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Store-and-Forward Buffer Requirements in a Packet
Switching Network

SIMON S. LAM, MEMBER, IEEE

Abstract—Previous analytic models for packet switching networks
have always assumed infinite storage capacity in store-and-forward
(S/F) nodes. In this paper, we relax this assumption and present a
model for a packet switching network in which each node has a finite
pool of S/F buffers. A packet arriving at a node in which all $/F buffers
are temporarily filled is discarded. The channel transmission control
mechanisms of positive acknowledgment and time-out of packets are
included in this model. Individual S/F nodes are analyzed separately
as queueing networks with different classes of packets. The single node
results are interfaced by imposing a continuity of flow constraint. A
heuristic algorithm for determining a balanced assignment of nodal
S/F buffer capacities is proposed. Numerical results for the perform-
ance of a 19 node network are illustrated.

INTRODUCTION

N THE past, analytic models for packet switching networks

have always assumed infinite storage capacity in store-and-
forward (S/F) nodes [1], [2]. This, together with the indepen-
dence assumption (due to Kleinrock {3]), reduce a very
difficult problem to an open network of queues problem [4],
[5]. The latter can then be decomposed into separate analyz-
able single-server problems which reflect the network structure
and traffic flows [1]. Such analytic models have been used in
conjuriction with simulation models, heuristic procedures, and
experimentation in the performance evaluation and design of
actual networks [6]. It was concluded that these analytic
models are valuable in providing insight into network behavior
as well as providing keys to good heuristic design procedures
and ideal performance bounds. Nevertheless, many important
network operating features and practical constraints have been
omitted in these models, such as finite nodal storage capacity,
priority classes of packets, packetizing and reassembly of mes-
sages, adaptive routing and flow control schemes, etc. The
analysis of a model which includes most of the aforemen-
tioned features and constraints is extremely difficult (if at all
possible). In this paper, we relax the assumption of infinite
nodal storage and present a model to study 1) the degradation
in network performance due to this additional constraint of
limited storage capacity, and 2) the S/F nodal buffer require-
ments in a packet switching network to achieve some small
probability of nodal blocking. The problem of nodal blocking
has been studied before in the narrower context of statistical
multiplexing by Chu [7] or using more simplified models of a
S/F node by Ziegler [8] and Closs [9]. In this paper, the S/F
node model studied by Schweitzer and Lam [10] is gener-
alized to a multinode network.
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In the next section, our network model is first presented.
The overall problem, instead of being decomposed into single-
server problems as in earlier works [1]-{3], is decomposed
into single-node problems; each such single-node problem
corresponds to a queueing network model of a S/F node. This
formulation enables us to incorporate into. the model the con-
straints of finite nodal storage capacities, as well as the channel
transmission control mechanisms of positive acknowledgment
and time-out of packets [11], [12]. The routing of packets in
the network is modeled by Markovian transition matrices. For
each S/F node, steady-state queue length . statistics are ob-
tained by applying queueing network theory {5]. These single-
node results are interfaced by imposing a continuity of flow
constraint; an efficient computational procedure is given for
iterative solution of the resulting set of nonlinear equations.
Analytic results are presented for various network perform-
ance measures including average packet delay, network
throughput rate, and nodal blocking probabilities. A heuristic
algorithm is proposed for determining a balanced assignment
of S/F buffer capacities to achieve some small probability of
nodal blocking. Finally, numerical results illustrating the per-
formance of a 19 node network are shown. We conclude that
the model and anaytic results in this paper may be used to
supplement other network design and optimization techniques
based upon the simpler analytic models which assume infinite

nodal storage [1}-[3].

THE NETWORK AND NODE MODELS

We consider a packet switching network consisting of M
nodes as shown in Fig. 1. Each node has a finite number N;
(1 < i < M) of S/F buffers. We assume thut each packet of
data can be stored in éxactly one buffer. All S/F buffers in a
node form a common pool for the storing of all packets being
forwarded by the node.

As a packet moves through the network from its source
node to its destination node, each intermediate node stores a
copy of the packet until a positive acknowledgment (ack) is
returned ‘from the succeeding node. The ack indicates that
the packet has been received without error and has been
accepted. Once a node has accepted a packet and returned an
ack, it holds onto a copy of that packet until it in turn receives
an ack from the succeeding node. However, a node may refuse
to accept a packet by not returning an ack. It may do so for
the following reasons: 1) the packet has been received with
one or more bits in error, and 2) all S/F buffers are tempo-
rarily filled. (This latter event will be referred to as nodal
blocking). In the absence of an ack within some time-out inter-
val, the transmitting node of the unsuccessful packet
retransmits it.
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Fig. 1. The network model.

For the sake of mathematical tractability, we assume that
all inputs from hosts and terminals into the S/F network con-
sist of single-packet messages only. Thus, we have ignored the
consideration of packetizing and reassembly of long messages
[11], [12]. (n this context, packet switching becomes
synonymous with message switching.) Furthermore, no
priority structure is assumed. Also, since acknowledgments can
be returned “piggy-backed” on normal network traffic in a set
of acknowledgment bits [12], the overhead for transmitting
acks is neglected in our model.

To model the routing of packets through the network, R
classes of packets are distinguished. A specific class of packets
may, for examples, consist of 1) all packets with a common
destination node, 2) all packets between a given source-desti-
nation pair of network nodes, and 3) all packets between a
- given source-destination pair of hosts and terminals. The
routing of class 7 (1 < r < R) packets is specified by a set of
Markovian transition probabilities {P,,('), 1<isSM 1)<
M + 1}; a class 7 packet, currently at node /, is next routed to,
node j with probability P;(". Note that T P, =1 for
all pairs of i and r. The channel (i, M + 1) models a local
channel from node i to its external sink.! Thus, if the des-
tination host of class r packets is attached to node i, we must
have P; p; 4+ 1" = 1. The routing of packets in this model corre-
sponds to nonadaptive routing policies and may be com-
pletely specified by a set of matrices, P = [P;(M], 1<r<
R. The special case of fixed (nonbifurcated) routing is obtained
when P;{") takes on the values of 0 and 1 only for all i, j, r
Finally, we assume that P;;(" = 0 for all 7, i.e., a node may not
route a packet back to itself.

Both adap’ive routing and flow control policies introduce
complex state dependencies into the queueing analysis and will
not be considered in this paper.

A fixed network input traffic pattern from external sources
is assumed and is given by the vectors 0(”), 1 <r <R The
actual network input traffic $ is specified by ¢ and a
scaling factor « referred to as the network input level, such
that

S = qo(r), 1<r<R

0y

The elements of S are S;(", 1 < i <M, which are the input

'In a real network, the external sink (source) of node i may consist
of a multiplicity of hosts and terminals. Without loss of generality, we
assume that there is a single duplex channel [consisting of the simplex
channels denoted by (;, M + 1) and (0,7)] connecting node i to its
external sink (source).

‘assumed to be B, 1 <i
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Fig. 2. The node model (node i in Fig. 1).

rates in packets per second of class r packets into the network
nodes from their hosts and terminals. Define

©))

Under steady-state conditions, S is equal to the network
throughput rate in packets per second.

We next describe our model of a S/F node depicted in Fig.
2. The central processor (which handles I/O channel inter-
rupts, builds packet headers for its host/terminal inputs,
checks errors, generates acks and routes packets, etc.) is
modeled as a first-come-first-served (FCFS) queue. The output
channels are also modeled as FCFS queues. The ack and time-
out boxes shown in Fig. 2 model the storing of packets in
node i before their acks return. Upon receipt of an ack, the
buffer occupied by the acknowledged packet is freed and

_returned to the free buffer pool. Thus, the amount of time a

packet spends in an ack box is a random variable equal to the
interval between the end of its previous transmission and sub-
sequent receipt of the ack for it. If a packet transmission is
unsuccessful (which occurs in channel (ij) with probability
B;;), the packet spends a certain amount of time in the time-
out box and is then put back on the output channel queue.
Note that a packet, once stored in a buffer, does not have to
be physically moved. Movement of packets depxcted in Fig. 2
may be accomplished by software pointers.

We now state the assumptions needed for the analysis of
individual S/F nodes in the next section.

1) The counting process of class r packets arriving at node
i, including initial transmissions as well as retransmissions of
previously unsuccessful packets from local hosts/terminals and
neighboring nodes, is an independent Poisson process. The
arrival rate of such class r packets to node i is ;") packets/s.

2) The central processor of node i is a FCFS server with a
negative exponential service time distribution and a service
rate of y; packets/s. The (i,j) channel is a FCFS server with a
negative exponential service time distribution and -a service
rate of y;; packets/s. (Note that this is just a modified version
of Kleinrock’s independence assumption [3].)

3) The time duration that a packet spends in the ack (time-
out) box of channel (ij) is an independent random variable
with a general probability distribution and a mean value of
v;i(t;;) seconds. (Note that each such box corresponds to a
service facility with no queueing, i.e., infinitely many servers.)

4) The steady-state nodal blocking probabilities are
< M. Let ¢;; be the probability that a
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packet transmitted in channel (ij) has one or more bits in
error. Assuming nodal blocking and channel errors to be in-
dependent events, the steady-state probability of success for a
packet transmitted over channel (if) is given by
0<i<M,

I =B =(1 —e;)1 —By), 1<j<M+1.

3

With probability (1 — B;;)(B;;)", a packet retransmits exactly
n times over channel (i) before success.

In our model, the absence of an ack for a packet within a
time-out interval is assumed to be equivalent to the event that
the packet was unsuccessful. However, it is possible that the
packet has been received correctly and accepted by, say, node
J. Yet the returning ack has been delayed or lost. Under these
circumstances, the packet is retransmitted and node j receives
a duplicate packet. In the design of an actual network, this
necessitates proper choice of the length of the time-out
interval and use of some packet sequencing scheme for
duplicate detection.

THE ANALYSIS

In this section, analytic results are first presented for
individual S/F nodes modeled as queueing networks. These
single node results are then interfaced by imposing a
continuity of flow constraint. Finally, results for the evalua-
tion of some network performance measures are shown.

Distribution of Queue Lengths in a S/F Node

Focus upon a S/F node, say node i, with class r packets
arriving at ;") packets/s. Let E; be the fraction of packets
with . detected errors which are discarded by the central
processor. (See Fig. 2.) The combined arrival rate to the out-
put channels of node i is thus v;0(1 — E;) packets/s when
node i is not blocked. The traffic intensity at a service facility
is defined to be the ratio of its arrival rate to its service rate.
We define the following traffic intensities for service facilities
within node i when it is not blocked. Forr =1, 2, -, R and
i=L2, - M+1

;0% £ traffic intensity of class 7 packets at the central
processor of node i

7i(r)
B Mi
a;" £ traffic intensity of class 7 packets at channel (i,)
_ OB —E)

(1 = Byjuy
by £ traffic intensity of class r packets at time-out
3}
box (i,/)
Y OPIBt(1 — Ey)

¢ £ traffic intensity of class 7 packets at ack box (i,)
= 7P yy(1 — Ey).
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Let

R
@23 0", O<j<M+1
r=1

R
by &), by, 1<j<M+1
=1

&
R
Y ey, 1I<j<MA+1L.

We next define the following notations:

di0 2 Number of packets in the central processor queue of
node i

qi; £ Number of packets in queue for channel (i)
m; £ Number of packets in time-out box (i.y)
L £ Number of packetsin ack box (i), 1<j<M+1

q é(‘lw»‘lu: i M+1)
m é(milvmiZ: Y mi,M+1)
T12(a 02 lier)

q; £ Number of packets in all FCFS queues of node i

M1
=2 a
j=0
m; 2 Number of packets in all time-out boxes of node i
M+1
=2 mi
=
I; 2 Number of packets in all ack boxes of node i
M1
= ll}
j=1

From queueing network theory [5], the stationary prob-
ability distribution of queue lengths in node 7 is given by the
following product form solution:2

M+1
P(qvmrl) = P(O)(aiO)q i0 H

i=1
@)™ (cy)i

*(ay)?i
¢ m,~,~! lu'

“

*Note that for the sake of clarity, the subscript / denoting node i
is suppressed wherever there is no ambiguity. Also, the expression x¥
is equal to one by definition whenx =y = 0.






