practice, it may be advisable to refine the model con-
sidered above by including delays;due to channel propagation
times, nodal processing times, and any control message traffic.
The reader is referred to [7] for more details. H§wever,
eg.(3.5) is the basic formula used in the capacity assignment and

optimal routing problems.
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3.2 Capacity Assignment

Suppose we are given the traffic requirement
{Yk, k=1,2,...,K}. The network topology is fixed and routing has
been specified in the form of eq.(2.1). A meaningful question
to ask is: given a fixed budget for communication channels, how
do we select the set of channel capacities {Ci, i=1,2,...,M}?
Tﬁis problem was addressed by Kleinrock [6,7] and to keep the
problem simple, he made the follbﬁing assumptibns:
(a) channel capacitiéé can be selected from a continuum of

valdes;

(b) the cost of channel capacity is a linear fﬁnction so that the

network cost is

M 4
Z d C, + a fixed cost : (3.6)
i1 :
i=1
Let D be the available budget for channels aftér the fixed cost
has been accounted for. One can then pose the following op-

timization problem:

=1 1
Min T =y Z C -f
{c,}. 1=1"1 i
(3.7)
M
subject tO»'Z dici =D
i=1

Note that T is a convex function and the set of feasible channel

capacities is a convex set. Hence, a unique optimal solution
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exists. The above constrainted optimization problem can be con-
verted to an unconstraint optimization problem by the Lagrange
multiplier method which yields the following solution for optimal

capacity assignment [6,7]:

* D, indi

C, = £+ S | (3.8)
1 {de
3=1
where
D, 2 £,y >0 (3.9)
§=1 _

If D,< 0, a feasible capacity assignment does not exist to
achieve a finite T. The minimum mean delay corresponding to the

above capacity assignment is:

L [ NG } (3.10)
YD, j=1 ) :
The dual of the optimization problem in éq.(3.7) can also be
formulated to minimize the network cost subject to a mean delay

constraint as follows:

1
Min d,C
fc,} =1 *1
. (3.11)

1

i

1 M
subject to ;- Z
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Again, applying the Lagrange multiplier method, the optimal

capacity assignment is

M
) £, r7

c =f + d= 33 /% (3.12)
YTmax di

The minimum network cost for channels is then

Z f [;Z~f¥"3"] - (3.13)

4=1 3 =1

The optimal capacity assignment given by eq.(3.8) or (3.12)
provides a network designer with some initiallguidance for
selecting channel capacities. 1In reality, chénnel capacities are
limited to a discrete set of capacity values that are available
from common-carriers. Also, as é result Qf eéonomy of scale, the
cost funétion di(ci) of a channel with capacity Ci should be a
concave function in Ci instead of a linear function assumed
above. To incorporate the above con51derat10ns into the capacity
assignment problem, one must then resort to numerlcal solutlon
technlques [(11]. F1na11y, we also note that: most communication
links available from the common-carriers are full—duplex‘with the
same capacityyfor each of the channels in opposite directions.
The usual assumption that enables us to appl?‘the above optimal
capacity assignment result is tovconsider a gymmettic network
traffic pattern. If, however, the network traffic pattern is
highly asymmetric, thén one must again resort:to a numerical

solution technique to account for this additional constraint.
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3.3 Optimal Routing

In the capacity assignment problem above, the routing was
assumed to be pre-specified. Suppose the channel capacities have
already been selected, we now consider the problem of assigning
routes to satisfy a set of traffic requirements {Yk, k=1,2,...,K}
so that some performance criterion is optimized. This is known
as the optimal routing problem.

Operationally, optimal routing is difficult to achieve. Due
to the geographical distribution of network nodes, fresh informa-
tion on the global status of a network is generally not
available. In the ARPANET, for example, each node exchangés
status information with its neighbours periodically. Con-
siderable time delays, however, are needed for such information
to propagate throughout the network [12].'

With most performance objectives, optimal routing can be
formulated as a shortest path problem with an appropriate
distance metric for the communication channels within a path. 1In
the ARPANET, the distance metric is simply the (estimated) mean
delay of a communicapion channel*; Each packet, regardlesé of
its origin, is routed to an outgoing channel along the path with
the shortest (estimated) mean delay to the packet's destination
node. Note that this particular fouting strafegy minimizes the
(estimated) mean delay of each individual packet. It has been
shown that such an individual optimization does not necessarily

—— s ————— - ————— . ————

* The mean delay includes both the expected waiting time and
packet transmission time. 1In practice, a fixed bias term is also
included to reduce looping behavior.
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lead to a globally optimized situation; specifically, the mean
transit delay T for all packets transported by the network is not
optimized. 1In order to optimize T, the following result was ob-
tained [11,13].

Given the traffic requirements {yk} and a specific routing
assignment {pég)}, the channel arrival rates {Ai} can be deter-
mined using eq.(2.4). Recall that the flow in channel i is
£f. = Ai/p in bits per second. Denote the set of channel flows

1

by the flow vector

£ = (fl’ f2, LI B I 4 fm)
A flow vector f is said to be feasible if

0_<_ fi < Ci fOf i = 1'2'-00,M

and if it is the result of a routing assignment which satisfies
the traffic requirements. |

Necessary and sufficient conditions for £ (hence, indirectly
for the routing assignment) to minimize T are obtained as fol-
lows. Let T(f) be the mean network delay corresponding to the
feasible flow vector f. Let v be another flow vector. Given £,
a feasible flow vector f' near f can be represented as a convex

combination of £ and v, i.e.,

f' = (1-e)f + ev

=f+e(v-D) 0=se<1 (3.14)

Note that the flow vector v can be chosen without satisfying vy
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< C; for any i. 1In this case, a sufficiently small € should be
used for f' to be feasible. Suppose ¢ << 1 so that the change
in the flow vector (in the v direction) is small and is given by:

Af = e(v-£) (3.15)

The resulting change in the mean network delay is

lf aT(f)
AT(f) = (v,-£f e
=1 °f 1
(3.16)
?_
=€ L, (v, -£.)
ghy 1T
where
aT(E) |
Il = afi jf(3'17)

Eq.(3.17) above requires that the-function T(E) be differen-
tiable. 1If, moreover, the functién T(E) is aléo convex, then we
know that a unique minimum exists among the set of feasible flow
vectors (which is a convex set [11,13]). Thus, a necessary and
sufficient condition for a feasible flow vector f to be optimal

is

AT(f) = 0 for any v - (3.18)
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or
1 )
L, (v, -f 20 (3.19)
4o 114
or
) ]
min L,v, = L .f (3.20)
v ogm 11745 i

If the condition in eq.(3.20) is not satisfied then £ (and
the cofresponding routing assignment) is not optimal. Moreover,
eq.(3.16) indicates that if a "small" amount of source-
~destination traffic'ié to be rerouted (or if some new traffic is
to be added to the network) then that traffic should follow a
shortest path from its source node to its destination node using
{Li} as the distance metric to minimize its impact on the mean
network delay. Recall that with the open quéﬁeing network model,

from eq.(3.5),

M f
1 1 |
() == ] = (3.21)
Yogm G '.
Hence
aT(f) c
= 1 1
L = -1 (3.22)
i of Y _¢ 12

Given the traffic requirements {v 1, the optimal flow vector

f (and hence, route assignments) can be determined by a downhill
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search technique using any feasible flow vector as a starting
point. The reader is referred to [11,13] for details.

Finally, we comment that in practice, instead of doing
capacity assignment and optimal routing as separate problems, it
is desirable to do both optimizations together. The resulting
problem is much more difficult than each of the above, and one
must resort to heuristic search techniques for optimal solutions.
The reader should consult the excellent thesis of Gerla [11] for

this and other network design problems.

3.4 Mean End-to-End Delay for each Routing Chain

Our discussion so far has been based on the mean end-to-end
delay over all packets transported by the network. The key
result, as given by eq.(3.5), provides a gross characterization
of network delay. It is useful in the formulation of various op-
timization problems for network design. For various reasons, one
might be interested in a more detailed characterization of
network delay than the mean over all packets. For example, users
sending packets from node A to node B will be interested in the
end-to-end delay from A to B.

In sections 3.4 to 3.6, we shall considef only networks
which employ path-oriented routing. This is élso known as source
routing. As the namé suggests, wben multiple'paths exist between
a given source-destination node §§ir, the soufce node selects the
complete path for each packet to follow in order to reach the
destination. A notable example of path—orienféd routing is the

explicit path routing technique of Jueneman and Kerr [14]
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proposed for IBM's System Network Architecture [15]. The
ARPANET, on the other hand, is a notable exception where routing
decisions are made by intermediate store-and-forward nodes.
Path-oriented routing has the advantages that (a) routing deci-
sions are decentralized, (b) packets are guaranteed to arrive in
FCFS order along each path, (c) loops can Be avoided, and (d) the
impact of bad decisions made by a source node is limited. A
simple example of path-oriented routing is fixed routing where
there ié a unique path for each source-destination node pair.
Another example is “fandom routing” where one or more paths are
set up for each source—destinatign node pair and the path of each
packet is selected ihdependently according to’a probability
distribution. For aivirtual channel network_with many virtual
channels between each source-destination node pair, fixed or ran-
dom routing can élso be used for each virtual channel.

For path-oriented routing, each path can:cqnveniently be
modeled by a routing chain. 1In this section, we consider the
mean end-to-end delay of each routing chain iﬁ the network. The
results can then be used to obtain the mean end-to-end delay for
any given source-destination node pair (or anybvirtual channel)
which employs multiple paths. It is also possible to get the
probability density function of eﬁd-to-end deléy for a class of
routing algorithms. 'These resulfé will be presented in Section
3.5. |

Let “k be the path (or ordered set of channels) over which

chain k packets are routed. The transition probabilities of
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chain k take on values of 0 and 1 only, i.e.,

1 if 41 and j are successive
k
'pij) - channels in T (3.23)
0 otherwise

With this definition for pég), it is easy to verify that the

solution to eq.(2.2) 'is

Y if iewk

Aik = ' (3.24)

0 otherwise

Since each channel in the network model is a FCFS server and
all routing chains are assumed to be open, the equilibrium state

probability has the following product form [2] (see eq.(2.7)):

M K piknik
P(S) = I (l—pi)ni! I o T (3.25)
i=1 k=1 ik

where Pik and ¢ are given by egs.(2.5) and (2.6) respec-

i
tively. From eq.(3.25), we get the following expression for the

marginal queue length distribution at channel i:

: K pik ik
P(gi) = (l-pi)ni! 1} (3.26)
k=1 ik’

The mean number of chain k packets at channel ‘i can then be
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obtained from:

Eln,l= ) 3 ] P@) (3.27)
ik i §
j=0 nIGRj
where
R, = { Bt 0= } . (3.28)

Substituting eq.(3.26) into eq.(3.27) and after some simplifica-
tions, we get:
0 .
ik
E[nik] l_pi (3.29)
Applying Little's formula [10], the mean delay of chain k

packets at channel i is

T, = E[n

1k (3.30)

1y, & —=i
ik’ 'k uci(l-pi)
It is of interest to note that thé mean delay at channel i is
determined by the total utilization of channel i, and is the same
for all chains that are routed thfough this channel. Finally,

the mean end-to-end delay of chain k is:

T 1

-l =g (3.31)
k 1ém MG (1-p,) '

As a remark, the mean end-to-end delay over ali'packets can be
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obtained from:

Tw= Z --'rk (3.32)
k=1
and it can be verified that egs.(3.4) and (3.32) are identical.
We now illustrate how the result in eq.(3.31) can be used to
obtain the mean end-to-end delay for each source~-destination node
pair. For convenience, we refer to packets sent from source node
S to destination node d as (s,d) packets. Let Ys. 4 be the mean
’
arrival rate of (s,d) packets and'As 4 be the set of routing
. r
chains for these packets. Also let aéké be the probability that
’
a (s,d) packet is sent along the path corresponding to chain k.
a(k) is zero if chain k £ A ; and for the case of fixed
S,d S’d .
routing, there is only one chain in each A and the o (K) for
s,d “ s,d
this chain is one. From the above definitions, it is easy to see
that the mean arrival rate of chain k is given by:
(k)

Yk=Ys,d as,d . (3.33)

and the mean end-to-end delay of (s,d) packets is:

(k) ' ‘
T .=} a 4T (3.34)
s,d k€A s,d 'k

s ,d

Similar results can also be obtained for a virtual channel
network where fixed or random rduting is used. for each virtual

channel.
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3.5 Distribution of End-to-End Delay

In this section, we consider the distribution of end-to-end
delay given path-oriented routing. This is a detailed charac-
terization of end-to-end delay and the results are useful for
calculating statistics such as variance and 90-percentile.

Our discussion is based on the work reported in {16,17].
Let t, (x) be the probability density function (pdf) of chain k

end-to-end delay and T:(g) be its Laplace trathorm, i.e.,

T (E) = S exp(-Ex)t, (x)dx (3.35)
0

Let N, (z) be the generating function of the number of chain k

packets in the network. As a result of the product form solu-

tion, Nk(z) can be written as:

Nk(z) = I Nik(z) : (3.36)

1€vk

where Nik(z) is the generating function of the number of chain

k packets at channel i. Nik(z) is by definition, given by:
- -} .
N, (2) = ] P(n,)zd (3.37)
ik — ; v y
where Rj'is given by eq.(3.28). Substituting éq.(3.26) into
eq.(3.37), and after some simplifications, we get |

1-p

1
1-p, 404y

Nik(z) = (3.38)

(1-2)
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It then follows from egs.(3.36) and (3.38) that

1-p,
N(z) = T — (3.39)
k 1€1rklpi+

oik(l-z)

Since the arrival process of chain k packets is Poisson and
the number of chain k packets in the network changes by unit

steps, we also have [18,19]:
N (2) = Dy (2) 3 (3.40)

where Dk(z) is the generating fuﬁction of the number of chain k
packets left behind in the network by a chain k departure.
Consider an arbitrary "tagged" chain k packet. Let its end-
to-end delay be tk (Laplace transform of pdf is T;(g)). With
path-oriented routing and FCFS discipline at each channel, the
number of chain k packets left behind when the tagged packet
departs is equal to Ay s the number of chain k arrivals during ty-
Dk(z) is then the generating function of a. For chain k ar-

rivals following a Poisson process, D, (z) is given by [18]
* ' )
D (2) = T, (e Y, 2) ; | (3.41)

provided that t, and a, are independent. Substituting £ for

Y= YeZr eqd.(3.41) is reduced to:

TH(E) = D, (1-E/Yy) (3.42)
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Finally, using egs.(3.39) and (3.40) in eq.(3.42), we get

*(E) = I Ke; (-py) (3.43)
T - —_— 2 .
k tem §+uc, (1-p,)

Let |m | be the number of channels in T EQ.(3.43) in-
dicates that the end-to-end delay of chain k is given by the sum
of |ﬂk| independent random variables; the i-th random variable
is exponentially dis;ributed with mean l/[uC;(l—pi)]. This
observation allows us to write the followingzexpression for the

variance of chain k end-to-end delay [16]:

- — (3.44)
sem [uc, (1-p))]

:
To obtain statistics such as the 90-percentile of end-to—gnd'
delay, one must first obtain t,(x) by inverting T:(E)- This can
easily be done by the technique of partial fraction expansion
[18]. |

It should be noted that eq.(3.41) (and therefore eq.(3.43))
is true only when tkvand ay are independent. " In a packet-
switching network, these two ranéom variableé are not independent
in general, as illustrated by the example shd@n in fig. 2
[17,45]. Suppose a "tagged" chain 1 packet afrives at channel
i at time 0. 1In the time interval (0,t)), if a; is large, then
most packets leaving channel i (after the tagged packet) are from

chain 1 and the tagged packet is expected to find a small number

of chain 2 packets when it arrives at channel j. On the other
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hand, if a, is small, then most packets leaving channel is are
from chain 2 and the tagged packet is expected to find a large
number of chain 2 packets at channel j. The delay experienced
by the tagged packet at channel j is therefore affected by a,.
Consequently, t1 and a, are not independent. A similar argument
also applies to t2 and a2.'

From the above discussion, we observe that t, is dependent
on a, whenever 'it is possible for packets (belonging to other
chains) arriving after a tagged chain k packet at one channel to

~overtake this tagged packet at another channel. This depéndency
would not be present_if the paths in the network are such that

no such overtaking is possible. We can therefore give the fol-

lowing sufficient condition for t, and a, to be independent [17]:

Non-passing condition: "For each pair of channels i, j in

T.s Packets arriving after any tagged chain k packets at

channel i never overtake this tagged packet at channel j."

The Laplace transform of chain k énd—to—end delay is giveﬁ by
eqg.(3.43) if the above condition is satisfied.

Despite the fact that tk and a, are not independent in
general, eq.(3.43) is very useful in practice for characterizing
in detail the end-to-end delays of routing chains. For a given
network model, it‘is likely that the non—passing condition is
satisfiéd for a large fraction of routing chains. The result is
then applicable to each of these chains. For those chains where

the non-passing condition is not satisfied, simulation experi-
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ments have shown that eq.(3.43) gives accurate approximations to
the variance as well as 90-percentiles of end-to-end delay [17].
Furthermore, in some networks, the network topology and path as-
signments are such that the overtaking phenomenon shown in fig. 2
is not possible. Consequently, eq.(3.43) is applicable to all
chains in the network. Obvious examples of such networks are
tree networks and ring networks. Another example is the class

of networks where the routing algorithm does not use any péth
with more than three channels. Qne such network is the example
shown in fig. 1 under‘shortest path routing.

As a final remark, one can éiso obtain results for the pdf
of end-to-end delay for a given éource—destinéfion node pair (or
a given virtual channel). Following the deveiopments which lead
to Ty 4 in eq.(3.34), the pdf of (s,d) end-to-end delay can be

obtained by inverting

®) uc, (1-p,)

* v
T = a e 3.45
8,0 kEA 8:d jen EHUC (1-p)) ( )
s,d k
and the corresponding variance is
2 (k) [ ‘
o 4= 1 o ) 1 2 2 (3.46)
s,d s,d 3 + Tk : - T d .
k€Ag,a YT Tue, (191 o

where T, and Ts,d are given by egs.(3.31) and (3.34) respec-

tively.
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3.6 Fairness Among Chains

The results for end-to-end delay presented in Sections 3.4
and 3.5 are based on a FCFS discipline at each channel. One can
easily observe from the result in eq.(3.31) that the mean end—to;
end delay of chain k is affected by the number of channels in Wk,
and the utilization of these channels. It is therefore unlikely
for the Tk's to bear some desired relationship with respect to
each other (e.g., Tk is the same for all k, or Ty is proportional
to the nhmber of channels in T.) . A natural question to ask is
whether a network wiﬁh FCFS discipline at each channel is fair
or not. .

One approach to study the fairness of a network is to relate
the mean end-to-end aelay with nétwork tariff$ [20]. Some
networks, e.g., Datapac [21], have an uneven tariff structure.
For these networks, one can argue that subscribers who are paying
more due to their physical locations should not be penalized with
a longer end-to-end delay. A reasonable strategy is then to make
Tk the same for all k. 1In other networks, e.g., Telenet [22],

a fixed tariff is applied regardless of location. A'reasonable
strategy is to have Tk proportional to the number of channels in
"k | .

It is easy to observe that FCFS may not-be flexible enough
to implement either strategy mentioned above. One needs é
parameterized queueing discipliné whiéh enabiés the chain.delays
to be adjustable by changing the parameter vaiues. An example

of such a discipline is Kleinrock's time—dependent priority
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discipline [7]. Under this discipline, a chain‘k packet has
priority level zero when it enters a node, and this priority
level increases with rate B, while waiting for service. The
product form solution for open queueing network models does not
apply when such a discipline is used. However, approximate
analysis may be employed, and in [20], an approximate expfession
is obtained for T+ the mean end-to-end delay of chain k. This
expression is in terms of the RB's. :

Suppose it is desirable to have T, the same for all k, the
following fariness measure is usea in [20] toidetermine the op-

"timal setting of the Bk's.

E Y :

F= ) Tk ('rk-'r)2 (3.47)
k=1 :

The optimal Bk's are obtained by minimizing F with the con-

straints that Bk > 0 for all k. The solution to this optimiza-

tion problem for some example networks can be found in [20].
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4. Queueing Network Models with Closed Chains

Most packet networks nowadays provide virtual channels
between data sources and sinks. The virtual channels are end-to-
end flow controlled. Examples of end-to-end flow controls are
SNA pacing [23], RFNM in the ARPANET [24], and various window
mechanisms [25,26]. An important function of end-to-end flow
control protocols is the synchronization of the data source input
rate to the data sink acceptance rate. All of them work by
limiting the number of packets that a virtual channel can have
in transit within the network. Hence, they also provide, to some
extent, a congestion control capability for the network as a
whole. However, when the number of virtual channels supported
by the network is very large, a separate congestion control
mechanism for the network is often necessary.

In this section, we shall consider the case that each flow-
controlled virtual éhannel is modeled by a closed chain. The
chain population sizé correspondé”to the "window size" of the
virtual channel. The effect of Qirtual channel window sizes on
the throughput-delay characteristics of the hétwork can be
studied. |

We shall continﬁe to make the assumptionlthat the number of
buffers at each switching node is very large (infinite). But
with flow control windows, new packet arrivals may sometimes be
rejected because the window of a virtual channel is full. These
packets are assumed to be lost. Thus the th;qughput Y: of a vir-

tual channel (modeled by routing chain k) is less than its exter-



37

nal arrival rate Yii the latter is often referred to as the of-
fered load of the virtual channel. Note that in reality, packets
that are rejected are not really lost as assumed by the model
herein. These packets are merely delayed and stored external to
the packet network and resubmitted later. The ratio Yk/Y:
measures the mean number of trials for a packet to gain admit-
tance into the network.

Alternatively, the following interpretation of lost arrivals
is also appropriate. Whenever the window of a virtual channel
is full, the data source is notified and prevented from sub-
mitting any packet to the network; the arrival rate of packets
to the virtual channel is thus zero. When the virtual channel
window is open again, the data source is notified, and packets
will then arrive at rate'Yk. With either interpretation, the
above model assumptions enable us to focus our attention upon the
network behavior only and ignore the behavior of queues external

to the network.

4.1 The Product-Form Solution of Closed Queueing Networks

A closed chain has a fixed number of circulating customers.
However, it is sometimes physically meaningful to think of a
closed chain as an open chain with the following two mechanisms
in place at all times [1,4]:
(a) a2 loss mechanism whereby an external arrival is rejected and

lost foreover; |

(b) a trigger mechanism whereby a departure from the network

triggers an instantaneous injection of a new customer into
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the same chain as the departed customer (from an infinite

source of customers).

For a closed chain (say k), its packet arrival rate to
server i in the queueing network can only be determined to within
a multiplicative constant (called the scaling factor of the

chain) from ‘

A, = !f A plH) i1=1, 2 M 4.1
ik jkpji N 9 essey (4. )
. 3=1
This is due to the fact that the matrix of transition
probabilities of chain k is a stochastic matrix.
Consider a network consisting of closed chains only. Let Nk

be the population size of chain k and define:

N K)

N = (N1’ N2' LRI N

The equilibirum network state probability has the following
product form [2]:

M

Ip,(n) ’ i (4.2)

1
PO @ L

where p; (n;) is given by eq.(2.8) and G(N) is the normalization

constant and is by definition

M .
6GM =] I p(a) (4.3)
Sév 1=l 11 |
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where

We mentioned earlier that the Ajk's can only be determined to
within a multiplicative constant. This multiplicative constant
is absorbed into G(N) and will be taken care of in the normaliza-
tion process.

Similar to eq.(2.10), we also have:
T py(ny) (4.4)

where P; (ny) is given by eq.(2.115.

Note that the normalization constant G(E) is the sum of an
extremely large number of product terms when K is latge and also
when the chain population sizes {Nk} are large. There are two
difficult problems in the evaluation of G(g); First, depending
on the scaling factors selected in the determination of {lik} in
eq.(4.1), G(N) may become very large (causing a floating point
overflow) or very small (causing a floating point underflow).
This problem has recently been successfully solved by the
discovery of a simple dynamic scaling technique [27]. The second
problem is the extremely large computational time and space re-
quirements to evaluate G(N) even for moderate values of K and
{N,}. For example, if the convolution algorithm is used [3,28],

an array of G values indexed from 0 to N is necessary; and the
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storage requirement for the array alone is proportional to the
product NlNZ"'NK' The time requirement of the convolution al-
gorithm is also very large with an operation count of
O(MKNlNz...NK).

Below we first illustrate how one can model a virtual chan-
nel by a closed chain, and then discuss two approximate ap-
proaches that avoid the large space-time computational require-
ments when the number of virtual channels is large. The first
approach is to focus upon a single closed chain and replace all
other closed chains by an equivalent open chain [29]. The second
is a heuristic solution technique [30] that is a natural exten-

sion of the mean value analysis (MVA) algorithm of Reiser and

Lavenberg [31].

4.2 Modeling a Virtual Channel with a Closed Chain

Fig. 3 depicts a model of a single virtual channel between a
packet source and a packet sink. The flow control window of the
virtual channel is modeled by a closed chain with a fixed number
of customers equal to the window size W. An IS server is in-
serted and joins the packet sink to the packet source to "close"
the chain. It models a random delay corresponding to the time
for an acknowledgement to be returned from sink to source. The
service time at the source (or sink) represents the time delay
to generate (or absorb) a data packet. Note that the source
queue is empty when the number of unacknowledged packets is W.

This models the behavior that the source is not authorized to
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generate its next data packet until an acknowledgement is
received. Note also that the source server is an exponential
server. This accurately models the assumption that new packets
are generated from a Poisson source.

We shall not consider the explicit modeling of the acknow-
ledgement (ACK) traffic for two reasons. Fir;t, most of the
time, ACK messages are piggybacked on regular data packets;
stand-alone ACK packets are typically very short and transmitted
with priority. Thus the impact of ACK traffic on the delay
performance of data trafflc is minimal. (In [30], Relser sug-
gested that ACK trafflc may be accounted for. by reducing the ef-
fective channel capac1t1es by an amount equal to the throughput
of ACK packets.) Secondly, from a modeling viewpoint, the
distinction of ACK packets as a separate clase of packets with
a smaller mean packet length than the_data packets and possibly
priority queueing service cannot be accommodated by product-from
queueing networks. With the above con51deratlons, the model il-
lustrated above is deemed to be an adequate representation of a

virtual channel that is also simple to use.

4.3 Analysis of a Single Virtual Channel

As mentioned in section 4.1, ~one approach to avoid the large
computational requ1rements of closed networks is to approxlmate
a3 number of closed chains by an equivalent open chain. We thus
nave a queueing network model whefe some routing chains are open

vhile the others are closed. This is referred to as a mixed
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netwérk model [2]. 1In this section, we first present analytic
results for mixed networks and then illustrate how these results
can be applied to a model which focuses on a single virtual chan-
nel. |

The equilibrium state probability of a mixed network also

has the product form solution [2], i.e.,

M
P(s) =+ T

P, (n,) (4.5)
G {=1 i+ . :

The normalization constant G is now obtained by summing over the

open and closed chains. G can be written as [3]:

¢ = ¢° ¢ : . (4.6)
o 3 c .
Let p, = Z p and P, = p,,. » 1 =1,2,...,M.
i 4
1 all open k 1 all closed ik
chain k chain k
G° is given by:
M
¢®= I c;’ : : (4.7)
i=1 -
where
1/(1—0;) _server i is FCFS
o _ - ;
Gi = 6 (4.8)
exp(pi) server i 1is IS

Gc(ﬁ) is the normalization constant of a network model with
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closed chains only and with the following modification to the

traffic intensities of closed chains:

pik/(l-pf) server i i1s FCFS
p;_k= (4.9)
pik server 1 1is IS

We now apply the results to the single virtual chain model
shown in fig. 4. This model is based on the abstraction of all
other network traffic into a single open chain, an approach used
by Pennotti and Schwartz [29]. There are two routing chains:
chain 1 is closed and models the virtual channel, and chain 2 is
the open chain mentioned above; For simplicity, the time for the
sink to absorb a data packet and the acknowledgement delay are
both assumed to be zero (these details can be included without
much difficulty). The service time at the source server is as-
sumed to be exponenfially distributed with mean l/Yl. As
discussed in section 4.2, this assumption models the behavior
that new packets are generated from a Poissoh‘source. Without
loss of generality, packets belonging to the open chain (chain
2) are assumed to depart from the network after receiving service
from one channel.

For chain 1, a:solution to eq.(4.1) is Xil = 1 for all i.

The equilibrium state probability is then given by:

n
P(S)=lll'%n' Izlg-i—lii—k | (4.10)
G 1° n, ! *

i=1 k=1 ik
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where
1/Y1 {i=]
Pe1 = | (4.11)
1/(uci) i>1
and
0 i1i=1
Pyg = | (4.12)
A,/ (ue)) i>1

Applying eq.(4.6) and recognizing that Ny, = 0 (chain 2 packets

never visit the source server), G is given by:

M . | -
G = [ I (1-p,,) | G (W) (4.13)
i2 -
i=2 : ‘

where GC(W) is the normalization constant for a closed nthork

. . : . s . . ] - -
with chain 1 only and with traffic intensity Pyq pill(l‘ﬁl) .

From the equilibrium state probability, the marginal queue

length distribution of chain 1 can be shown to be given by

[3,29]:

M p 11 .

PQh) =Gc°(wW) T [i:il“] ’ (4.14)
i=1 L1755 -

This is identical to a network model with a single closed chain

and with the service rate of channel i reduced'to “ci(l°piz)'

Finally, the throughput seen by the virtual channel is given by:

*
Y, = Prob([source server is busy] HC,y
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Using Buzen's result [28], YI can be conveniently expressed as:

*  cS(w- X :
Y, -'G-lc—;l | (4.15)
G (W)

The mean number of chain 1 packets at channel i can be ob-

tained from:

Elag ) = I n,P() (4.16)
n., €V
=1
where
b
V= n,: n =W
1 = 31

The mean number of chain 2 (open chain) packets at channel i has
the following simple form [29]: |

Ao |

] =
12 uci
Note that eq.(4.17) can be interpreted as the mean queue length
with chain 2 only multiplied by 1 + E[nil], a factor due to the

presence of chain 1 packets.

4.4 A Heuristic Solution Technique based upon the MVA Algorithm
The time and space complexity'bf the MVA algorithm [31] is
on the same order as the convolution algorithm;; However, it has

an intuitively appealing extension to an efficient heuristic
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solution technique that is shown to be asymptotically valid as
the chain population sizes become infinite [31].

Let Q(k) be the set of servers visited by chain k and C(i)
be the set of chains that visit server i. Also define the fol-
lowing notation for a closed queueing network with population

vector N,

Tik(E) -- mean delay of a chain k packet at server i
9k (N) -- mean number of chain k packets at server i
Y:(E) -- throughput of chain k in packets per second (this

throughput is measured either at the source node or the

sink node)

We first introduce the MVA algorithm which is based upon the
following recursive equation:
T [ 1 1, (8-1)] server 1 1s FCFS
c€C(i)
o ' 4,18
rik(g) ( )

Tik server 1  dis IS

where Tik is the mean service time of server i. It is equal to
l/uCi for any k if server i is a communication channel (FCFS
server). lk is a K-element vector with the k-th component equal
to one and all others equal to zero. qic(N-lk)vis zero if N, in
N is zero.

Using Little's formula first for chain k, and then for chain

k at server i, the following are also derived foér the MVA
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algorithm [31]:

N,

WO T @ (4.19)
ik =
16Q()
and
4, ® =V, ®T, ® )  (4.20)

Starting with qik(g) for i =1,2,...,M and k =1,2,...,K, Tik(ﬂ),
Y:(E) and 9;k (N) can be solved recursively using egs.(4.18) to
(4.20).

A heuristic technique was proposed by Reiser [30] to solve
the above set of equations iteratively. Suppose we can calculate

the difference

Eic(k-)_- qic(§> - qic(yflk)

(4.21)
= f(1,c,k,N)

with some function f. Then the MVA equations above can be writ-

ten as:
1,.{1+ ] [q -e, (k-)]} server 1 is FCFS
ik c€C(1) ic "ic
Tik = ’ (4.22)
Tix server i 1s IS
M .
S S (4.23)
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and

*
U = Y Tax (4.24)

*

where the argument N has been omitted from T'k' Yk’ and Q-

i

Egs.(4.21) to (4.24) form a set of nonlinear simultaneous
equations. A simplé method for>solving them is by a successive
substitution technique starting with an initiél set of mean queue
lengths {qik} and iterate sequentially through the four equations
until convergence is observea.

The space requirement is now substantially less since we
only need to keep a single set of values for Tik' Y:"qik and

€; .(k-). The time requirement is also significantly reduced with

ic
the following heuristic method for evaluating €iclk=), 1 =
1'2’-.-'M' c = 1'2,...,K, in eq.(4.21) [30].

(a) Assuming that the chain with one less packet is affected the

most, use the estimate
eic(k-) -0 for any ¢ # k | (4.25)

(b) €ik (k=) is estimated by a single chain network with suitably
redefined parameters as follows. The mean service time for

all FCFS servers in the single chain network is

Tik

T (4.26)

1571 Y*T
céc(i) ¢ ic
c¥k
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where {Y:} is the set of chain throughputs at the current
iteration step. Eq.(4.26) suggests that a chain k packet
sees only a fraction of the channel capacity and it is con-
sistent with the interference effect of the open chain traf-
fic on closed chains at a FCFS queue considered in the last
section. Let qi(Nk) denote the mean queqe size of server i
in the single-chain network. The following estimate is used

in conjunction with those in eq.(4.25) for the heuristic

procedure
€ () = q (M) - q (N -1) (4.27)

The complexity pér iteration step in the heuristic soltuion
is of the order KM(N1+N2+...+NK) which is affordable even for
large population sizes provided that convergehce is achievable
within a small nuﬁber 6f iterations. It was observed empirically
by Reiser [30] that the above iterative procedure converges

rapidly from any initial values for {qik} and {Y;}. The only re-

quirements to be satisfied by the initial condition are
K = Nk all k (4.28)
and

20 : all i,k . (4.29)



It was also argued that the iterative procedure is asymp-
totically valid as population sizes becomes infinite. This
heuristic techniques has also been generalized to queueing

network models that do not have the product-form solution [30].

50
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5. Queueing Network Models with Population Size Constraints

In this section, we shall consider the modeling of conges-
tion control and buffer management strategies in packet networks.
To do so, we need results for thé class of queueing networks with

population size constraints.

5.1 The Model

Routing chains in queueing network models considered prior
to now are either open or closed. Recall our discussion in sec-
tion 4.1 that a closed chain can be viewed as an open chain with
the loss and trigger mechanisms in place at all times. Suépose
the loss and trigger mechanisms are invoked or revoked as a func-
tion of the network's population vector N = (Nl, Noy eees NK)’
Such queueing networks are said to have population size con-
straints. Given the loss and trigger mechanisms as functions of
N, let V be the set of feasible network population vectors. A
sufficient condition for the equilibrium network state
probability P(S) to have a product-from solution is [4]:

"For any chain k and population vector N and N + 1y in Vv, the

loss mechanism is invoked for a chain k external arrival in

any network state with population vector E if and only if the

trigger mechanism is invoked for a chain k external departure

in any network state with population vector N + lk."

This is equivalent to the condition that feasible transitions
between population vectors in V are paired.

By permitting V to be a singleton set as well as an infinite
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set, both networks of closed chains and networks of open chains
are included here as special cases. It is shown in [27] that the
improper equilibrium probability of N is equal to the normaliza-
tion constant G(N) of an equivalent closed network with popula-
tion vector N and chain arrival rates to individual servers given
by eq.(4.1) for closed chains and eq.(2.2) for chains that permit
external arrivals. For constant external chain arrival rates,

a queueing network model with popﬁlation sizéfﬁonstraints has the
product form solution given by eq.(4.2) with the following ex-

pression for the normalization constant:

G= ) GV (5.1)
NEV

In the next three sections, we analyse strategies for buffer
management and congestion control using queueing network models

with population size constraints.

5.2 Finite-Buffer Single Node Model

When a packet is in transit‘in a packet_switching nefWork,
it occupies buffer space in the intermediate Store—and-fofward
nodes. When nodes with finite buffers are,copsidered, the al-
location of buffers to the various chains wili affect the node's
performance (and hence, the netwdrk's performance).

To model a packet switching network with finite buffer
'space, one must consider the situation when a packet routed to

a node finds no available bufferiin that node. The usual
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protocol is to require the sending node to keep the packet until
an acknowledgement is returned from the receiving node. If the
acknowledgement is not received within a time-out interval, the
packet is retransmitted. Buffer space in the sending node is
therefore occupied by this packet until the acknowledgement is
received;

Exact analytic results for a network model with finite
buffers at each node is not presently available. Models for a
single switching node, however, have been successfully analyzed
[32]-[36]. In this section, the general buffer allocation scheme
of Kamoun and Kleinrock [33] is discussed. Their model does not
include any form of‘acknowledgement. When a packet is trans-
mitted on an outgoing channel, thé buffer sp;Ee it occupies is
assumed to be released immediateiy. A single node model with
acknowledgement and time-out [9,35] will be discussed in section
5.4. An approximation technique.to analyze a network model with
finite buffers will also be described in thatxsection.

The single node model analysed by Kamoun and Kleinrock [33]
is shown in fig. 5. It is a queueing network model with M
servers, one for each outgoing channel. There are M routing
chains: packets routed to the same outgoing channel are in the
same chain. The arrival process of chain i péckets to the node
is assumed to be Poisson with rate Ajrp 1 =1,2,...,M. The
population size constraints for the various routing chains are
determined by the buffer management scheme usea.

Packets from the various chains are sharing a total of B
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buffers. Depending on the buffer allocation scheme, an arriving
packet may be rejected from entering the node. This packet is
assumed to be lost and will never return. 1In a network with
finite buffers, rejected packets are not really lost, but are
retransmitted later; hence, the arrival process to each node is
not likely to be Poisson. The Poisson arrival assumption men-
tioned above is thefefore only an approximation;

The general scheme for sharing buffers [33] can be specified
by the following rules:
(2a) the number of buffers dedicated to chain i is bi (bi > 0).

(b) the maximum number of buffers. that chain”i packets can'occupy

iS B- (Bo _<— B)o L
| Yo | M M
We must have bi < 13'i for all i, izlbi =B , and 12131 >B .

It is often desirable to use an over-commitment strategy such
M )

that ):Bi>n .
i=]

Let a state of the single node model be
m = (ml,mz,...,mM)

*
where m; is the number of chain i packets in the node .
The general buffer alocation scheme canjbe modeled by a

queueing network model with population size constraints. The set

* In a queueing network model, n., is the number of chain k
packets at channel i. Since the Single node model has the simple
behavior that chain i packets only visit channel i, n,, = 0 for

k # i. n.;. is therefore the only non-zero element in1§he vector

n;. We -use m, instead of (0'°"'nii""0) for convenience.
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of feasible states can be written as:

' ' M M
V= 35: m =B , all i, and iZlmax(o,mi-bi) =< B—iglbig (5.2)

Applying the product form solution, the equilibrium state
probability is given by:
M

P@ = 2 I

m ' '
p, 1 (5.3)
i=1 1 |

where Pi = Ai/(uci) and

M.
6= J I pimi : o (5.4)
méV i=1 '
Some special cases of the general scheme have been ex-
pPlicitly studied by Kamoun and Kleinrock [33]. They are:
. " M -
(a) Complete partitioning (bi > 0 and Z !ﬁ.. B ) -- the B
i=1 - '
buffers are partitioned into M groups, the i-th group (with
size bi) is allocated to chain i. There is no sharing of
buffers among chains. Hence, B; is equal to b,
M
and we also have Z B, =B .
i
i=1
(b) Complete sharing (bi = 0 and B; = B) -- The B buffers are
completely shared by the M chains. Buffers are allocated on

a FCFS basis.

(c) Sharing with maximum allocation (bi = 0 and Bi < B) -~ the
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B buffers are shared by all chains with the restriction that
the number of Euffers occupied by chain i cannot exceed Bi'
(d) Sharing with.minimum allocations (bi > 0 and Bi = B) -- chain
1 packets are guaranteed at least bi buffers, and the
M

remaining B - z b
i=1

1 buffers are shared by all chains.

We now illustrate how one can obtain analytic expressions
for performance measures such as blocking probability, throughput
and mean delay. Let Vi C V be the set of states in which a
chain i arrival is rejected. For the general buffer allocation

scheme, V,

i is given by:

M M
I ) = B- 5.5
\A m: m B, or (mizbi‘and jzlmax(o,mj bj) B jgléj) ( )

Let PBi be the blocking probability of chain i packets.
PB, = ] P(m | | (5.6)

i mev i

The throughput of chain i packets is then given by:
i= N i 2 - (5.7)

To get the mean delay experienced by chain i packets, we

must first get the mean number of chain i packets in the node.
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This can be obtained from:

E(m,] = mP(E) ' (5.8)
g mEV 1

Little's formula [10] is then used to get the following expres-

sion for the mean delay of chain i:

*
T, = Eln 1/v] (5.9)

It should be noted that the mean delay in eq.(5.9) is for packets
which are accepted into the node. .It does not include those that
are rejected.

Egs. (5.6) to (5.9) are expreésed in terms of a summation
over a set of network states. Very often, th;y can be simplified
and expressed in terms of the normalization cbnstant G. The
reader is referred to reference [33] for moreidetails. Numerical
exampleé showing the relative merjts of the four special cases
are also provided in [33]. The general concluéion is that the
best schéme and the best setting of parameters (bi and B;) depend

upon the values of the pi's.

5.3 Permit-Oriented Congestion Confrol

A packet switching network can be viewed as a set of
resourcesishared by a population of users. Examples of such
resources are channels and buffers. If the reséurces are not

managed properly, an increased demand from a single user or a
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group of users may cause degradation in network performance.

This degradation is usually in the form of reduced throughput
[37,38]. When this happens, the network is said to be in.,a state
of congestion. The objective of congestion control is then to
prevent the network from going into the congestion state.
Congestion éontrol schemes usually involve some form of restric-
tion on the amount of network resources allocated to each exter-
nal user. The window flow control mechanism discussed in Section
4.1 is an example of congestion control because it places a limit
on the number of packets belonging to a virtual channel in. the
network. However, if the number of virtual channels is large,
the combined load can become excessive, and some additional
congestion control may be required.

A basic congestion control technique is ﬁo apply control at
the point of entry to the network. An example of such a tech-
nique is the isarithmic control scﬁeme suggested by Davies [39].
This scheme places a limit on the total number of packets in the
network, no discrimination is made on the basis of routing
chains. It can be implemented by circulating a number of "per-
mits" in the network, and requiring a packet to secure a permit
before it can be admitted into the network. Another example is
end-to-end window control which places a limit on the number of
packets belonging to each source-destination node pair.

We observe that there are similarities between permit-
oriented congestion control in a network and the buffer alloca-

tion problem in a switching node. The permits are analogous to



59

the buffers shared by the routing chains. Hence, the general
scheme (based upon the concepts of maximum and minimum alloca-
tions) discussed in section 5.2 can be extended to permit-
oriented congestion control for the whole network. 1In this sec-
tion, we present the work reported in [40] which consider the
case of maximum permit allocation only.

The routing chains in the network are assume to form dis-
joint groups, and the number of permits used by each group cannot
exceed some pre-specified maximum. The notion of group allows
us the flexibility of imposing control on selected sets of
routing chains. The resulting congestion control scheme is es-
sentially a two-level isarithmic control [40]. At level 1, a
limit is placed on the total number of packets in the network;
and at level 2, separate limits are placed on each group. Let
L be the total number of permits, D be the number of groups, and
Lu be the limit for group u, u=1,2,...,D. The general scheme
can be implemented by two types of permits. Type 1 consists of
L pefmits corresponding to level i control. Type 2 permits are
distinguishable by group number, and the number of permits‘for
group u is Lu. A packet must acquire both type of permits before
it can be admitted into the network.

It should be noted that the two types of permits are not al-
ways necessary. For example, the complete sharing scheme (i.e.,
Lu = L for all u) is the same as Davies isarithmic control [39],
and it caﬁ be implemented by the L type 1 permits only. Also,

in the complete partitioning scheme (i.e., L1+L2+...+LD = L),
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type l.permits are not required.

The implementation of permit-oriented congestion control is
substantially more complicated than schemes for buffer alloca-
tion. A packet acquires one or more permits when it enters the
network and releases its permit(s) when it reaches its destina-
tion node. The distribution of free permits is an important
implementation issue. One would like to minimize the probability
that whéh a permit is needed at a particular node, all the free
permits are somewhere else in the network. Dévies (39] sﬁggested
that each node may keep up to a maximum number of free permits,
and extra permits are sent to randomly-selected neighbors.

We now illustrate how one can use a queueing network model
with population size constraints to study permit-oriented conges-
tion control. For reasons of mathematical tractability, we as-
sume that the buffef'Space at each node is uﬂlimited. We also
assume that there is no delay in_circulating the permits through
the network, and the permits are allocated to packets from out-
side the network on a FCFS basis. 1In reality, a packet's entry
to the network may be delayed because the free permits may be in
other parts of the nétwork, The last assumbtion therefore
results in optimistic estimates of network performance.

Recall that the state of the network model is given by S =
(ny,ny,...,ny) where n; = (nj3,N55,...,n5¢)i Ny, is the number
of chain k packets at channel i. The K routing chains are par-
titioned into D groups, and a packet is said tb belong to group

u (denoted by ry) if its routing chain is in group u. For a
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state S of the network, let ISIu be the number of group u packets

-and |S| be the total number of packets in the network. A group
u packet arriving from outside the network is assumed to be lost

if IS| = L or ISIu = L,.- With this assumption, the set of

feasible states is given by:

M K M

Ve=i{S: }] J n. <L and }J J n,=SL, allu (5.10)
{=1 k=1 ¥ =1 kér, v

and the equilibrium state probability is:

LM K piknik
P(S) = z I ni! I Y (5.11)
1=1 k=1 Py’ _
where
M K p, Mk
¢G= ] nmont nm -tk (5.12)

SEV 1=1 k=1 Dyg!

To obtain expressions for network throughbut of each group,

it is convenient to define a less detailed sﬁéte description

S' = (XI’XZ'.."-XM)

where

¥i = (Mypemioreeeymyp)

where m; ., is the number of group u packets at channel i.
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The set of feasible states is now:

M D
vi= 98t ] I om st and 2 m SL,allu (5.13)
i=1 u=1 {m]

By adding all state probabilities P(S) such that Z n

k" LT for
i=1,2,...,Mand u = 1,2,...,D, we get [40]: kGI'u
m
1 M D ¢iu iu .
BEY =G Tomgd T 5 (5.14)
i=1 u=1 iu’
D _ Z
where m, = , ¢, = o . and
i u=1 i.u iu k€T ik
u
M D ¢, "u |
G'= } T m! mI 22— . (5.15)
m, | .

STEV' 1m1 1 ye1 Pyy

To obtain results for network throughput of each group, we

follow the developments which lead to eg.(5.7) in sect1on 5.2.

The blocklng probab111ty of group u packets is:

PB, = ] B(s")

(5.16)
1¢u?
S€Vu
where
I} ] m, -1
V= {8': ) m, =L or I m, =1L (5.17)
v i=1 y=1 1Y : q=1 1u u
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The throughput of group u is then given by:

y: = v, (-PB) (5.18)

k€T
u

One problem with the analytic results in permit-oriented
congestion control is that the amount of computation to get Y:
grows with MDL,L,...Lp. When D is large, numerical results are
very difficult to obtain. One alternative is to use Reiser's
heuristics [30] to obtain approximate results (see Section 4.4).
The applicability of Reiser's techniqué is limited to the special
case of the complete partitioning scheme only [41]. End-to-end

congestion control is an example of such a scheme.

5.4 Finite-Buffer Network Model

The peak throughput of a network is attained when all its
communication channels are transmitting packets (assuming that
the mean packet length and the mean path leng;hs of packets are
constant). The network throughput over a period of time may be
less than the peak value because of (i) the lack of input'traf—
fic, or (ii) the constraints thaf force communication channels
to be "nonproductive" part of the time. In sections 5.2 and 5.3
above, we addressed'the throughput'degradation behavior arising
from interference between differént streams ;f'traffic. In this
section, we consider the throughput degradaion in network
throughput due to insufficient buffers at switching nodes.

The objective of the queueing networks to be introduced is
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to determine nodal buffer requirements to maintain a high level
of network throughput. The performance of the "input buffer
limit" strategy is also studied.

To get around the difficulty of modeiing blocking in a
queueing network, the following approximate solution technique
was proposed in [9]. The overall problem (network of switéhing
nodes) is first decomposed into a set of analytically tractable
problems, i.e., a quéueing network model for each switching node.
The single-node results are then "interfaced" by requiring that
the various packet flows within the network are conserved.

The queueing néﬁwork model of.a switching:node shown“jn
fig. 6 was proposed by Lam and Schweitzer [9,35]. It was also
employed later by Laﬁ and Reiser t36]. FCFS éervers are used to
model the nodal processor, the communication channels and the
sink for packets destined for this node. IS.sérvers are used to
model acknowledgement delays and time-out delays.

Two types of packets are distinguished*:3}transit packets
forwarded by adjacent nodes and new input packets generated
locally. They are represented by two routing chains with exter-
nal arrival rates Yl'and Y, respectively. Suppose the node has
NT buffers. Transit'ﬁackets are fejected only when all buffers
are occupied. Howeveg, when there are NI inpu? packets in the
node, any newly arrived input packét is rejectéd. We have'NI <

NT. The ratio NI/NT is said to be the input buffer limit.

———— — ———————— _—— —— - —— —

* Only two types of packets are considered to reduce the com-
putational requirements of the model.
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For each routing chain, routing transition probabilities
from the nodal processor to one of the communication channels or
the sink are determined by the routing assignment of the network.
The routing transition probability from a communication channel
to either the ACK or time-out IS server depends upon the rejec-
tion probability PBj for transit packets of the adjacent‘node
(say node j). It a'packet is accepted by the adjacent node, it
joins the ACK server and subsequently leaves the current node.

If a packet is rejecfed by the adjacent node, ﬁo ACK will be
returned; conceptually, the packet joins the time-out server and
subsequently rejoins the channel queue. Note that such retrans-
missions need to be accounted fq;:in determining the arrival rate
Y, of transit packets offered to each switching node.

Suppose the set of nodal blogking probaﬁilities {PBj} for
transit packets is kﬁown for each communication channel ih fig. 6
(for simplicity, we shall assume no random tfansmission errors
without loss of genérality). Then the node can be modeled by a
product form queueing network with two routing chains and the

population size constraints

0 <N, +N, <N

2 T

and

0 <Ny <Np

Let Pn(Ny,Ny) be the equilibrium probability of having Nl input

packets and N, transit packets in node m. The equilibrium
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blocking probability for transit packets at this node is

I
PBE - Z Pﬂ(Nl’NT-Nl) (5.19 )
N =0 v

Since the set {Pm(Nl{yZ)} also depends on {PBj}, we have a set
of non-linear equations which can be solved numerically fof
{PBj}. | |

A numerical solution technique based on ;he Newton-quhson
method wéé developed’tQ] for the special case of NI = NT at each
node (i.e., no input buffer limit control). Iﬁ was found that
the model is accurate when switching nodes ha§e adequate buffers
(for given external input rates).éo that {PBjiTtakes on small
values. The model ié thus usefui for predicting buffer require-
ments to achieve small nodal blocking probabilities.

The above model was also emplpyed in [36] to study the
design of input buffer limits that can effectively prevent
throughput degradation due to insufficient buffers when the
network is under a heavy external load. Bothlthe analytid
results in [36] and a Subsequent_simulation sﬁﬁdy [42] showed
that input buffer limits can be désigned to ptbvide a very effec-
tive congéstion control mechanism for temporary network over-
loads. For a detailed treatment of input buffer limits as a
congestion control mechanism, see [36,42]. Ajélightly different
input buffer limit strategy wés later consideféd by Saad and

Schwartz [43] and independently by Kamoun, et.al. ([44].
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6. Concluding Remarks

In this paper, we have discussed in detail the application
of product-form queueing networks to the performance analysis of
store-and-forward packet-switching networks. The topics con-
sidered include optimal capacity assignment, optimal routing,
distribhtion of end-to-end delay, fairness among routing chains,
virtual channel with window flow control, buffer management in
a switching node, and permit-oriented éongestion control. Other
survey papers on related subjects are also available in the
literature. Examples of_such papers are the modeling of computer
communication networks [46], topdlogical design of store-and-
forward networks [47], and a comparative survey of flow control

[48].
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