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OVERVIEW WITH ACKNOWLEDGEMENTS

This work. has been motlvated by the desireé to develop

‘tools that permit rational planning and evaluatlon of 1argedd"‘

scale networks. We feel that this study clearly demonstrates
our conviction that pOWerful computer based simulation tools
exist based on topologlcal, graph theoretlc, queuelng and

'~ certain heurlstlcs .and that furthermore, these tools produce R

valid, readlly 1nterpreted and in many cases, optlmum
solutions to large scale problems that prev1ously had been
simply "out of reach"

At a time of accelerated data network deVeiopment,

problems of transmission, message handling, adaptive routing,

and numberlng schemes,,converge and rapldly focus on a .
network design srtuatlon. 'Nowhere . is there more of a

requlrement for strateglc plannlng in the 1nternatlona1
communlcatlon area, than for the determlnatlon of those,

circuit. expans1on, message handllng, routlng and numbering

'schemes that will produce the maximum revenue s1tuat10n for

Canada and at the same tlme, enhance the pos1tlon of 1ts

_Internatlonal Carr1er.»

Very slmply then, ‘this report is the flrst step 1n _
the development of a new class of 1nteract1ve plannlng tools

‘for generatlng optlmum p011c1es for plannlng networks.'

‘Many people contrlbuted directly or. 1nd1rectly to thls

'-study and.u1part1cu1ar, the authors are. grateful“to Don

Robertson of the Internatlonal Branch for his many 1ns1ghts
and the "feel“ that he’ ane them for the practlcal con51deratlons.-



The executive sacretaryjof the-Canadiéﬁ Advisory‘cdmmittee on
New Data Networks, provided a valuable :and continuing interface

between this study and'thé'relevant‘actiVities 6f_the;CCITT;

John deﬂercé&o p
OTTAWA | ; René”Guindop.‘. -
26 February, 1973 .John’anllva J: “ ‘
_ ST ‘Michel Kadoch:. = .
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INTRODUCTION

This is the Flrst report of the. Wonkd Data Netwonk ,
“Modelling Program, It contains the description and results

6f a generalized simulation model, that permits the analysis

of the traffic handllng characterlstlcs of the Internatlonal
'Telephone Network. . This report also addresses the problems_

of routing plans .and the number of clrcults in the Inter-.
‘national Network This preliminary model 1s now belng further
‘defined to be of ass1stance in generatlng routlng and other
traffic handling schemes that will produce the maxrmum_beneflt.'

to Canada.‘

We feel that the work to date has clearly establlshed
the use of such models as a valuable plannlng tool for future
communlcatlon networks.~ Furthermore, there are a number of
urgent reasons why Canada should malntaln 1ts 1ead in these =
developments. o o "

First, there is increasing’attention being paid~inlff
CCITT studies to the'development'of'techniques for inter- -
hational traffic handllng using dynamlc routlng strategles._
These studies will undoubtedly produce routlng strategles that take
into account the state of occupancy of the dlfferent routes'
\avallable to set up a: connectlon between an orlqln and a -’
destination. Such. routlng strategles deflne in. turn ‘an 3:
international plan that w1ll permit not only an 1mprovement
in trafflc dlstrlbutlon and an 1ncrease in the- trafflc "
handllng capabllltles of the network, but Wlll also utlllze _
the international network in a more efflclent manner by taklngh
“advantage of the non- coincidence of busy hours in dlfferent
countries. Thus 1n order to protect Canada s 1nterests, ‘it is
important to cons1der the ramlflcatlons of th1s 1nternat10nal
plan with respect to the Canadlan trafflc. ~In addltlon,
‘Canadlan contributions to CCITT studles in this area should
promote the natlonal 1nterest in ‘an optlmum manner.
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Secondly, a number of other natlons, notably Australla
and the U.K, are actlvely preparlng alternatlve routing and
other plans for proposed expan51ons of the Internatlonal
Network. ‘It can be expected that these plans w1ll not
necessarlly be . the ones that will brlng ‘the most flnan01al

‘benefit to. Canada._'

ThlS report is then concerned with the development of
planning tools that w1ll permit the - -

- detanm&naxron 05 zhOAe netwomhrng pot&areé whrch are
most advantageous o Canada, ‘
—‘inbrantaneoué~eUaZdaf&an.of aztenhazé'édhéme§~and'the
impact of possible compromises on Canadian plans.
The apnroach taken'in this report is to'givé‘an outline.
of the simulation model, then descrlbe by an example 1ts '

cutlility as a plannlng tool. A flow chart of the

Slmulatlon Model is glven in Appendlx A.

A mathematlcal formulatlon based on llnear programmlng
technlques is presented in Appendlx B. It 1s also shown

“that these technlques can be used for small or. moderatek

networks.

A short survey of”possible”capacity;cost'functions for ‘
telephone networks is given in Appendix Cs Those cost functlons
could represent the amount of money a’ country has to pay (or "
looses) 1f a messaqe 1s routed through a SpElelC branch in-
the network '



PROBLEM FORMULATION

The 1nternatlonal telephone network, now in operatlon,.
is electromechan1cally/manually controlled and offers limited
possibilities as regards call routing.” However, w1th the
gradual introduction of stored program ‘control in’ electronlc
switching- machlnes, a great deal of flex1b111ty will. be
1ntroduced into the network. T is then well known that at.

‘the expense of a a small 1ncrease 1n memory 51ze, elaborate
- strategies ‘can be 1mplemented to produce optlmal trafflc y

flow and to 1ncrease the network's rellablllty ‘and . efflclency,O'

The number of calls Simultaneously in progress‘in'a
network is quite large. Consequently, the eFflclency of any
network w1ll depend cru01ally on the: routlng procedure used.

- Other countrles in the world are developlnq tools which. w1ll

enable them to propose 1nternatlonal network routlng and
numbering.: plans. It can be expected that these plans w1ll
result in the optlmum use of their Eacllltles and hence. 3'
will bring them the greatest flnanc1al,returns.:1’ ‘

The meediaze consequence 0§ the aboue devaﬁbpment°éa

" that in bl Likelihood, plans prepaxed by other mations will
represent a sub-optimum Alzuatlon for Canada." S 3

The problem of flndlng an optlmal routlng strategy

for Canada can therefore ‘be stated as follows-v‘-'

"For any pnopoéed on QXLAILng netwonk and glven
traffic statistics; how can the network be utilized s0
Lhat both, the total Zraffic handﬂad and Cangdran -
revenues are max&mlzed "o o a




CLASSIFICATION OF ROUTING STRATEGIES

The possible routing‘strateqies in a telecommUnication
'network can be d1v1ded 1nto two main categorles. "

- detenanLAth
. ~ stochastia
R . Dete&m&n&bt&c strategles are those 1n Wthh a path o

from orlgln to destlnatlon is predetermlned That is, the:
path is a prlorl chosen without taklng into account the '
state of. occupanCy of the circuits at the time the message
ig being handled. The exlst;ng 1nternatlonal network uses.
such a routing scheme,'that is, an]afpriorivdefined: o
route‘eXists between all pairs of»points_in~the network. . f

A routlng strategy is Azochaéinc if the ch01ce of the
route 1nvolves to some extent a. probablllty distribution, -
 The term dynam&c or adaptrue routing is used to denote a o
- strategy where the ch01ce of the route depends on ‘the’ state
. of occupancy -of the dlfferent groups of clrcults at: the tlmef~

~ the nessage is belng handled. In a store ‘and forward A
',computer network, for example 1n ‘the ARPA - network, adaptlve
routlng schemes are used. These schemes.’ route messages‘
over the least delay path.- ~In suoh networks, 1t s
qulte common that dlfferent messages with"the same orlgln
: and destination’ w1ll not always use the same path..

N Furthermore, in 1nternatlonal s1tuatlons 1t may. happen
» ’ that busy hours .of two dlfferent centres or countrles in the
network do not c01nc1de.: In thlS case, the" routlng is really
'_'tlme dependent. Thus in the design of 1nternatlonal networks,"
- savings in the number of circuits can be obtalned by taklng into
account the non—c01ncldence of busy hours 1n dlfferent countrles.
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Up to the present time, onlyICOSt independent"routinq ,
strategies have been considered. 'In a cost independent routlng
strategy the route chogen is one for which some crlterla
functlon_lsumrnlmal (or maximal), The route chosen_for_'
handling a message may also'depend on‘theltransmissioniquality
of the‘different'sectionslinvolVed in’the possible routes.

‘This could very well happen in a network hav1ng heterogeneous

transmrssron lines (w1res,'radlo llnks, satelllte) Accord1ng~
to study group XII of CCITT the tandem connexion: of two or

more satellite circuits should only_be used elther, ‘in case of
failure of a terrestrial cirouit' or, for data transmlsslon. ‘
It was recommended by the study group that the route of mlnlmum
propagatlon time. be used if several routes were avallable;';

An lmportant conslderatlon in optlmal strategy is to -
take into account the grade of serV1ce i.e. ‘minimize the
number of lost calls while max1mlzlng the network trafflc.

' The optlmlzation crlterlon sbould be expressed 1n terms of o

cost. In other words, maxrmlze the trafflc handled by the'
network at minimum cost. If a penalty or prlce 1s assoc1ated
with the loss of a call the grade’ of service w1ll also be

‘minimized. .

Taklng into conslderatlon the strategles formulated
so far, a llnear nrogrammlng formulatlon to solve the optlmal
routlng problem is presented in Appendlx ‘B, whlch also d1scussesr

~its limitations and difficulties. Due to the: large numher off'

constraints and variables, a solutlonpto»the problem~usrngne S
standard linear techniques was shown to be impossible for
large networks. ' o | o
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SIMULATION MODELLING

Our studies have indicated that‘preSently available ana-

'1yt1cal technlques are 1nadequate to cope with large scale B

network problems. Therefore, slmulatlon was the tool used
to analyse the traffic’ handling characterlstlcs‘of the
network cons1dered. B T

The SLmulatlon model descrlbed here can be used to

| study the trafflc flow in the 1nternatlona1 11ne sw1tched
. network. - For a given network conflguratlon, thls modelWlll

generate messages Cat each node 1n a random fashlon.. These
nodes represent in actual fact a country generatlng messages.'

»Each message is served upon_ arrlval 1n a fdrst—come flrstr '
served bas1s us1ng a dmrect route to its" destlnatlon. If'-

such a route is busy, the message w1ll be dlrected through |
unsaturated lines using alternate routlng schemes.. .The
message will occupy a 'voicge llne for a tlme randomly chosen.

In the present slmulatlon, the average tlme a nessage. occuples '

a voice llne was arbltrarlly chosen as'8 mlnutes. _Th;s oan
however easily be varied in the: model. If a message cannot

- be routed either through a direct route or through some alternate :

route, that me,sage is cons1dered to be LOAI.

The messages orrglnatlng at each node are assumed to come
from a Poisson traffic source. The average arrlval rate of
messages is ‘also varlable, which can be chosen as a functlon
of the traffic intensity StatlSthS of,the“oountrres rnvolved.
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EXAMPLE -

Ty

The follow1ng slmple example, 1llustrates sonme conslde—
ratlons followed in applylng the s1mulat10n model to study

‘the behaviour of the- network in Flgure 1.

Figure'l

Figure 1 is arfoﬁr?node network ‘with - asslgned voice |
line circuits for each node. . (e. [« 8 there are 10 voice 01rcu1ts‘
between nodes 1 and 2) Each node represents a switch.

In this. example, node 2 sends messagesto node 1 at a

"~ . rate of 5 messages per minute: Node 2 also sends messages at

a rate‘of one message per minute to node 3. Consequently, on -
the average, there are 5 tines more messages’generated for \
node 1 than for node 3. ThlS glves therefore the p0331b111ty
of controlllng the level of traffic between countrles (nodes)

~The next step in applylng the slmulatlon model is to

spe01fy the routing scheme to be used.
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ROUTING SCHEME

An essential and 1ntegral aspect of the slmulatlon of
any communlcatlon network is the ass1gnment of the routes . ,
through the network by means of Wthh messages can be sent
from switching center . to sw1tch1ng center. This cholce of
the routing'algbrithm between the different sw1tch1ng centers,
that is, the hierarchy of direct and alternate routes, will

‘have a significant effect upon the trunk capacity’ and on the

probablllty of a message successfully reachrng its destination.

In order to select the optlmum route for a message the>
follow1ng 1nformatlon is requlred._ ‘

—-capaarty 04 ﬂtneé
- netwonk topoﬂogy
- Location of nodgé (AW&tCthg centené)

It is recognlzed that due to pOlltlcal con51derat10ns

l, certain messaqes must.berouted solely on the direct route.
The s1mu1atlon model caters to these 51tuatlons by prohlbltlng

alternate routlng.

The progressive routing of a message is illustrated‘in the . -

previous example (Figure 1), where a_meSSage.originates at

node 2 and termlnates at node 1. The first choice route for
the message is the dlrect route, node 1 to node 2, If this

©is fully occupled, then an alternate route is chosen. Hence,

if 10 messages (which is the capacity of: the direct route
between nodes 1 and 2) occupy the route when a message 1s
orlglnated at node 2, then ‘the message will be rerouted through
node 3. Thls partlcular alternate. route is chosen flrst, because
it has a greater capac1ty and covers a ‘shorter dlstance than o
the other poss1ble route through node 4. The route through node
4 is only used if. the dlrect route and the flrst alternate route‘
are busy. When all routes are busy the message will be cons1dered
as Losi. ' ‘ | |
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Le1l-
- In resume, a message is routed through the network

one switch at a time until 1t reaches its destlnatlon or

a blocklng situation occurs and it is Loskt.

The flrst problem at which we dlrected our " efforts,_

_was to become familiar with the complexities’ of the’ network
and to study network behav10ur under leferent traffic -

loads. - To fac111tate thls, a predetermlned message routlng
algorlthm for each node Was bullt 1nto the s1mu1atlon o

- model.

The next stage of the development of the model w1ll _
include addltlonal steps.. The first will, of course, be the

‘selection of a set of . reasonable routes: from each orlglnatlng
country to Canada.f~These routes will be. determined by '

considering the distance 1nvolved, the number of tandem
switches and the conditions of the links relatlve to
the‘capa01ty, . that 1s, it will be a dynamlc adaptlve routlng
scheme. The second step will include the 1ntroductlon of a

control procedure Wthh Wlll limit the choice of routes avallable
“to a message. For example, it will be necessary to restrlct

essages so that they cannot pass. through the same node
twice. Thls w1ll prohlblt a particular. message from travelllng

the same route more than once.
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RESULTS OF THE SIMULATION MODEL

In order to establlsh the ground rules for the study of
the Internatlonal Network in a meaningful manner, a part1a1
'_layout of the Commonwealth Telephone Network, shown schematl—“

cally in ‘Figure 2, was used.

leferent levels of trafflc were: generated from each node
S0 that a plcture of the Message routlng could be V1ewed.a’
For eXample, if 1t is assumed that ~only one- c1rcu1t exists
‘between Canada-India and that the flrst choice alternate _
route is v1a Australla and the second. ch01ce alternate route |

is via Hong—Kong, the follow1ng results were obtalned see Table l.. B

‘cANADA—INDIA 1 _I-N‘DI;A"-‘CANADA

‘Messages| Routed DireCtlY'j‘, 22 . ) o v 100
" | through Australia =~ | =~ 25 . .} 22
" 1 through: Hong—Kong 1 ST B 8
Lost messaqes L 0 o
.'Table 1

_ " These results show the breakdown of total messages per |
route for a 7 day week, 24 hours per. day perlod. W1th the -
‘chosen trafflc levels and alternate routlng scheme no messages
Would be lost. L a o B «'~-<"*-‘;“,“ :

Another very 1moortant area of 1nterest, is’ that of know1ng
the condltlon of the llnes 50 as to see how close the network
is to saturatlon. Table 2 1s a representatlon of th1s type of
information, It nlves us a general plcture of - the network.
For example, it shows that ‘the average line- utlllzatlcn between_
India and Canada is 22, 6% with the alternate routlng scheme
'descrlbed prev1ously.‘ A detalled explanatlon of the termlnology ’
used in Table 2 is glven below. | S

Line*isﬁandidentifierkoﬁ the circuitslof;the.network;
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Line Capaciiy indicates theznumberrof aVailahlefvoice-
circuits on . the route_identified, , S

- Average Content 1s the average number ‘of messages per

minute that ex1sted on the circuit during the Simuiation.*"

Totaﬂ Eni&&eé represent the total number of messages

on that c1rcu1t. For example, 1n the case of thettraffic‘t

between Canada and India, the total number of messagés in
both dlrectlons was 222. ‘ SO

Average . Meééage Time is, as the title 1mp11es,‘the

'average time for the messages to be transmltted through _c

the network.

Cunnent Content 1ndlcates the number of messages

urrently 1n the. netWOrk when the s1mulatlon was stopped.‘ o

: Maxtmum Content refers to the maxlmum number of messages

that exist at any one time on a glven c1rcu1t. In.our:
partlcular example i.e. for 11ne 9, the: maxxmum content

”Was recorded as 1.5 This is qulte reasonable s1nce the _"
.total capac1ty of that route is 0ne voxce c1rcu1t.

Table 3is a sample printout of the Slmulatlon Model

»representlng the number of messages and the1r routlng 1n

the network.



- PARTIAL "LAYOUT OF THE COMMONWEALTH

 TELEPHONE NETWORK

X

GDND O D OIN—

. Canada

England and Africa
Barbados =

- Jamaica

Bermuda
New Zedland
Australia
Hong Kong:

"India .

Voice Lines

- BT -




Ce

“Table 2 -

5

9.621 -

, ‘ S - AVERAGE ,

- LINE AVERAGE - . AVERAGE TOTAL . 'MESSAGE ~ CURRENT  MAXIMUM -
LINE CAPACITY - CONTENT UTILIZATION ENTRIES TIME CONTENT CONTENT
2 149 10.048 . 0.067 10723 9,445 - 6 23
3 9 0.591 0.065. 667 8.934 2 5 -
4 22 1.973 0.089 2008 9.526 1 9
5 .16 0.420 0.026 . 444 .9.540 0 4
6 4 1,437 0.359 1505 - 9.627 1 4
7 80 6.101 - 0.076 6459 9.520 6 17
8 6 ©0.432 0.072 480 . 9.079 © 0 5
9 1 0.226 0.226 - 222 . . 10.288 0 1
10 - 5 £ 1.919 0.383 2020 9.576 2 5
11 74 2,180 0.023 2259- 9.729 2 9.
12 3 1.515 0.505 - 1710 8,932 1 3

13 36 2,015 . 0.055 2131 9,534 6 10
14 3 1.582 . 04527 . 1616 9.869 1 3
15 ©1.909 0.397 2084 5 5.

- ST -
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Table 3

CANADA BRITAIN CANADAf

—— mm— . VRAR pet peed  wvw W Vmm s W wee

NUMBER OF DTRECT MESSAGES =~103§5-‘
LOST MESSAGES ! = 0

TOTAL REVENUE 113810
@@@_wy%_gwwg
NUMBER OF DIRECT MESSAGES 328

LOST MESSAGES a = 0

TOTAL REVENUE 10057
CANADA_ BERMUDA' _CANADA
NUMBER OF DIRECT MESSAGES 444

"LOST MESSAGES , = 0
TOTAL REVENUE ' : =

CANADA BARBADOS CANADA

FROM CANADA
338
0

 DIRECT MESSAGES
THROUGH JAMAICA
LOST MESSAGES
TOTAL REVENUE

o
6334

CANADA JAMAICA CANADA

-on—....—-———-—-——-n——-

DIRECT MESSAGES - o 1025

THROUGH BARBADOS - .~ .0
LOST MESSAGES = . 0 |
= 20965

TOTAL REVENUE

FROM CANADA

. PROM BARBADOS .

327 .
o

'FROM BARBADOS

- .1062:
o0
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CANADA NEW ZEALAND CANADA

—.—-——-—-—_————_—m——-—-

FROM CANADA - FROM NEW ZEALAND

DIRECT MESSAGES -~ = . 1053 . . = 451
THROUGH AUSTRALIA - =~ 75 21
THROUGH HONG-KONG ~ - -0 .0
- LOST MESSAGES = "0
TOTAL REVENUE = 46072

CANADA AUSTRALIA CANADA

B e e e S I

- . FROM CANADA - FROM AUSTRALIA

DIRECT MESSACES - . 3163 | 3147
THROUGH NEW-ZEALAND - B o 0
THROUGH HONG-KONG - 0 N
THROUGH ‘INDIA - - I 0. 0
LOST MESSAGES. - 0
TOTAL REVENUE 126962

# 0

CANADA HONG—KONG CANADA

— s Gen s e e e e e e S

FROM CANADA = .. FROM HONG—KONG

DIRECT MESSAGES - . 246 o 210
THROUGH AUSTRALIA - ~ o . 0
THROUGH NEW-ZEALAND - - o 0
THROUGH INDIA - o S0
LOST MESSAGES = 0

TOTAL REVENUE = 17792

CANADA INDIA CANADA

e - m— vem o Tt

FROM CANADA ~ FROM INDIA

DIRECT MESSAGES - = 122 100
THROUGH AUSTRALIA - . 25 .22
THROUGH HONG-KONG - 7 8
LOST MESSAGES = - 0O
TOTAL REVENUE = 12472

1

Yo
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- GENERAL OBSERVATIONS -

The plcture presented so far is for onlv a portlon oF
the Commonwealth Telephone Network It is by no means

the complete picture Since our maln objectlve in this report
is to show that 31mulat1on models can be used to study and

'analyse the Internatlonal Network as 1t 1nterests Canada.

However, ‘it should be noted: that the whole network can

be represented in such a model and real system behaV1our can

" be analysed and: literally reproduced w1th ex1st1nq

statistical data.

At Zthe pneéeni t&Me, thesxe dbeédnof seem to be too much -

:06 an inZerest in costs nelated %o trhans it i&aﬁﬁrc._"The

reason i a direct nesuldt of present: poﬁrc&eé sdnce no coAi
sharing exisit with Zhe inanéri centens.  That Asy ihe nevenue
of the call is presently shared with the onriginating and.
deétination_cquninie&'ohﬂj. In time, however, this poﬂrcy
may .be changed., A centen which trhansizs a ca££ dependrng‘
on its origination and destination. could coblect a centain

‘pencent of the total nevenue 04 ih&é ca££ This Wouzd

drnectﬂy affect the revenues of any pa&i&cuﬂa& countny and'
would Zhenefone: 5once negotrat&on as to where a call may
be nrouted to m&nrm&ze Zhe revenue drét&rbatron 06 zhe, ca££

The model developed 80 Far will not give us the set.of
optlmal alternate routes but will glve us. an appre01at1on of
those routes which w1ll beneflt Canada when a cholce is
avallable.

__It~can thereFore be seen that the next step ‘in thlS

. project is to develon a mathematlcal model.whlch will. produce

the set of optimal alternate routes for messages destlned for.
Canada,-taklng into conslderatlon the cost or revenues- produced

from transit messages.;'
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INPUT/OUTPUT OF THE MODEL

put to the Model

. For summary the 1nput requlred to- the s1mulatlon

model is:

1.
2,

3.
4.

5.

.."6|j
7

mean time

mean time

.to Canada

mean time

for messages sent from Canada

for messages sent from other countrles

for messages seut'betWeen other countries

cost of the flrst 3 mlnutes for a message from each

country plus

the cost of each addltlonal mlnute

network conflguratlon

capacity'of'the:lines.

Output of the Model

. For each message to - Canada from any country and

v1ce versa, the model w1ll ‘give: =

1.
2;

5.

6.

theltotal
the total
alternate

the total
altetnate_
~ the total
alternate
‘the total

number
number
route

number .
route
number

route

number-

of dlrect messagesfrOm each country

of messages through the flrst

of‘messagesfthfough~the'secohé

of messages through the nth

of lost messages

total Canadian revenue.
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The' output of the 51mu1atlon model glves also a detalled‘
analys15 of line utlllzatlon for the 31mu1ated perlod of tlme.e

Fdr each line, the following is given:

ﬁeASSaned capacmty of the line :
. - Average number of messages 1n the 11ne durlng the
simulated time _
- Total humber of. messages durlng smmulated tlme L
- Average time per message '
= Utilization of the line (s)
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CONCLUSIONS & RECOMMENDATIONS

The Slmulatlon Model described in .this report W1ll be
in a state of. perturbatlon and . evolutlon f0r the next few
months. During this time, statistioal data wmll be gathered
to evaluate the accuracy of the model related to the ex1st1ng
network., During this time; the model Wlll also be expanded
to include all.the‘Internatlonal Network.

There remalns many problems Wthh have not been solved

or 1dent1f1ed. However, we have attemnted to create a- model_: .

to help us analyse and make recommendations on the efF1c1ent
use, for Canada, of the Internatlonal Network.~_. Y

We reconmend that this prOJect contlnue and,.
- study the impact on revenues. that result
"‘ln modlfylng the routlng and numberlng schemes

- -develop a.model for Optimlzing the conflguration »}

of:an'expanding‘network ~ This w111 cater for
the case of progected future trafflc,"‘
- maximize Canadian. revenues by proposlng .
. optimum routlng and numberlng plans and
'"mlnlmlzlng the number of lost calls.

To ensure the value of this exer01se for all concerned
we recommend that detailed discussions with COWC be held for
the purpose of securlnq their aqreement to- asslst 1n nrovldlnq
the detailed requlred 1nFormatlon. ‘ ' ' ' )
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. APPENDIX A

N

FLOW CHART OF THE SIMULATION MODEL
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APPENDIX B ‘

. THE OPTIMAL ROUTING PROBLEM (statlc model)

"Given a telephone- type network and at trafflc demand we. deflne
the optimal routing problem as one that searches for the_i_

"~ -"'cheapest'" way to service the 1argest amount of the glven

trafflc through the network"

A telephone network is an und1rected network with the follow1ng
- relationship between the flows in branch |1,J| and the capacltyr'

of the branch

x(1,7) = cli;jl.- X(1,9) e ’ci).

“Where x(i,j) is “the flow,\frmm node 1 to node j and c|1,1|

is the capacity of the undlrected branch |1 1| Equatlon (1)

~ .shows that for a saturated branch the sum of’ the flows in
lthe 1,7 d1rect10n with ‘the flows in the Jyi dlrectlon 1s equal
‘to the total capaclty (# of c1rcu1ts) of the branch

For a telephone network the measure of performance is the Grade
of .Service (G/S) defined as. the. ratlo of: the number of reJected

messages to the total number of messages that requested serV1ce, o
»averaged over the busy hour perlod.

OPTIMAL ROUTINC MODEL
,ded&n&i&on '

X (1,1) = the flow from node i to node j through the

C und1rected branch . [i,ﬂ R that corresponds to :”'
‘the traffic demand (amount ofmessages) w1th
origin sk‘and destlnatlon tk o ‘
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For a n node network the maximum :number of~a11.pessib1eddemands

is given by:
M =dn(n41)

From those two def1n1t10ns, the first constralnt for thls
mathematical model, the "branch capac1ty constralnt"-

glven by
M
2 GEa g eligl wlnil e @

Defining'Qk and-xk?"as;follows:

;Qk- = the requested number of messages w1th Orlgln Sk ‘v;.
and destlnatlon tk ' - ; o
xkr.= the number of reJected messages w1th or1g1n sk ‘

and destlnatlon tk

The second:c0nstraintgf0r-this‘medel;'thev"COnyersatiOnebf_'

. flow constraint”'is'rebresented_by:

ek _.;.;;. o
Q-xy for 1= sy

(x (i, 1) - x (J 1))

0. . otherwise-

nm:'

:_-Qkkar fer.rtéttk

Given’ the constralnts (2) and (3) we would 11ke to find a
flow pattern that m1n1m1zes the total cost of - routlng messages.;

"Two cost functlons are needed The f1rst one denoted bv

q|1,1| represents the value or nrlce (cost) assoc1ated w1th

: u51ng one unit of capac1ty on branch |1,J| The second one-



..2_6....
* denoted by‘dk represents the ameuht losf'(penaltY) for not
‘satlsfv1ng one unit of requested flow Wlth or1g1n Sy and

destination Ty The total cost Z. assoc1ated with the messages
flowing and not flowing in the network will be given by:

2= & @ oaqli,il x4, 6 3 a4 x T
wliyil k=1 IR S

. where:
x*[1,i] = xk(i_,jj A+_xl-v<_(j A _}._" e ;’;-.._."..:(5) B

Two additional constra1nts are requlred to satlsfv the "
fea51b111ty of the flow patterns, - These are

T ‘
. . , -":v'_‘a--‘oo.o_o' .‘.'-'Q o; (6)
x(i,5) 2 0 SR
We also reqﬁire that:f'

KOs T B0 )

ANALYSIS OF THE OBJECTIVE FUNCTION Z

A

The problem now ‘is to minimize the objectlve functlon S
I L, as glven by equatlon (4) A close examination of equation (4)

* reveals that the first sum on the right hand side w111 optimize. -
‘the routlng on the basis of the relative path values.l.The second’
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sum will minimizedthe grade of serviceh(G/S)~bv”routingvthrough"
the network as large a portion -of the demand as p0551ble.‘ To.
ensure the minimization of 7 the values taken by dk must be -
much hlgher than those taken for q|1 il ' N

THE OPTIMAL ROUTING PROBLEM iDynamlc model) |

In the preceeding pages a mathematlcal model ‘was formulated
to solve the optimal routlng problem g1Ven a certain’ vector
of demands constant in t1me. What happens in the réal world

" is that the vector of. demands fluctuates 1n time. “We could

therefore have a 51tuatlon where at’ t1me t the vector ofdemands

. is satisfied by the network i.e. no messages were’ rejected

while at time t“1 the vector of demands cannot be sat1sf1ed

by the network i.e. a certaln amount of messages are reJected.

We have therefore. to m1n1mlze the value of Z over a sequence jf_
of s t1me samnles. ‘ : : o

| We w1ll now pr0pose an algorlthm to solve the dynamlc optlmal

routlng nroblem

ALGORITHM: | o SR |
Step 1: At each time'sample check if the]given“deménd is.
' feasible i.e. check if theccorresponding:grade'of.
serv1ce is- zero (all messages were accepted)
The routlng optlmlzatlon can therefore be performed ~
using a s1mp11f1ed objective functlon (1nclud1ng)
‘only the f1rst sum of- equatlon (4);

Step 2: The demand is infeasihle (the grade of service is.
> 0). Find the largest. feasible demand by puttlng

| qli,jl 0 for all branches in the network and.
~ solve the. problem with the follow1ng obJectlve

’Functlon

_ m‘ .
Z = 5 -d, x;
. .k=1.' k k
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Subtract the elements of the vector xT Just
found from the correspondlng elements in ‘the ..
vector Q to-get the vector of accepted message G

Step 3: Flnd the solutlon of the model as in Step 1
with Q as the new request vector and the
follow1no obJect1Ve functlon.

m.o. ' ..’-
tqli,il «oxTli,50 0

S ETE T =

REMARKS

The formulatlon of the presented optlmal routlng problem is

-a Linear Programming (L.P. ) formulation and could therefore,’

be solved using the Simplex Method. However, the ‘number of -
equatlons and - unknowns increases dramatlcally as the number o
of nodes 1ncreases (roughly as n?) which means that for large scale

networks no opt1ma1 solutlon can ‘he- Found u51ng L P. technlques.

For moderate size networks (x0 nodes, 50 11nks), 1t is p0551b1e
to take advantage of the special form of the L. P. problem by
using the Decomposition Pr1nc1ple:of,Dant21g‘Wolfe. <Thereforee
an optimal solution can be found for moderate size netwofks,'
If the 11near nrogrammlng technlques cannot be. applled one

has to use simulation technlques or some form of heuvlstlc
solution to the problem._ ' S
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 APPENDIX € R
COST FUNCTIONS ~ —

..............

PROBLEM

_ Given a nonorlented network W1th N nodes and B branches or 11nks,
a set of orlgln destlnatlon nodes w1th khown demands (number of"
messages and a cost functlon or- pTlCe assoc1ated w1th each branch

' WHAT ARE THE COST FUNCTTONS?

Associated with each branch in the network is a- cost functlon.‘ ‘
This cost function could represent the amount of money a

country has to pay (or looses) if a message is routed through
that spec1f1c branch ' '

EXAMPLES

Suppose that the <cost. of transmlttlng a message from

A to B is $10 and that the cost of routlng that message through
the network are-as shown above., ~If ‘the message 1s routed from. A
to B through C and D, the revenue for ‘B would be |10 - (3*2*1)]
If the message is’ routed through EFG, the revenue ‘would be
(10-9) =-$1. Hence'thea¢pt1ma1 route would be ACDB. |
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WHAT DIFFERENT'COST FUNCTIONS'SHOULD BE‘CONSTUERED?' .

Unigorm Cost Funct&onf

- The price of routlng a message
: through branch (1 i) would be
constant i.e.: 1ndependent of

" the number ofmessagestalready_‘

. ©using that branch. =
- Al By
Tnverse-Harmonic Pnice”Fuﬁaiion' }~The.price.0f~routihg”ajw53agéf
' ‘ " through branch (i,j) would
be a monotonlc 1ncre351ng
'f'. functlon of the form' '
A5 = Qgy) P T T
| 50 R S 1
; - | | -
- Exponential Price Funetion . Also a monotonlc 1ncrea51ng
' o - functlon of the form. o
_ q(xl1 ) = Qs p .t — e
alx)gg) = gy [P s |
A 2oexp (Cpyqp X g5))
.Liheam Coét“Funatidnh | ‘E. ' .f -T also an 1ncrea51ng functlon o
3 . o R o (11near)

R - Y - dr . il 7
o al¥pgg) = Ay [" * --—-—-—-—_Cl,__.| }
- - o T AR ES A
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COST OF SENDING ONE ADDITIONAL UNIT OF
FLOW, GTVEN THAT X, . ARE ALREADV IN THE CIRCUIT

A

1) ¢, 51

LINEAR COST

. "FUNCTION 2

B~ INVERSE HARMONIC B

e c— EXPONENTIAL o
- D= "UNIFORM

A=

|

g . 5 1 Y
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NOTATION

Xlij |

Clij]

Mijl-

-~ 32 -

total number of messages on branch |13|from‘
i to 1 and from j- to 1. o '

= total capac1ty (total number of c1rcu1ts) of

..'branch slj!

'Weighting factor fof‘fheibranch iiﬁl'

-constant.



_33 -—

CONSTRAINTS _ » ‘ _
The‘constrainté-cah be formulatéd‘as fo11owsr"

XL, + . . + . e ‘ 8
(<55 s "11,:!) 1131 (e B

ThlS 1s a branch capaC1ty constralnt where xl L] represents_'

the "slack" flow on branch ,].:

(2) Z : (xk - xk .=
o J Jj1
‘.1:3 ‘S'B

1
o
b

3 X. s . = 0 : ) . R - o «
(3 Xy FO0 3 X320 o

0 (number of rejecﬁed messages cannot be_negative),” '

gV

o
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OBJECTIVF FUNCTION:

Our purpose is to minimize the cost assoc1ated w1th routlng
the messages.

We can:

a) minimize iheicoateoé'nouiihg-oueﬁ the entirne netwonk

. E a(xp,o) ¢+ T d xt (for all k)
min Z (13)88 |13| ok k k T T
where; , \ ,
‘ dk = nenalty for mnot. satlsfylng one message of
" the requested kth demand
xi =‘numbef_of-messages‘rejectedlinlihe k?h.demahd"
or ~ b). or minimize the cost of nouzmng fonr onﬂy ihe meééageé

addnaAAed to Canada.

3x£ (for messages routed

inZ= 1 + % d
min q( llj l) K. k koo tO Canada)

(11)8B
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