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ABSTRACT

This thesis considers message-switched computer
communications networks with end~to-end window flow

control. Because of the excessive computational requi-

 rements in the exact analysis df the queueing models of

/o . : - .
such networﬁs, the selection of good end-to-end window

settings has-been hitherto infractable. A new computa-

‘tionally-efficient heuristic.algorithm, WINDIM, for

the dimensioning of end-to-end windows, is presented.
The crlterlon of performance is the ratio of the net~

work throughput to the average network delay. Results

o

obtained from the network examples-considered may be

readily extended to provide insights into the dimen-

sioning problem for larger networks.

——— .
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CHAPTER 1. C,

. INTRODUCTION )

[
-

Computer facilities are valuable procéssing tools.

x

In a resource-sharing environment measures need to be

taken to prevent yany user from monopolizing these resour-
: <

,ces. Batch mode prpcessing provides a solution,; but

'
here the user suffers from\an irritatingly long response

time.. Moreover, should a given job's processing requireé

only a part of the available system capacity, the excess

' could not bé used for some other jobs.. One alternative

is to allow the user to access the computer(s) directly
in a tlme-sharlng % .. Modern technology has brought

in larger and cheaper core memories, interrupt capability,
memory protection and super¥isory system programs in
resource allecation and sharing. This unquestionably
enables the multiaccess tife-shared system to promise the
many users it accommodates reasonable rgsponse-time cha-
racteristics, while ma;ntaihing higk utilization for the
ﬁvailable compdter resources.

Computer networks find applications in practically

. e e e e g
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systems |(Fj .1) to the everyday use in airline reser-
vations {Fig. 1.2) [1], banking, travel and stock market ,

otAtion systems.

In its more evolved form, a compute£ system may
compri§e many geographically diéfriﬁuted time-shared
computer facilities interconnected in a’éomputer—comﬁu-
nica£ion network so that resources of each could.be shared
by all [2]. The U.S. Advanced Research Projeéts.Agency
(ARPA) Network [3], provides.an excellent example.

The.typical coﬁputer‘comﬁunication network may
assume a multilevel'hierarchicél’sfxucturé'as shown in
Fig. 1.3. A set ‘of inhgmogeneous, multiaccess and time—

shared computers called HOSTS .provide local access: for

terminals which areldirectly available to users. &essa—
. _ v

.ges in the form of commands, inquiriés and transactions, -

etc. flow between' the hosts via the so-called communica-

tions subnet. This subnet esspntialiy comprises a set

-~

of switehing computers interconnected by communication

channels.

oy
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With the wider use of'digital transmission tech-
.noiogy in the switched telephone network, one is tempted
to think that circuit-switching can be employed in- the -
gommunications subnet. However, cirﬁuit-switching requi-
res that a complete physical path be establishedﬁfrom the
source to the destination that remains in effect ‘for the
du;atioﬁ‘of tfansmiésiqn. while a reasonable time frame
can be équipéed for con;inuous transmission, as in speech;
the.setup is inappropriate for computer'traffic. Thié is
Pecause compuéenfbngés}c is inherently bursty, that is
the actual trénsmisiioﬁ capacity is required only inter-
mittently with a small duty cycle. The‘statistical nature  *

. of computer traffic calls for lower setup time.

Defing a link to be a unidirectional logical
connexion betwgén two nodes. Since;computer traffic may .
be viewed as a string of statistical events consisting -
of bursts separated by idle time, inéut channels caﬁ
dynamically share a link on a demand basis. This cons-—

. titutes the so-called statistical multiplexing technique.
Statisﬁical multiplexing is superior to the conventionally
' used frequency?division-and time-division ﬁultiplexing

techniques in that resources can be more widely shared.

RSN
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The tradeoff is that occasional transmission delays may

be incurred. Message switching, as practised in the

telegraph network, is a generalized form of such malti-

plexing in a network environment. , -

In message-switching, each mesgage is furnished
with a destination address by the source. This address
is examined by each node ‘through which the message
passes. The node then guides the message tojthe best
output line towards the destination, based on the current
status of the network. Hence ét any time, only oné line
is usedrfor the transmission of a message. If the selec-

ted output line is busy, the message waits in a queue

until the line is free and then transmitted. Messages

are therefore successively stored and forwarded through

the network, hopping from node to node. Messages may
also be sent piecemeal. Such messages ére de;omposed
into smaller units called packets, each of which hés a
maximum length. The packets are numbered and addressed
and sent in é‘store~and—forward fashion as described

before. The messages are then said to be packet-switched.

Message reassembly is done at the destination node.

——— .. i s = =
e M £ 3 e d i Lt
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We now concentrate on tﬁe performance of the com-
munications subnet in Fig. 1.3. In its most degenerate
form, the communications subnet might simply consist of a

single switch, as shown in Fig.'1.4(a), constituting a

. so-called centralized switching system. But such a sys-

‘

tem is highly unreliable because should the central

switch faii to function, a1l communications between the
hosts will be disrupted. Moreover, the communications
cost is excessively high due to the large circuit distance
to be traversed. In practice, thg distributed switching
configuration depicted in Fig. 1.4(b) is ﬁore ccmmonly
seen. Here, éhe switchin lcomputers perform the error

and flow controls, routingh and some reguired speed and code
conversion functions to ensure efficient transmission of
messages. The communications lines thereby statistically
muitiplex messages from a large number of source:ﬂestiha~

tion- pairs of nodes.

The fact that the traffic rate is bursty creates
a flow control problem which is very similar to the traffic
control problem .in a road network. Flow control ensures
smodth traffic flow ﬁhroughout the communications”subnet
byfthrottling the rate of traffic flow from the local

access network {(comprising the hosts and terminals) into
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the communications subnet. If we define window size as
the uppér bound of unackﬁowledged'messages (or'ﬁackets)
'[4]; then three classes oflwindow flow control mechanis@éﬁi
can belﬁaentified according to the regions.in which they
are applied:

(a)' End-to-end: for each source—déstination pair.

(b} Local: for each sx}tching node.
~{c) Global: for the entire communications subnet.
—

This thesis addresses the problem of setting the
end-to-end window sizes for a given distfributed meséage—
swifched network. The performance criterion used is the
ratio of network throughput to average network delay,called

the network "power" [5].

In Chapter Two existing flow control mechanisms are
reviewed with pertinent existing network examples.

Chapter Three deals with the exact analysis of the
queueing model for computerﬂsommunication networks with

end-to-end flow control.

s
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A new heuristicnalgorithh for the optimal setting‘
of end-to-end flow control wirdows, is developed in Chapter

Four.

Chapter Five presents conclusions and recommenda-

tions for further study. b

Y
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CHAPTER 2

FLOW CONTROL IN STORE-AND-FORWARD NETWORKS

+

2.1 INTRODUCTION

It is recalled that in a circuit-switohed telephone
. network, eacl% com’munication channel has constant bandwidth,
and is open throughout the duration of transmission, so

.-

that flow tontrol has little meaning.

The computer communication network, on the other
hand, consiets'of hetero%eneous computer resources which
are widely dispersed. Aocess to these resources is lar-
gely asynchronous and 'in a hlghly bursty manner. The
fundamental goal is of course the smooth flow of traffic

with attendant efficient sharing of the resources.

In a store-and-forward (packet-switched or message-

switched) communication network, a virtual connection is

said to exist between two switching nodes if traffic flows -

from one node to the other. The traffic in each .node is

usually contributed by many users, each of whom.hgs'
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reletively'sma11~demands (i.e.- the ratio of their peak
demands to the‘sverage demands is very high). Hence
through the smoothing effect of a large popqlation [2],
the users coilectively present a total demand profile
which is selatively smooﬁh and of medium to high utili—

zation .[6]. The network link capacity assignments are

based on.the nodes' total demand profiles in order that

transmlss1on delays can be acceptable. However, at tlmes

a certaln user may have demands exceedlng those assumed
in designing the network,~1ead1ng possibly to the con-
tention of resouraes. If such eontentioh is not pro-
perly controlled, the network throughput will be degradea
drastically with each user suffering from an‘inordinately
leng time delay whereby congestion is manifested.
Eventually a deadlock results in which communication
becomes impossible.’ Physically, when the network is
congested, some processes may be Elocked, and traffic
may be lost or held back owing to a lack of resources.
Work being not conserved in either case, ana S0 network

th;oughput degrades [11]. The situation can be expressed

diagrammatically as in Fig. 2.1. A network is said to be_

congested when it operates in the reglon of negatlve

'slope [7].
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The congestign of store—and—forward ﬁetworks has

essentxally brought two new problems lnto the foreground,

'those of routlng and flow control

4

Good control:of the routing of traffic can increase

the load rhe network will take. But when the,}imit is ﬁ

eventually reached, several links or nodes will tend to

be blocked simultaneously [8]. Flow control sets out to
optimiée the throughput-deiay performance, protecting.
resources from each othér;'and the network from: being 7
overloaded; Frow contrgl effectively shifts the conges-
tion from the interior of the‘oetwork to the‘point of
traffic admittance [4]. Tt anticipates and p;;vents

cBngestion by reguiating the entry of traffic into the

network.

Flow control procedures fall under three categories:

(a) End-to~end
(b) ILocal

(c) Global

o

Sm

These procedures are considered separately in the’

following section.
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2.2 FLOW CONTROL PROCEDURES

2.2.1 End-to-end Flow Control

Consider the flow of traffic from a switching node A,
via nodes C and D, to swiﬁching node B, as shown in Fig. 2.2;
A and B are respectively called the source and the desti-'
nation (or sink) nodes. The unidirectional legical con-
nexion between A/aﬁa’a is called a virtual‘channel. Traffic

flows in a store-and-forward fashion, from node toc node,
. - vd

following the virtual channel. And, unlike the case of
circuit switching, transmission on any link along the

virtual channel is shared with a number of other users [9].

To avoid overloading the device at B, and hence
network congestion, the source input rate at A has to be
synchronized to the destination acceptance rate at B.

This is achieved by imposing a limit on the number of
messages (in the case of message-switching networks) or
packets (in the case of packet-switching networks) allowed
in the virtual channel. The traffic rate on the virtual
channel is therefofe gradually decreased when the network

becomes congested and the end-to-end transmission delay

climbs up [123. This control scheme is termed end-to-end

e e e i ——

e e s i s AT
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flow control. .
!, ‘ g ) -

ﬁn example is the sourcg—to—destination flow control
scﬁeme of the ARPA‘network shown in Fig. 2.3. The coﬁ;u—
nications function is carried 6ut by nodal minicomputer
communication processors called Interface Message Processors
(IMPs) . Terminals are connected to their ﬁOST computers
which, in turn, are conhected to the IMf's. Terminals
may also be'éqnnected directly to the network via nocdal
concentrétors:called Terminéi Interface Message Processors
(TIPs);' ihe_IMPs and TIPs compriging the communications

subnet are interconnected with wideband communication lines

“or links primarily of 50 kbps' capacity.

. The ARPA Network acéepts both single—packet and

hultipacket messagés. A message is considered as a multi- -’

packet meSsagelif the HOST-IMP interface has not received
an end—bf%message after the input of the first packet is ¢
- completed. A fullEmﬁltipacket message comprises eight

. packets.

‘(a)’+ Transmission of Multipacket Message [3,10]

As soon as the source IMP receives the first packet

»

. R
sl =
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”1of a multlpacket message from the source HOST, it sends
‘a small control message to the. destlnatlon IMP requestlng
that elght reassembly buffers be reserved. If no buffer
is available, the reéquest is repeated until successful
reservation can be made . Meanwhlle, 1t does not take 1n'.
further packets from the. HOST.- If buffers are'avallable,

- the deétihatipn IMP conflrms the reservatlon and notifies

the source IMP. - The source IMP then starts message trans-

mission. After “all the packets in the message have been
) fuily assembled,:the destlnatlon.IMP,dellvers the message
to the destlnatlon HOST. To reduce the request/allocate

overhead for 1ong sequences of messages, only the flrst

. message in a sequence of multlpacket messages go. through

the reservation procedure.: From that p01nt on, an acknov—
ledgement called RFNM (Request Fotr Next Message) ls.sent
back to the. source IMP after each successful delivery

~and reassemblyvof-message. The reservatlon for “the elght‘
reassembly buffers is held for the message sequence as
long as more data is dellvered "to the source IMP w1th1n

250 ms‘after-the RENM is received.

. . - x
(b) Transmission of Single-Packet Messagesi[?,lo]

. - . - . r
. -
-~

-+ Here noh}ffer reservation at-.the destinatioﬁ iMp

L8

v

b 4 e
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: . . *
is needed. Single-packet messages are transmitted imme-
'diateiy afterxr a'sbﬁrce'IMP receives- them while a copy is

kept at the source- If there is space at the destina-

tion, the packet is accepted and- passed on to the HOST

‘ and a RFNM is received by the source IMP. If no<buffer-C
is avallable at the destlpatlon IMP the message is dropped
and a request for buffer allocation is queued. When space :

ibecomes avallable the source IMP-is so 1nformed and the

stored message may then be retransmltted.

' The ARPA Network flow control is such that there

can only be a maximdm number of four messages cutstanding

" between any pair‘of source—-destination IMPs.  Hence, when-'

ever four RFNMs are outstanding, further input from any .

of the source HOSTs is stopped.

2.2.2. Local Flgw Control
7 <

Local flow control prevents store-and—forward buffer

congestidn at a switching node by regulating {and p0351bly

diSCarding) inputs from adjacent nodes [12]. In contrast- -

to the end-to—end flow control, restrlctlon is placed on

the messagesh(or'packets) once they are indide the network

m_a_..,_.;g—a

i v T

e o et o Lt

. \

. l: ’
-
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In a store-énd—forward network of N switching nodes,
node i, i=1,2,...,§ may be modelled as shown 'in Fig. 2.4.
Becaqse ofithe liﬁited buffer storage space, no more than,
say Ki messages (or packets) are permitted to be at node
i at one time. As soon as the limit K is exceeded, the

node blocks inputs from .adjacent nodes. The blocked mes-

sages (or packets) remain at their current nodes, until

’node i-is again free to admit them. This blocking could

reach all the way back to the source node(s) of one or
more virtual channels, whereby incomihgftraffic to‘the

network is bloéked. 7

The TYMNET network affords an example of local flow
control [13]. This network, showh\iﬁ Fig; 2.5, has been.
designed to accommodqté input—outputpdevices, e.q. teie:
typewriteré, push-button controi:ﬁnits, and their asso-

ciated display devices, where-they exist. Here flow

control is provided in the form of &\ computer-to-user

- direction shut-off feature that preveats tfaffiq from

!

building up. The computer output rate may well be- 1000
characters per second, yet the terminal to which it is
difected‘may only be able to print ten CharacteIi;Z7x/”\\

second. Hence it is imperative that the output fldw from

ko e = e s e ey

PR ) . - L
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Ki = maximum number of messages (packets)

allowed.

Fig. 2.4 Model of Switching Node i
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computers be buffered. It is also noted that intérmediate
node buffers are also limited. Hehce, to prevent data

from piling up_on any ¢ ﬁﬁggii\é\given sendihg node sub-
tracts the nuiggf\EE_géZractérs s%nt out over /the channel
from a counter associated with the channel. When the
countér reQChes Zero no more cﬁaracters are sent over that
channel. fhe recéiving node sends back one bit twice a
second to the sending node. The bit indicates whetﬁgr the
receiving node has less than 6r'm6re than' 32 characters

in the recei#ing buffer for the channel. If there are less

than 32 characters in the receiving buffer the sending

node resets its counter to 32 and starts transmitting again.

2.2.3. Global Flow Control

In the two preceding flow control procedures, messa-
ées (or packets} are distinguished either by the virtual
channels on which they flow or by the switching nodes to

which they are inputted.

Control may equally weil Be placed on all messages
(or packets) independent of their identity, constituting

what is called the globél flow control. This control

e, J—
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procedure imposes a limit on the total number'of messages
{or packets) that can circulate throughout a gtore-and-
forward network. If éhis}limit is reached, all traffic
seeking admission to the network will be blocked by the
source nodes. The network resumes admission of incoming
traffic only when the circulating traffic level falls

belew the imposed limit.

There are at least two techniques for implementing

the global flow control:

(a) Loop Method: This has been used on some proposed
loop systems. A fixed—length frame circulates aiound a
loop of éontroltp6ints.. When the frame réaches a control
point, messages waiting in buffers at the control point
is read out onto the liqe constituting the loop, provided

that the frame is not fully occupied [14,15].

(b) 1Isarithmic Method: This method can be used for
moreicomplex distributed networks. A ‘fixed number of

permits is circulated in the network. A packet enters

the network only after it has acquired one of the permits.

The permits may circulate randomly over the network, to

& i, o e
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be picked up by the first node it reaches at which a
packet is waiting. AAlternativély, each node may maintain
a small store of permits, to be readily accessed by arri-
ving packets, thus reducing the corresponding admission
delay [8]. A combination of the two permit allocation
schemes is also possible. 1In fact, in one of the simula-

tion studies done by the National Physical Laboratory of

Great Britain [8], it has been shown that, for the 18-node

network under study, the admission delay was negligible
if about half the pérmits were free to circulate, and the

other half assiéned to pools at specific nodes.

2.3 Comments

Consider a store- and forward network with R v1rtual

channels. Define E i{ E , where E is the end-—to—end

flow control limit'lmposed on the rth virtual channel.

Because of the bursty nature of the 1ncom1ng trafﬁlc,
the avergge network utilization is very low. In other
words, it is quite unlikely that the total network traffic
can ever reach Emax' This seems to suggest that ?he net-
work can operate on the principle of overcommitment [7].
That is, Emé may be made as large as desired, and a global

network flow control constralnt I, I« Emax may be imposed

e
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to guard against network congestion due to statistical

fluctuations.

Ky

However, the finite buffer storage capacity of the
switching nodes must not be overlooked. In.fact, if Er
were allowed to become so large that it exceeds the sto-
rage capacity Ki of node i along the cth virtual channel,
2 large amount of traffic may at times converge on éne
place. This overloads the node without violating the
end-to-end flow‘control‘rules, rendering the control to-

tally ineffective.

Neverthelesg, it ig inadequate to have only
1océl floﬁhcontrol. This is because if the‘uéers who
chiefly contribute to an overload aré distant from the
point of congestion, local control methods requireléon—
gestion control measures to spread a long way before
effective measures are taken [8]. Nor can local flow
control be dispensed with by increasing indefinitely the
nodal storage capacity, for the store-and-forward delays

will then be increased proportionally [16].

Hence apparently all three of the flow control

C e e e
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schemes have  their respective significance in préventing
network congestion. Judicious choice of the flow control
limits is an “expedience. Unforﬁunatély, this choice de-
pends very much on the network tépology and operating
conditions, so that each network case needs to be separa-

tely scrutinized.
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_CHAPTER 3

COMPUTER~COMMUNICATION NETWORK QUEUEING MODELS

<

o EXACT METHODS OF SOLUTION

3.1 "INTRODUCTION

For the systems designer, it is almost impossible
to overemphasize the importance of monitoring the perfgr—
mance of a system. The system may be characterized by
some given resource parameters and subject to certain
system workloads. This is particﬁlarly true in the cost-
effective design of computer-communication systems, which

are ever growing in complexity and sophistication.

In a computer-communication network, the backbone
switching computers, constituting the highest level -of
the network, support efficient and flexible sharing of
geographically separated host computers. Critical resour-
ces in the design and operation of the network therefore
include the storage capacities of the individual switches

and the communication links connected to them.

[P
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Because of the StOChaStlc nature of work-demand-
by.the messages or processes, queues may be formed.and
deiays 1ncurred at“the critical resources. Performance
prediction includes-such~1mportant measures as response
time, throughput and resource utlllzatlon Noteworthy
is‘the accomplrshment of»Kleinrock'[l7] ahd others in
formulating the ‘problem of llnk capac1ty a551gnment as
an optimization--or mathematlcal programmlng problem
based on the average: delay formula derlved from queuelng
”ana1y51s Effectlve schedullng and allocatlon of resour—.
ces among competing requests is certalnly the realm of
congestion Or queueing theory in a broader sense- [18]
Hence’ queueing network models provrde a. ba51c framework
-and the mathematical tools for the quantltatlve assessment

of system performance.

Taking into con51deratlon the substantlal amount
of modelling efforts in and high cost of 51mulat10n runs,
analytic solutlons should be sought whenever p0551b1e.
Even though one may have to resort to srmulatlon technl-
ques ultimately, an analytlc model, however crude it may
be, can help alleviate the modelling efforts by narrowing
down the range of systegfconflguratlons and parametérs

-
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‘.underlwhich é>simulatiop'ruﬁs._‘Moreover, it may also
detect poséiblé errors introduced inrthé design and imple-
Jmentafion phases of a'simulator [18]..
ce

It is therefore the objective of this chaptgx to
rexplore the analytic models for a general dlass of queueing
networks. The methods of solution of such models will be
seen to iénd themselves to the analysis of the store-and-
forward communications subnet in any computer-communication
nefwork with end-to-end flow control.

1

3.2 A CLASS OF STOCHASTIC QUEUEING MODELS:

CONCEPTS AND DEFINITIONS

3.2.1 Introduction

Stochastic models [19] may be of overwhelming com-
plexity. For example, a general stochastiC'model'driven
by dependent processes and contrélled by a centralized
algorithm which has access to the full system state at

all times. The ensuing discussion will be confined to

a less complex class of stochastic models, Q,-in which

4
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‘each model is structured as a network of locally scheduled

queues and drlven by renewal procegses The £low of jobs
is governed by a sequence of routlng de0151ons made upon
service completlon at one of the queues It will be seen
that- the class of séparable queueing networks is a subset
of Q. . ‘
P

Consider a store-and-forward network of message
switches. This may be, for;examﬁle the communrcations
%ubnet of a typlcal computer—communlcatlon network. Define

the unlt of network traffic flow, which in this cajj is

a message, as customer.

A queueing model of this network may comprise:

(a)‘ Service stations providing service for customers
b in queue. |
(b) ‘A set of floW'control protocols regulating the
population of customers.
(c) & populatlon of customers with concomitant work
demands placed upon the service stations.
{(d) A routing algorithm governing.the' flow of customers

Py

through the network.




(e) Sburce nod hfoughnwhich customers enter the
network.
(£) Sink nodes: throu which'custome;s leave the

network.

-

3.2.2 Customer Arrivals

. A source generates customers accordng to a

J -
renewal process specified by the interarriwval time dis-
tribution [19]. Successive work demands associated with

individual customers are independent and identically dis-

f}ibuted random variables.

/' Define a‘quéueing network .to be open if a customer
is drawn from an infinite population or: input service
and eventually leaves the network after being served. In
this network the number of potenti#i customers remaining
in the input source is independent of the number of cus-—
tomers élready in the queueing system [18]. Fig. 3.1
shows an example of an open queueing network. In case
the source input arrival rate is significantly éffected

by the number of ctgtomers in the queueing network, a

finite population souxce may result.- This is convéniently




-
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modelled as a closed queueing network, as exemplified by

Fig. 3.2.

An exogenous arrival of customers is described

by a Poisson process. This description is adequate as

longias‘the number of the component processes, assumed

to be statistically independent, ie large and the contri-
bution of each to the aggregate arrival rate 1s small.

The bursty ‘traffic in a large computer-communlcatlon
network naturally fits into this delineatign. The cus-
tomer interarrival times are exponeatially distributed.
Indeed the Poisson process is simply the coqpting pro-
cess constructéd from the renewal process of equnentially
distributed lifetimes [18]. .

S— ) .
3.2.3. Routing
The impact of routing on the class Q of Quebeing
network is lucidly depicted by a directed graph, as shown
in Fig. 3.1 or Fig. 3.2. Two nodes are connected by an

edge should a routing transition be feasible between them.

.
e et e b = o T T
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Source -~

Source

——

Fig. 3.1 Example of an Open Queueing Network

Fig, 3.2 Example of a Closed Queueing Network
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The routing may define equivalence classes of nodes.

Each class is characterized by a source node and a -desti-
nation nédé which may be connected by a sequence of routing
transitions. Such equivalencé classes are also called
routing'chains. .An example of a mﬁi%iclass queueing net-
work is shown in Fig. 3.3.

=

3.2.4 Service Mechanism

Each service station (fig. 3.4) is composed of a
buffer storage space'to accommodate customers waiting for
service, a set of servers and a queue discipline to govern

the manner in which customers are to be served.

Consider a subset of'Q which comprises networks
with rational service time distributions (those with ra-
tional Laplace transforms). Such distributions can be
represented by a set of exponential servers (or étages)
combined in series and parallel manner [20], as shown in
Fig. 3.5. Customers enter at point A. .A customer will

th

enter the i stage with probability a; or depart from

the service station with probability bi' Evidently it

o
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Source

Source

—3>» - Class 1
—>»»— (Class 2
—>PP>— c(Class 3

A 3-Class Queueing Network
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Fig. 3.4 Schematic Representation of a Service Station
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Fig.

e

3.5 Stage-type Representation of Service Station
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~

is required that a; + bi =1 fo¥ i=d,l,2,...,r. The cus-
tomer leaves the service station after completing the rth
stage with probability 1. It should be emphasized that
for such a stage-type server, only one stage can accommo-
datela customef at a given time, the entrance stage is

blocked as long as a job exists in some stage [20].

A queue discipline is said to be work-conserving

[21], if:

(a) The wérk demand of each cﬁstomer is independent
of the queue discipline.

(b) The queue discipline does not take advantage of
knowledge about work demands (or times) and/or
arrival times of fhe individual customers.

(c) The service station is not idle when there éxist

customers awaiting service.

Examples of work-conserving queue disciplines
include FCFS (First-Come-First-Served), PS (Processor-
Sharing), LCFSPR (Last-Come-First-Served Preemptive

Resume), and IS (Infinite Server) queues.
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In an FCFS service sfation, all customefs, irres-
pective of classes, have -the same exponential service time
distribution. The service rate u(j) has been stipulated
to depend on the number j of Customgrs at the service
station. This is to ensure that blocking, which drasti-
cally increases the complexity of the analysis,. needs
not be considered [24]. In PS, IS or LCFS service sta-
tions, each class of customers may have its own.genefal
service time distribution which has a rational Laplace

transform [27].

3.2.5 Network Stability

A gueueing network is said to be stable if a unique
steady state solution exists. A necessary condition for

2. ij =1, for all i=1,2,...,M where pij
J=1

is the probability for a customer to join node j after
servicercompletion at node i, and M is the total number
of nodes that spans the network. The network is unstable
if there exists at least one queue in it with external

arrivals and with work intensity exceeding unity [19].

S
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3.3 SEPARABLE QUEUEING NETWORKS

3.3.1 1Introduction

If the work demand distributions and inter-
arrival time distributions are restricted to thpse whose
Laplace transforms are rational functions, theﬁrthe dis-
tributions can be represented by a set of exponential
stages combined in series and parallel manner. .The class
of networks having these attributes is .called Markovian

queueing networks, also known as memoryless gqueueing net-

works.

By introducing an appropriate state space, the
system behaviour can be tre;ted as a birth-and-death
process [24]. Define a balance equation as a difference
equation that relates the steady-state probability of
a given state with the probabilities of the adjacent
states. The equilibrium {or steady-state) joint queue

size distribution is then determined by solving a set

of balance equations for the system. That is,

\/ states Si .

P(S.) [rate of flow from S. to Si] =
all states J ]

Sj P(Si) [rate of flow out of S.]
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L%

However, a numerical solution of the balance

_equations is impossible for all but the most simple models

[18]. Some works on the assemblage of the balance equa-
tions and on their solution by iterative methods are

found in [28-30].

The queueing network Problem can alternatlvely
be solved by approxlmatlng the original problem by solu-
tlons which are in some subset Q* of the class Q of
queueing networks, possibly through the numerical evaluy-
ation of certain reduced systems of balance equations
[31]. Approximation methods such as diffusion approxi-
mation [32-33] or forced decomposition approach [31]
can be used. However, for both methods general theore-
tical fdundations are not fully established. Moreover,
the dlffu51on technlques Seem' to work well only for
high traffic intensities.

A more practical approach is to consider somel
subset Q* of Q, say, such that in Q* the need for a nume-
rical solution of the balance equations can be dispensed

with.
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The most general class of queueing networks in Q*

despribed‘as follows:

There are multiple classes of customers.

The routing is a Markov chain of arbitrary order
(18] over the set of classes. This Markov chain
is decomposable into subchains.

Subchains may be open or closed. A network may
comprise open and closed chains.

Open chains are driven by independent Poisson
Streams wgich may have population dependent rates.
Queues have workuconserving queue disciplines

(as described earlier) [35].

All jobs have the same mean service time with

respect to a given queue.

The service time distribution may be exponential,

as is in the case of FCFS queues, whereby all
customers share a common distribution with queue-
dependent service rates. Alternatively the gueue
discipline may allow class-dependent eervice times
drawn from phase-type, general service time dis-
tributions. Examples of this are LCFS, PS and IS

queues.

[V
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For any queueing network in this class Q*,"the
balance equations'can be solved by considering merély
locally balanced networks [36] through separation of va-
riable technigues. The network sol&tion is of product

form. This class Q* of network is now formally termed

separable queueing networks.

Substantial progress has been made in eiplofing
the solution of separable queueing networks. Jackson
[37] pioneéred in showing that the equilibrium network
“state probability distribution had a product form for open
gueueing networks with exponential serwers. Gordon and
Newell [38] later showed that closed networks with gueue-
dependent service rates and exponential service times
also had product-form solution. Baskett [39] showed that

central-server models with a PS CPU and exponential inputs

and outputs had product form provided the CPU service time -

-

distribution had a rational Laplace transform [20]. He
also showed that the steady-state behaviour of such models

only depend on mean CPU service time and not on higher

order moments.
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e

Béskeé{'s results were extended by Chandy [31]
to arbitrary networks by defining and using local balance
for queueing networks. Chandy further showed that net- 1
works with PS and LCFSPR queue disciplines had prqéuct 1
form and satisfied local balance. Muntz [40] investi- |
gaﬁed the "M=bM" property, that is "Poisson arrival implieg

Poisson departure" property. He showed that a gueueing

. network with this property had product form. Moore [41]

introduced the use of. generating functions for the treat—
ment of network queueing models. Buzen [25] developed
computationally efficient procedures for determiniqg the
normalization cénstant, steady-state probabilities,
throughputs and queue. length distri;utions for single
class locally balanced networks.

4 ‘

Baskett, Chandy, Muntz and Palacios [36] extended
the class of queﬁeing networks with product form solution
to include different classes of customers and general
service time éistributions for.cqrtain service disciplines.
In tgis model, open, cloged and mixed networks were con-
sidered and customers traversing the network miéht'chénge'
claés membership while making a transition from one ser-

vice station to another.




Re;ser and Kobayashi [24] developed computationally

‘efficient procedures for local balance networks with seve-

ral classes of customers where some classes may be open
and others closed. Chandy, Howard and Towsley PA48T~ntro-

duced a property of queueing disciplines, called "station

- balance". This explained why gqueues with FCFS cannot &y

have product form if service times are nonexponential for
all classes. It also explained why some disciplines
result in local balance for nonexponential service distri-

butions while other disciplines do not.

Lam [27] enlarged the known class of queueing
ne£works with a product-form solution to include mecha-
nisms of state-dependent lost arrivAls and triggered
arrivals. He found a sufficient condition to guarantee .
prodﬁct form ;01ution for networks with such arrival
mechénisms. Recently, a number of efficient computé-
tionai algorithms [24,42,49,44,45] have been developed
for evaluating the normalizatiop constant and marginal
cqueue length s@atistics for gueueing networks with pro-

duct form solution.
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3.3.2 Open Queueing Networks

- Consider an M/M/1 queueing system, then a Poisson
process driving the exponential server generates a Poisson

process for departure. In fact, Burke [46] has established

-

that

(i) the steady-state output of a stable M/M/m queue
with input parameter A and service time parameter
M for each of the m channeis is a Poisson process
at the same rate A.

(ii) the output process is ipdependent of the order
processes in the system. |

7

These results are generally known as Burke's the-
r

orem. Indeed, it follows from Burke's theorkm that many
multiple—server nodes (each server with exponential pdf)
can be connected together in a feedforward (i.e. customers
may not return to previously visited ﬁodes} network fa-
shion and thernode-by—node decomposition is still preser-
ved. The conclusion remains valid for work-conserving
queue disciplines. It should be méntioned that the input

process need not be of Poisson distribution, but any ar-

7
bitrary initial distribution, and the output process will
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"

converge in law as t + « to the Poisson distribution [34].

L]

Jackson generalized the treatment to any arbitrary

open Markovian network of queues [47]. Consider an N-node

1
// - network, the ith node of which containé m, exponential
servers each with a mean service time 1 . Upon leaving
th 3 th

the i node a customer then proceeds to the jJ node with

probahility rij' or leave the network (never to return
N . .
again) with probability 1 - S:rij . . Denoting the total
- 'J:l

average arrival rate and the'eXOgenous arrival rate to
node i-by Ai'and Yy respectively, then Ai must satisfy

l‘*-\\\> N .
: Ai =v; t 2:: Ajrji ..
. j=1

(3.1)

for all i = 1,2,...,N
Jackson showed théﬁ each noge {say the jth) in
the network behaves as if it were an independent M/M/m
system with a Poisson input rate Aj' disregarding the
fact that the total input might not be a Poisson process.
} Defining k= (kl'kz""'kN) to be the: state va;iable for
the N-node system, where ki is the number of customers

th

" in the i~ node, including the customex(s) in service,

i)
v




e

J

- 50 -

the state probability p(i) is then given by .

. N ‘ .
p(®) =TT p,(k;) - (3.2)
i=1
A
for ——— < 1 forfdil i
' miui ]

where pi(ki) is the marginal distribution of finding ki

th

.customers in the i~ node.

N
" Hence the joint distribution for all nodes factors

into the product of each of the marginal distributions.

The class of open queueing networks is further

generalized to comprise networks with N work-conserving.

queues and R different classes of customers. Exogenocus
customer arrivals are drawn from R independent PJisson

sources (one for each class) with fixed rates, i.,

1
i=1,2,...,R. Customers are routed according to a Markov
chain of arbitrary order. There is one chain per class.

The routing is assumed to ‘be independent of the system

state. Service and arrival processes are mutually

e AL PYOCREE L
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independent. Without loss of generality, customers are
not allowed to change class membership [34].
A R
The state of the network is uniquely determined by
. > >
the population vector s = (ﬁl,hz,...,hn) wh?re Hn'

the state of queue n, n¥1,2,...,N, is given by

e _ .
h, = (hnl'hnZ""’hnr""'hnR)

with hnr being the number of class r jobs at queue n.

The stationary queue-size distribution, if it
exists, is determined by a system of linear egquations,
similar to the ones discussed earliexr. The solution is

obtained as follows [34]:

STEP 1: betermine‘the throughput Anr of class r jobs at
queue n for all n=1,2,...,N and r%l,z,...;R.
STEP 2: Determine thé Steady~state queue size distribu-
tion pn(ﬁn) (marginal distribution) of queue
n, n=1,2,.;.,N isoclated from the network and
1’ Anz;
S . o -
- STEP 3: Obtain the joint distribution as & product of

éhbjectj? to Poisson arrivals of rate A
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the N marfinal distributions of STEP 2, i.e.

' s N
> > > Ee
P (hllhzl"'lh-N) = Tr-pn(hn) (3-3)
n=1
~
To state the queue size distribution pn(ﬁn) of
queue n, n=1,2,...,N, define the capacity function [19]

of queue n as follows:

_ Lo
C,x) = 57 a (i)x . (3.4)
i=0
where
. (un“)l :
an(l) = for i=1,2,... (3.5)
- (3)
=1 "
‘an(O) = 1 ED
p. % = unit work rate
n \
un(j) = work rate as a function'oT queue size j.
Define alsc the work intensity of queue'n as
follows

L
Py & (pnlrpnz.---,an) (3.6)

e it T
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where

— » r=1,2,...,R (3.7

with
thr being the mean work demand of class r at
queue n.
r‘-.
Define an improper queue size distribuflion ‘[34]

of queue n as

R phnr
* * > nr - o
P,* (h ) A a (lh [) |h |! || Rt (3.8)
r=1

&

If the network is stable, then pn(ﬁ), not being

identically zero, is obtained by normalizing pn*(ﬁ),

The generating function (g.f.) of én*(ﬁ) [34] is

defined as follows: : ’ . b

+
z A (21’22"'°'zﬁ) is a vector of transform

variables associated with h.

-
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From (3.4},(3.8) and (3.9), it follows that

+ > '
Pn* (zn) = Cn (pn-zn) (3.10)
where R
A
+> > A
5 g =§=_'1: NI (3.11)

Equation {(3.10) simply states that Pn* (En) is
the capacity function of quéhe n evaluated at a linear

combination of the workloads [19].

The probability generating function (p.g.f.) of
pn(ﬁn) is procured by normalizing (3.10), i.e.
c (b % )

‘ P (En) = . n n 7 (3.12)

n -
c e, D)

Table 3.6 summarizes some practically important

capacity functionms.

From Table 3.6, some well-known probability dis-
tribution functions can readily obtained as shown in

Table 3.7.
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The p.g.f. of marginal distributions are obtain-

...ed By equating certain transform variables and setting

others to unity (see Table 3.8),

Define H = (Hl'Hz""'HR) = chain population

vector where Hr is the total number of customers in

class r = hnr
(nr) € class r
R
Define also h_ =z:: hnr =.total number of jobs
r=1

at centre n..

It.is cllearly seen that the computational solution
of queueing networks presents little difficulty. For known
values of throughput Anf ,n=1,2,...,N and r = 1,2,...,R,

the numerical effort involved to evaluate (3.12) is

negligible.

3.3.3 Mixed Networks With Multiple Closed Chains

Gordon and Newell [38] considered a variant of

the Jackson model in which the total number of cus%emers

e e e Saden m—ana.

i A

a0k e ¥
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is fixed. In thiw arbitrary closed Markovian network

model the state space can be described by the set: &4j i

N N )
...,hN) : hy >‘ o, .1= h, = E}

S = {(hl,hz_,
vhere E is the number of customers allowed in the

system. .

Define the N-dimensional vector-value random

process X = {xt = (xt,l""’xt,N)} for the Gordon-

Newell model. Since X has a finite state space, the

P

' general theory of Markov chains assumes that it has a
stationary distribution provided that the process is
irreducible: [[18].

Gordon and Newell proved that, ‘like Jackson's ’

result, the stationary distribution 4$ of product form

ot Sy i in s .
e i T P

P(hyshy,eneshy) = lim p(hy (t),...,h (£)

o

1l

tiz Prob - { xt= (hl,hz,...,hN)}

1]
]
-
1} :‘z
| ad

Pi h. (3.13)




. i,
i i
Pip. =P 5 (l-p.™) (3.14)
- T -
\ o G
The normalisation constant J is selected so that
J"l = ’ Z il p., h ) 4-(3 15)
all Xt &€ X i=1 b A ' s
That is the probabilities in (3.13) when summed
over the state space, equal unity. ) -

“

1

a/ﬁaskett et al. [36] extended the Gordon-Rewell
model & en, closed, and mixed_queuing‘netWOrks with

different™dlasses of customers. This more general model
' 4

~

also allows general service time distributions for

certain service disciplines. ‘ . : ’

Consider the network or aggregate syétem state 8

¥

S = (hlth'---.th)

N3

where”’ hy = (hgyhyypeeshep) o d = 1,2,.00,N
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Befine the following set of lindar equations for
each routing chain r:
N .
eir = 7=1 e?’-'jr pjirr+ qir l(‘s‘lsa)

where’ th '
\\\ 9. ig_the probability that the r-" Poisson stream’

- enters station i (for open networks),  with

N
2 %, =1, ¥r-1,2,...,r | (3.15b)
1=1

For closed networks,

9, = o, \/ i=1, . .
. r=1,2,.4.,R ’R
ey is the aggregate arrival rate of class r

customers to station i.
| For closed negzgyks, Qir are determined to within
a multiplicative constant for each chain.
pij,f is the probability that a customer of

alass r completing service at station i will next require

service at.station j,
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The equilibrium network state probability
distribution is given [27,36,45] from the following

product form

N _
P(S) = cd(s) T £.(h.) , (3.15¢)
S ivi
. : vo1=1
where
(i) ¢ is a normalization constant
(ii) fi is a function that depends on the type

of station i:

-
R e IR |
fi(ﬁi) = [Eilz || _rr | l ( 1 ) for FCFS,
r=1 Bir!  3=1 \m3(3)
R 1 e, ) hir
‘ h, ! U,
r=] ir ir

for LCFS or PS,

ir

Hh

5
1]
"
[ai

=] hir! LT for IS.

Where Hi(j) is the exponential service rat

(identical for all classes) dependent on the numb

K i p g sieaio

. i
B P A

i
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j of customers at FCFS 'station i.

‘ uij is the service rate for class j customers

at sfation i.

-

h.
c s - R e ir .
(1i1)  a(s) 117.Arl 1 for open network
r=1 =
1 ] ' for closed network
D N
¢t = g < as) fi(h’-i) (3.154) r
S eF i=1 .
0 s

« Wwhere F_ is the set of feasible states.

Georganas [45] has recently extended the con- 7

ideration further to include semiclosed chains. A chain

: . . - . +
semiclosed if Hr < hr £ Hr r r=1,2,...,R

If h = H; , a departing customer of class r

is immediately replaced.

B : : , i
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- + . .
If Hr ES hr € H. class-r customers arrive as a

Poisson process with rate Ar’ r=1,2,...,R.

If hr = H; ; the class-r arrivals stop.

The whole network is setyclosed with parameters
] P
H and ' |, if H <37 h_ ¢ m¥
r=1 T

The feasible shate space Fs for (3.20¢) becomes

-

R . d
= 0; H Z h + '
FS = S|hir >0; Hr ir € Hr , for r=1,2,...,R

n

-and

i

In general the normalization constant cannot
be straightforwardly determined. Thé following dis-

cussion-deleineates the numerical approach taken by

Reiser[24].

-

s

}
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Consider now a mixed queueing network having
W closed chains and (R-W) open chains. Let the first

W (w ¢ R) chains be conditioned [34] to contain ﬁw
" (w=1,2,..5W) jobs.

. _ i -
\\ ‘The. conditional probability -

p(s,H) = Prob {state=g [.chiﬁﬁ w contains'Hw jobs,

w=1,2,...,W}

p—

\
{3.16)
'wheré N
B = the chain population vector
= (Hl,HZ:-g-,HW)
From the law of conditional probability,
p(s)/g(H)- if S is feasible
p (s,H) = ‘
0 ctherwise -
(3.17)°
where

g(#) = Prob {chain w contains H, jobs,

w=l,2,...,W} ~ (3.18)
: ke

t.

e

R S
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-~

Evidently [19],

g = D7 ps (3.19)

SeP

where vﬂf v

o1
[~

~ - N
=’{S:S.a 0 and E hnw = Hw for w=1,2,...,W}
n=x

= get of feasible states

A conditioned chain is equivalent to a closed
» chain up to renaming of customers [34]. The conditioned
solution is independent of the arrival rates to the un-

derlying open network [19].

T

The normalization constant g(ﬁ) is the convolu-

tion of the'N individual queue size distributions,'

ken at the point of chain populations [19].

Define the g.f. of the improper joint gqueue-size

distribution as

‘ : N N N R W h,
ot & 3 (0 g ) (T T (T 2
§30 \ n=1 n=1 r=1 w=]
f3.2l)

-
N

i P




where '
Z A (Zy1Zmreee,2) ~iéﬁg\fransfbrm vector
= 1772 W

associated with H.

Introduce the notation
R

2
. n f=:£:1 Pnr , and (3.22a)
- =W+l

n é (pnl'pnzr---rpnw) (3-2%b)

For closed chain w, the throughputAat gqueue n

is given by

R My ([h B '
A () AZ (s, > | (3.23)

SgF 1 nr

also define

N
* A 0, =
6 oy @] ey &y + E,4D)

1
i=1
i#n
N
*
G )(Z)AC(r +r-§) _rrlC(rl+r -%)
1=

(3.24a)

&

[

i TS N

———r
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Some important p.g.f.s [34] are summarized in

Table 3.9.

The derivations of the above p.g.f.s are found

in [24].

It should be noted that the joint queue-size
prebability distribution p(S,ﬁ) is independent of Aw'
w=1,2,...,W , the arrival rates of conditioned chains
[18]. Moreover, a mixed network is said to be stable
if it is stable with respect to the open chains (i.e.
be stable if A =0, for w=1,2,...,W) [34].

As seen ffom the expression for p.g.f. of-"
g*(H) in Table 3.9, the open (ﬁonconditionéd) cﬁ;ins
shift %he argument of the capacity function in the
solution, This shift does not enhance the pomputa—
tional complexity for infinite, fixed rate or limi-
ted queue-dependent server system [24j. Hence, save
for the evaluation of marginal gueue size distribution,
opép chains in general do not increase the computiatio-

nal complexity. Hence in the analysis to follow, we

s

T e ne ATa
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exclude the open chains completely.

The main objective, as said earlier, is the

computation of the normalization constant. Now

. N '
(%) = TT c. (£ -%) (3.25)
- n n Fi
n=1
There exist two categories of practical

methods [18]:

(2) Inversion of generating functions

(b) Convolution of the N known inversion Cn of

//—/—\Ehe terms C_(r 'Zy/;n (3.25)
_ n''n

Well—behaQed algorithms do. not appear to exist
for the first approach. 1In the case when theré is
only one closed chain and all queues have fixed rate
servers, even as the r, may nbt pe all &istinctj Lam_,
[35] has shown that g(¥) can be obtained bg/a partial/
fraction expansion of G(Z), a fational funcfion in Z.
However, computations based on partial fraction ex-

pressions involve alternating sign sums [34], sc that

e e Sl e
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they are only conditionally stable numerically. More-
over they are of the same ccmpuEational complexity and
much less versatile than the convolution methods [18].

Hence the convolution methods reign supreme.

Convolution methods for simple closed networks
were first introduced.by Buzen [25] and independently
by Reiser [34]. These methods were extended to multi-
chain systems by Reiser and Kobayashi [24,50].

;

Consider the evaluation of G(i) in (3.25).

Now +
W i
> _ + W
cn(rn-ﬁ) -E c, (D) 2 Z," (3.26)
f$ w=1
where

I_= W - dimensiona; index vector = (il'iZ""'iW)

cn(I) = inverse of Cn(;n'i)

By definition of capacity function:
: ¢

v

W, i
o + + w
QB = a (b 1 ar o« 7, 35 0)
: wel ——
i !
W »

(3.27)

e e e i e

b oo
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Hence g can be obtained by inverting G(%) by
N convolutions as follow

>

gl = (cp*e k... %c (at 1=f)  (3.28)

2 N’

Recursive computation of the convolution in
(3.28) is explored for queues with fixed rate, limi-

L] ted queue-dependent, and infinite servers.

(1) ° Queues Mith Fixed Rate Servers

Here
C(x) = _i_
1-x
Hence
= 1 '
G(ny () = == ©(n-1) '(E), (3.29)
n :
Inverting,

W >

> +
9y ()= 9,503) + EZ: Tn,w g(n-—l)(l—ew).

w=1

(3.30)

where

e = (swl,s

w W2""’SWW)

L

—ai f
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and
1 if i=j .
S35 = -
J 0 otherwise
{(ii) Limited Queue-Dependent Servers -

Recall that in this case

e(x)

Clx) =71% ?

Therefore

c® @) = Sy B gD g,
l—ra-i ‘ '

Wheie en(x) is as defined in Table 3.6. *

{(iii) 1Infinite Server (M/G/=) Queues)

wy

The capacity coefficient in this case is

a (i) = r 1 >0

n it
so that ..

, [}
xT b4 '
C,{x} = ) — e
i=0 it - o |
Fa -
f?
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() = e & % -~

Much has been said on the.computation of the
normalization constant g(i). However, it is just as

important ‘to compute.queue statistics such as through-

put, mean queue-size and utilization factors. It will

be seen that the g.f. of the gueue statistics are re- °

v

lated to G(Z), the g.f. of gq(H) [19,34].

(1) Throughput of Queue n

- From Table 3.8, exq}uding the opén chains,,;he

MY

' ) * : . .
improper threughput An(i) of queue. n is- given jby:
j T a

& : .
/

L4

* | * ’ ’ O . f
M@ = K -B e @) po (3.83)

K where .

e (p1rdnzrze -y

. . " - L "
) . -
' . . B * »
. . . . .
. - - - -
- - . . b . - . -
) * ' . ' . I 4 ' ' -
. ~ - . - i, E .
- . . PR o . .- -,
N L S " ' N
) : . : . i
. . ", “ .
.
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, ‘ Hence, inverting (3.33) and ﬁormaliiing
, R W R
: Z'llnw g (H-u ) ‘
' A () = 2 _ (3.34)
@ g (H)

(ii) Mean Queue Size

-

(a} Queue n With‘Fixed Rate Server \

From Table 3.9 again ekcluding the open chains,

‘for- fixed rate servers

| @ = Eh 6y, B (3.35)
% ! ‘ :
\ where
x - N <
G(n+)(ﬁ) & Cn(rn;?):gzi Ci(rl'i) \
 2and . 3 ) "
- Inverting (3.35) and normalizing . XTQ
T - Ly e
| ' o q () .= B Ty (n) Al (3.36)
- . gt
4 . ) o .
- 7 - )
e I
N ' ‘.
. . cvo- .
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)
- »

(b)y Infinite Server Queue

Again, from Table 3.9 and excluding the open

chains, for inf&nite server,

*

Q@ = G b e @,

j=]

Inverting (3.37) and normalizing

' W
qn(ﬁ) = Z."l r.9 (H-0,)
W=
(3.37)

g (H)

(iii) Other guantities

These include the mean queue-size of queueg with
queue~dependent servers, utilization factors and margi-
nal queue size distributions.

The computation ofiéhese quantities require 9(n-)

1

thg.inverse of G(n_)(ﬁ) [19], where , ,

: N
* . 0 > |
€ nn) (%) = 'ITV c,(ry + I; %)

' i=1

i#n -

|

!

|

|

|

|

i
.

|
e

h



-traffic sets in.

An efficient algorithm for'computiﬂg 9 (m-) is

portrayed in [34]. -

b

3.4 . COMMENTS

It is recalled that in the end-to-end flow con-.

trol scheme, a limit is'placed on the humber of customers

allowed in each open routing chain. The situation can ' .

be viewed as follows:

]

)

Customers flow from ﬁhe source node, via a sequén—
ce of forward route link queues,'fo the sink node. After
the customer is absorbed at tge sink, an acknowledgment
traverses from the sink to the source. 'The source thrbt- : E'
£les the incoming traffic as the number’ of overdué aék— i
nowledgments‘builds up..-And as soon as the latter rea-

ches a certain fixed| limit E, quiescence of incoming

- It is then not difficuit to see that the return
route of the acknowledgments from sink ‘to source closes i

an open routing chain. That is thejend-to-end flow

e

e
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'followxng chapter 4s a circumvention. \
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(AN

control scheme transforms an open queueing network

into a’'closed one with multiple cyclic routing chains.

-

. The convolution algorithms for closed networks
Just portrayed are then cohjectured to be conducive to
the analysis of queueing networks with end-to-end flow

control, as is confirmed by the work of [44]. However,

the computational llmltatlons of these algorlthm [4]

do not favour recurs;ve appllcatlons in practical de-

81gn Problems like selectien of window settings. A cem;

| CoLT
\ .
. putatlonally-effectlve algorlthm is discussed in the

4
-

|
K3
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| CHAP"II‘ER 4 | j

THE WINDIM ALGORITHM

4.1, INTRODUCTION

oy

We now propose tﬁe'WINDIM algorithm for resclving
the window setting problem in computer-~communication net-

works with’end—tOﬁehd flow contro¥.” For the class of

o~

multichain queueing networks considered in this work, °
’ -+
WINDIM determines "good" window settihgs E

’ P [ . o7 .
a certain performance criterion.

gle ratlo of network thrcughput to average network delay,

called the network "power" [5]. N
.é_;
| WINDIM essentially comprlses the well- known‘multl—;

L4

dlmenSLOnal search technique called Pattern Search [22].

More*advanceaed search technlques can of course be used.
'However, since we are 1nterested only. in 1ntegral w1ndow

settlngs, we haVe~an 1nteger programmlng problem and the

Pattern Search SufflCESy TEg_Battern Search. has the«added
advantage of heing an ea511

. bing technique with ridge—fo owing properties, as will

B

programmed accelerated clim=, -

op that optlmlze

This criterion is 51mp1y

[

§

e e e T SR 2 S

P e b b s s
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be,seep later.

Because of the inherent prodigious computational
requirements, the exact analytical model, descrlbed in
the prev1ous chapter, cannot be used to perform the re-
quiréd function ‘evaluations. These evaluations are af-

forded instead by the heuristics of the Mean Value ana-

lytical model receﬁtly developed by Reiser [4,23].

4.2 MEAN VALUE ANALYSIS OF MULTICHATN NETWORKS

1

The motivation towards a heurlstlc approach to the
analy51s of multlchaln networks is twofgid-
A
(a) The exact analysis, even with the use of the
" convolution algorlthm [24, 25] for closed net-

works, has a considerable programme complexity..

(b} The jOlnt ‘pProbability d%strlbutlon obtalned from

. the exact anaiysls contains too much detail.

The computatlon of simpler and more practical

-

quantities such as mean queue sizes, mean waiting

times, and throughputs fxom the product form solution
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proves to be as compléx as computing the norma-

lization constant for the distribution [23].

Reiser and Lévenberg (23] have proposed a recursive
analysis which is based on a simple mean—valﬁe relation
between the waiting time and queue size of a system with
one less customer, This efficient heuristic analysis
successfully avoids the difficult calculations of norma-
lization constants and product terms.- Hence the computa-
tional limitatidng that beset the exact analysis no longer
exist in-this case. ’ -

K
In the following discussion, the basic hetwork model

described in the third chapter will be assumed. The class

of message switch}ng networks considered will therefore
comprise N switching nodes, L half-duplex links and R

classes of messages. We further stipulate that:

' (a) the-links be modelled by simple FIF0“infinite queues
(b) - there be a FCFS. single unit rate server to each
queue

‘(c) the message lengths be equnentially distributed -

-y

with the same mean length for all classes _
(a) an .end-to-end flow-control protoqe} be imposed?

on each class.

e O

e e 22 ki n POTRUTNC AT T Ly
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N

N

3 3 : N . l
It was observed [4] that by imposing end—to-end

flow control on an open queuelng network, a closed one

with multlple cyclic closed chains results.
LY

-

The analysis starts by con51der1ng a simple cyclic
closed chain with populatlon D and throughput x(D) as.

shown in Fig. 4.1.
- For any queue i, i=1,2,...,M , define:

r. = mean service time.

N, (D) mean gueue iength (including message

fl

mean queue time (including message in

\\f—a——\\\‘/ﬁ\Jd//_ , in service).

service).

It is then clear [4] that:

ti(D) = Pi + Pi' [mean queue length of .
’ queue i‘upon arrival
of a message] (4.1)
. D
» (D) = (4.2)

T N

M
Z t; (D)
i=1

L e L i N AT YT
BRI - ot Moy B A AR
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A (D) 1 . '*
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Fig. 4.1 A simple Cyclic Closed Chain
£
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n.b;z) = A(D) "t (D) ' (4.3)

Eduations.(4.2) and (4.3) are simply Little's equa-
tions for the entire chain and for queue i, respectively.

For the class of closed multichain queueing networks
under consideration, Reiser and La&enberg [231fhave shown
that. an arriving customer "sees" the system with himself

removed in equilibrium. In other words,

t (D) = I"i[l+Ni(D—-l)] (4.4)

Extending the single chain result to the multichain

case [23] , we have, for r=1,2,...,R
t, (4.5)

(4.6)

. T jer(i) 1J

e, =T [+ 25 N, (B—Gﬁ] RN )

- 3 ' -

where

Q(r) = set of queues in chain r

. .
. .
. .
- . ) '._// )
e . . . - e e T
. d B
. . . : :
I "
.
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- .
b= (Dl, D2,...,D )

R
-+ . {
B-E = (By+DyreeesD t3D ~1, .., Dp)
R(i) = set of chains visiting queue i ‘

However, although the mean value analfsis is simple,
the R-dimensional recursive solution of equations (4;5) -
(4.7) .is computationally as complex 'as the original recur-
sion which uses the traditional convolution algorithm

approach [24]. The operations count is in the order of

A heuristic was next developed to circumvent this

problem [231.

Define

Q
—
H
]
~
1]

Ny (» - Ny (1.--)‘

Ny 4 (D) Ny B - d) . (4.8)

n
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Here oij(r-) denotes the increment in mean queue size

for chain j. at queue i when the population of chain r is

~augmented by one.

We

It

.

must have

- 1l ifj:r

:E : 0340 = ‘ | (4.9)

ieQ(x) . 0 otherwise

is ihtuitively appealing to assume [4] that
. . ~ ‘ ) ;

?

-0 < ~) s . '
0% 0, (re) s 1 . , . (4.10) .

Asg
(23] the

mostly.

<, -

a first heﬁristic approximation,-it is ruled that
chain with one customer removed is affected

In other words, for i=1,2,...,L . j*r , and

i, reRrR(i),

05 (E7) > o trm) ' JEES

Henée;ﬁwe‘will assume that oij(r—) eéuals‘zero, for .
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It s furthez reasoned [4] that, w1th suitably rede~

f1ned parameters, the affected chamn can be 1solated and

analysed in a single closed chain problem:'

‘

g r(::—) = Ni(Dr) - Ni(Dr—l) ’ i '(4.12)

where,

-~

N; is the mean queue size in the single chain
problem, . ¢
o Of course we still have

o

tip = Typ [+ N.s'= o ' 4.13)
ir ir [ J?R(l) ( 1] U:EJ)] o ( h }
-t D ) . v
AT — 7/ — (4.14)
, t, . .
) ieQ(r) *F ’
Nir T At . - (415

Y

The system (Equa;ions (4.12) - (4 1?)) can therefore

- - ¢

be solved iteratively starhlng W1th N&(O) L%



For & given nétwork, the operations count im this
- p o
" case is of the order ’ % E This is a considerable

“

impxovemént over the exact solution procedure.

-~

‘We regall that s

»
., 0(r) = set of queues in chain_r
. .
set of chains vis%ting.queue i

X

it

R(1i)

The following procedure now describes the iterative

-~

heuristic: S

- STEP 1: Initialize the mean queue size N, and class
throughput Ar fervéli r=l;2,...,R and all
ieQ(xr). '
SEEth: ‘Estimate qir(r-)‘from the heuristic oéxzaa\gfnglé
: chain system sumﬁérized.by Equgtion (4.12) for
. all ieQ(j) and all reR(i). |
Set c (r ) to zero for ] =1, 2,...,R and jxr

4 “ ' and all i € Q¢j).

STEP 3: Calculate the meap queueing times t,  for

-



~r

“

y >

r=1,2,...,R and all ieQ(r)- ' :

- -I+ . -
t,. =T, [1+ EE; Ng5 (D - 3r)] ;i€ Q(x)
' jeR(i) o .

-

-

STEP 4: Calculate the class thropghputs using .-Little's

equation for chains:

D
. r

. t. ' _ . .
i€0 (r) ir | ESF-r—l,Z,...,RI w

STEP 5: Calculate the mean queue lengths using Little's

,equation for queues:
for r=1,2,...,R and

all deQ(r) - . .

STEP 6: GO TO STEP' 2 if the stopping condition (e.g.

- 3
convergence criterion) is not met. Otherwise,
. L

terminate the procedure.

[

It has been shown .[26] that, at least for networks

with product-form solution, the above proéedure is

° \

T e e e ! i R B
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(I. N ¥ l. .
asymptotically valid as the population D becomes\iarge.

In other words, the heuristic algorithm yields better

-, * L oot “‘

results as the chain population and/or the number of
chains increases. ‘ Lo,
There are at least two reasonable ways in which

the mean queue size can be 1n1t1allzed in STEP 1:

(1) - static Location of Bottleneck Queue 1
y:\ bottleneck dqueue has the largest. relatlve'

‘utilization —%— among a11~the;3g5ues in a chain.

As the chain population br increases without bounds,

the bottleneck queue becomes infinite while the
. '

other queues remain finite.

Here at the initialization step Dr messages are

-~

put at the queue whose mean service time for class
r is largest. That is,
‘ N -
i Cx <.
Pr for 1 < i S.N such that ri*r

is largest.

0 _for all. other i.
(4.16)

(2) Static Assumption of Totally Balanced Chain

A chain is said to be totally balanced if the



oy

' chain populétion D. is evenly distributed over the
. t . - )
' .. L. _queues in the chain.
& . ~—
v < . Hence; denoting the cardinality of.Q(r) by
. : . qr,'bne can initialize N_r by setting
. . Bl 1 '

+ ) i Dr ’ .
' . ) for all ieQ(x)
. - - q r
‘N, =
ir
- Lo for all i¢Q(x) (4.17)

N, can of course be initialized otherwise as long 4

as the mean queue sizes in each chain of the network sum

e epiodos ol

up to the chain population. That is,

N. =D l: : r:-_-l'z,_._,R' . .
E ;| Yir r :
‘ (4.18)

ieQ(r

. 4.3 PATTERN SEARCH \ |

!

e ’ o - A o ;
‘ : B Pattern search [22] is a direct search routine for ' 3

! ‘ . 4
o

- minimizing a’'certain objective function with search moves




‘\& '
, » _‘g’y\.\. 7 .

|

‘ ?

'g pointing in the a te gradient directions. The requi-
{ site function edaluations aré\furnished by the efficient .
. o . v

{ . . heuristic procedure just described.

A performance ratio P céiled "power"”, is now defined
. o
i g r ’

[5] where:

A A
P o ' '
| - ‘A (4.19)
_ s : . and ;
~ : R
‘ A = network throughput = z;»ln

r=1

: R
T = average network delay = 1 t.
s newwork delay = 4 57 57t
: . Tor=l 1eV(r)

-

V(f) Q(r) - (reentfanp queue from sink to source)

j Q(xr) set of queues in chain r

let ' -

. ’ .l-l []
o . e initial window sizes = (€_.,€,.7¢+:,€
‘ . 3 (1' 2! 'R)

ik
I

initial parameter increments (step sizes) =

(ylryzr---'YR)
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kinds

F = objective function to be minimized = —
P

It is clear that F is a function of the window

(sizes, i.e.:

F=F (3) ' ' © (4.20)

Eagh step of the pattern search consists of‘two

of moves, namely, exploratory and pattern. These

——are described as follows: . ' \“\ﬁ

-

(a) Exploratory Meve L.

Here the lOCal behav10ur of F about a

901nt Q (designated by the p051t10n vector e)

is investigated. ‘A single variable (i.e. a 'K\

o

- window) of the point is perturbed by either
Jdncreasing or decreasing its value (i.e. window |
size) byﬁthe_prescribed_increment. If this .

move successfullj.yiniﬁizes F, the altered valde
is retained, otherwisé,‘the original value 1is

restored. Such perturbatlon is made for each

e}

variable, and the flnal p01nt reached becomes

a new base point, i.e. a new point from whict
a pattern move is made. Fig. 4.2 pro%ides a
- illustration of local exploration in the two

dimensional case.

%




(b} Péttern Move N

]

This move is determined from the results.
of the exploratory move. It'is reasoned that if

a similar exploration is made from the present

base point, the results will liﬁely be the same.

The move simply duplicates the combined moves from

the previous bgse.poine. In other words, all the

window sizes éonstituting the present base point
are changed by am ameunt equal to the difference
between the ?{i:enﬁ base point and the pgevious
base point. An exempiary pettern move is shown

in Fig. 4.3. ' ”

At any stage, moves subsequent to the local expio—
fation'depend on the sequence of moves already made as
part of the cyrrent pattern.. Each pattern coﬁpkises a
series of successful moves, in each of which F is’ reduced.

The step sizes are augmented‘if the search successfully

N

reduces F. Otherwise the pattern is terminatea; and a new-

: pattern is started by local exploratlon with reduced step
-

SLZES about the .last base p01nt determined. In order to

demonstrate various modes of action, the progress of a

single tw09dimensione1 pettern be followed with reference

to Fig. 4.4.

. Luﬂkfga—- .
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Local exploration about the first base point by
produces point'b1 at wﬁich F has value less than that %t
bO' bl is now the new base point. The pattern ﬁove is
made from b0 to €y by extendihg the line from bO to bl

to twice %ts length. At Cyr local exploration establishes

-

a new minimum at b,. b, becomes the new base point, and

the corresponding pattern move ensues.

It is noted that pattern moves are always made
in the direction determined by a line form the previous
base poiﬁﬁ to the current base poinf, and by extending

this line to twice its lengkth. Hence the size of pattern

‘movement is increased as a successful dlrectlon is esta—

bllshed, as elucidated in Flg 4.2.

The current pattern reveals 1tself by alternate
é—bloratory and pattern moves from the flrst base poxnt

b up to b

0 4° %4 is the point reached by a pattern move

. from b4. Local exploration at Cy fails to produce a

point at which F has value less than that at b4. Hencé
the current péttern is terminated. A new pattern is
started by locual \explcoration about b4 with 1ncrements
reduced by a factox of half. A new base point b is henée

establlshed, and the\ search process continues with the

"new pattern. . ' !

. P PR

e ¢ e Skt |
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Begin a new

pattern here

Initial parameter increment’
A vl :
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.
X
1

Fig. 4.4 fThe Two Dimensional Pattern Search
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4.4 WINDIM ALGORITHM [5171

. ‘ )
The WINDIM algorithm sets out ‘to dimension the®

end—to—endrflow control windows such that a"pgrformance

bl

criterion, called the network "power" f5], is opiiTized.
This criterion , as defined edrlier; is the ratio of

thé network throughput to the average'network delay. (‘

- The objective function F, being defined as
< ;

the reciprocal -of the network power, is evaluated by

invoking‘the Mean Value Algorithm. ' - b

The WINDIM algorithm can be described by the

following procedure: Yo

\

. v

. .

.. g\
STEP 1l: Choose thée initial window-setting vector e where

-»>

e = (el,ez,.-..,eR)initial for all classes.
‘ -t

~

STEP 2: & designates the current base® point window settings.

Evaluate F(e), set t=0.

STEP 3: Make exploratory moves about 2 to arrive at

.
e e e 4 e g A A S R T

-~

e e —— e pakla s

e

R < SN ST
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. - -~ T o ¢ '
settings ee(t}' ;
5> - - o -k
STEP 4: 1f F(ee(t))<: ﬁ(e), () becomes the ?ew base

point window-setting vector.

Else GO .TO STEP %.

. . - -» .
STEP ?. Make a pattern move frog-ee(t) to ep(t). set
t=t + 1. ‘
T
4 - . -
STEP 6: Make_explora?ory moves from ep(t—l) to ee(t)'

]

), 2
e(t) . e(t-1) e(t)
new base point.window-setting vector. GO TO

STEP 7: If F(&_,. ,) < F(E becomes ,the

STEP 5. Else @ = , GO TO STEP 2.

€e (t-1)

)

STEP 8: fﬁlstep size is not small enough, reduce step
size and GO TO STEP 2. Else record & as the
optimal window-setting vector and terminate

the procedure.

-~

For the initialization of the window siges;
the single chain problem is consi&ered. If each link
is mo@elled by a single M/M/1 queue, and if there aré
Q hops in the chain, then P is maximized (aﬁd hence F

minimized) -when the window size is QESZJ. Thus a good




'apéroximation to the initial window-setting vector is

IS

N ﬂ?i,?za---,QR) where R is the number of hops in-chain
Fl v . { . : . .
& r. i k -
4.5 NUMERICAL RESULTS _ . N

A

The WINDIM algorithm has been implemented in =
APL and run on an IBM 360/65 to study some simple neta
" works. ' -

£

-

‘The first network is shown in Fig.-4.5. fhis
network has six switching nodes and seven half-duplex
cﬁannels. Channels 1 through 5 have a capacity of

.50 kbits/sec each. Channels 6 and 7 each has capacity

25 kbits/sec. The queueing discipline is FIFO.

,

-

‘Two message classes are defined in the network.

Class 1 messages originate, with Poisson .rate Sl' at
q“ 0

. Edmonton and are routed to Ottawa via Winnipeg, Toronto,

. and Montré&al. Class 2 messages originate, with Poisson
rate S,, at Montr&al and are routed to Vancouver via
Winnipeg, Toronto, and Edmonton. The messageg are ex-,

ponentially distributed with mean length 1000 bits for

both classes.

s —

e o et e e

A
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A Network Example in Two Classes
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:The gqueueing model of.thé network is shown in
Fig. 4.6. This model comprises two chains and nine
'queuéél Quetes 1 to ﬁ represent the 7 channels inter—
codnectiné the nodes. Queues 8 and 9 model: the sources

r

0f the two chains.,

The WINDIM algorithm has been applied to in-
.vestigate the effect of varying the class arrival rates'

5

set of windows. which maximizes,*he power P as defined

and S, on the optimal window settings, i.e. that

’ \ - ' ° P
in [5]. The results areAsummarized.éh.Taple 4.7 and -

4.8.

From Table 4.7 it canaseen that; with sym-
metrlcal c&ass loadlngs, the optlmaI‘WLndow sizes are
also symmetrical. ThlS is readily explalned by the
symmetry. in the routings and network parameters for the

. two classes. If the traffic'arrival }étes are increaseq:
the ﬁaximum power also increases. Moreover, smaller
window settings are needed to attain this maximum powéf.
.This is true'sincé the heavier the traffic, the gpgate;

is the tendency for the network to be congested, and soO

d more stringent end-to-end control is in order.

-

*



Chain 1

Chain 2

. To 8

Fig. 4.6 Closed Chain Model of Example Netwérk

in Two Classes
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4.7

‘

Effect of Symmetricél'Class Loadings on Optimal

Window Settings for a-2-Class Network Example

Class 1 Class 2 Total Network | Optimal |Network
Afrival Rate Arfival Rate Arrival Rate Window ' Power
S; s, sl,_‘j+ S, Settings '
{(msg/sec) (msg/sec) (msg/sec)
12 "13 25 5 5 159
15.5 15.5 31 5 5 173
18 18 36 4 4 179
20 20 40 4 4 182
22.5 22.5 45 4 4 183
25 25 50 3 3 184
37.5 37.5 ‘ 75 303 190
50 50 100 3 3 182
62.5 62.5 _125 2 2 194
75 75 150 2 2 196
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-

Thé 9ffect of dissimilar class arrival rates
on the optimal window settings'£; shown in Table 4.8.
It is noted that even for ciass arriv rates differing
by a factor of up to 3 or 4, the.opt'ﬁal window sizes
remain cl;se to those for'symmétriéal loading; This
is espécialiy appealing as instantaneous window sizing
is virtually impractical, and so the window settings
should be as insensitive to traffic fluctuations as
possible. Table 4.8 also’shows that the degradation
in the maximum power increases as the class arrivals

differ more and more. It is therefore advantageous to,

operate the network with similar loading for the:classes.

In probing the global optimality of the,window
sizes selécted, the power P has been obtained for the
full range of arrival rates wiéh different window sizes.
The results are shown invFig. 4,9, It is observed that
for window sizes greater than or 'equal to (5,5), and ;
with increasing applied traffic, the power initially
builds up rapidly to a méximum value, bu£ then degrades
just as fast to some steady-state -value, to remain there

unaffected by further increase in loading. It is evident
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J
Table 4.8

Optimal Winéow Settings for a

A% .
2-Class Network Example

imilar Class Loadings on

)'.
S/

Class 1 Class 2 Total Network 8, Opﬁimal Network
Arrival Rate |arrival Rate | Arrival Rate _§I_ Window ° Power
5, s, Sy * 5, Settings \\\J
.(msg/sec) {(msg/sec) (msg/sel?\) )
12, 13 25 | 1.08 | 5 5 159
10 15 25 1.500| 5 5 157
8.4 16.6 25 1.98 | 5 4 153
7 18 25 2.57 | 5 4 147
5 20 25 4.00 | 5 4 138
18 18 36 1.00 | 4 4 179
15 21 36 100 | 5 4 177
iz 24 36 2.00 '5 3 172
9 27 36 3.00 | 5 3 161




Fig. 4.9 Network Power Versus Class Traffic Arrival Rate

E

&
P L B=(2,2)
200 - & _A-. —a
180 -
- - a§=‘5:5!e
160 - .
- \—-q
140 -
120
. _E=(10,10)
-100 1
8o
60 -
£ — 1 = T§=(25ii§)
40
. E=(50,50)
ety 2 » - ”* #— * ( %
20 -
20. 4o 60 80 100 120 140 160 ' 180

Si———-h- PAC/SEC




n

~ 108 - N

that window’sizes that exceed 5 are inferior as they
always give smaller power than for E = {5,5) at almost

any traffic loading. If the throughput and delay re-

‘gquirements are not too stringent, such that a window

size less than 5 can be used, the network will be ope-
rating with a power that is monotonically increasing

to a steady-state value as the arrival rates build up.

The second network example is shown in fig. 4.10.
TIN.s network is quite similar to the one just considered.
Four message élasses are defined in this case, the rou-
'ting chains of classes 1 and 2 are identical to those of the
previous network. Class 3 meésages\originate, with Poisson

rate S at Vancouver and are\routed to Montré&al via

3l
Edmonton and Winnipeg. Class 4 messages originate, with
Poisson rate S4 at Toronto and is routed directly to
Winnipeg. The specifications for channel capacity and

queue discipline are the same as™fQr the previous net-

work. The messages are exponentially dkgtributed with

mean length 1000 bits for both classes.

Fig. 4.11 shows the queueing model of the net-

work. The model consists of 4 chains and 11 queues.
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To 11l
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Chain 3

Fig. 4.11

Chain 4

-

Chain 2

To 8

b

Closed Chain Model of Example Network

in Four Classes
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~
>

Queues 1 to 7 represent the 7 cﬁénneis interconnecting

the nodes. Queues 8 through 11 model the sources of

the four chain$.

The routing and network parémetérs are‘quite
'asymmetrical for this network example. Moreover there
is greater intgraction among different class traffic
than for the two-class network just studied. Taﬁle 4,12
summarizes the influence of the class arrival rates
on the_optima1 ;indow sizes. Randomly chosen custoﬁer'
arrival rates have been considered for the four sources.
It is observed that for a given totazrnetwork traffic
arrival rate, the network power is apparently naximized
if the traffic arrival rates are in the ratio of the
virtual channel capacities. It also appears thédt the
magnitude of optimal network power increases as the
total network traffic arrival raté'increases. This

has already been predicted by the two-class example

network just described.

The increased interaction among different class
traffic renders Kleinrock's prediction [52] of window

settings (4,4,3,1), based oh the number of hops in each

’

s

L% e e
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Table 4.12
P .
Effect of Variationézzg\ﬁraffic Arrival Rates
on Optimal Windoy Settingg for

a 4-Class Network\Example

4
Sl S2 SB S4 ;%é Sl Epp Pop P4431
6 6 6 12 30 (11174 |352 279
9.957| 4.419 7.656 7.968 30 2125 286 253
17.61 3.56 3 5.83 30 |33 32 225 210
12.50} 12.50 12.50 25 62.5(1 11 4 543 320
21.24 9.86 18.85 12.55 €2.5 |1 114 383 271
33.59 1.70 24.15 3.06 62.5 {2 1 3 14| 253 228
20 20 20 40 1001112 599 277
28.18 ] 38.02 T 2.87 30.93 1001112 3 520 250
| /
where,
8 = Class i arrival rate in msg/sec, i-= 1,2,3,4.
Eop = Optimal window sizes.
Pop = Optimal network power.
P4431 = Network power corresponding to window

settings (4 4 3 1).
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class, a very poor estimate of the true optimal window

settings. This is clearly seen when Pop is compared to

»?

P443l for given arrival rates in Table 4.12.

4.5 COMMENTS °

It is {fc%pled that in the initialization of the
window sizes for the WINDIM-algorithm, the window-setting
vector (Pl"§2""; R where B, is the number of hops
in_chain‘r, has been used.

For the 2-class network example, there is only

little interaction between the class traffic in the two.

routiﬁg chains. Tables 4.7 and 4.8 indicate that although

!‘l' %2) is not the'optimél choice, the corresponding
network power is comparable to that for optimal window
sizes. However, for the 4-class network examplé, where
there is substantial interaction ambng’different class
tfaffic, the said initi%> windoa\i?tting vector does not
even'érudely approximate to the designation for optimal
settings. It is therefore apparent that the initia; win-
dow settings approach the optimal choice asymtoticaily

as therinteraction among different class traffic is

v

! T T E T o AR o b T TR T

.

o




et macnl

- 114 - .\\3x, ‘.

gradually decreased. This conclusion is confirmed by
\ . -
‘ consideration of Kleinrock's original network model [52].

fhe fundamental assumption in Kleinrock's model
is that the average network delay be modelled as a
Q-hop network with each hop modelled by an M/M/1 gueue
and with an instaﬁtaneous end—té—end acknqwledgement.

- 'Accordinglx, the total average network delay is given by ’

T N & " (4.21)

= A

hetwork capacity in msg/sec. o

where /ﬂ
MY

§

n

network throughput in msg/sec.

1]

input traffic rate applied to the

network in msg/sec.

| 7 J \ N ) .

(4.21) assumes that the g hops contribute T
;denticélly to the total-averaée network delay. The

‘equation may apply to individual routing chains as long

as there is no interaction among the different class ]

traffic, in which case the optimal window settingg are ‘iﬁ

g,

L ) -
precise;y’ ‘?1'% 2"'°'?R) for an R-class network

)

I . . {
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CHAPTER 5

N~ e N

CONCLUSIONS

»
»

The exact analytical model of separable qdeueing
networks, and its attendant overwhelmleg computatlonal re-
qulrements present , a formidable problem rather than
gn expedlence to the selectlon of- good window settings
for computer—communlcatlon networks in an end- ~to-end
flow control environment. The new heuristic algorithm,
WINDIM presented in this thesis provxdes an efficient
‘and a reliable method for resolving the aforementioned

. . .. . {
window dimensioning problem.

WINDIM‘eesentially comprises the well-known

multiéimensional_search techﬁique called Pattern Sear-

. ching. . The required function evaluations are afforded
by the heuristics of the mean-value analytical model
recently developed by M. Reiser. The computational and
storage requirements of WINDIM are modest compared with
a similar search built around the exact analytical model
(e.g. using the traditional convolutiom algorithm ap-

proach). ’ . ) .
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The algorithm has been implemented in APL and
used in dimensioning the end-to-end windows of .some simple
network examples. Results obtained from these examﬁies

are undoubtedly conducive to the good selection of end-

- to-end windows for 1ar§er networks. Although the net-

work examples considered comprise only FCFS queues with-

n

a single exponential server for each queué, WINDIM can

be readily extended to analyse networks with LCFSPR, PS,

IS or other work-conserving queue disciplines.

_It should, however,lbe noted that in a practical
analyticallmodel,'the flow control protocols‘necessarily
reflect the natural attribute and limitation of ﬁ finite
buffer storage in any store-aﬁd—forward_switching.node.
The exact modelling 6§ the local flow control scheme

is hither\{po unsucceséful. .. .. Nevertheless, the recent

developments [44] in the analysis of networks with end-

to-end, local and isarithmic flow conﬁro;s is néteworthy.
It is therefore imperative to contihue fhe heuristic ‘
development effort, delineated in-this thesis, to‘exbp—
dite the dimensioning of end-to-end, local, and poséibly,

1

the isarithmic flow control windows.
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