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-

pe i t t ’  rniancc fl)Od(’ l ing and s imula t ion  proj ect 572 0~ current ly

und erway at M I ’FR F has as Its  ~h j t ’ct  iv t ’ the ~
‘ I ’cati on of a (“i s imula t ion

ca p a l t t l i t \  t l t t t ’t ng  the ( ‘onceptual Phase ot ’ s stem acquisitions on the part of

the l ’SI) SI’( )s~ l ’he pro ‘ct is thus  a t tempting to I dent i f y  appropriate tools

tmode ls or modeling s~ s tems !  that  max ’ be en’tploved early in the acquisition

~‘ vch’ , A n o t h i ’ r coal 4 t t  this  pro It’c t is the specif icat ion of guidelines f o r  C 3

S\’S It ’ rns S i m u l a t i o n .

\~‘ith the se ’ goals in mind , t v o  survey s were undertaken at the outset of

th i s  pro t ’t ’t , The 1! r ’ t  i~ as a sur~’ev of the current uses of C3 simulation

dur ing  the Conceptual I”h ast ’ , along wi th  an an a ly s i s  of selected models. l’he

second survey , which forms the content of th i s  paper , focused on models

that  max ’ t~ ’ employed for the design of computer—communica t ions  networks .

Several models were identifie d which might be em ployed for this pur-

pose and anal v St’s of their algor ithmic content ace presented as the heart of

the report. Summary sections are also included presen t ing  the author ’s

views on the ut ility of each model. An overall summar Is presented at the

end of the report .

ft is impo rtant to point out that to our knowledge , none of these models

are be ing employed on a current ESD problem. (This remark also applies to

the models identi f ied in the f irst  survey . However , plans are currently

- . ~~~~~~~~~~ — a-



being made for the applicat ion of one or more mot1el~s! iden t i f i ed  in these

sur vovs  to such a problem .

One of the more promising candidate problems Is the design of a t a t ’ t  I - -

t’al distributed dat a  —ba se si stem Proj ect ~22t ; l .  nFhls  problem involves the ’

design of Ix th local and globa l networks . h ence , it is felt t h a t  an a t t empt

should be made to discoi t’r any  spec ial  models tha t  a rt’ pa r t i cu la r l y  r e l ey nut

in the des igt’i of local networks.

8
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I ’NTRODI’ CT ION

An area of fundamental importance in the construction of C3 
systems Is

most certainl y the ability to eff ~ctively design a computer—communications

network . Indeed these networks might prope rly be recognized as forming for 1’
all practical purposes , the central nervous system of our military command

and control system. The world-wide AUTODIN II network and the SACDIN

network testify to the reliance of the military upon these networks.

In spite of a rapidly progressing technology, C3 system requirements

place a heavy load upon the designer of such a system . Among the require-

ments which must be placed upon such a system are :

J
• Excellent Response Time /Throughput Characterlstlc~ — In a

time of crisis , no possibility of a system overload ca’~ be

tolerated . A fast response time is mandatory.

• System Survivability — The system must be made as resistant

to interference as possible .

• Expandability — As technology changes , and as political and

military considerations vary , the ability to reconstruct and

update the system is an important consideration .

• Cost-effectiveness — In spite of the importance of the above-

listed requirements , the ravages of inflation simply do not

permit unlimited funds for the inclusion of all desirable

characteristics in any military system.

Thus , an excellent system design is required , coupled with an ability

to maintain the system efficiently and expand It as necessary . Given the

technical complexity of the design questions , one Is led to search for auto-

mated design tools that can take some , If not most , of the burden off the

9
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‘ 

of the si s t e m , :\ n u tnl>e ’ r n f  such  t a u ’ l s  (It ) ind e ed ex i s t . It is the

— put -~~ se of t h Is paper to dt ’s~ i i i  *‘ :ui l e’va l t ia t e  the ’ ci t ii I t \  o I these tools in the

co n t ex t  of th e  el i ’s ign of a ( s l t ’n l , Th e em phasis  is iip~n a comparison t i i

the :ilgo , I t h 11)5 employed in the va rie ~us dt’s ign p hase’s .

W i t h  t Ii is pur~~ se in m ind , t h e ’ pape’ r is o i’c~:ini’i.ed along th e ’ lo l l owin g

li nes Sc, ( ‘ t ion 1 proi ides a ucla’ cal hach~ round on c o m p u t e r — c omm u n i c a t i o n s

network s — their  e ’ i a s s i t i c at  ion , the  t t ’c h n o l o u i e ’s en ip loved i n the i r c in st  ru e— V

tion , and the tundame’nt al  des ic~n i ssue ’s and di I t  u u U  I t s  involved in add rc~- ~
these issues Sect ion 2 th en p r esen t  s . i c oliect ion of algori thms tha t  :1 r i  -

cot -n monl~ employed in the const m e t  ton e ’t these  ne ’t ~v orks  . Section 3 proi’ j i l t ’ ’-~
deta i l ed descr ip t ions  C i t  t t ie sC ’t ti\ a cc p a c k a u t s pr e sen t ly  avai la b le ’ . l” ina l lv

Sec t ion -1 is a s u mm a  ci , in  ~e ’n& cal  t e r m s , ot th e  resu l t s  of the anal v  St ’ s .

(‘ornputer Networks

\ wide \ a n e t i  of c o m p ut e r  netw o rks ace in c x I s t t ’n e ’e toda y , t’an ginr z ‘ -

f rom intr a—eom p anv n etworks  t h a t  mi g ht F~ ’ used for’ stock—contro l and d i s —

tr ibut  ion , to packet—switch ed net ii orks such as AR P:\ N F t  AR PA N etwo t ’k!

whose purpose’ is to int e ’ r eonnect a ce ’llec t ion ot heterogeneous compute i’s in

th e I - . S. so t h a t  use rs  and pr e igr a  in s at  one cen te r  will  have access to

fa c i i  I t  it ’s available ’  a t  o ther  i ’c n !t ’ r~. . ‘1’h~ c’~ I :\I)F S network in F’rance is

anothe r example of 1 p a ck e t — s w i t c h e d  n” tw ork .

On a functional basis * it is e.’ommon to  distinguish between three types

of networks : llen iote— .-\cce ’ss Ne tw t i rI~s t H A N ) ,  Value—Added Networks !\ A N i ,

and ~l iss ion—Oriented N e ’t wt i  rks ~h c “ N ) .

The Rem ote— .-~cccss Ne’ t works ar e  essentially desi gned to support corn—

municatlons between a user ’ and a host computer . (‘oniniercial t ime—sharing

sy stems such as l’Y ~l N F l ’  ( l’ yrn sha re , Inc . I and IN F ’ONE ’l’ Computer

to

- L... — 
- - - — - - — - 

- . 
-_____________________



~1~~~~~~

Sciences Corporation) fall into this catego ry . Another well-known example

is the SITA (Soci~ t~ Internationale de ‘r~ lécommunications Aeronautiques)

network , used to interconnect computers handling airline reservations for a

group of some 160 carriers around the world .

‘l’he \‘alue-Added Network supports communications between computers

rather than between users and host computers . The well—known example of

such a network is the ARI~ANET , which was developed to provide enhanced

computational resources to researchers at a variety of diffe rent institutions .

For example , the ~IIT ~lult ies  time-sharing system is available through the

net , as is the ILLIAC TV at NASA ’s Ames Research Center and an IBM

360 /91 a t U . C. L. A . The network , as a VAN , has among its capabilities the

ability to support long file transfers , the querying of remote data-bases * and

multi-processing, i.vhich can occur at geographically distinct sites . A logical

map of the ARPANET appears in figure 1.

In implementing a VAN , one creates a subnetwork of computers whose

function is strictly ivithin the communications realm — the transfer of mes—

sages between the “host” processors (e. g . ,  the ILLIA C of ARPANET).

Appropriately enough , this net is referred to as the communications sub-net

and the computers utilized therein are referred to as communications

processors . 
- -

In the ARPANET the communications processors are referred to as

IMP s (Interface Message Processors). In the event that the IMPs are con—

nected only to terminals , and not to host computers , they are then referred

to as TIPs (Terminal Interface Processors).

A geographical -map of the ARPANET , as of June 1975 , is included as

figure 2 .

11
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‘Fir e highest level of our t :Lxonomy Is occupied by the Mission—Or ient ed
Network Mt )N~. (‘he d istinction between a V AN nud MON is st rictly oi ’gani—

zat ionttl . Rathe r than have a diverse collect Ion of users a t t empt  lug to access
the t ’onn ’nuflleat Ions subnct for t i re l  i’ own pu r’poses * the  host s and the subiret
ope r’a te ’ under the control of one single organ Izat Ion . ‘t’ he proposed SA ( ‘1) 1 N
fletiverrk is an examp le’ of such a network , u S  is th e  A L ’I’Ol ) I N f l V t W e i  i•I ~
l”i gut ’ e ’ :t is a log ical mop of Al ‘I’ ( ) I ) I N .

‘I ’here a i.e’ three separate point —to—point  t r an s  miss ion technol ogies
presently emplerved in networks

Circui t  (or I ‘ine ) S w i t c h i n g

2 . Message Switching

t . Packet Swi tch ing

Vigi l cc I is a diagram take n fro m K 1~I ’: l 76 t h a t  co nipa i’cs the  ne twork  delay
t ime  t’or the three type ’s e lf t ransmiss ions .

In circuit  switching , th e cut Ire p ath between the sender ’ and receiver
(the two hosts , In our c’:lse~ is ~ vt up prior to message t ransmiss ion by a
special signal th a t  makes i t s  way through the network , seiz ing  av ailab le
channels as it got ’s . In the  event tha t  a success ful path is established through
the network , a re turn  signal is sent back through the network indica t in g  t h: i t
ran snr iss Ion may begin . ‘l’he entire path between the tw o users is then corn—

pletelv dedicated to th i s  t ransmission , Th is is the approae’ti e’rnploveel by the
telephone network . The ()A TRA N network [ I ’  I A l ’74  ) ~hcfore it passed oril
was an example of :t e Ir e ’u it switched data netwo rl~. In gene i’:u l , t he set —up
time for a d ial—up circui t  is on the o t’(Ier of d —20 seconds . Nevertheless , the
increasIng speeds of t rans niiss ion which came alxiut as a result of Improved

L ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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1’

switches made the l)A ’I’ H A N network an operational poss t h u  lt ~’ . The
interested reader should consult I” I .A’l’74

In message swit ching , the ent i re  message is first sent fro m th e
“sender ” to a predetermined node . The message is then sent along the next
channel of its journe y to a th i rd  nod e * and so Iorth , unti l  it eventually reaches
its  desti nat ion . If a channel is busy , the  irres sage sinrp lv wai ts  in an Output
buffe r unti l  the appropriate channel is idle , or’ it ma be routed along an
al ternate channel . The Sfl’ .’~ and At  “l’ ( )I ) IN networks are both message —

switched networks .

Packet swi tch ing  di f fe r’s from message switching in that  each message
is broken int o small segments ~or packets ) of predetermined lengt h . Then ,
tire packets are sent independently of one another in ‘‘store—and—fo rward’’

I
’fashion through the network . ( P~ t 1r message and packet switc hing are referred

to as ‘‘ store and forwtird ’’ switching.  I

i”igure 1 i l lustrates  one of the  major advantages of packet switch ing —

namely the ‘‘p ipelining ’’ effect . ‘Fire essence elf ti n s effect is tha t  if the
message lengt h is neit toe) long, th e  message delay t ime fell ’ packet swi tching
i~’Ill be considerably less than for ( ‘Ircult switching,  and will also be less than
for message swi tch ing ,  Indeed , the delay t ime for message switching is
found to he proport ional to the product of tire message lengt h arid tire number
of hops required , while th e delay I hire for packet switching Is proportional
to the product of packet length and the number of hops , plus a term proper—
tional to the message lengt h .

If the transmission requirements ceinsist basically of long messages

~~~‘ . g. * file t ransfers) ,  ti r en circuit switc h ing would be tire pre ferred approach .
On the other hand , in a somewhat more mixed ( ‘‘hurst ~’’’) environment , S
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consIsting of both long fi l e—transf e rs nud iri ’iet ’ iirte i ’act ly e message’s *
packet switching provides a ve r y  effect ive approacir .

A irumbe r of discussions of packet swi t ch ing  have appeared in the

literature . The interested render ’ might  wi sir to consult C110W75 or K LE 176 .

The ARPANE1 ’ Is the be s t—known example of a 1d l s tr ihut ed)  packet —

switched network . As indicated by t in e  ARP .\  geograp inical map ~fIgnre 2) 
*

Ire network links approxi nn ate lv I 01) computer ’s ti n i’Oti gino ut the ( ‘ in t l  ed Sta te ’ s

to one another is well as to sonic’ s itt ’s in 1 h awaI i  :irn e l Europe acinleved by

satellite). i’ ae ’h n host co r nrpute r ’  is connected t o air 1t~1 P \ ‘ia ~ 1 00 K P sec

asynchronous cirann el , l’hc I \I Ps a i’e linen connected to orne anot ine r ’ vi a

syn chronous ~h) K B see full dupl ex chairnels . Eacir iro st computer inn s a

network control program res ident in i t s  op er ur t l ing sy s(cr rr . ‘I’his program

allows m ost computers to communicate ~v i t i r  one another v In a ho st—host

protocol. Another program , TV LX i~ I’ 
* ser ’ves as air ii ’t ert aee ’ hetwecir tine

use r and tire network eoirt rol progra or . 
S

h r  order for a user , located :0 a t cr nni ir nl 
* 

to :lccess a r ennn ote host

computer , the user ’s byte ’ st rear m is fi i’st brokerr lintel  irnessages ~n maxim un r

size approxImately 8000 bits) by the user ” s host computer :r rrd Is then

delivered to Its associated I r~t P (along with the rnr es sagv chest inn t loin ) . ‘l’he

IMP then break s tire message into packets 1maxinn unr Slid ’ I 005 hi ts ) , deter-

mines the route for eacir packet , provides error contro l and irre’ss:ige ir u ft ’er ’—

Ing ‘‘ services , ‘‘ and handles ur ck irow h ’dgrmn eri t s of rrre ’ssages fro m heist to sender’ .

In the last few year ’s 
* interest has foeuseel oin the possibilities of c ornn—

bining circuit switching turd packet swit eini ng In one network . ‘l’Iw cir cuit

sw lt chir rg WoUld be employed fo r’ long file t r ans fers * 
while the pa cket

switching would he utilized fo r’ tire shor ’ter , I rn t er ac t  lye rnre’ssoges , Sonre

I S
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studIes have  at ter nrp te ’d to ei e ’t e’ i’m inc wh l c i r  so r’t of ur essages would Lw best - S

suited fell’ e ’ a ~l o f those t ee’irnoIogies F ( ‘ I . ( )S7 2 1 * while others irave at tempted

te l ar r a lv  ie tire pe rio r’nr a tree ut t irese networks F i” IS(’ 76 1 .

F’ur ’tirer  cot irp l ie ’ai ii rg t ire issue is t i r e  poss ibi l i t y  of i rr t cgrn t  ing bet ii

voIce’ ai rd digi ta l  inetw orks * as we ll as t ire  po ss ibi l i ty  of digit h u n g  ~nd packet —

i i i  nt ~ voice I rut t t i ~~. I ” i i r a l ly  
* us I m g  sa te l l i t e s  as t i ’ansmiss 1cm Inc lilt los b ird s

vet another  le~ ci of cui rr pl  icat ioir to t i re’  t’ir oice e n sw it e’inirng tecinno logies

I )e ’s i~ n t ’oirs idc r at ions

in des i gin ing a net n~o r’k , one can di~ t iirguish bctweeir two geire ra l pr oh—

bern a reas — global :nrrd local. ‘I ’he’ pr’ i r n ia ry gbolrn i pr ’ohleirr s to be addressed

a r’e

• ( ‘apac ’itv .~lIoe ’at ion — i low nr u e ’I r e ’ap aci t ~’ 1 blt see ’) does one

:nllocat e l e t  each eoinn mur l i t ’at loris 1 irne ’

• Rout tug Algc l l ’ i t l n l mns — \Vhnt is the ’ most e’t’t’Icieirt wn~ to rou t e

1 n1e ’s~~:i ge’s ine twe ’erm use rs :i m d  i’(’soUt’ces ‘
.
‘ Should the routing

I ~t ’ s t a t  it ’ 01’ adapt i’~ e’ 1 t hat  is . :rdIcrs t  t e n  cha rn g ir rg cornell t loins )?

R out ing  is especially i rrr p t n r’ ta nt in th e  design of clist ributed

iretwork s 
* a point t i r : r t  n iii he e tn rpha s i .’ed later’.

• Ne’twu i’h I’opole’t~v — I, 1 en tire ’ user’ te r ’miiral ) local Ions , tire

r ’ t ’ senu ccc local loin s 
* a mn e l  t ire ’ t r ut i t  i~’ st a t i s t  ic ’s * 

m o w  cain clint’

locate cone’eirt r ut i u i ’ s a rr d tm ul I rp lexo i’s 
* umn el t heir coninect tire

reso ri r ue ’s wh ir the  rise ’ rs u n  a cost -- ( ‘It e c ’t lye and reliable

nnn nr n e r’ ‘ Somnne ~r vl  i — h  m o w  in t ope n ogles are r’ep reseint ed in

fi gu re’ ~ , A i vp ie ’a l” c ’orn fig i ir ’at len in wh ich cimaraetcr lz .cs either

a local :me ’e’ess or e’emrtr :nhiz ed topology is shown lin fIgure 6. 

—- 
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S

c. Loop con figurat ion S
a Star con f i gu rat ion

b Tree configuration

I r ,,ti St 1 iW7 7 , i’ 4. R.~i’ r ic i Ie d by pt ’r n,~ssII ’ n.

Figure 5. Network Topologies

20

_ _ _ _  5 -  -



—--- -5-- ---—- 5 - _ _ • _ _ _ S~~~~~~ S ~~~~ S —

A
~. I N T R 4 L  ~~~~~~~~~~
UIS S A UI  I~’ KOi I S SOR ‘ 

-
‘

~ R ~~RO N 1  tNt)
/

/
/

.‘ :.~ L 8A i,~i~ LIi ’
, - I

/ S S

/ -L L A ” t c  L i N t  S
/

/
/

/ C
/ p

1 0’~ I \ C  S

~‘ i ’~~ t I I’ I Nt

- -

~‘u ~~n~~u~ ~~~~r~~~~
”\

>

I i,,i,, I, I’, ‘,, ~ i S ~~ - i~ , i ’ I~~~ i,~.I I’ , ~~~~~~~~~~~~

F’ig’urc 6 , i oe ’:nl ,‘te ’ccss (‘oinflgu r a t ion

2 1

- -  - S -~~~~~~~~ - - - -



—S
~~~~~~~~ 

-

• Reliabilit y — 110w does one ensure that there will be alternate

communicat ion paths in the event that some collection of nodes

and link s is not available?

Among the local questions to lie answered are :

• What access techniques should be utilized for line control

( e.  g. polling or contention )?

• What buffer su es and loading algorithms should be employed

when choosing the appropriate concent rators ?

• Shoul d nmu ltip lexlng or concentration of messages be employed ?

‘I’he maj or  per fo rmance criteria used to evaluate network performance

(which must therefore provide the standards against which the above con- 
p

sideratlons are to Lw evaluatedi are :

• Time I)elav — Is the delay between the origination and receipt

of a message within acceptabl e lImits ?

• Throughput — Can the network handle the “busy-hour” load as
well as the “normal” traffic load w ithout the introduction of
lost messages aird excessive delay times , not to speak of

deadlocks ?

• Reliabilit y

• Network Cost

• Sensitivit y — What Is the sensitivity of the particular netwo rk

to variations in traffic loads , equipment available , etc. ?

That Is , how “ robust” a design has been produced for the S

network ?

1), )

r - 
~-r~~~~~r-~~ 
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A formulation of the tle ’sign problem for computer—communicat i on

netw orks might Lw phrased as follows I PICK76 , p. 54 ~ :

(~ive rn  : I oczlt iOii ~t dat a sources and sinks , and tire
r’etj uir ’cd data h o w  between thenr .

i-’i i rel : ~l m i  run nr c~ ‘st ne twork  to meet these require —
rim cuts by cliuos I ng the t apology , b e  rit lon of
multip lexing , conc ent ra t ing  and switciming
dcv ic es , capacities of the links and tine routing
st ratcgit’s su t ) I t ’ ( ’ t  to

t’onst raint s : Reliability , Delay , Flow

In order to avoid an~- optimism about the m ature en f this  problem , some

of the d ift ’icultie s inherent in its sen lut to rn should be pointed out. These include :

• N u mb e r  of Possible Networks  — It ca in be shown that timere are -‘

[~~c - i ~~ 4:
way s of a r ran g i n g  M I l inks among N nodes. i lbv io uslv *

a brute force ‘‘look at evervtln j u g ’’ approach is out of

the question.

• l)iserete Elenmm er it s — Capacities ioi’ lint’s 1and other elements)

come in discr ’et~’ sizes. l-’or examp le , line speeds can be

2400 , :h ; 0 t , 50 , 000 bi t s  sec . Since integer pnn gr a n inmimn g

techniques are not suf f ic ien t l y  advanced to handle problems

of ordinary sh e’ , approximate methods are forced on us.

23
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• No n l ine arj tj e s  — I i  mnnc — dcla v  tune t  ions , component—cost

si I ’~ I c  I I I t ~~~ * etc. :t cc non l in ear ,  I l i ’nct , we are faced wi th

the  (Iih! i ( ’ul t area u l non linear optimnmi zation . ‘l’he nonlinear

fu nct ions a r e  mu’ it her th e  -omnca v e , iro n’ L olve x funet loins for ’

which  algorithms e x i s t  -

I’he a ixn ve diff icul t ies  a re in m ’ v a l i l v  hut a sample of the t rue d i f f i cu l t i e s
assoc iated wi th  time global iI t ~ i gn t~ l a c o m p u t e r — c o m m u n i c a t i o n s  netWork .
‘l’he heart at the  d i lemma l ie s in the  fact  t h a t  all the  prob lems are inter-

related , I ’he rout ing affects I v  L ’Ilt ) ic e c i t  capai ’ ities , and vice versa. Tire
choice of topology is dependent on both capacity and r out ing,  Another area ,
m ’el ial i l i t v  , is i l l—understood and at  present omm lv approachab le via brute—
t c n m u - c  techniques . I’h e design problem is cm ’ ca t lv  compounded in the case of S

l i t  i c e  networks . 
* 

Other c o n mp l i c a t i n g  factors  include a t a r i f f—st ruc tu re  that
constantly change s , the incorpora t ion  of s a t e l l i t e s  in communications networks ,
proposed mixtures  e) f voice as ~velI as data netw orks , and the integration of

packet am ; I c i rcu i t  switching in the same iretwork .

The approach , then , is to a t tempt  to ( r a t ional l y )  separate tire design

considerations , and therm to sy s t ema t i ca l l y  i tera te  towards a solution . All
hope of an optimal solution must  Inc abandoned , and replaced ~vit lr a willingness

to accept an heur is t ic a l ly  produced , y e t fea sible design .

The paper i I S l E 7 6  provides an i l lum ina t ing  discussion of the difficult ies
involved In the design of a large network as well as algorithms for
swItch location .

24
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Si’ (”I’ ION 2

DI~:StGN 01” (‘O M Pt ’ - r i ~; il—COM M U N 1(’A’I’IONS
NE’i ’WOIlKS — ISSi ES A N I )  A I ’P U O A C I I 1~:S 

4

in tIn is sec t Ion , we ou t l in e  so are of the (‘oils iderat ions associated with
t he desi gn of computer ’ networks , anti present , in summary form , Some of 

S I 4the ma ui’ algori t  h inns involyed u n  t he  (Ie ’Si gmr of centr ali ’,’,ed and distribu ted
networks ,

,5\ discuss ion of scVe’ t’al s in r tu la t  ion approaches to reliability is pr esemmted
In sect ion 3 as part of tine ’ d iscussion of Network Analy sis Corporation ’s -

(N AC ’s) models . \~c chose to pre sent it in sectIon 3 because NAC’ s models -

represent t h e s t a t e  of the  art  in t h i s  a rea . A detailed su i’ve of the subject
nma~- he tou mr d In 1”RAN7 Oa .

One dist  i ngui sime s , hr general , hetweeir two types of networks — cen-
tral ized and d i s t r ibu ted , ‘t’he fund amen ta l  difference between these twen typ es
of networks is reflected h~- t h e i r  na ares. u n  a cermtr al i z ed network , there Is
one conrputat ion al  f a c i l i t y  :r mnd all th e  users are a t t empt ing  to gain access to
it , while a distr ibu t e d ne twork  has a numbe r en f ( l in k ei)  computat lonmni facl l —

it les t ln:u t a nu mlw i’ of Use us ace a t t em p t i n g  to access .

- \rn ong the potent l:il topologies tot ’  :1 d is trIbuted network , two stand S

out at  opposite ends of ti n t ’ ( ‘ ( r un t i u n u u m  — t h e  r ing network and the completely S

connected network . Th ese hti p ohti c  l( ’s  ii  cc il lustr ated hr figu re 7.

~Vt’ take t imis oppor tu ni ty  to cciii in t l  ti n t ’ reader t h at we are reall y ta lking
about the org aniza t ion  of t i n e ’  vu inn nn unh ’at l on s  subnetwork , in spite of our
casual use of t i n t ’ word ‘‘network -

25
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lir e’ ci i t ~~ net ~~~t i  rL un n l iii inn Iii’s I irre ’ — ccl a I (‘ci c~ is Is but prest ’ i t t  s SO nit ’

pot erntlnl r’t ’lIn h i i iIt v proicleuni s , slr nt ’e nu n e line’ ‘ou ’ node’) f ni l n ur’ t ’ thrre a t er rs to

d is e’oininect tire’ (‘il l I r e  un e tw o ri~ pu u n le s s t r ’a f f i c  en n Ice r’e~-o i’sed a hung duplex 
S

r’: irn sunn i s s io u t  I I tnes ),  EAR i t ’ :’ provI dt ’s :1 d Iscuss l o in of a i’iurg rnetwcnr’k . ‘l’ine’ S

e ’o i rnpl c t e lv  e ’onrni ’ e ’t etl  mne tw or’I ~ pi sst’sscs no s e n - I t  h int’ failure prolnlein ns , hut

d o e ’s prese ’ m n t saint ’  l in t  e’i’t ’sl lung e’os t e ’oi isidi ’ r at loins .

W i t h  the ’ advent  of I a i’gt’ ni ’lwor ’ks 1 011 or ’ rni or’ o c ’i c r r n p e u t t ’ r fae ’ i l It i e s  ,
and n s sc ’c  m : i  ted t e r i i n i t n : i i s )  , t i n e  not loi n c i t  hn i e ’ra r chni e ’s t v i t i n i t n t i n e  un etw or ’k in n s

sprtuu ng up . Fin e’ hilt ’ i’a rt ’ln y c~’ I n s i s t s  i f  i i i i  ~lt - leve l hc ac kir e ir r e ’ i (  ‘‘Import  ant ’’

nod es ~i tn np le u nne unte d  I iS  a pae ’ke ’t — s w i t c h i n g  ir elwor ’k) , a rrd a st ’co untl t i e r  of

local — :lt ’c ’cs s int ’tw o rl~ s tw in lt ’in in n g irt  ht ’ I innp le in n eunt  ed as cent n’:il i it ’d iretworks~ .

‘l ’ine ir n te ’i’ested reade r si n t i t i l t i  consul t  (~ I i ~ I 7~i fi n ’  a discus s iorn  c i f  tin e’ issues

:nnd p r ’oh l eun n :u r’c:is at  1:u rgv --se al v in clw e ‘-i . destg rn .

\Ve pi’o ’ee’d th en  to  dl sc ’ t IS s e ’ t ’iit  cii I i i  ccl anti  d 1st t ’l but ed rnelw oi ’k s , anti

pr ’( ’st ’n t so l i n t ’ s :nI i(’%nt a lga u’l t in  inns :i s :;c ‘v ia l  eel wi t  I n t ine i i ’  des I gi n - SI ne’e’ dt’sl gin

alga ci tin inns :t re oft e’ln s la t  et I in graph —t ln’c ret he al  It ’ r im I rno l t i gv , a few ~ve cv)

eie nn n er rt :i cv defi unit Ions p r ’ececle ott r . ~ lse ’tis sla in .

g un pin ~5 esser it l a I t y  :1 t ’ t i ltt ’ c ’t loi n ~‘I m o des ~oi’ ve n ’t Ices) and Ii inI ~ s ~or

a cc ’s) . S tr iba l ical l v , ~
\‘ , I ’)  whe re’ \5 is l in e ’  set of ~‘er ’ Ice ’s ant i  I - is l i r e  S

set of a r e ’s , hu n ou u’ s i t  na t  loin , t in t ’  nt ceit ’s r’ t ’pr’ (’se’nt t ine ’ co unce int r at  Oi’S a r - ca irn —

put er’s , win lie t i n t ’  a i c ’s repr ’est’nt I ire I r ’ a u n s nnn  iss loi n 1 line ’s . A  pa tin  is a sequeince

of : i i  ‘s an tint ’ gr ’ :nphn . Mn exa tr ipl e ’ at  a Wi( in is , n ,~ , a~, 1mm fi gnu n’e Sn . ‘l’ine
S 

i i n r : :ii icl ‘mnt jc l i ’ t e 1~ coinmn ( ’ c ’l(’t l mr elworks of uigmui ’e 7 pm ’ tcvldt ’  two exannp l es at

~ r : u p Inv . Tire cling int ’ l wt i i ’k is reb ’r ’r ed to  it s a e’vt ’lt’ u n  g rap h—th e c i re t ic  tei ’—

to i in i i i  ‘cv l in t ’ camn np let clv com nt n ee ’t  eel tr t ’ l  Wi irk s e’al led a eonnplcte ’lv cot rrn et ’t ed

~ 
r:i p li air s I ~ t ’  cl i  c ’c ‘5 A c ’ omi np it ’t  clv c ’onm n eete d gn’:np hn oun ii ye c l i  ( ‘ ( ‘5 in n s e:tcin

oh i t s  un cu l . ’ v  vot n nec t et i  to  :nIl line rem nn rni unlu n g nodes in t ine gr ’apin .

S - ‘S - - ~~~~~~~~~~~~~~~~~~~~~~~~~ — - —- S-S S -~~~~~
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- I Ii

Fignu i’ e’ S . 1) Ireete d a int i 1 ndiree ’tt ’d Gm ’:nphs

Gr ap ins :ire often t l l s t  in gnisi n c ’el as dli ’ee teel turd undi rected .  1”oi’
ex:mi n n pl c , tire graph In figure Sn is directed ~e :ncin of i t s  a re ’s hr m s n un arro w
atm ( fl ,  while (he graph of t’lgmnm ’e Sin is mmd)n-’ected . Ph ysicall y , th i s  n nn i g i nt

correspond to si mnmp lex t ra m s In n Iss ion l i m e s  o r i e intvd u n  I inc dl i’ect loin I ndh ’a ted
by the  arrows, ‘l’ire r eade r ’ wi ll  in c ite t h at l~ it ir of th ese gr’ apins ar’e c ’v c ’lcs .

S\ connected gn’:npir is tine in w i n lei n there is a path hctweeir every

pai r  of vertices . I ’in e gn ’apir of f lg u  cc 9 Is eiis( ’ t un tne ctc d . Tine m a t  bun of coi n—
ned I vi t y In :n gr ’n p in in n s Inr por ’ tat nt  inc: n cling t in lin e th ’slgmn of survivabl e

(n ourvulner abie) c onn ur nu n  i c ’a tioins u n e tw o  rks ,

Figu re t~ - ( r :np in wi t in  I w o  (‘a*nnp o ine nt s
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A tree is a connected graph with no cycles : it can be shown that S

this is equivalent to requiring the (connected) grap h to hav e exactly one path

between any two nodes. This last property turns out to be a ~~~~~~~ important

one in the design of centralized network s.

DESIGN OF CENTRALIZED NETWORK S

Tin general , the approach to designing a cent ralized network is to

attempt to define a tree topology. Conceptually , this is a very appealing

approach , as It is an easy matter to generate the minimal spanning tree of S

a graph (I .  e ., a tree that will connect all the node s and have the shortest

total arc length) . Such a tree corresponds physically to connecting all the ‘ I
nodes with the shortest-distance communications links . We will discuss

this algorithm later in this section.

It should be made clear from the outset that th is is not necessarily

the ideal or “optimal” topology , by any me ans, Fr ank and Chou , in their

paper “Topological Optimization of Computer Network s” [ FRAN72 I give

several examples of tree topologies that are not minimal. The example

presented in figure 10 is taken from this paper . As Implied by the monthly

line costs chart , we are given the option of conne cting nodes 1 and 2 (the

users) to the central node (3) via either 19, 2 or 50 KB lines . It turns out

to be more economical to connect the nodes in the fashion indicated in

part (C) than via the tree topology of part (b) : this of necessity forces us

to route some of the flow between nodes 1 and 3 via node 2 (at least 5 , 8 KB/sec).

Another example mentioned in the same pap er points out that a

minimal spanning tre e can be improve d via the addition of so-called “Steiner

Point s” [ FRAN72 , pp. 1388—1389 1 .
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i” Igeum ’ t ’ i I~~, ‘ ‘mnt u ’ u h  I .‘ t ’d “,t ’twor ’k Ex :n m n c p lc

lim spite of tinese cave ’a l s  , n t r e t ’  tapeilogi ’ does possess e’en ’t :n l un dc tlm n lte

atlv :nint ag ’es . M ost not able  a m nno i n g t i ne m n i a i- c’

• I f I link costs a cc’ car nv ex t’eu mie ’I hours t i f  ‘ i I l i i Ie ’ I t v . t in e ’m n s c cm nn e I
saint lomn is Itmeleed Opt ( irma! ( \‘ A t ;  1 - 7 1 1  . ,\5 poinm ied out
p i’vv iot u sl , lnowevt ’m ’ , h unk e ’OSt s ace often eiisc r cte t’tu in c t loins .

• J un a I m’ e ’’ topology , t l n e r ’  is a um n teju e pat in l)~’t~%’ e~t’tl tire’ user m m d
tint ’ co unnput ci’ . h ’h ls obvIates  t i n t ’  need to c ’t ’irsielet ’ n’ a ut lm ng S

alga ci tin inns Iun det e i.mrn liii mmg tine ’ mn etwo rk t op o l og y  , in und mnnakt’s

l i ft ’ m1reli -~n slmnnp ier ’ ftrr the mnt ’twtim ’k clt’signer’.
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1

• I nn t in e ’ t ’v t ’ I n t  that t i n t ’ fl n nI ~ t ’ l n a n i ’. i ’s :1 cc i n i g h , It is sem n s t lni t ’  I c ’ S

m n n imn i mnn i ;c t i n t ’  in t i inn i ~cm ’ a nti  le ’ mn g t i n  ~‘t t in t ’  edge’s . 1m m suc h a ‘:;sd’ •

a t ree t c i h i o l0 i 1 should i~ ’ ( ‘I ’ l r s id h ’r.’d I He n ’l’ii: I J -

• It cai n be shr a wm n ilt ~111 7 I ) t m a t  g l v t ’ m n  any ‘‘opt tm nn al ‘‘ loptn log\ , S

t ine ’ I’ d ’ t ’\ ( S l  5 :1 t n’e’e’ mm i t i n i i n  t i n t ’ m n e ’ t w n mi ~ such t i n a t  :ntl m e m n s a t  r i r a t e t i

11 mm h s t i c  i n n t i re ’  t i - i ’t ’ i i  en c ’c , t i re ’  apt inn r a l ’ ’  topology dcv lat es

tm ’ c ’ im n a t ic r cpol ~ e m  to ( li e ’ t ’xb ’i n t  I h in t  s :m t i u r : i t c ’ tl l i n k s  a i’d ’

added to I t ,

.\ ttin ’tlre ’n’ I r a t e  at opt i n r n l s r n m  i1rsdn ’t s  I s t ’lf whe m n we in c it e ’ t i n : t I  evt ’tn nm l int ’

e ’vem nt t in a t  omrc is will  t ing (a I ’d si r’ic t oint ” S opt lo ins to I i’e’OS , 8 glob ally opt i inna l •

sei lm m t j o in s t i l l  e ; nm n mnc i t  i~’ t ou m i d I t  i s  , in o mm eve’ n , ixis s u ric ’ to assi gin capa c t t  ~‘s

opt im nn : i i lv  t o a g i \  e’nn t ree’ t 0 j i0 l c c~~\ . \ de ’slcnn pt ’oce’ t iun’ e t a m’ ct ’m n t i- :i lL’t ’d mn et —

a m’h s ir ~~s I i t ’ein ti e’\ j se ’d based i ’ ll  t tel : t igoi ’eI hmm nn , i- ’H ~N 7 l i i  co inta (ins an

( inte rest lug dlsc ’its ~ j c ’~t c it  t h i s  :ip irr cn:Idl n .

\\ t ’ n ’ c ’ st ~‘ie ’I Ott m ’se ’lve ’s inn t in  is il l S c ’ t I : ~ S loin t c i :1 i~e’two m’h~ ti e’s ign I t ’ t ’ hmnic 1 u t ’

w l n l t ’In c ’ c ’l15 iS t ~~ oh two t u m n c l : i m n n e i n i a l  s t : i c t ’s

- \ m r  a l c c ’i i t i n m n n t h in t  It i e ’:nt ’s tint ’  P os i t i t m nm c c l e ’ofle ’t ’flt n’n t c ’rs w i t i n i m n

:i int ’two rh .

St ’s e ’ i’ :n I :iI go i i )  m in i s t h a t  a n-c ~i~~t ’ t1 Ia cu imnm n uc t  t in e I er ’nnnlm n: r l s  to

l ine ’ c ’t i t i c ’t ’i i l i : n  tot’ s

•~~ pn’onni ~ t ’d . t i re ’ design pm ’o c ’e’du r e’ , cm cm In tine ‘ re innn ple ’’ c ’eun t r a i l  ,‘t ’d t ’itst ’

Is m it ’ i’ :n i ’cinli’ :ml lii nil t tmi’ e’

I ’ine nh ~~~ i’ll in inns prc ’st ’i nte ’ci \m I l l  i~ ’ m’ eft ’reu n e ’ecl tin t in e nn e \ t  se’cl j o in , rmi n cn

I ine~ ace dt’s c ’ i’ii ic ’t i :Is p:l m’ l at ’ l in e ’  ‘onn n pn r a t lye st udm c c l  l i n t ’  sol’tw a  cc pa e ’i~ :t gt ’s

t ’x : i i n r lmnt ’ cl t inn ing t in e  - ou n ’ sc at t in t ’  sn m ’r  em
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I .t ic :mt ieifl e)f (‘onceimt rators

‘Fine two :m lg or ttimn m s descr ’ilwd here are refer’r ed to as time ’ ‘‘ imdti ’’ am nd

‘‘drop ’’ alg’or ’ithnm ms in the ilter n tune . ‘I’imc acid :n lgo r I t im m appe r n n’s to be time

most commonl y used r n lg e ir l t i nrn for’ locatIng (ir ( ’ posit Ion of couneent rotor ’s

within a network , Our descriptIon wIll  follow th at at Selnwa r’tz I S( ’l iW77 1

‘l’ine s ta t em i ren t  of the problem is

Given : I A set of ir t enm r - t i i nahs  I
m , . . . , ‘I’ , and the i r  i c i ca t i o um mi .

~2 l A cen t ra l  f a c i l i ty

-~~ potent ial  set of c enr n ce ’m nt rot or local loins S S , S

I I m m m l

.\ subset of tine ’ cone ’emrt r otor  local j oins , and ceinnedt tine

t erni m in als to S via tire ce ine ’emnt r otors cinosen or

dire ct ly  tei

No t e ’ t ira t tire ’ con cemn t r’a IOn’ s a cc to he coimmne c It ’d to S~ via :m high —speed

line , to accommodate tine Increase tin t r ’a ffic , win ile tine ’ terminals , wine n

dlree’tlv connected tei S , will ut i l i ze ’  leiw—speed lines .

I ’ht ’ feihlowing rest m ’i c l lomrs apply tc c tine pm’o hl enm

• (‘on ’ent ra teir  5 , inn s a t’l xe’d cost f , , w in i c im coins ist s of both
1 51

tine ir~ rdw’:m re am md t ine ‘t i st at conmnesct im m g I t t ~i tire ’ cent r ’al

facilit-v S , ~f = 01- 0 0

• I’ ne ’Ir cei imt . ’em nt ratom ’ inn s :n mmma x ln nu ir m ‘‘port’’ cinp acltv e . ‘I’tne

port c’:ipa(’itv re fers to t in e mr m axInmt u n r  m n t u n n ix ’m ’  of t e rnn fn n l s

that tin e gIven eeincentratein’ co m m imecept . e’~ is as s m um m ned a . 
S
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I

hr practice , cit course , tine ’ port capacit y can var y depending

t u p oir t i ne ‘or mce ’nt r ’ato 1’ cherSefl , but lb is results onh ’ u n

ft u r ’thr er vxt en sl e imm s of t ire algon ’it ir mrm . S

• ~
‘ is tire cost of co imnec t i ne~ te t ’mmm j u m ~r i I to comn ceu r t  n ’n t an ’ j .

‘i ’imis results  in an in n \ a cost  m a t r i x  ~m r’ r a y ( .  S

i a  fe c r ’n rm ti l : i t e  tine’ prohnic i nn I r rat  ire m a t  ic :rllv , we’ imrtr odu ce tine fei llow— j
ing ire it~m t j oin : 

5

I i f I’ , is ‘cr nn )r e ’t e ’ei t e ’i 5 ,
I -

=

0 ot lre r rv ire e ’ ,

I i
(‘once ’m nt i’:mt e i t ’ S is s:1 j et t ei be eip emm If it is h im use , :mnd closed I f it Is

not in U se ’. i ) c f imn imng -

= 

I i t ’
~~~~~~ X . ”u (1

0 eit imer ’wise

we incite t h a t  v r if S . is cipe ’mr amn d v = 0 it ’ S . is closed .1 1 S I I

I t ’ll ing ‘1 lx’ time ’ cost fum nctie im n , we fu nd t i r e  folleiwing r’eprcsentat ie -mm n

fa n’ tire’ pr t i iilem n n

Mi ninr i i e ’

a inn

/ ,
~~~~~~ 

y f x~ .

I 0 I 1 i)
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t i r e f i rs t  t er nm is time ‘051 of the concemrtr ’ator , while the second represemrts S

tire cost of the ter rm m ina j — t o — con ( ’t ,’Tm ( rator links .

‘I is to be mi u ni r n i iz c d  subj e ’l to tine ’ folle wing two c o ns t r a i n ts :  S

an

~~~~~~~~ l , i = I  • , . . , ir .
I )

i ’ : .n ch n t ci ’err fin a l i must ix’ connected to some concentrator.

‘I ’his includes th e possibil ity oh the central fac i l i t y  S.

i — I  

‘ e , j = 1 , . . .  , irm ,

No more t iran e terminal s  u r m a~- be connected to concentrator S.

\\‘hen t ire pro b lemmr is posed in time abeve ura n ne r , we trove on our hands 
5

a t ) — i  intege r programming problem . While it is possible to employ br anch—
and— bot und techni ques in solving it , thres e are ver y t i m e — c o n s t u n n i n g ,  and tire S

sei lut Ion represent s , in fact , onl~ a portion of the overall network—pl au un in g

problem. th ence , the algorithm to lie describe d turns ou t to be ireurist ic
fir m a ture .

\Ve chose to descr ibe ’ the algori thm using an example taken fro m

5t ’t l \ \  77. Six terminals , 1 . . . , T , are to be connected to three cemneen—

l’a tt ) rs , S~ , S~ , ~~ , or to t ire central node , S0 , as shown in figure 11

34
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A CONCENTRATOR f
j

s0 cpu;
- t l , ’ c J cc  ‘. i i ’.’, •‘ ‘, . 9’ .

Figure 11. Concentrator Location Problem

I-’or th e purposes of th i s  example , we also assume t irat

• e = a . ‘c hat is , no more than ~ terminals may access the

same’ t ’oflcentt ’atoi’ . 
S

• t’~ = f , = f ,1 2 , That is , all of time concentrator costs are

the sami re 
~
= 2).

• The mat cix of costs (c . .) of te I’ll’ l fl al— Ce) flcC flt r otor connect ions

is given as follows :

S

T ~~~~ 
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.~I )L) Ah gom ’itimnr

\Vt ’ m i t  i a h i i e ’ time ’ : i l g o i ’ i m h m r r  hc ~ e ’c ’ i m m n ’ ’ t i t i g  in t l  of tire ’ t e i ’ m n n i m n a l s  t i

I hen ce ’ all of the ‘ macc urt  1:1 Ia m ’ s :1 i’d ~ lo scel , I ’lre t ~it at c a s t  is t i r e ’ i’e fu n i.e

/ H i -I

~ictcl’ to Uec  c ’s~ m n n a t r i x m .  I ’ i r is  is i l l t i s t r : m l c e i  I 1 \  t i gu r ’e’ 12 .

T 
14

T 2

S i NIT A L I /A  HON
4

I I I  ~~. I ’ ,  c t i ll  ‘‘, ‘, I

i ’igur ’e I ~
‘ 

- l i mi t  i:tl / at ion at ’ ,-~tid :\lgo m ’ it in n r t

We proceed liv opc’ imi in g up ti me’ comn e ’e’ m nt m ’ate m m’s one at :i t ime , and scam’ c,’ i m—

i i m~ for’ the ’ nn aximnm unm eie ’ct ’ e ’:i se ’ him ccis t.

Ite rat ion 1. We opeim tip eacir coi rc e ’mnt r ota i’ , enne Oh a I fu me , te l de t ern mn Inc P

m a t  b eat (cmii fe ir time ’ f irst  cone ’emn t t ’:n ton ’) which w ill produ ’t’ th e ~ n’ e’a I e’st

dcc ’ re:n se iii ‘ost .

_______ --- ~~~ -- --~~~~~



Thus , openi mmg S~ , we connect tire t e rmina ls  that produce th e greatest

coSt s a v i u mg S tc . — 1 .
)
) up t i n  a n m :L xifl mUm of t’ = 3 terminals. The term inals

chosen (or connection to S~ are ‘1’
~

, T 2 , and ‘l’
3

, The remaining terminals

are conne’cteet te l

1; 3

Henc e , 
~~~~io ‘ ‘ ‘

i i  
- 11

Next , we emp elr ~~ ~~~~, , and discover that  terminals 3 and 6 should be S
.

‘oi numec ’t ed t o  5 , . In th i s  cast ’ ‘I ., - - I ~

I• ’ in : t l 1~ , we open up S,~, and d i s c cn v e ’m ’ t h a t  terminals 3 , 5 , and (3 should

be connected to it . In this cast ’ = 10 .

Since ‘/.~~ represents the smmmall est cast , we connect the terminals as

show’n i n f igu re 13 .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

i l , ,, ’ i  nfl ‘ct ’) i S  7 ’ , i’. I

Figure 13 . Add Algorithm , Iteration I

37
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I te rat i n n  2. \ \ e ’ mrcnw leave S,~ op eim , am md c ime ck time o ther  two couree nt nato i’

l i n ea l  ions , S~ and 5 , , su - c ’ess ivc lv  t n  see if any in i pr ove nm emm t in cost results .

N~ ct e hat  we :i m e  go i im ~2, t i n  c l i c k  all of the ‘ c t ’mmn ina l s  , i im c ludi ng those already

connected t i n  5 , .

Hv c n nmm et ’t immg l b 
‘I ’ , ,~~tm1 ’I’ -~ H we find a ci e ’ c ’ i’c:ist’ of ti n m’ee cost

u rmits aum d an 1 mm - i’casc- of two , r esult  j u g  in a mm c t dcc cease at t ine L i s t  tm nit  from

t h is  a I ’ran genne ’ m ’t t , 1 ic ’inc ’c ’ / 9 at t h i s  s t age .

LI
Uept’a :1 mm ~ the procedu pi’t)dtft ’C 1R) in prtnven nent in  our t’os I

st ructut’e’ , The’ i’etc n i’e ’ \V t’ t e im nin : t t e ’  t i re ’  a lgor i thm m v i t h  ‘/, = 9 and wi th  t ime

arran gement of terminals  amid c ’ot rL ’c nt r ato l ’s sh own in figu i ’ c’ I I .

/
/

S I 
-

F I N A L  I TE R A T I O N . Z = ‘1
I , , ,  .1 - c c  ‘,i 11.1 5 - 5 -  

‘ I c c

- [-‘i g u cc’ 14 . Add .-~b go r ’it im inn , lte rat ion 2

It is tine ’ an the m ” s obse r v ati om r that the ‘‘ ad d’’ algorithm is really nothing

more than t h e  \‘ogel solution to the ’ allocation pro blem . Another algorithm

in use lei r t h i s  problem is the scm—called ‘‘drop ’’ algorithm. S

S 
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-
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1flro 1n . i . ~ cn~ i tmn mmr

‘h it ’ d cop at gui u’i t in mum st  ~1 u s  w It in ~u l1 cii  I lit ’ e’i n i n t ’ ’un l r:I liii’s Ic’ ft ~~~~~ and
I i m e’ ,n sy st e ’  i m m a l  l e a  I I v c lose’s one at  I i  m mm c , tie Ic r an I um l mrg l in t ’  ctnsl I m nn pr- n y c  m nm e m nt 5 

-

at e’ :ic ’ir i tt ’ r a t  j o in , t art i t  no I ncl ine r in ipi’ ov e in me ’um l results . -

l u n i l  ha l I z~ t lu num.  ‘line I i i ’ s I sle ’p is to t ’xa im r iun e ’ lire ’ cosl m nmat  m ’ix Imi’ e ’vlcn ’slv 4
tli’ ~~e ’ I c n i me ’tI l~ c u’ l e ’ m’inn iun:u 1— - n ’o u nct ’ur l  u ’:u tc ni ’  r ou r un t ’c l  loi ns : i i mt l  ( I i  l’I i mt l t in t ’  ch ne ’a pe s(

i~c”ss j Infl ’ e ’ c ni me ’e i ml i’ iil on’ to win ch to  ecn u n u r t ’ ( ’ I e’a cii It ’ u ’u m n I in n! ,  ‘I’ht. ’ u ’e’sul I Is 
5

- - 5 
- 

‘t h ’ i n u i ’lt ’tI tim t i n e ’ I e n l l t nvuu n g  u in : i l  c ix , ~v int ’u’e ’ a i i mi  t i n t ’  cou ie ’e ’mm t i ’nlo i’ co lun nm n s mg— ,-

11111( 5 tint ’  I l i ’ I i s i c n m n  to c ’o um m n ecl  g I v e n  l e ’ i ’ u n n i u m a l  Ia I hat  pa m ’I ie ’ii1~~u ’ c n nt ’e ’umt r alo m’ .
‘I ’h n is 1 n 1 , I - ’ S — . lakes h u t )  : i t ’ t ’c i u t u n t l ine ’  cc n in c ’e ’i n t i ’atoi ’’ s h~~n u ’ t  c a jm:L t ’ I t v .  I

5 5

I ) :~

S ‘ I ’m Is cin o let ’ u’ e snuI Is  tin t ine ’ cc lii (igu cit t (ciii sit cnw in in iI gum’e i 5 , W i tin :n
i ’ n ~~l of Z i i .

‘l int’  ‘ira let ’ i i i  c o  tn t ’ tnt rim ton ’ 2 (‘cli’ t e ’ i ’unlnat -I is mm chit ra i’v , in s Wi ’ cot ilet S

i n : m v i ’  I ’ h l c c S ( ’ I t  ‘cn mn ’t ’ ,n I u ’aloi ’ I ) .

:i it
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IN IT IA L I7AT,O N Z~ 11
nI ,i I i ~ ‘, I ’  1111

Figu re’ 15 . I) rop Algem u ’i t in i i m , I u n i t i a l i ’i,ation

Ite rat ion I . We’ m me m%% ’ close cach c’ou ne ’em r t r’a tor om r e at a II me , trans fe rI ’itrg

the Ic i’m immals a t tached to t Irc se ’ etm u nc eu nt t ’ators t e n ot imer ’ local ienn s , and exam ilk’
time ’ impac t on tire ens t -

SIn 1-ting wit i m , we discover t h a t  transferring T
1 

to eitimer S~ or’ 5,,
results j im a cast incm ’ease of 1. Tire same remark app lies to T ,, . By tra in s—

(err ing  ‘I’ ,~ to either S,~ o n’ S,~ we’ obt a i m m , once aga iim , a cost (increase of I .
Sine-c ’ f ,) 2 , we obtain a net increase inn cost of I t 3  — 1,, ). ilence we do not

e’lemst ~

Nc xl we- close 5 ,, t m ’am rs fe r I ’~ to S~ , and produce a net improve-

ment of 2 ,

(‘losing S,~ results u n  an (un ac cep ta ble) increase in cost of I

hl e ne’t’ , we cimero se to close S,1 , and t m’ansfer T 1 tem S0, wit i r  a re sul t aurt
, ‘ c n s t  of V — 9 . The r esu l tau rt  c en m m f l g t u c at i e nn is the same as th a t  premdueed try

tin t ’ add algo r ithnn ‘ s final pass ~fI gure 1 5) ,

40
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I l e ’ n : i t  i~n i n ‘
. I n m u r g  l ine ’ count  igt u u ’ :n t i c ’ m n  c i h i t : n i u i t ’ ii t m ’ c n mmm l in t ’  st ’ c ’ , n mn t l

iter:it ian , n t ’ m o m ili ’lt ’m’ ui n lm m t ’ i t  i - l o s ing  n ’ i t hme m S n i S i’ ’st i!In t i n :1 c ’ c ’sI

I mm n p rm n v e ’ i inc ’nn I , N’ l m nn p r c l \  etn n e ’ at I t n t - un  out te n I nc i~~csic 11 11,1 ’ the t t ’ t c ’yt ’  ~l *‘

u I t in  t in t ’ n : i m t l t ’  i n t ’I ln , ‘ i i ~ c ’c n i n t i g n i i ’ : i l  Ic ’ t t  ~n i , ’ c l t i c ’ i ’ t I  I ’ m t in e  :IihI : ‘l g c ’ u i t h u i u

( ‘~n n n i r c ’ c l i t n ~ i’ ’rn ~i ’r: m l n  t o  I t I c ’ (~Oiit ’t ’ i n I i : l t ,lr

1mm clt ’sc ’t ’ I l i l i mg l in en c : u I r u n l ’ i l l n i m l s  u t - u l i l c ’ t ’ : i g : n i m n  l i n t lu iw tine ’  c ’\ pc ’~~t t ( om~

gin c i t  I n ~ S~-hmn :111 .’ Sc ‘iIW7 :i  -

l i t  m e t - :n lgc ’n ’ i l i n m i n s  :ini’ tmst ’d I c i i ’  l in t ’  ‘ l im i t ’ — I: im c i n ul  ‘‘  l mi’ c n i n l e m n n  -

1 - l Ire ~ s tm ’ —Vc t l l h u m n n s Mj ’i ’ i th  i n n I~’ m’i m ns l int ’  c ’o m t ’ t nt tire ’ :ippn n ac ’ im

n n ros l  c ’c n n n m i m r c n i nt v lii  lus t ’ t o c i : i v .  it i n  l I n t ’ :nlgc n i i t h n  in n u ’ in n p lcnv e d I ’m
l i n t ’ I i  t~ l int ’l w~ n - t ~ den ( gm ~ cu n gt’z t t u , ‘N t  1’ ~~ ‘c’t\m ~n m tnmntc  i t  ions

Nt ’ t w c nn ’k I m 1~ i g m n  1 ‘l ag r~i a n t .

i’~ n n i n k a l  ‘ S \I~ c ’ m - i l h nm is imnst ’ cl ni p~mi n t int ’  i n n l n i i n m n m m m r  spam nin i un g  I ccc

go cit irm nm , ~m1n 1 elm Pm\ m duu ’t ’s I inc cheapest mne ’t won ’k des I gin ,

- Flit’ I inlll , ’ci Flesi~~m M~ c nm ’itI n m e’tniknel(e’s t ine’ I- san - \~‘1ll (a n nrs

alga n - it  in in In  a spec ’ i : nt c ’ :1st ’ , as well :n cit ir ~ r cit ’ si gin nnlgon ’it h inns

l in: nl ~u m’e e’u i’i’e m nt l ~ t nnpl t ’ ln ne mml t ’ d . I ’in t s :nl gc n i ’ i l i nn r  ge’mn e n ’:ntt ’s

i nt ’ t t t ’ n’  so lm n ti t mn n s t ir :mn tint ’ F n : m n n  \ V i l l i : n m n n s  :n lgm i i ’ i lhm n m as in result

at l in t ’  t ; i , ’t t h a t  I t t u n c l n i l t ’s ol in e ’m ’ :n l gam ’l t i m n n n s  :ns stwi ’iat  eases

cii 0 . il t ’irc ’t’ a in uunmhei -  at  sc ’InnI loins c ’ am n lit ’ s t i n n nu l tn i ne c ius lv

gemn t ’i’ :i tt ’c I , n ail  :n :.. loch tu na oh tim e ’ best clint’ i ’~~i i 1  Inc ma cit ’ .

i ’ ignn m ’e  16 , f ront  S ’i I \ \  , I l i n i s l r a l e s  lint ’  :u l g om ’ t t l n nn ’ s c i I i t ’m ’:n l t c i i m ,

l In t ’  toni ’ l e i ’m n n t m n a l s  i l lnm s t  m ’ :nloc l t in I lgure  16 a ci ’ to  it ’ c’t i in i nceled t i n line

tmm clhc ’ah it  c’omnnpul eu’ :mI in , cc li ’ 1 .
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0 ,c~~ - 3

H’ 
‘

C E N 1  U A I  I Am ’ u t  II V

-‘ ‘~i I ICC S r _ _ Il I

i- ’igun ’e’ 1 ‘c - I ’ xa n mn p le ten ’ 1 In e— l ayout Problem

lin t ’  t r :mffie ’ ge’net ’aled : u t  c ’ :m e ’Ir l ink  is given by:

:~, a 3 , a
4 

= 2 ,

Tine ’ c ’ci s t  cif esI :ui4 is in l u n g  a li m mk Lx ’twe ’vmr airy paii ’ l i f  m odes is given liv
li re ’ follow l i m e , t ’ t n sl in n al i-i x -

NODE

I ‘ 3 4 i
S 

1 J —  3 3 5 10
2 — 6 4 S

S 
‘ NODE 3 :i 6 — 3 5

-

, 

4 5 4 3 — 7
a 10 ~ ~ 7 —

S \\e denote tir e e ’cn s t  of connect (mmg tire two links I and I liv c
~~

. and
allow the maxthm~m’t-n flow on army ‘Hu nk to inc S uni t s , Tin1~ nniaxinrumi m h o w  et mule l
t ’orre spt iund 1cm the actual capacIty of tine ’ h ires lhenrnse l~’cs , or’ ten a mmmaximu nri
,qIJo~veei fltisv on the lines I h at  Is dcl er’ mrr lined fconm a mmn x(nmmum (( nin e —de lay
I ’et itml m ’ennent

I c

- ,  
~

___________ ______________________________________________________ - ~~& _ A  ,_ - - - —‘ ~~~~~~~~~~ ~‘ ~‘ — —
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E sa u—\V ill ia m s Algorithir n [ E SAFIIO 
~

This algorithm operates by sea rc lnt ng out the nodes most costly to

connect to the computer and replacing ea eln one imy a c’eiimn ectlon to a neighbor—

I ng node (wh ich is the ir connected to tine computer) .  Thus ,

CPU

might be replaced by

1 CPU

Step 0 Imni t ia l i 7 .e  in \ ealcu l:mi lag all t m’ :r th ’—off par nmmrc te cs , t i . ,  wirece’

t ,~ ( , 5  Cm t  t I  ( I

iou’ all I , I . Thus t~ , mnre ’n st mi ’c s lire differeim ee hr cost lx ’tweeun

connectim i g node i hr t ire computer vi a  node I , and connecting

node i d i r ec t l y  to tire ’ com nnp u t t ’ n’ . Fm’onn our’ ex ammmp le ,

— ~~~ I 
= ~~, (‘lead , we are in searcin of negative t 1 1

’ s.

Step 1 Sele ’ct tine mini nmu nr t i , ,  and e’onsider’ e’oimn ect ing I ten 
~

. In

our example , tine expm’esslemn I = — 5 Is the nmin imuni .

Step 2 (‘heck to see that  tine flow e’on st r mm in ts  are satisfied . ~Is the

line cmver loade d ? ’~

II ” go tem step :i .

El  SE se’t t = -~~ 
, am nt l gci to step I.

43
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11

LA- n c atm ’ exatupte , :r 1 if it is e’er u mmnce ted , whic i r  is c lemm m ’lv
less ti m a u r  t ine ’ t m n: ix i muum of S. % tt’ tit’t ’ , we  e ’om iti ntnt ’ ia step 3. 

5

Step :i 1, i i mk i — I  is added t im out ’ mn etw cnr ’k . f l eeva l t ua te  t int’ e ’il u m s l r : u i l I t n  , I

:m um d upd ate ’ l ine ’ t u’~nde’ —o ft lu n d  lcn mr s - Go to step  i -

h um on u’ example ’ , l1ei~ - a ,~ bc’e’~m nnm es a - :i~ -l , s lur ce

unent i e , c is cin u mnec t e ’d to m m tnck ’  3 , i” tuun t ’ I  loins t - and t — in cc’
.1 .% , c .)

ete ’(c ’ (e ’d fm’oim n our’ l i s t .

It would lit ’ wt i t ’linw im lie’ f emm ’ tire ’ reade ’ r te n count i wit ’ w h im nun ’ t ’x~iIn ’ plc’ -

Tire final re ’suht is deph’ted in figure 17.

~ I I c s , ,I n ~, ( i i C i ‘ ‘ . u’ I

F’igure 17 , i’~~;t ni — \~‘Ilh1am r rs .- \ l go ri t l m m mi , l”inal Hesu lt

E.ru sknl ’ s Al gem c i t h n m

-‘cs was nn e ’ntl one ’d ear l ier , one em f tire most conc ’ptuaLl ~- ’ ,mppeni lag
:nlgo ri ti n inns Involved tin t ine ’ dc ’s ign of e ’e ’in t n’a Ilz.ed netwo i’ks is the r im tin annu m
sj m ain i n ii rg tr ee’ nlgem m ’il l in t . K rus ka l ‘s algo t ’(t lni n r , wlrk ’in Is based er fl the am . - I .
a lga  ci t  In inn , is inclut ie d irei’e’ for ti n t ’ sake of lu t ist rat (on , despite ’ the  f t m e ’t tha t
it is il tn t (Ise ’tJ I n a nm of time ’ e’t n mm n ur ic ’ re’ h illy as- a liable desigmi pack ages.

-1-I

- 
S - - 
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‘F ine ’ s ta te m nre imt  of l in k algorithm is quite ’ sinn ple , (‘a rr m - out tine

fo l lowiurg step u u mt i l  no iomngem ’ possible: .-\mong tire l inks mm cm l vet selected ,
chotise tine ’ ie ’a s t— e ’ost l u r k , (‘ine ek iurg ten make sure (m at it docs trot form

a ci rc ’uit  w i t i n  t ire ’ l inks :mli ’e:m dy se’le ’cted , aurd t i na t  flow coumst r’ a imrt s ace mremt

iem laleei . If ( nin e ’ (lime ’s mmcml e’Irei’k femr line ’ titiw e ’omr str ’ :ni mr ts , one produces tire 
S

mmmi m l  nm u r n sp a ini ming tree .

‘15- lie’ rim , i-i - I . a l g e n i ’ i t i nm nm provide ’s a lower ht m t uumt l  on time ’ ~in st t mf  the n et—

i~ ci n’l~ . . -\I1 erf tin e ’ : l l g cn r i t l r n r s  cli scu ~ se’d in ( iris sect ion will  reduce ’ to ti n s

(lesign it :m l l  c ’e m m n s t m ’aiu n ts  are r’e’irr ~m ve’ii.

Re tu rn ing  1cm on I’ e ’xamrnp ie ’ , mm e irate t h at lire n n in in mu tim em nt r y in tire cosl

mm m ~mt m’ ix  is 3. 1 , iurk s 2— 1 , 3— 1 , and 1—3 all lr :mve ( ir is  same value .  ile im ee we

ciroemse r ’a im d o imnl y a un mo img tim e ’se l u r k s  , pi ck i nmg l ink  2 — I . ‘I’ire flow c oim str ’ a im rt

is sat is fit ’ t i ~r irei I lie’ e ’ mmrun ed t  io n is mm na d e ’ - Repeat imrg l i r is  pr ’cm cedure f inn ’ I links

:i — I amrd -1 — 3 , we fu nd t i ra t  t im ese’ co mn im ect j en t is can alse he unm ade . llerwey cr , no
fu m’t in e ’ m’ e’onne ’cti o mr s un r a ~ ire ’ nm ade tir r ’oiu g ir n emde ~1, as tire ’ fleiw 1mm I link 3 — I  inn s

m ow m’ e’acireei i ts  n in ax iu nr tmt nr  y~m lni e ’ e mf S

(‘omi t i i r tu iu r g  inn t i r is  fa si n ioir  , we :m i ’m’iv e ’ at tint ’ net wemm’k simcmw mr i un figure ’ 1 S.

3 
- TH E N U M I3E R S I N PAH E N T H E S F S(3 ) INDICATE TH E ORDER IN WHICH

2 

I i)  1 
(2) 

~ THE CONNECTIONS ARE MADE

‘n “ i l V u  ‘ 5 -  
‘, ut i .c

I”igu m’e’ 1 5 K r tt sk :n I -~l gt m r i t ir nn , l” tm r :n I He st ult

-I S

- 

~~~~~~~~~~~~~~~~~~ S - -~~,~k — - 5 5 -~ ~
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I n i f ied  Heur i s t i c ’  A lgemr i thnr  t dnie ( c m  Kersheab su am and (‘han)

Ne ’rsir emrb au imm and (‘hon shc mw tha t  :m large nu mb er , if not all , of the

alg o i ’ it ir nr s  used for tire l ine—la y out  pm ’c n im len r  urra be unified under their’

hm a n ur e ’u ’ 1K I R57-I ] , -\ s nmem mtione d ix’ fore , t in ts  produces a si gn i f ican t  advan— S

t~i t~c’ t ar  thei r ’ :ml gor ’i t imnr , as no single l imn ’—l a v out algori thm nr is really pe rfect

ta n ’ a ll ios s i t n le ’  c a s e ’s . llc ’urc e tire ’ :mbi l it  m t n  geurer ’ate para llel designs is air

iurrpe n l ’m ai r t  c n m r ( ’ .

I ’ime a lgo r’i thnn ass igims :1 weig ht , mm . , t n  eac h tei’nnitral , and ,heum c onm — 
S

putt ’s :u I n ’:rde’ —em t’f f t u im c t  ie m i m t - - as feil lomv s :
‘ I

I , ,  = c ,,  — mc ,
1 1 .1 t

wir e m’e c ., is , ~r s befo r’e , (lit ’ i_ ’Ost er f cotmne e ’t in g t e rmina l  i to conceintrat or I .

By d ef iu nui r g - mm- , d i f ferent l y , one oh t in imns each of the algori thms alread y di s—
(‘usset i i t s  mm - e’ll :rs ;m l m ost  of other’s , The reader is re fe r red I KE RS 7-I  for

a flieir’ e’ complete’ discuss ienur  of t h i s  pi ’opertv. ‘I’he nc-eights app ropriate to

each of the ’ a lge mr ’i t in ms discussed hr cm l’ paper’ are listed below t fronr KERS74 ,

p. I 766 ’~
U p date When ~i — ii

j j~emi’ i~j rfln lu r i t i a l i za t io n  Is Brough t In

E sau— ~\’ill i:m m ri s w , = ‘ , , i I , . , . , N w , ”~— w
I i i  m

K ruskal my , = 0 , i I N None

‘I’ime alge irit liar prope r is as follows : S

Step 0 In i t i a l i ze ’  tire w • for i = I , . , .,  N.

lin t  i~i l i / c ’  tire e’onst m’ai m rts ,

Set I , ,~~~~ c , - 
— w , for all I , j when ncr constraints  are v iolated

I I  i f  I
by m nr : nk iu rg  t i n s ec n i n u me c t  Ic ill ,

46
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Step I (~a nrpute 1 . = min i t 1. fo r’ I I S~

IF t . ‘- , term nrinate tire a lgor lthn m .

ELSE go to step 2 . 5

St ep 2 F ,valuate time const m’ alnts under the enunurectio n I’ — J ’ .
II ” air are violated , se’t 1 . = = , and go to step I

ELSE gem to step :1 ,

St ep 3 Add link i ’j ’ . Reevaluat e time commstraints  and update w . as I
i nn tine ’ KERS7-1 table , reevaluate t 

~~

, ,  and ge to step 1 ,

One rule ’ for pa ra nr et r i z i t rg  time ’ weigin ts w . win ch ima s proved useful is ‘

given i my

- — a Ibe’ - ‘ ( 1  - I)) 
~
‘ - ‘m 11 i i  I — J

If a = 0 , one emb tai n s tine ’ K ruska l algenr itirn n , wirile if a = b = 1 , the Esau—

Williams algor itinnr is obtained . fl iff e ’ i’i m rg values of a aimd b prerduce a fa nrily

of solutions , It is useful to note t irat  time ’ expressloir in pareirthreses is esseim—

tially a s t raIght  line joining c • 1 and

Tine inte t’es ted reade r should consult 511! \\‘7 7 , chapters ~I and 10 , fer n’

a more complete coverage of design al genrit im nr s for ceurtra lized netwon ’ks , as

well as ~lAR T72 , ch apters -10 t h rough 43 , fe’m r the “IBM approach. ”

DESI GN OF’ DISTR IBUTED NET\VORK S

As Indicated earlier , the ’ principal design d ifficulty arising In distr ib—

uted networks is the’ interplay of r muting eeinsider a t lons with tire remain ing

problems II , ’ : m p : l c i t y  allocation , etc . I In light of ti n s difficulty , we present

a brief dIscussion of routing In a distrIbuted net work , and follemw t in s ~c ’it lm

a discussion t n f :m gle ba l design algorithm , kne wmr as time ‘‘ cu t—s a tur a tio mn ”

alg t mr lt h n r .

47
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Rout lu n g u n  :m l ) i s t  t ’i lm u t e -ei N t ’ t m m a u I ~. S 
-

It is i t n r p o r t au r t  te ) lit’ i n n a m ’ e ’ em f ti nt ’ f:n i t t h a t  ic e’ a r t ’ c m m n ce m ’neel Wi tin

speci fy ing a fixed rout lag policy , Ihn : i l  is , inure ’ ( ham cIc m t ’~ not ‘~ a i ’m m i - i t h  Ii uric ’
i ei _ ’e’ot ’eling to changing  tr a ff ic  ci m ad i t  j e ’cns , ‘l’ime cThie’ct iVe is t~ pr cmvi de ’ a n m n i m n i —  S

nrutmm ay e ’  rage ’ t i n rc— d el :u v  de’si gi~~ :mss u~~~_~n ’ s I a t i ’ n a m ’ m  t r a f f i c  e ’tm n t l i t  mains .

I ’inis appr’em aci n is c’le ’am’I v cons i s ten t  w i t i n  n u n ’  s i t t u ~m l h mmr , is ic e’ an - i
cotrce ’rnneei mm - i O n t i m e ’ d e ’si gm m of One i nc t wark ; ant i , lmd ’t ’au se ’ of t i r e ’ imn t e r’p lam cml

remut imng i v i t h  otime’ r ek’sigin cc n mtside’ u’:ut ini ns , mit ’ m r nnus t  h am c ’ sc nm n ne  ide ’:i as 1c m t In t ’
apprempi’iatc dis I r i i n tm t  icm n en I tlamv s inn the ’ ur e’two m’k - i- m i ’  i m enu’ u m n:m I i ye’ discuss ic n um s S

our reiut ing, the re ’ade r ut : tv wish  ( c i  ‘eni’ISUl t SC1IW7 7 , e’bapte m’ I I  or ’ K 1 F

ch apte r 5 .

‘cVe’ w i — ~h tei pre ’seur t a mr a l gemr i t i m n rn  ( ccc  r emut i un g nc -hi t - in m i as  e’mm np le veei iun tire ’

desigi n mmf time A h i l ’\ N  El’  , ti ne ’ 1-low Dev t a t  loin :ilgar’it in inn , Fi rst , Im enw eve r , we

need atm e’xpi’ess h u m  far tire- tm e’ m ’:i ge I i  tn t’ —d e ’lav e’im e ’cm u m mt e’ r’e’el tn~ a packet tin

a e l i s t r j im u t e ’ t l  tm e’tw om ’k , Stuc in an expre’ssiemn Inn s beeun developed m y  Kleimnm ’ cm ck F
( K  I . E 176 . Inn elc’vel apim ni~ lire’ t i in e ’—de ’l av I - ’ r ’mula , he :lssttnr e’s h m eni sscm mm

S arm’iva ls :r mn ci c’xpemne’umt u:mI mmmes s~i~~’ le’um i~t ins

him i ssu n n iung e ’xp em n t ’mm l i i i  mine’ s sin ge leing li rs  , Kk ’iun m ’d m t ’k iu n v mk es l ire ’
5 1 1  i_ -a l  lcd tmn dep cndenmce ’ :n ssumpt ion — esscmnt ia llv igm ror inr g time lint t’ m’de’~x ’in—

denee hetwe t ’ir :n t ’ u i v a l  r ate ’ s ain el Se ’ I’ \ ice t itmi es at a given u~ de’ iii tine’ nme ’tmv or k .

This a ssu mnrpt  it m u is tenable duc ’ It i  Iln e ’ ext i-  i’mm: tl a m ’r’iv al enf n n ne ’ssage’ s tn t a gi n -cur 
S

node , tmi nd has  ime emr y t ’ r i f ie ’d expe i’ i mn re i nt al l v  . See’ K I i’ 16-i and K Li- ’ 176.

.-\ss uimnl n g N .\ e ’ ) n:m mn un e ’ l s ) , l  u ’~’s I :mnd N mr cm el es in cmu m’ nnetwemm ’k , Nlelin m ’ock ’ 5

fc n m’ nm r ula is
/\~ /~k , ~t ’( ’  S

u I  i t  i I - S‘I ’ K ~~~~ 
I - P. ‘ K S

1 \P
’( ’~ — \

~~ 

p C . i

- I S  
‘ 

S

- - S  5 5 5 5  5 - - -~~~
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S

where : 
S

tin
= flow ~bi ts ‘sec) in the i— channel

= total  t r a f f i c  in network

= aver age lengt h of a data packet

-

~~~~ 
= average lengt h of all packets (including acknowledgments )

C . capacity (bi ts  5cc’ ) of tin e i~~- channel

P 1 = propagation delay on i~~ channel

K = nodal processing t ime  
S

X . ‘ fL ’ C ,
The first  expression in the brackets ~ - ‘~~ is an expression for the

waiting time at tine i~~ channel , nn ’hi le —~~- is an expression for the service

~i . e .  transmission ( m id on this channel. One also includes P~, the propa—

gation t ime to trans mnn it  one bit down the length of the channel . This result ,

based on Jackson ’ s theorem [JACK5 7 and JACKG3 ] , is essentially a sum-

matio mn of delay times due to a ser ies of M ‘M /1 queues.

We now are in a position to pr esent a summar y version of the Flow

Deviation algorithr un , win ch ivas ennploved in tine design of the ARPANET.

Step 1 Suppose N.-\ = n emmb er  of arc s , and f
fl 

= (f
1

, , , 

~NA 1
~ 

the vector

representing the set of link fl envs at the n!.~ iteration of the algorithm .

Compute : 
S

I . = R I ’  P f ~, I = I , . .  . , NA .

Step 2 Find the sh ortest—route flow vector \‘ , utilizing the above 1 . as

the link “lengths. ”



--- 5- S~~~~~- -  S ~~~~~ -_-

S t e - I n  1 1 t ’ t  

t I - I t~ • 
L i

, i t nt l  t - ’ p L c c \  it se ’ : u m e ’i n ! L L C ’ t b l l d  e , , I i k c ’ n : i e ’ i ’ i (  t o  b I t t -  1

win ch nmnin mj mn i ,’ c - ’- 1’ . ,\ nu i t  e l t ’t:iIIe’ti c i i s e u s ’ — i ’ l L  c I t  I t s

i l g o r u t l n m i r  mi n im I~ - I ’ I r I m r eI \ 1, i - ~ 176 , ~h i p n t -u ’

\ mne n t h m e - r  ; i I r ~1~ r m t i t i m n  t a m’  t’e n t l t i m r g , t i n t ’ I \ t  i c ’ t ’ L : i l  (I ’m ~ , l l e ’i  h i r  du e ’ t o

t, ’ : i j m t i _ ’ m : i t nel  c i i  [ i’ S \ \ i 7  I , is nr  t — ~~t ’ i I j t & l  l i i  -~~- , - t  ion I ‘f t i n s j m n p e ’ m ’ in t i n t ’  S

d i m s i _ - U S s i n i l  c ’t \ c t m m , ’ r L  \ f l 5 i I \  ~- r s  ( l t - I m c c i ’ i t n , n n ’
s f l ’ l c I t ’l I c r  ( I n s t  i’ j h u t e e i  ‘c

u r e ’ t m m a rt I l l S l i s • fl -

cut —S :itt ura t jour .-~l gent’ i t h mm n

We p l c - s e n t  in t ini ~ sec t ion i i i  o u t l i m r e ’ at tine ’ ‘‘ i’tn t— ~ :itun’i t la in aL~ ’m - ithm n , - ‘

nvh i~’ir is c ’ne’ cnf  ti n m’d’e’ ‘‘known ’ - die’s igm n t c’cinunic it iu’s c ’m rnplc nve ’cl inn cli st n ’ i t n t i t e ’e i—

m r e’t mm~i t’k ch’~~i~ t r . lire’ nl~~’n’ it ln u m r mm as c l e m c l e n ime ei I c ~ Ne’tmi 1’m’k \mm :tlm sis Cemt’p c m —

ra t ionr , i ntl will h~’ e l i S i ’i t s se ’ ci  i i i  ~~ 0 L L e S \ \  r a t  gm ’ c ’a te ’ m detail late -u ’ tim th is pape’i’. S

‘l’ht ’ cit  he m’ t mi i n algoritimnis i ic tire ’ I t i ’ at ie ’ h— Xi’ i n im ige’ u lg e n r’it hr u rn , au nd tire’ t. ‘a u t h e’

l lm ’a tni ’h I litr i u r i ti 1 ’r :\l gc n n ’it inm nm . kle’ im nn - c c i_ -L anti Ct’t’l ,t [Gi- ’R177 J a t t emp t

1 ~‘erunr p i m t ’ isnn c nf  t i r e  pc n t ~ c m n a n - e ’ i_ n f  t h c ’~- c ’ ri ~emi it int r is , int l  i’elre’in Sennre’ imnte ’m’ —

c’st jug e ’,m T n c -ltlsic nin s. & )ire at t i r e ’ m n r c ’st  i - t a b l e  is tire unrd e ’ r ’ l i i r iu mg c c l t ire’ diffi—

cui t~ imr emc ’un urnaki tu : these’ c~~1 m n r p u  m m  ~~‘t r s  l ’he a u t h c n m - s p c m i m t t  a n t I  t u e  mnee’d Ic c!’

nc’ork in tints m m -e m . -

h it’ e ’ t i t  — s i t  I L m i t  me tm n  c — s i ihi, c ’ m m t i n m r n  111115 it  m I m ’ ~ c i r I c ’ l t r g tire’ len st—t .ast

di striin tm ted nc ’tmmen m’i s I ’ m  1 ~ ivet r  t inn ’ t n t it~impt m t , St i l ii ’i ’ t te n n iu nne ’ delay and rc’hi—

:m l mi l i t v  e ’omrs t  i ’ a j m n t  s, lire’ iic,cn m i t  hum is jmm’ c’st’nm ted imelonv ms st im l r t’s t ha t  l in n k

c n p m i ’ i t  me ’s m m-c ’ r , i m t i n , .me! t ima t  I h~ m mi t  S i l l  t 1 I n r , t l  I h m n  t i e  u’ , i t  is i_ la imrre d

that  m s t m ’ t t c i j r t l e n m ” , c m i i  e x l t ’t i s i a t r  at t i n t ’ m l n ~ c r i t ! m n n n  t h a t  in n e ’It tdes tire’
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mu lt ip lc—c - apa ci t~ cast’ is easily implemented , For a fuller discussion of

the a lgorit im nu , see (I - lfl ,74 ,

The algorithm nn consists of the following five steps (fo r each iteration):

Step I R out imm g

Starting mn - ith a given network design , link flows are found that

m nmininm m ize  the overall t u nic delay .

Step :~ Satuu’a te’d Cut—Set I)eternminatio’n~

:~fter  determining time flonv s in the network , the links are ordered

acco rdi ng to tireir use. Tire nninf nna l set that will disconnect the 
S

netwo rk — the saturated cut-set — is then removed. An example

of a saturated cut—set  is shou ’n in figure 19.

Step 3 ,Add-Onl y Step ‘
~~

‘I ’ime purpose of t h is step is to add the least—cost nodes to the

ir etiAork — whicin will divert traffic from the saturated cut—set ,

Since emine m ould like to divert traffic as far away from the

saturated cut—set as possible , and since the cost of communication

links iin creases with distance , one must effect a compromise of

sort s. Such a compromise is achieved by using a “distance 2”
S criteria — nodes t imat a re a nn in imum of two links rennov ed from

the cut-set are cir osen as potential candidates for removal. This

is I llustrated in figure 19,

S 

Gerla , et al , [GERL 74 1 claim t h at this cut—set approximates the famous
minimum emit-set  of the Ford — Fiilker son theorem ,
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• A = “Oi sta nce 2 nodes for add only step
\ me j , ~- , -m- 7 i-&~- ~ t~ J h~ per in issiun .

Figure 19 . Saturated Cut in the ARPANET

Step 4 Delete-On ly Step

The pu rpose of this step is to remove links that have the least

“marginal utility” from the network , one per iterati on .
Mathematically , the links ar e chosen according to th e following
criteria .

c . — f .
1 1Maximize E. = D , • S

i i

where

D1 is the cost of the link

c . is the capacity of the link 
S

f . is the flow in the link

S 
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St ej n , c  I ‘t ’ i’t u i’ln .il u , c u m  S I t ’ln

t h i s  s t e i n  u’ e’ d i u - -s t ine ’  mmcli i  i n  u ’L cost c I i m t ’ t t i m e ’  e I t ’ ~~j n’c’c l t i m n m u i g h p t u t

t - a m n ~ c ’ inns l ie ’e ’mn m c ’l n m c ’m c’t l . t~~ iir g i i i  — o mnhm : iu ul e i t ’ l t ’ I t - — , n um lv
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mmi i t i nt  tu n ing t ime ’  t i n m ’ ci t n g i np rmt  mm i ti mi mm - l1t’ m~ ’e ’u mI a t time ’ ei t ’s i  u’t’d 1’ i n il - 
S

I. ‘i n i l t i n I  m ’ u s l c u i s  :1 u’ e ’ i i s ( )  mm mcl i ’  t o  i mu ’ t’ v i c n i u sl~ oi n t :u  i u i t ’ e I  r o n i t i t  itn ums i u i
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stc ’l). I’Im t’ qtu’st m au i ‘Is line’ um t’hmms nm’ k t h m n n n i i n : i h e ’ t I  ‘‘ ‘ in n tint ’ (low —

e -) n r t u ’ l  u c ’ t ( ’ u 7 -  t o  l I n ’ s t ’ c I n u n m l m : m u ’ i s e n u m s _

St c ’ i m 6 ‘h ah n ~ ‘oI i : u i n s m u i r ~

C t ’ I I n  imm e ’ln :u i ums t iun ‘‘ st’i’ ue’s ’’) 1 i t ’ i’t’ini ie ’t’d hi m - a sh ingle ’  i i m m i ~ t i n

i n i ip m ~mve I im e ’ ii ‘ c c i i Im mmm ’s e ’ t I  I c i t ’ in cy  -

i\i (’immI ’Ic c ’t~ am id (c ’i-I :i ( I l ~ I - ‘ “ I  utale’ Ili ut l Im e ’  e ’ n u l — s r i t u u ’ ; i t i c c u m  m m m t ’hl i t ne l  is
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in t’l h o d i nn u n til i t  c’umm p iov s 1 1 1 1 1 1  i ’im n :i t u nit hI’ e ’nt r I hit ’ imr otdt ’u ir d cmimn i i mm wimi lt ’ imm odi—

t’v hnig  I he mrt ’twou’i~ , ivl m i ’ nt is t in t’ I lu ’~uu nt ’I m Xe’haumge um r e ti mc nd elot’s nm nt -

‘I ’i i t ’ t ’ i ’ l m t ’ ; m m t ’  hii ’ mi m e ’ii ci i n m m i u m : u l  ion m n R ’ h h Ic t I  is ira u’h li-mu m i i i  m u s t ’ Im u l  w in e ’ u mevu ’ n’

t i n t ’  ch l s t ’re ’It ’ c ’i m s l s t i l l  lit ’ rc ’ u s i n m m m t c i m  i p i n u c \ u n m m a h t ~d hi t ’c c u m e ’ l i - e  cos ts  - l ime

m i nc ’ h iiod u ’e ’ile ’s ou t a h o w  th t ’v i : i t  b u m  u I g c n u ’ i t i m m m n  , i’ aL l u n g  lu st ’ of t ’i n m r e ’:i m - e ’ t ’os ts

ti mi d a c : i p ; u c u l m  :issi gu m nm i t ’ n ml  ahgo u ’ i t u m u n n . l ime flow cIt ’i hu t i c ’ um : u i g c ’ n ’ i t h m m i r  t t ’uids  to
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m m m l t h a t  h it ’  e i i i ) h ( ’ aI t i m e ’  h i : u n ’ t t e ’ t u l :u m :ulgc n n ’ t t i i m m n  de ’pe mm ds mm i ~~m r l in e  i ’ast mmd

‘a ln ~i e  i t  i st rm ~ ’l m m m c ’ , as we ’ll :is m m p cnmm tine ’ d~’gn ’~’~’ of p m’e ’c ’ is lom n n ’e ’q m ui reel , l’l m cy

al so ini’ e’sm ’nnt a c’(in mn i nmm ml  s u m  en f t im t ’~ t’ nm re ’ t  hmods t e nt’ a pa m ’t Ic t m l : m t’ cles t gin pm ’olmicm .
tunnel ri ’ :te ’ii tim e ’ e’cm n ie ’ltt s bon n mnne ’ m ~t toned hit ’ (m i re’ — t I n n i  It is a dl t ile ’ mu l l  t ti ~~ ho even

:it t erupt  i rca som ntni m le’ e ’cim rr h imi i i scu m a mmr onng tire ’ cx is II nmg tie’s I gin m u gi cn ’it in mims fcnr

dis h u ’ h i n i t e ’d im e ’tw orI ~s , I hie ’i s1m,~m~i ’sl t h a t  n’ e’se:un’e’in m m  tir e an r :ul m sis at’ : u lga n’ i t i mm m m
c , c m n l i i h , ’\ i l  m s h n c n m u l t i  h i t ’  p mi i ’ smnt ’ el t i c I h r ’st ’ e ’ m n e ls ,

t i n t s Is pt ’c n i ca t i iv  m u t i l l  m m m g mr u m i e ’ m m pc n i n m m - in i~’in l e t  cure ! aiim’ dim-m e’ussieunm of

b 

ult ’s n t ’,nl :i!~ i n n - i l h m n n m s  1 mu n nu i  ‘, n n m t h n m m  r i s u c nns  i~ ’t m m - t ’t ’ m n t i m t ’ m n n h  , tunn e l  I a n u m n e ’h b i t t e n mu e l l s —

u ’ m m s s n u n n m  c i t  c ’u i m m m m n m e n i I m u l l y  : u v : m l l : u h n l e ’  u h ’sj i~m m ~i mlc ’l~age ’s ,

hu m t I me t ’ve ’mi t t h m a t  t in t ’ u c ’ : u i i t ’ m is um u n t smu t h I e ’te n r t  Ii l in t  i n mi t i l a t e ’ d  hu m i~1e1mn i ’cic ’h :n m nd
I e’ ii :n ’ s u ’nlo lmme ’ m , u e u ’ i ’ u m m i m i t i  m u m  mu f sunimmt’ of ti me ’ m mum : u h m l m m ’ i c :uchn eil im n’u nin le nm c s
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1 ir n u m m t h n e ’ m ’  ccl u c u ’ l~~l m n m , ’ : i t i , n u m s  m~ e ’m ’ e’ t’onmfa t ’le’eI 1mm l Ine eoui ’se ’ c m l t h i s

s m l r v e ’ m  e’u m m nt ’e ’I ’m mi umg t i n t ’  ~nn ’ i n gn ’ mu ni m s t imc ’~ hI:u ~~t ’ im ’i ’i l te n t a n - desig nm b nn g m umm tl  m

, i u m , m h m  ,‘ i un g c ’ o ur mjnc u t c ’ m’ ur e ’h u , nu ’ l5s  l ire ’ un u ’ g m u n n i : : u t l c c m r s  \m ’u ’n ’e lcl t ’ mnh t l t e ’ el is m u

i ’ s t m l  I t n t  m u I i h t ’ n ’ m i t m u i ’ t ’ s ’ ;u n’ c ’h 1m m mm hnie ’h t i n t - c c’ su n t m l ’ e ’ (~5 Imn’om’ t’d ho  lie ’ t ine ’  n m r e m s t

I u ’ u i t t  m i t  t hese s u n m u  m ’~’es w c’n ’e

• ‘u, m n n t ’ i m m c m - a m n i i m u u r n  ii u - i l  t en l iv  \ I  m’ , hl m ’ mu t ’e’ i - ’ e’ Icl imme ’ m - e’r t n t  \ h l i ’ H  1- ’ ,
j m ;  ~--  ~ t . m I ~ I n m i - l i  Ideul i l ied  in , Ium ,’-i t m ’i :ui cm n’ g:uumb ,- , u h icm mrs that

I m ,um e’ Ini ’tutiu c ’t’el s’’I I m c ~ i i ’ c’ l’ ui is It~t’s inm t c’unele’d I c c  aid Inn th e

ilt ’si gmn c u t  e’cnml n m n nu umn u c ’mt hi ,n imm- i t c i ’ ci t’c ’SSc n m ’s (ii’ c m imb --einc js , e ’inm n -

c ’eum t m - m i l , c i ’ i-c , t ’ t t ’~ 1 ,

• l i m i r c i  ~mn uneu ; u l  ~‘ u m m  ‘~~ cml  h ’ t ’ m ’ h i c i ’ m n m m u u m t ’tn h~e lm mt e ’ cl Sot ’l m v :u u’e

I ‘. I i ’ l s m i ~~d ’S . 
‘ ‘  i ’ I  ) h ’  I ‘i_ ’ m’l  c m r m m m m u m m c t ’ i~t ’m ie m m , i tcc t ’ e n n nn t n e ’n’ 1 ~i ~m c -

• \ r I l e ’  It ’s f un t i n t ’  hc ’ c ’hu i m it ’ ;i I I i  t e ’  i ’ m t m u  u’ e’ c b e ’ s u - m ~ i t c i m u g  m u l g c m u ’ i t i u u m n s

eu m r~n iic ve ’ el ifl t i i t ’  ~ u i ’ i c ’ m m s lmic ’t ’t~ c c l  e ’ u n n n m ( c t i t e ’ n ’  m n e ’ t wcm m ’L i l i ’ s igu n ,

li me ’ u m m - g : m u m i  , - u I  i i n n s  mm e ’ u’ e’ e’ec n n t : u t ’ted hi- te le l n in ccm n e c  m u ’  l e ’ t te ’ n ’ , h r  m u l l

u ’ se ’s h i l t ’  m’ :u t U cc’ m m m i  S m ’ e’e i t m Os t (‘Cl e’onre ’e mi mi in g t int ’ in ’  s t i l t  mm m u m’ e’ . mm1 h i m  ml ~u a ut icu 1mm r

e ’ m u t h n b m ’ i S  iS  () f l  t ee ) m n r i e ’:ih ~c :m peu ’s , F ine n ’ ec s l cu mm mel e’ n nls  hun  gv u me’r ; uI  we’re
Ct imn i ue ’ u ’ mul  I ic ’ , n i l  i r c n mug im a u nt ’ t ’u n n m n l c : u u m \  ini ’ vI ’e ’rre n el t ti  u h i s c ’ i tss i t s  I c ini loscn lu h\ -

l um ste ’:ud c i t  i l s  inrcid ut ’l ,

t w i n  mm m ccl lun gs ~m’erc be tel iv l i i i  connpa mn les  1mm the ’ u ’ i m m i  n’se’ i m t  l im b s i m n ’ cn heel
(mi me ’ meet ing  W m u s  mm i t i m  Se ’ i en t i I i c ’ t u n e  S h mm n’ l img 
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off ices , S’h’S denio unst r a ted their pm’oduct , ODIN , and discussed its capabili-
ties. Another ’ meeting mm-as m eld at tin e llaurdo lph , Mass, , offices of
Scientific AI)pj icmi t ions line. ( S- \ l ) ,  at whicir tire company ’s philosophy was
di semissed .

A li st  t)f tire om’ ga u riz m ut j omr s discussed in this report appears in
a lilt ’ 1 . .\ s is te n be e’xpccted , irot all orgmmn i zat Ions contacted tin tire

cemum ’st ’ of ti n s proicct mi ppe ’mn r j i m t ine table — for mi variety of reasons.

- -\ p r ’inmre e x m u i m r h n l v  us h i M  . mi -h ic ir I)e)sse5ses m m too l for nmetwo r k design ,
S but is i m m t c r c s t e ’d inn tus i i m g i t  t i n u -  t int ’ design r e)f mmetworks built by IBM ,

aird nmo t 1 c m - t ime com rmp c t i t i c mrm . 
S

‘l’ine fex’u~ ccl  tIre ’ i ’e imcni ’l is  otr - u conrpa u’i sem n of the algor lt inm s
emp 1en~’eti inn t in e ~‘ar ”ious i . i c ’et s  c cl u m m ’ lmm - o r k (ic ’sigfl , No ir a nd s—on evaluation
of the i- mu m ’ i u m m u s  t l i ’~ u~ mn hoo ts h m , u s  i ce’~ mm mm t t e ’ u r mp t e d  — only mum anmity si s of the
al gon ’i t h mrr m-c e mr m i clo vv d , 1mm ke’v~niu mg  m m i t  hr t I ri s st ated approach , the
(le scr ilnt ions of tine ’ h i m ’ h uge ’s , i cc’ cc m ’ c m i m m i  i cu l  a to mmg the following lines:

• ~ enera l — tire’ types ol umctmm’ ot’ks designed (centraliz ed or
cli st i ’ i in u te el)  mire nn m e ’ n n h ioimc d . Spee’i f ic s of in -ip tennentation
(e ’ommrpu t c m’s , 1 amrg t u m u ges) mu u ’ c’ mi t  scn described.

• I- ’unt ’t le n u mm i l  On ’gmtmm iz a t j oin at tine Pu ’ograms — Tine functions

pc m ’fort nmed ia eacin of tine program nnodulcs , as ivell as
birch’ inte ’rn’t ’- l mmt io ns imi i m s  . m m cc dise’ussed,

• Al g o r i t h r mmm ic  St i’uctum ’e — We often um n ak e use of the discussion

inn st ’e’ ( four  ,~~. m u und si m iul~- refe r to the appropriate

desc m’ipt ion,

• Summr -i mu-v — Brief conm elu tl i irg rcinmnt ’ks that  att ennpt to por—
n’ :u v the softwa n’e e’e ) umst  i tu t e  the focus of this  sect ionu ,
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Table I

List of Organizations and th eir Programs S

Organizatio n Program Name ‘ 
S

1. Kranz ley & Co . ,  Telecomm unications Division PLANET
1010 South Kings Highw ay
Cherry Hill , New Jersey 08034

2 , Scientific Time Sharing ODIN
7316 Wisconsin Avenue
Bethesda , Maryland 20014

3. Systems Architects , Inc . SADC , SADM , S

Thomas Patton Drive SAND , TALK
Rando lph , Massachusett s 02368

4, Professor G . M. Schneider VANS
Department of Computer Science
University of Minnesota
114 Lun d Hall
207 Church Stre et , S. E.
Minneapolis , Minnesota 55455

5 , The DMW Group . Inc . ND MS
2975 Hickory Lane ANDMS

S Ann Arbor , Michigan 48104

hi . Network Analysis Corpor ation GRINDER
130 Steam boat Road MIND S

Great Neck , New York 11024

S
-
i

I
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One exception Imas be eum made to this format :  that is the VANS model
created at tine l ’ imiv ei ’s i lv of Minnesota. ‘l’imis exception was made as a
result of tine special mra ture of the progi’am. 

S

On the whole , two distinct approaches appeared in these design tools.
One approach was modeled after IBM ’ s Communications Network Design
Pr ogm ’amnr (CNI)P) . In spite of the secrecy that shrouds the official docu-
ment a tio n-i of this program , James Mart in has wr itten extensively about
the a lgor i thms employed therein in iris mvell—known book , Systems Analysis ~

- -

Ior Data ’l’ r mn n sm nm j ss j om ,  [MAn’l’72 ~ - It became quite clear in the course
of this project th a t  all of time organizations contacted, with two exceptions ,

follomi- tire IBM lead fm s t ructur ing (heir design tools. Tire Iwo exceptions
were tire Network An aly sis  Coz’pom ’ationr t N - ~~C) mnnode l s , and tine \ ‘ANS

mode l, It should Ime not ed t hat CNI) l~ is oriented towar ds the design of
cent m’a l i zed ire tivoi’ks , and acco i ’dimrgl v , the only compan y that desi gus
t ru ly  d i s t r ibuted  iretw-orks is N AC .

I m i -  lug concluded our pi’ea urn hie in- it ii these mm’oz’d s , we now corn nre tree

om mr d iscuss ion c m f the individual ummoelels ,

59
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K R A N Z L E Y  & COM PANY — PLANET

Gene rat

PLANET (Programs for Line Analysis and Network Engineering
asks) is essentially a collection of programs , in tIne CNDP mold , which

address different parts of the network design Issue, These packages , to
Lw discussed late r , ma be put together in a vai’iety of ways, depending
on the user ’s specific app licat ion~s),

‘l’he package , as a whole , is oriented towards circ uit-switched and
message-switched networks, For networks of the latter category , it aids
iii  the design of centralized networks. It is written in FORTBAN and Is
available in local batch as well as tim e—sharing enviro nments. Support , in
the for m of “post-instal lation ” consulting, is included as part of contr actual
arrangements .

F n
~~ pnm1lj~~&a n izat ion

The basic modules which comprise the PLANET system are described
below ,

M ODEl ,  is a discrete event— stepped simulation of a co mn nuumicat ioums
line. This program produces performance statistics (response time ,
throughp ut ) for diffe rent line configurations and transac tion ‘)ro files (nres-
sage lengths , arrival  rates , etc . 1,

NF TSYN provides a least—cost configuration of mu (priv ate ) network ,
such that this configuration w ill in reet the respons e-time and throughput
cha r act er lst lc~, required by the user. Hence , for input s of terminal , CPU ,
and modem /concentrator locations , NE T SYN produces a low—cost mult i—
point line layout that will meet the tnser ’s response time and thm’oughput
require ments .
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LOCON is a program that positions multiple xors and concentrators

j im tine network .

W:\ l’SYN ~WA’FS synt ines izer) Is a set of programs for use in the

selection of tine appropriate ‘XA’I’S service . It develops the sets of bands

to be equipped with lines as well as the full/measured split for eac h band so

equipped for  inputs on load distribution , performanc e criteria ~e . g.

desired grade of service) and costs.

‘FOl . l i’R () is a series of programs , designed to gather statistic s

m ni no u t  long dis tm immce calls , that can be used for cost allocation purposes as

well mis design purposes. The break-up of calls per \VATS band can be

used as input to WA1’SYN .

SY SM O D E L , is used to model conrputer system performanc e. For a

given configuration it develops response time and throughput characteristics ,

and also pinpoints bottlenecks in the system.

The first three modules can be arran ged as shown in ffgt u re 21.

r 

MODEL LOCON ~~~~~~~~~~C E N TR ~~~~R 

S

Figure 2h . Modules in PLANET
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‘l’he last nnodule discussed . SYSMODEL , can be used in conj unction

wit im MO D EE.  to produce a more accurate tr affic table , mis it wil l  include S

t ime computer svst enr ’ s per f ormance in creating the t ra f f ic  table. S

orj thmj e_Structure

MODEL - is , as mentioned be fore, mm discrete evennt—stepp ed sirniula t  ion

of a Ctn nnnf lmfl j em it  Ions l ine,

Time Inputs to time s in n n ul a t i on  include time following :

• l’er nilna l and control unit  configurations

• Tra umsac t ionm pr ofiles for eac in applic ation

Different types of inquirie s and responses (fo rn rm m m ( ted , S

unformatted , etc. ) - -

~\ Iess mtge len m gt h s

i l emit m arr iv al ra tes per t i ’ansact ioir

• F:qu ipm mr emnt e ’hmir acte i ’istics

• Besponse— time objectives

Output  iuncludes-

• I ‘t ii ization at co uniun unica t  ions t ines

• Queue lengths

• Response tinres

• Percentag e of nr cssages delayed at ke~- txmard s

MODE !, is therefore uti l ized to create a traffic table of niaximunmr

line loadings , to be employed as input to LOCON .
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LOCON employs an add algorithm , as discussed in the preceding

section , to position the concentrators. 
S

NETSYN essentiall y employ s K ranz ley & Co. ’ s version of the

Esau -’Williams algorithm for least -cost line—layout as also discussed in

the preceding section.

Summar y

As indicated earlier , PLANET is essentially written along the lines

of IBM ’s CNDP. Its major drawbacks are a lack of design tools for ,~ 
S

distributed networks and a lack of reliability models (in the military sense).

PLANET appears (on paper) to be a solid , well-maintaine d product , useful

in the design of centralized networks.
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S~ ’ t i N  L ! l - ’LC UI Ml - ’ S I I .- \ 1 L l N ~~; , lNt ’ . — O1)IN

(- ene t’:il

s r~-m nra m’ket s mm n etwork  des i m ~un model cmii led I, ) !) ! N - ( ‘Fhe c omn p am mv

~~~~~~~ ins to han-c aim interest  im m nrvtho logv . ‘l ’}me model is interactive ,

m s w ri tt ei r  ium -~Pl .. .Lm n d is support ed h~ a Io & ’a[ t l i o s t on l  mmi ’ea office , It

s ime m uid he” not ed t hat S U S spe(’ Lii i:es in t in m e — slnaring se’i’v ie’es dIrected
4

to w a rds A P I  -

l’ire’ nm odci is oriented towards tine design of a cemnIt’a1 i :~ed c i r cu i t—
swi t ci med um etwo t ’k , a nd ~‘:in be ut i lh ’ed  in the design of message—switc ine d
networks. Ess ent ia l ly . Oi ) IN cons i s t s  of m m series at’ n m odules , ni-Imlch c am m
he used in a var ie ty  of way s  for the’ desi gn a t’ computer networks , ‘l’he
coimmp m urv pt ’o~-ides m u in - e i I —wm ’i t t en  user ’s guide to time svs t e ’m ni , mis well as
support  Se’m’~ ie ’e’5 as I m a rt  at tine comm t r m t c tu m ml  :t rr mi mngem ents.

i t I lme t tor m a l ( n 1’~ • 111j 1 i t - umu

i i  n.z’nrt’ ~ 2 - ~i l n  u ’in , mpj m c.i  n’s j i m th e user ’s guide to 01)1 N [F I - I 175J
presents the mnn o du les and the ii’ lute  rrelat ionshj p s .

l’hc 01 n~\ nm odu le serves as a svst e irm t’xe~,- t n t i ve ’ it i mmit  j a i l  it’s p ar a—
nmet crs mmd det e ’ r u m l int ’s the  opt iomm s to be u t  i t  lied in each run , It accepts
ium put  mum t ire form ~n t ’ pe r form rm mur e ’ e goals (respe)lmse’ t in r e , t lmro ug h pu fl , data
requ I m’cn m em mts  ( t a r i f f  em m n - i m’Ommmtt t ’mi t s , mmres sage lengths , t r a f f le  loadings ,

etc . and t at’ ii ~t me s t te rn m n iin als , i vpe ’s of I limes , ir modeim n s , etc. 1 mind e’ m’cates

a data set wi th  t l m cn m .  It also constructs mi distance matr ix  of the t ’ i t i e ’s in
the netwom ’k ,
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L I SEH S UPPLIE D on R ESP EC IF ICATi O N
LIN E LOAD ING OF P A R A M E T E R S

R E S P E C I F  CAT ION
OF I’A H A M E T E

OOI~~~ U1 MOIl I  iNE C O N V E R T S  L I N E S
INn ~ A R i E S  CO S E T S  A F T E R  ADONIS

Li u~ s 1 ’ n I i i V s . ; ’  uo . 

~~~~~~~ R N

Figure 22 . i-’low Chart for ODIN Network Design Program
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The QT.~C (Queueing Theory) module uses standard queueitmg

equations to determine a line—loading table (maximunn i pernnit ted tr ans—
mission ra tes  t e r m i n a l ) .  (?T,-~( ’ can be bypassed f f ’ the user so wi sh e s

~in time event he has h is  own l i n e — l o m i d i n g  tab le) .

Nl - ’XI’S de te rmine s  locat ions t ’or concentrators , given a l ist  of S

j )Oss ii ‘IC location s ,

A1 n ONIS creates a least—cost network design . employing the io a d im n i ~, 
S

table created by ei them ’ QTAC on ’ t h e  user.

.-~ l UFS provides a l i n e — b y —  t ine  ‘‘expense report’ of the  network, t,.

\l~ o r i t l n m n i c  S t ructure

We omit a discussion-i at ’ the Ol)IN module , as it is mm preprocessing
module , and ot the ,-\R!ES inmodule which funct ioums as mm post—processing

module.

N l - N 1 S  locates concentrators , ut i l izing a candidate list supplied by

the user . It uses air add algor i thnn , as discussed in section 2 ,

QT ~C is a queueing module that is used to obtain line-loadings .
It employs the Kh i m ntc 1ni n ~ - Polloczek equations to determine the response S

time and through puts obtainable umn der diffe m - iurg line disciplines .

Tine Eh inte hine- Polloczck equations provide an -i expression for t ine

mean numbe r of i tems await ing service. F~w .
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w um u mm m ht ’ u’ of it em rm s mmwtu itiumg serv ice .

f m m e ’ i l i tv u t i l i z a t  ion , 1mm mu s t ead y—sta te  model ~) E(n) E~t

~n - !ne cc i- (mm) is I he mm memu m m m m u ’ r i v mi l  rate and i- (t is the mmmcmiii
S

S ( ’ i ’ \ ’ i& ’(’ Fate ’ .

LIS t’S this  equation in Inmitd ~ng models at line disu’ipiim es.

am id t imeum solves it to bui ld  a I imr e ’— loadl mm g lm m h l e . inc line disc ipline s are

t ’ssemmt l u  l l \  t ’ oim m b i u m ti t  b u ms of t h ’  lol l ow lmmg six p m i l.a umm e te m’s  ‘

I m i m e  I )p&’ra t t om m : l-’ull— duplex or 1 l a lt — duplex

I los t ( ‘a unt u’ol lId e ’miscd ni r  I leid

, i mit ’ (‘ant m’ol I ‘oI led or Com m tc ’u mt loin

Figure 2~I is mu ditu gm’au im ii lu st  i ’ mml im r g the  six models included 1mm Q’1’ -~C.

‘l’h is figure is takemm direct ly ft ’ommm t ime ( ) l )1 N lust ’ F ’ S mm ran mu al .

i’nnv poll ing a lgu m’ i t l m um m s  urm m t \ -  be eumm p i oy ed :

I- ’ i) X ( i- ’tnl I—duplex )  .-~lge r it l m m mi — I lere outbound messages

I n ’onm ime h ost may be t r ans n mm It ted om m l ~- wimi Ic mu ll  ium h oumm d

nm ess m Lgt ’  is b eimr g t u ’ am m s mm ni t t e d  am ’ a f tem ’  m i l l  of ti m e ’ t e r u m m ln m uls

h m t u t - c been polled oum(’( ’ , P olls hav e pr ior i t y  over umme ss: u ges

oum time otutb ot umnd hi um e ,
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2. ll l)X (half — duplex) Algo n ’it imnm — Outbound messages l m t uve

a inigirer p r i em r i tv  t im ai r imibound nncssages. They also

have a prIorit y over polls ,

Figure 21 (fn ’onrm tir e t ise I ’’ S mm mam nui a  I )  sunm ma m’i zes the res~~mu r se— t I nre

modules.

ADONIS is Sl’ u,’’ s implementation of tine Esau— Wllll am s algorithm

for configuring least—cost centralized networks . This algorithm was

dIscussed 1mm section 2 ,

Stu urn m m n m u  m ’v 
5

5 1 5 ’ s nrode i is written along tir e ii m m c’ s of (‘N DI ’ (aga unm). It s  mmo ve i

features mu i’e tha t  it is wri t ten  1m m -\ P1, . am-id tirat it employs qucucing

models m’at ime i I ha mm s imul at ion irrodel s far deve lopi mmg I lin e— loadi mmg t ables ,

On tire wirole , ODIN appean’s to be a solid , well—supported tool for tir e

design of centralized networks .

Its mnm m j ar di ’am v lmt m ck s appear to he

1 . 1 tic k of provisi omis for t ime design of dist i’ilmut ed networks.

2 . u s e  of quecu ciung eq um atio mns tim a t can beconne imn accurat e

when evaluating poll ing ~ver ’sus contention) models

for li m e organization,

:i , I atck of r e l ia lm i l i ty  models.
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SYSTEMS ARCHITECTS, INC. — SADC , SADM , SAND , TALK , SAPA

General

SAl markets a series of nnodels that may be used for planning and

r cv iewi irg  a data c ou n m mn n um icat ions network . The major design programs

are interactive u n  nature , while other supporting programs ar e accessed

in bate In mode,

The prograumms are in-ritte n in l”ORTHAN , and are available throug h a J

tinme—sh a ri m mg service, or may be inst a lled at tin e user sites.

Unf oi ’ tuur at ely .  S,-\ i declined to g ive airy imn formm -ma tion as to the nature 
5

of the algorithms employed in their  packages, A substantive discussion

of SAl’ s products is impossible ummder the circumstances , and we can

only discuss them fi’o,nr a functional point of view , omitting time algorithm

descriptiorm. Some sumn nary rennarks ar e still j u n order , mind these will

i)e presented ,

Fun ct ionm~~~~ j ’-~m um i z ~ t iou m

S.-~I has five progranms app licable to tine mnetwork design problem :

SADC Systemat ic Approac h to Data Collection

SAI)ttl  Svst eun nati c Approach to Data Management

SAN!) Systemnnatic Approach to Network Design

T A1 ,K ~ network design package ~full name not ava ilable)

S \ I ’ \  Systematic Approaclr to Performance Analysis

-p - 

7! 

-



SAI ) C is a data collect ion module (batch mode), whose function is to

c reate a d a t a — b a s e  from user—supplied in forn ation as to traffic flow ,

planned usci’ faciliti es , equipment , etc. This information nrmiv then Inc

used as input to ot ime m ’ nnodules .

S:~I)M is , in tine words of SAl , “a general purpose data n anagement S

p i ’ogrmmnr , designed to handle small to mn m edium data base applications ’’

[P ,-~N G7s~. Its use in the network designr e-o mr t cxt is in tir e developn ment of 
5

input data for the two major  design modules , - r A i k and SANDS , as mv ell
as SAPA. input s  to this  u mno dule fl rm i v coun e from SADC , or be user—suppli ed.

t I
SANDS is tin iu ter act ivc pr o grm mn mn whos e’ major purpose is to study

various design reconfigurat ions - ‘ l in e mi s en ’ may start wit in either the

existing network or with aum i r m i t i a l  (icsigum , and their examine the costs

and benefits (respo mns e t ime, through put ) for various design changes.

Analytical (ostensibly queue i mg )  nmodei s a m’c used here.

5~ j~ \ is a set of progranns t h a t  pe r for irrs time response tinme/th ro ughput
analysis, A u mmmiv t ica l  models are used for single— m ost networks , while
‘‘simplified sinmru la t ion models ’’ 

~in the words of SAl)  are used for mmetwo i’ks S
provided by tine various i-endors . ‘l ime output of th is nmodu)e also includes

maximum permissible line—loadings m m s w ell mms queue si7e ’S.

1’,-~l.K Is (used either to evaluat e an existing system or to plan a new

one. The review function (pem’ ior mne d v ia simulation ) exam ines the effects

of changing grades of scm-y ice on tire p cz ’fori imance level. An auditing

function keeps t rack  at existing communie’ mt ion -us l ac i l  its - inventory, and

ver ifies the common i - am’ n ’ie u- im i l l i ng s ,

- 
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1’ALK provides a network designer with the following design capabilities :

1. The User Profile Developm ent Model characterizes

the individual users , workloa d, and traffic requirements.

2. Time llem mn ot e Locations (‘onf igurator determines equipment

conf igurations aund whetirer a location should be “omm ” or

“off” the backbone network.

:i , Time Regional Network Configurator partitions the net-

work into areas and designs a local network witimin

each area using concentrators and/or multiplexers.

4, The Integrated Network (‘onfigurator designs the

backbone network cover immg all on— mmet b c  ations

and WA’I’S. TELEX , or a combination of otirer set’-

vices to cover all off—backbo ne stations .

5. The Front- End Configurator configures tine front-end

system .

In addition to these five capabilities . SAl maintains a collection of

data bases wimi ch contain inf ormation on telecom niunica t ie ns products
(modems , front-ends , etc. ), comn-ion carrier tariffs (e. g . .  AT&T .

~Vestern Union). and value—added tar i f fs  (e. g. . ‘l’El,ENFT , TYMSIIARE).

Summ at’s

As indicated before , the company declined to provide specific

information on tine algorithms employed In their packages. The only

material provided was promotional in um ature , Consequentl y, no in-dept h

~~ 73
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analysis of SAl’ s products can be atte mpted, However , sonne comments
may still he nmade :

1. ‘I’he ability to design distributed networks appean ’s to he
lacking.

2. There are no reliabili ty mmn ode ls ,

3. P a r tit ion in mg mm netwo rk it - ito separate areas with in wlmlci m
centralize d networks could he designed is a diffi cult
pi’oblenn . especially inn tire case of large networks, One
would especially ivisin to examine the algorithms
employed here.
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UNIVERS ITY OF M IN NESOTA — VANS (Value-Added Network Simulator)
Professor M. Schneider , Compute r Science Department

Professor Schneider is presently completing the implementation of the

VANS model. h i s  ma jor purpose in building It is to produce a model capable

of investigating the utilization of different network protocols.

Protocols , in the context of a ra mnn puter network , are simply rules 
S

S which govern tine exclnange of infornnation between processes — establishing

and maintaining connections , transferring messages after making connections ,

t 
etc. Tinev must cover the following areas :

• Opening, maintenance and closing of connections

• Flow control

• Process initiation

• Process interr uption

• Development and maintena nce

• Recovery fi’om failure

A discussion of network proto cols (fo r the interested reader) m a y  be

found in DAVI73 , chapter 13 .

Schneider , in “A New Methodolo~~’ for Computer Network Simulation ”

( SCHN7S I  , makes the point that presen t simulations of computer netwo rk s

are what he term s parametric simulations. By this , he means that tine user

is required to input a list of parameters — line loadings , erro r rate , etc. —

but a detailed study of diffe rent protocols and their effects om’m the network is 5

not possibl e . In contrast to this  “genre” of cinnulat lon , lne defines

75
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a structural simulation as being char acterized iw tire three following 
5

points (SCIIN7S1 : S

~a) All subnetwork act ivi ty  would be factored into a disjoint , ‘ 
S

nonoverlapp ing set of respo nsibilities called pr otocol areas.

t b) A user would initially ‘‘build’’ tire s t ructure of a sub—
network by providing the name of tine process win icin will
support each of the above protocol areas. These pro —
cesses , which can conne either fronn th e user or a
standard l ibrary , will  be collected , t ’onnpiled and Iinnked
together to form a sinnulat i on model of a specific network .

~c) A user ~voulc 1 par ametrize t ine network just  connst t ’ucted by
providing those data values consistent wi th  and needed by
the model . 

S

Such a sinnulation provides time user witir  the abi l i ty  to ‘‘parannetrize , ‘‘

L 

as befo re , and also to modify the protocol structure of tine network . As a
resul t , the user could , for example , imr v estigat e protocols in the are as of
dynamic routing, error detection and correction , flow commtrol techn iques ,

*S line allocation policies , etc. Schmneide r inas built such a model , and a brief
description of its orgairization , together with  an innterest ing list of experi-
ments one may perform with it , is included below . Our discussion of his
nnodel follows his own description in SCI I N7 S , and the figures wlmich acconn —
pans’ this discussion appea r in tinat paper .

I)eseript ion of VANS Model

V:~NS is an interac t iv e nmodel , consisting of t~mur phases , as depicted 5

in figure 25 . As is Indicated in the diagram , tine user has the option of
reentering any of the preceding stages upon completing one run of tire model.

For a more complete discussion ~f Professor Schneider ’s model , the reader
Is urged to consult SCHN7 $ and SCIIN7 6 .
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‘l’inc p t ’eprot -es si ii  phase I the  im i odd is hr mke ir int o two pa i t s

st r iu c t u  n’al and par am mn e t  t~ i ’ (whi ch 1w um aw should I mc stm ~ gest iv t - m maun n e s  1. l’~m t i m - -

of th ese  phases are w i - c t c t i  iun l ’ -\S ’ .\ t .  a nd mire  i rm tem’ a ( ’ t t vc ,

I’he st ru ctu ra l  m ’c n-~m~ t -ss~’ 1 e sse ’n t  i a l l v  th aw s t i m e  use i’ t~ ’ h m u j ld

ml l ibrary at ~n n a t s m c~ ls to support  s o mn me ’ prt m to ~-~’l mu t- t ’as . i - a ~-h at  t I m t - ~-~c

32 a reas has mi t le ast  , mum e mn iodul e c t m n’r t ’ s p t m u m d i t m m : to - s t a n t l a  rd’’ p r t m t o i s ’~s inn

th at area. .\ mic t au l t  mnn odu le i i : is  also been t l e s i m ~n : u i t ’tI j u n  al l ml 1l1t ~~t - areas ,

t m in - m a t t t m g  the  nt ’t ’ &l iou -  an exp l i c i t  m ’h m j , -t’ inn cmi ~~I m :1 i t - a  — t i m e  u ser ~m a s  oui i~ to

pie ’l~ those t i nat mir e of immtere s t  to h i t m u  . l ie  ma~ a k ’  &‘upp i’ u t a t  ‘~~ ~l n ia t l u le

w r i t t e u n  by h imse l f , pm’ t mv i ( l i t mg it cotnt ’orms to c c i :  a in su a u m t l m u  i’ tl ~ - 
S

Time ’ pai’a me t r i c  preproces son’ us  also , t ~ t im e l i t  Ia nt- ti imt’ to u-c • w n - mi t  e ’tm j im

P.\S( ’AI .  , and is untcm’actwe ’ inn nmn lure , lime’ m iser  i u m p u i  s v m u l m a - s  t a r  t l t u m m t m m  it  it ’s

such as tine inunibet ’ ot nnodes , line ~j ”t ’~’d , prio t’it lc~ els , c i t . .\ ~a t m  defaul t

values exis t  , annd tire m iser  is only required to j mr a~ ide \ mi lue s  far  pa r:i m e t e t s

winicim inc selects .

I’he sim nmu latio un phase t m f  V :\NS is or - gatn i  i.ed as mm thn’e e—le ve l  pn’~mcess

tree , as simo wm n in f igure 2m ; ,

l’ine f i r s t  tw o levels are not accessible  by tin e user , whi le  time t h i rd

level i ons is is  of t ine protocol modules , wimi c im ar-c utrd er time user ’’ s c ount i’tml

‘l’he & ‘x ei -ut ive level has rt ’sp a t ms ib i l i t v  Co m gemn erat ing tine level 2 m m t mde

prt mct ’sses , mis ~vell as i t n i t i a l i i i ug  all t a tmlc ~ , constants , mit -i d queues. The six

level 2 processes five are sinow-n in tir e ’ di :igrm m inn m m i’e immn p l e r rmemnt ed 1w

SI \I I I s \ pr ocesses. 1-’tm llt mw in n g Se’in n - i e ide’ m” s de sc ript j o in [ St ‘ l I N T  ~ 1 t best’

processes are :

• l i t  nS i’ — i’he I I i . )S’i’ processes model tine message ~ t’tit ’ rat I t m u

eon sm u tm rpt ion ape t ’at b ums of em it ’Im l i & S i ’  mit ti nt ’ node. Timen ’e is mm

— ~~~ .a._ -
~~~~~~~~~~._ — — 
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FIgu re 27. Diagram of a Network Node S
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s epa r a t e  process  t a r  each I I( )m” ’I type . -\s  show n in the

example iii l i g -ti i-c 27 , there would ix in se’p a u -ate ’ ii  (~*1’

processes for t i n a t  node ,

• flU F l ’U R - ~ l AN :\GER — ‘l ’his process i m m mde ls the opera t ion

of tine i t t - ) S I —  Cl I ) i  t’cct M en-on - s  Ai-ccss l)~ l:\ ) cha ntn els and

the mnn a nm n u~e nmen t of tine Cl ’ s pr imary b u t t er s .  There is a

single 13U 1-’F E H— \L \ N .\( I i\ process for each Cl.

• CO~~1M1 NIC . \ I ’ l ONS I N l l ’ A ~ l’A~~ i ( ( ‘ 11  — Ti-me CI process

mmm o del s  all pI - m m t - t - s s  in~ capab i l i t y  located withim n tine conmnutnica—

t iot ns in terf :tce  - 1- vein t hu mu g h  the Cl pr u mce s sor  nna\ -  be’ viewed S

:is hei i~~ coi n posetl a I mm nunnb c i of identical , independe mmt sub—

p roce s s o r s, the re is om n lv a sing le CI process per network node .

• I I N 1. IN I i  R F A Ct - :  i 1 11  — I- :ach LI process nmi mde ls the operation

01 mm c onn m nm uu n i c m i t i o n  l ine in t et ’ t ace wi th  l ) \ I A  capabilities . S

R efert - ing to the example in figu i-e 2~~, there would be

m d is t inc t  LI processes tar  this  node .

• 551’ORl- l’he STOR E process mrtodels tine backing store amnd

t ine D~ l.\ chantne l between tine pr innarv and secondary Cl bttffers .

• GRE~~II,lN — GRE ~~IL IN is a t -and ormn lv occurring p r imce ss

causing unplanned errors , failur e ’s , an-id i mutm i ge s , and u n

general wreakitn g havoc among all network e’onnponents .

All of these processes a m-c accomplished via calls to the level 3 pro—

cesses ~-hose order of activation and choice is determined 1 time level 2

processes . All of the level 3 rout ines am - c innplennented as S I M i I 2 \  procedures.

So

- -  S - 
~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ - ~~~~~~ -~~~— - —~~~~- ~~~~—- ~~~~~~~~
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It i an a t t empt  to musscm re tin at mm change hr a level ~3 procedure doesn ’t
cause ’ an unexpected c imm mn ge In another pt ’ocedmure , eacim protocol nnodu le must S
con form t o m m e ’e r tmti m r set of reule s or capabilit y descriptors . These rules 4

address tine followimng m l remi s : 

~
• fleqtui  r en rn eim t of m m s tm i t m da r d  ized (‘fill ing seque n ce , prov iding i~ r

a stm m undm m rd i i r t em ’f :n-e beti~-ec’um mill levels.

• 5tx ’e ifi cmlti om-i of time data str-w tur es tha t  t im e ’ protocol nnodule •
is allowed Ic modif y . On inis ~ioin of a l i s t  implies that  no data
str uc ’tum ’es m mm v be mnno (li fied by mm module supp orti in g t h i s

p rot oc-ol mm n’e’i - 4 - S

• A l is t  of the at ire i’ level :3 modules it ( ‘aim ac t iva te .

• :~~‘ t i m u s  mm imnodule can per’tcmm ’mw . .,- 
-

~\ui e’x anmm p l e of mr cmtpa b i l i tv  descn ’ipt ot ’ is presented iur detail itm Scirureide u ’ s -
pape’ r .

Time last pon ’t ioim of \ AN S is ml report generator . ‘l’imis is m m standard

post—p rocessor , w in ic ’ p n ’ i I mt s  out a l i s t  of stat ist ics in the following five ’ 5

ca t e g& m i’ie’s:

I , ~lessmmg e Statistics — to ta l  trmiffic by links , iIOS T—llOS ’I ’ ,
c’onrr m nn u uni e at  ion m -’ processo t’ to coir mn r t u mni c a t  loins proeessou- .

- ‘I’i me ‘Fff t ’ieinc v SI m it ist R ’s — m lvt ’  u-age message delays by

pu ’ I . m i t  Iv  m - l :msse ’s , I R)ST—i I t)S’l’ , con-mi mut nicmm t ions processor

I i i  t ’on m nmmur r k ’mm t ions processor.

u i t i a l  l i i i  ~~t i t  is) it’ s at ’ Various Resources — lines , pm’o(’essors , e’tc .

- ‘ - I ? i ’ 4 1 i ( ’S
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Follow Ill ~ I in- p im miSi ’ , I l i t ’ LtS t ’ t ’ iumim - m I lIt ’ i’i)~im ) I~ i’t ’t ’i m lt ’  I’ : ) l m \  Im fl’t -etI ilb:

St: i c . t ’ , g i m  t n t , i m buim tim e o p p a r t m i t m b l ’m I a  t ’ xpu ’i ’ i  m mcm i t i t u i h e ’i- ~t i t i m  haI t i  t i nt ’ 1’h\ ~- ‘ut al

U c l a  ‘ i - l ~ i t m u l  t i m e  pr otocol st m u m - t n t - c a ,

t ’it ’:i i- l \  , mm u m mmi mm iX’m - at t:Ia, - iumat h it ’, expe i ’ I t mmi ’tmls  m m m i  i t ’  t ’oumth m c t cd S

l i m b s  m m n ~’tIt ’i - S c h t m t ’ i t l t ’ m ” a l m m t ’t m u  i t ic ’I tmdt ’~ -

• 2t a l u i t t i  at d~ n _ l i n t - r ’ m t t i u m e  :il c . ’ m i t t m u m m s .

• \ a lmi t l i  ‘I ) h ’ ~m t ’u ’ m m t rol m ind t l t ’ m m t l h oc ’l~ I mi ’ t ’\ t ’ t m t i o i i  m I c . ’ n - i t i i m m m s ,

• ‘I a t i t t l i  ‘ I  t t ’u - im :i i’ tI  t ’ i ’m om’ c ’ mt’ t ’~ t i t ’i \  \ ersils m i’) r :tmmsn rmiss jm tm

m im es r i m m t i t ’n — l i t  1i i t ’ l l  ‘ ‘ m m l i i i  ‘i t s  —

k• \ ~ t i i li ‘i l l i t a S i - t ’ \ t ’ t ’ ’oma i m :l Lt ’I au i t ch ing  m m ntl t m-

dii tc i m ’ iit t ’oiidt ) lows -

‘ 1

• i ’ i m n m i l u  ~: i l l t I  t m m ’st : i u i m i ’ j t t ’ m t s i u  1 , mm pt ’ ssh im lt ’ m m t u l i , - a t i t ’u ‘1
\ ‘ S ’t N S  m i s  p ar t  ‘1 mm t ’pala c.i t :il mlt ’ a~gu p rmi ii’ t ’t I ’ m  l i i i ’

t - t ’l m a l  r im ~~t t ’t i  at  - ‘ l m m p i u l t ’ i -  m m c l i i  oi Ls .

-
~ \ ~\ NS IS . i l l  t h e  t ’i~i uui ~ t i ‘I lim e mm r i le  i • a im ~~ i t  m n m ~ t mmodm ’l tim: ~t simtmw s t he

pt ’i ’ lm (  mal  t am ) ‘ i ’ , ’ m m I s m l m c  imm ’w c mN m mmmnd j i m  n t ’ I w t ’ i i ~ t l , ’ s I c . mm . \ s  ~ i t t ’ii , i t s  f t i i ’ I t m t ’ t ’

i m t t ~ c . u ’a~ Sil t ’ ( l i t I  ct ’ t - ! m m t u m l i  he mm

— ____________________ —



r

i n ~ i~ ;\SS( l( ’I ,\ i t ’ S — NP~ iS , . - \ N i - m~ lS

(~~‘ tmt ’ r m ~l

VC\ i\\ .~~ss t’t ’ i m I I t ’s m m i m m n ’ L t ’ts m m series ‘I models dt i ’ee ’le’d t ow m i rtls t ime

t lu  ‘md gim ml m m d m mmi ui: m gt’mmm i ’m - mt t n t  cc i i i  u’ :m ii ; cii  i - me t ii’ t i  rL s - i ’Imc mnmt ’ t l t ’ ls  mm n -c m u ’  r um ct lye

S in mmmii u n’e , m i nd m m ri’ a u mmi i  m im ic t I n  m - ainglm 1 n mmm l i t m m m m m l  t ime  —shr m n n-iing se Vu i t ’( ’

i ’~ MSI I ,\ i ~ I’ ) .  l i m e t ’u m m n m j m : m m m u -  um ’ilh also i n s t a l l  t i m e u n i  a i m  l i i i ’  mi se r ’ s t ’o m mm i m u t t ’ m -

i m i c i l i l  i t ’S .

l)r, ln i~~ i m l)oll , liii ’ Im rm ’sitlt ’tml 01 liii ’ eoulm imm iu mv , det’l itit’d 1with one
( \ c( ’i m t i o l m ’l I a  c . i u  t : i t m ~ i u n f a u ’ m n m ui i i t ’l i  0mm t ime  m m l c . u m u - i t i m u m i c’ st r m m ~’lut ’e of his

t ’t ’ I m i p : m m n v  a u imtmt l i ’Is , t i e  did , liow i ve m , ex p l m m i u m  I l i mi t  the y  ii ‘m’ t ’ “i~ i t I  It 1 ‘sled . “

I )est ’ m’i lmt i i i ’ mn ’ :m te m’i m il ‘1 ml ~ i o t m m o t  i tm um :ml  l im i t  IIm’ t’  wa s  a lso smup ; ml led .

1m m u ie mm of h i t s  l : m c k  ‘I i t m h o m ’ m n m m m i  i t ’u i , u m~m m inz th~ sis , iiouu t ’u cc l en i a t i ’  e , is

p tmssi t ~Ic , i h t ’i ut ’t ’ , a t  mnu ’m ’elv l mm ’ es i ’mml  mm t mm um t ’l it m mr~ h dt’s&’m’i p hi tmum of time t imodels

mi nd t o im t ’lnude ~m ’iI i i  a few c.t’imt ’n’:ml cant mcl i )  s air I i i i ’  p m — otimt t ’t am i d ii s :i I m l mhi t ’ : ih i l i tv

I t ’  t “ j im ’ oi m hemmm s .

Fminc ’ t i i ’ i m m i l l ) em ~t - r I~~ian

25 u s m m i l i ag m’ m mmr r I :iheii i’ m ’omu t i me 1 i t e n ’:il mm m’e supplied h~’ I ) ~m I\\’

[P ‘ul \ \  75 - ui’ii le ’ti sum mm mi c i ;  i ’s l iii ’ l i i :i  ~t ’I’ iwodul ’s 1m m P ~ml\V ’ s pa ‘ls: m ~~~~‘ as well :ms

t h e i r  l u n c h  ions , t ime dis ’u t s s i a t i  l i m m i t  tohi~’ui a m ’e te m - s  t o  t h i s  di:i 1~r : m n rn ,

l imi ’  u m mo tm0le  t t ’ m ’muei l  H I ’S i’ m l N S t  1 imas ic m ml1 ~- c . i ’ lm i ’m’ at e s  a i h u n v — I a m i t l b u m c .

I m it ~h’ , )~ t~ cmi m m m - i ’ai mu l l m a e  I l im it ’ ~~‘:I1 . th us p ’ m ’ m m i i l  h u g  h it ’ ums ( ’l ’  to c ’t m i r m p a  i’i ’ d i f —

It ’ i t ’ n t  lim i t ’ ,Ii~ ,’ mpl l tm t ’s , li m t ’m - a ; i c . e pm - i t ’ d )  It ’s , t ’h ‘.

H F~— m 1’  iNs i’ 2 t ’ ‘ m n m p u m l t ’ s  t i t i ’ t ’ m ’SIX ’im st ’ I i t m i t ’ ho c ml l i ne h i m m i l  has :ilm ’ennd y

I ~~‘~ ‘t u  ~u i!  ut ~m u rm ’tI I h a t  is  , i t s  I t ’ ; m ) I  i , m u m u nhe t’ of It ’ m ’ mmm ina i  s - v Ie  - h a s  ah m’ e:itiu’

i~~’(’ii t l i ’ I t ’ uiiiIiit ’u I . \a su ch , i t s  j mr~~m : m i u  m i s t ’  is I t ’  c’sli m n m a h e  m ’ t ’s i~ ’um se f l u m e

,‘ti~- i - l in t ’ mm.’ t uu ‘n ’h i mm is iu ’ m ’ m m iii ’s m c. mi , ’d i ’m l i m e 1 l i - S I t  N im modui le  oh ’ N 1l~m 1S .

s :i
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F

N l ) \1S N eiu v t m u ’is  l) esigmr amnd I \ l amna gemrr ent S~- sten-t ~ solves the

con c e m n t r a t c m r — m m s s i g m m m m m e u t  aummi l inc — la ~ out pt’ol)letn . I) i ’ , Doll mentioned t inat

t ire l- sau— ~V i l l i a m m m s  a lgo r i t i mn m is at tine ’ trea rt of ti n s nn oduu le . A number of

opti omn s for time use of t inis module are availab le , For exam’mnpl e , tine ’ user can

pe t’to rnnm ii is own eonc ’c ’tmtrat or place n -met -m t aurd rely on a subset of Nl)MS to

pen’for inm tim e l i m me— l m m out act ivi ty .  lie may also choose to develop his own

li mn e—lo um d imm g tm mhl e ’ s instead of rely ing on RESPONSE 1 , ANDM S Advanced

N et work l)esigim and l\ iamnagem iie int Sy stem) is , mis is evid emnt from figture 28 ,

atm e ’xteu ms io ur of NDMS . In addit i on to NDMS , AN I) 1\IS contains a data—base

manag enre ur l  s m t h s v s t e m m n  , I) flr ~iS , t inat  can be used to keep track of and con—

t vol usel’ lc mc mm t j oins and [mmd lii it’s ~mmmode rnn s , te rm r n imm als , etc. ~~. Th is infor ma—

I io m n mnnav t lmemr be passed our to tim e ’ 1) I ’SIGN um m od mul e as we’ll as to tire ANALYSIS

ir odule. ‘Feinn in cmt ’ar\ - data bases mmi v milso ix’ created , innet’ged , and stored .

Tine m t m m m i l v s i s  nntmdu le iaptlv named A N - \ l X S ~~ is used f m mr det er mmn in im ng

response tin -ic ounce ’ time I) ES It N mmmodule ira s comnmp le ted i ts  m mc t I u - it ies. It is

trot c lear how tim is submodule differs  from H i-:s i~ )NSF: 2 .

ti n m i dd i t iour  to tine mmbov e mmet w or k desigmr products , I)~ l\\ ’ provides other

m nn am nag ( ’ m nm i ’mm t tools to r c in m mnnu n i  cat loin s — relate’d expenses.

TE L E (‘OS’i’ pros-ides rep tmm’l s on te ’lepiromne ut i l iza t i om n amid costs . For

exmt nnp le , omne nn av o i n tuniun detailed su m n n r nma r i c s  of lo ing—dista mr ce phone calls ,

I m ’um r k group t i s : m g e  1 W .\ i’S , l- ’X , Di m ’ect l ) im ml  , e tc . , l ists of fr eq ue mnul v e’alled

numix’rs , etc.

W,-\’i ’S i’ ) I i  provides im rforn r nat  loi n t mmn t i m e  t ’as t s and m itil i za t  j oin of \VA’l’S

lines , amid u m t s i m determ nr iuncs aim opt I tri a l m ix  of (a ti f fs and faci l i t ies .

Otrl inc ‘I ’ a ri [f— Gu m ide is a in I m rh e i’a ci ivt ’ progra inn for deternm lining time price

scire’(lule fi n’ i~~t lr point —t t u —p oim nt  am md mrru l t  IpoinI ci rcui ts . II com n l ai mns am exten—

si ye di recta rv of coum main— c ar diet ’ t m m r i f t ’s.

85

—- ~~ — “S 
~~~~~~ __ S~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ 

- - -- - -  -
~~~~~~ 

_________— - -



---- —--—-- - --- - -- ----- ~~~~~~~~~~ 

Sumnn n-ia r~-

:~S no algo m ’it i m m ic in fo i’irm at ion was made availabl e (wi th  the except ion

of the 1)ESIGN mmnod ule t , inc -mt nnuch cat-i be said about 1)MW ’ s package. It

evidently suffers , iro wever , from time lack of a distributed network design

capability amnd reliability capabilities .

S 

Given Dr . Doll’ s asscmc iat iomn wi th  IBM ’ s Svstenn s Research Lmnsti tu te ,

amnd his use of the Esa u— \V i ll iam nns algorithmn i ~wini cin constitutes an import an t

building block of ( ‘NDfl, one nma y reasonabl y speculate that lime renn a immd ei ’

emf hi s package is also tai lcmre d m i l om n g tine lines of ( ‘N l)P .
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NETWORK ANALYSIS CORPORATION (NAC) — GRINDER , MIND

General

NAC has developed tools for the design of centr alized systems (MIND),

as well as distributed systems (GRINDER) — it is the only vendor that sup-

plies mm package capabl e of designing distribu ted netwo rks. Reliability models

are included with - i both GRINDER and MIND . Again , NAC is alone among the S

vendors in offering reliability models , a feature clearly of great importance

in militar y circumstances. Both of these tools consist of a series of modules ,

which are written in FORTRAN , and are Interactive in nature . The modules

can also be utilized in a batch mode . They are available th rough a national
- - S

time-s inaring service or can be installed on the user ’ s computer .

Functional Description

Figure 29 (reprinted from tine literature supplied by NAC) presents

a u-j ew of tIn e various modules in GR IN DER. Note that it clearly illustrates

the relationship that MIN D bears to GRINDE R. The functions of each of the

boxes in the diagra mnn will be discussed first , S

Input Module and Data Base

The data base has such information as tariff structure , device char-

acteristics , etc. The user can interact with this data base by fetching and

rinodifying those portions which are relevant to his problem . He can also

create his own files as part of the data base ,

S Netuvork Configuration and llardware Alternatives Modules

Each of these modules require inputs consisting of various device and

traffi c characteristics .
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CP U Configuratio n. This modul e evaluates the cost-effectiveness of

a particular central site configuration (i . e.,  a combinatio n of central
processor(s ) and peripher al devices) . Its outputs include system bottle-
necks , throughput and cost for time various device characteristics , as well

as for different distributions of CPU proce ssing time , and different message

arrival rate s .

4 - -

Term ina l Configuration , This inodule evaluates the cost-effectiveness

and throug hput capabilities of different terminal configur ations. One topic of

interest here is the use of intelligent terminals versus slave terminals S

employed with line controllers . The number of terminals for a given through- S

put and the cost of th at throughput are the basic outputs of this module,

Number and Location of Multiplexors and Concentrators, This module
portrays the effect of each of these devices on the network ’s response time S

as well as its reliability . S

Network Simulation Mod ule

This modul e , along with its “distributed” companion , performs the

response time throughp ut analysis for the network . It is a hybrid model in
that it is a sin’iulation , with anal ytic models ennployed at the device level.

The paranretric Input to this module includes message length distribu-

t ions , interval time distr ibutions , numbe r of termi nals per line , polling and

addressing sequence length s , device turnaro und times , etc . The output of

the module can be pre sented in the form of an overall response time , or

wait ing times in various devices. Response time as a function of throughput

is also an option. This module is used to produce line-loading tables as an

input for the topo logical design modules . Various other options for input and

output are also available .
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Reliability Module

The function of this inodule , as clearly i mplied by the nann e , is to

calculate various measures of network reliability,

The i-nodule requires as inputs a given topological design as well as

device failure rates (in the fo rm of nnean t ime to failure , mean t inn e to

recovery , probability of failure , e t e , ) .

Tine output can be presented iii the form of ine fraction of node pairs

that are not able to communicate.

Program s for calculating the reliability of “standard” network con-

figurations , such as trees , loops , series parallel networks , etc . , have been

written . Since networks are often a combination of the ahou-e topologies

(as well as a backbone), the above programnns inlay often be connbined .

Topological Design Modules

There are two design nnodules in the package . One corresponds to a

centralized network , while tin e other corresp onds to a distributed network .

The centralized design module addresses the problems of clustering the

terminals , concentrator /multiplexor placement , line—la yout and capacit y

allocation. The distributed design module , in addition to solving the same

problems as the centralized design module , addresses the routing issue as S

well as the backbone design pro blem for large networks.

Program Manager 
S

This module has two functions . It allows infornnation to be passed

back and forth in between modules. For example , the results of the response

t ime module can be passed on to the design module , and vice versa , t im um s

allowing an interaction to occur that can successively produce more effective
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designs. The Program Manage r module also produces a variety of designs

under diff ei -emr t mm ssun r pt ion s , Thus for a variety of different traffic levels , — S

one can obtain corresponding designs and the costs for different response-

tinne ~thro ughp ut requirements .

Algorithmic Structure j 
S

We divide our description of NAC ’ s nnode l into three parts . The first

part deals wi th  t h ree modules common to the design of both centralized and S

distributed mnetwo rks — the reliability am-id CPU configuration modu les. The

second part deals wit ir  the desigmn of centralized networks : and the last section

presents the design of distributed networks , including a discussion of the

backbone design problem for large distributed network s .

~~~~~~~~ Models Common to Both Centralized and Distributed Network Design

(‘PU Configuration Module. TI-is module eu-aluates the utilit y of vari-

ous hardware configu ration s. It is applicable to both centra l site confi gura—

t ions atnd concentrators . ‘j ’jnc module essentially determines the following

characterist ics for different “conditions ” — capacity , response tinne ,

throughput , amn d tine location of processing bottlenecks . The conditions are

time followitng design variables :

• h ardware configu rations

• Software design 1i ,c . , processing cycles of t ransact ions )

• Traffi c characteristics , bot h demin and and service
S 

The model ennploved is based upon a paper by Cinou and McGregor

I CHOU 75 1 , entitled ‘A  Unified Sinnu latio n Model for Communication

Processors , ” In t hn i s paper , a methodology for constructing such a simula-

tion is developed by ennpl oying a qu euueing model of a communications
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processor , and tin en basing a d scm ’ete t~’vent— stepped simulation on thi s

model. This hybrid ~~~~~~~~~~~~~ ~ I umb iuc s t lit ,’ ad~ a I l tages tand , one hopes,

eliminates the disadvantages of t in e pure anal y t ic  and tine pure s imula t ion S

approacin to the prob~enn . ‘F ime adu - antm t ge - f  s inmula t ing  a qucueing mnnodel as

opposed to tine actual system is th e gain u n  speed of ti -me s imulation wi thout

an attendant loss of accuracy . ‘l ’Ini s is u m m t o r t u i n a t c l v  too often the case winen

one relies s t r ic t ly  upon queu eim ng mnn odels .

Tine nnodel i tself , shown imn figure 30 , is a collection of intercomlmne (-ted

queueing s t ructu res .  There are four servers (each possessing its owm n

queue ’, — t ine (‘P1 , t ime peripineral devices , tine - ()  ciranmn el s associated wit im

ti - me peripireral dcv ices , and the eomt num nica t ions  lines.

The CPU is modeled mis a single—server queue . Inpu ts may come from

the communicat ion lines , time peripimeral devices , or the CPU proper.

Outputs are directed to these sm mm e devices. The service tinne for the CPU

is considered to be tine processing t ime .

The peripheral devices are modeled as a collection of single-server

queues . Imn case of a disk , t ransact ions  fir t queue—up for access to the

desired disk , mind are tinen serviced provided that no other transaction is

nnaking use of the disk. Tire service tin -ic is the disk—seeking t in - ic . After

completion of this act iu - itv , a queue is fornn ed “in front of” the I ‘0 chainnel

of tine disc controller .

The I Zo channel of a device controller is port ra yed as being simared by

a numbe r of devices , while the controller governs the activity of one device

at a t ime , The service tin -ic  is the read u~-r i t e  ti m nme.

The com mnmuni c at io mn lines are modeled as a collection of simmg le—

server queues.
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l- :tc h t i’m t f l smi c t i o i i  is v iemved as proceeding f rom one sc rvcr to amnothe  r

is i~ ~ i
’o ,i- ~~~~ t hrough t ire coumpu t er . ~iti lt ip le cut ries to a m y  device , as

tve ll as sitnmltaneous se r \ i c c  of one t r a m m s : m c m  j oin by a tnumbe r ot dcv u -es , are

included Is part  of t ine model.

Time si m u l a t i o n  was \V t ’ it t en , as pre’~ io uslv indicated , to be s en s i t i v e
to ~‘i) : I f l L ~t ’5 in h am’ dwa t - e  , tin e t r a m i s , t ~- t ion pr -~I -ess ing  cy c le , and t r a l t i c  c i n ar—

- I  ~‘t t  r i s t  115 . I l emn c e , a h ie ra m’chy 11 t ieve ls corx ’espomr ding to the mtIio\ ’e 1)1 rcc

s\ st elu c ina rac te r i st i cs  m~’as tle~ ised mis t he  ha s is to r i mple m emi t  ing th e  p r o g ri  ii -

lime h mt rdw a re cI - mm n l i  ura t  I I ) ) )  l e \  ci Il l -cop i es  the  h ig’lme st rank of th e

hie m ’mnr l ’hv . It is im n m p le tn m c u ted  as mi tab l e  I) f hardware  dcv ices , and m m s s k lc iat ed
r a n sj L ’t iom n t i t n m e s  for each ilem i . e .

l h e  sot tware  d e s i gn , 01’ t r a n s a C t i o n  processing cycle is represented by

:1 s t a t e  \ cet 01’ co rt ’espo mndi mrg ’ to e:R ’h f a c i l i t y  serve i’~~ , at id ml cy cle  \& -c t I  lr

1 0 1  respon~lmn g to e:h-h t r ansac t  iotn t\ pe. r i-ic si mime \ ‘Cct o r mI ss oC ’i a ted tv It I n
each device c- hai ’aetet -izcs its s t a te  by amn im nter i ’upt  t i m e  d i s t r ibu t ion , a service
ti me & h i ~~ r ib u t i on , and a priori ty . Ti-a’ cy cle  vector in turin speL - i l t e s  the

selluence ot scm -v et - s as well mis t h e i r  s t : t t t ’s ,  i’hcse two vectors  provide tine

I li nkage het~veen tin e ~mt r ious de~ ices.

The denr am md service ch ara c tc  r i s t ic s  are specified via average message

lengths and message lengt h di st  r i b u t  iomns , and av et ’mtgc message ar r iva l  rates

mind i m i t e  r ’—arz ’i vm il d i s t i ’ib ut io m m s .

The lu t e  i-es ted reade t’ should consult C i t t  ‘l’ 75 for nnore details;  mnnot h er

pope i- of in teres t  om n t i -m is specific appr oach [ M CGR 7 Sa  1 might also be consulted .
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Step 1 Add link ak to 11 ~~ n i ,  then examine the lal~’ls
on and n

1
. If t h ey  are d i f fe rent . go to step 2 . Ot herwise ,

set k k 4 1 and repeat step 1

Step 2 Change all of the node labels that are the same as the laIwl of

n to the In bel of n ,. Set k = k I • and (‘heck to sO(’ if

= :\ ~I. e . , it all the a rt ’s have been nddedL If so , STOP.

Otherwise , go t o step I .

\s one proceeds through th e algorithm , one may keep s ta t i s t  k ’s as to

the nunther ot &ommunicati ng node pairs , the number of nodes in each

component • etc

We now proceed to a discussion of the two simulation approaches

employed in NA( “s reliahil itv models .

1. The Functional Simulation Met hod. This suggestive name is

efllp lov e(1 because in this method , the expected nunihe r of node pa irs com-

municating with one another are calculated as a function of the probability of

link fa ilure. Based upon work by 11am mersl and I I andscomb [ii .\M M~ •t 1
t he method is as follows .

1~or eac h link , a random number between 0 and 1 is gene rated , and

t hey are then listed in decreasing .~rder. :\S is usual in Monte (‘nrlo si mu—

lati o ns , if p is large r than a random num ber , then the link associated with

t hat random number is taken out ot the network , whi le if p is sma ll er t h a n

the number , the l ink is left in , and the resu lting network is analyz ed for its

connectivity . Hence , fo r the given sequence of random numbers

r 1 > r ) > ... > r , if p >  r 1 
all the links arc removed . If r 1 > p >

then only the first link remains , and in gener al , If r i ~ 
p ~ r , I ’ then the

network having links a1, ... is examined for connectivity.



Dv using the connectivity a lgorithm lust described, however , the
ne~ vork ’s connectivity can be eva luated for all P values of p in one pass,
thus saving a considerable amount of computat tOll time . This is seen as

fo llows : First , o rde i’ the collect ion of probabilities and the random numbers
generated in one sequence . ~ g ~‘ I ‘~I p r .  ‘l’hen
adding one link at a t inle as permitted by the above algorithm , ana lyze the
resu lting network s for connectivity , keep ing track of the appropriate si n—

L 

tist ic s t c .  g . ,  node pairs w’hich can co rn municate , etc . . if so desir ed .

2 . \Iooi’e—Sliannon Approach l~ascd on a paper 1w Moore and Shannon

~ )1i~~ 1 , this method cst imates the pi’obahilitv of the network being dis-
connected , h1 p1, via the fo llowing form ala :

N i A — k  Lh(p) = ~‘~1~1 P

k 0

where q = I — p and ctkl is the number of networks having L clement s i . e.
flodes and arcsl which are (iiSconnvcted .

A simi lar formula is employed to (‘St imat c the number of node—pa irs
that are not ab le to communicate:

N A
N4A- k  l~fl( pl = l

~t I’1 P
kr~0

where 1)(k l is the number of node pa irs unable to communicate • given that
there are k arcs in the network.
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7

In evaluating the formula for h(p) , a simple combinatorial result is

brought to bear. If c is the minimum number of arcs required to disconnect

the network , then there are only A — C 4 2 non—trivial terms in the expansion .

This is so because:

1. If the network has n nodes , it takes at least n — 1 arcs to

connect them. h ence c~k 1 ( N A )  when k = 0 , 1 , . . . , n — 2.

2 . II c is the minimum number of links that must be deleted to

disconnect the network 1. e . , the rn j ill mum cut—set ‘i , then

ct NA - k l = O t r k = 0 , 1 , . . . , c - I .

In addition to this , if ( 
~
‘) is sufficient ly small , then c(k ) can be

ca lculated by enumeration — if not , they may be estimated by simulation.

In the event that the y are estimated via simu lation , the theory of stratified

random samp ling is applied . A d iscussion of this technique may be found in

FISZ(13 .

The algor ithm for computing the number of components 01 a graph can

also be applied here.

Centra lized Network 1)esign

Two of the fundamental questions in the design of centra ll7ed networks

have been dis cussed in secti on 2 — the loc ation of concentrators (nmltip lexors ’

and the line-layout problem . NA(” s approach to t he line-layout problem —

the Unified h euristic A lgorithm , due to Kershenbaun and (‘hon — has been

discussed in that section. t hence , the main topic of this section fa lls under

the fo llowing heading .

-~~~~~~ 
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Network Partitioning ~(‘oncc nt rato r I ~oi’at ion i\Iodule

This algorithm is referred t o as the (‘OM ~‘ en te r—ot—m ass ) algorithm .
It functions as :i local—access designe r liv fi i’st partitioning the users in the
network , then assigning them to local access faci l i t i es 1i . e . , concentrators
or malt ip lexor sl , and finally tying the usc i’ s via their local access fac lilt -v
to a cent m l  computer .

Employing N A ( ‘‘ s own terminology, a resource connect ion point will be
ca lled a U l 5  ‘OP , while a local access fac il i ty will he referred to as a
l’:~

(’OM ithe l’ll ~ and .•\N’I’S of A RPA NFI ’ fame , (‘oncentrator or mult ip lexor~.
The choice of this terminology ref lects the generic nature of the access
location problem .

i’he acc ess loca ion problem ma~ he to i’mu la ted as follows.

(
~i~ cii :

• .-\ set of nodes

• A part icula i’ node that serves as a H FS(’() P

• (‘onst i’aint on the numbe r of nodes that may share a line

• (‘onstraint on the number of nodes that a I ’At ’OM may serve

• Cost of connecting nodes

• (‘ost  of ‘l’ACO~I

I”ind : A low—cost feasible design t’mplo~ lug ‘I’ACoMS

Our descrip tion of the algorithm follows the one given l~v NAC . We

f irst present a br ief sum mary of the algorithm, and t hen expand the discus —

sion to Include some of the details , I’he interested rea der is referred to

~l ( ‘GU 7 t h .
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The algoi’ ith ni may be outlined in four step s , as follows ,

Reduce the problem to a point —to— po int problem by replacing
c lusters of nodes by s ingle ce nter—of—m ass ((‘Ol\I) nodes .
t he nce  the tit le of the algorithm, ~

2 . Apply an add algori lb In to the ’ resu lting (‘Olle(’ t ion of ’ COM
sites , resulting in a placement of IA(’ )MS at several
(‘O\I s i tes ,

3 . 1 ocate the chosen l’:~(
’( )~\ IS at real nodes by choosing the

original nodes closest to the designated (‘OM nodes .

• Apply a I m e—layout nigoi’i th m to each part it ion, uti lizing
the ‘I’ A (‘OM as the cent ral node ,

A simplified flow (‘hart taken from ~eIC( R7,th Is presented in
figure :11 , and a series of’ diag-rams depicting the out comes of the four steps
is presented in figu i’es :12 lb rough :bI. In the k llow Ing expanded ( u s  (‘ti Ss ions
of each of the four steps , numei’:ils in parentheses refe r to the flow chart
(f igure 311 .

Step 1: (‘lustering. (‘luster s of nodes arc formed by ‘ snow balling ”
n~dcs togeth er . ‘l’he two nodes closest together are sele cted t 2’i ,  and line—
loading con st math ts are checked ( 3) . If the~ were not violated , the two nodes
are rep laced by ~ new nod&’ at the ccn t t ’ r— of— mas s of the original two nodes ~41.
The nodes start w ith a weight of one . i’he weight the n becomes the number
of nodes in the cluster . Nodes that cannot be merge d are removed from
consider ation. The “snowballing” continues unti l all nodes belong to their
own c luster , as port rayed in figure 32 ,
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Pa mI t t  teinln ,~~ \ t ’  add a leot i bi n is - ~‘~1 ted to t hit ’ ( ( 1  s I t e  ~ III

order to l ocoe  I \~ ~~Is ~7l.  \1 t r ~ii~”’sing each s t i c c e s s i \ e  ‘ I ’ \ C )M s ite ,

an heur is t ic  a l~~ l i t hill t1l~’O1’ p O t a t  I t ig  ti le \\ ei ght ‘t the i~~’de~~ is applied .
resulting in a j~ Iss1! 1\ new ~ho g e  to t  t he I \ C i)~I. It th e  Ch iOi( ’ ( ~S ( ‘ l l S t _

e ’ t t e ’~~t i ~~e i~~~ , the 1’ \ e e l M  is Le~’t , and the 
~~~~~~ ~ Ot i i l IU~~ S t t t l .  If not , al l

liii’ t t t n : l l l l i n : :  t ’i~~c1 n~’dt s a t e  d i t e t l~ e ’i:t: c , ted t o  the ~e ntr : t l si t e  13T .
The output of t h i s  ~— l & p  Is sliow it ill t i : : t t t e ’ :~ :~

3: I ~‘cal ~~t i t n i i a t i o u  S t e p  2 te sti lt s ill lii ’ s e l e c t i o n  ~‘t a

ticulat’ c ’0\I si te as :i l A C IM location . :~~~~~ c c ~~~~’ this site (a lt e a s ily h~’ ~iti

i1l( ’ I II /( ’t i  s i t e ’  — 1, (‘ , , 110 1 au ac t u a l  nod, - — i t  j
~ ne~- e s sat’ V t o  locate t h e

l’~~
(’O~I at an actual node , ho  :ic -oniplisii this , sc ’  e t i l  of t he nodes c losest

to tit e ideal i \ ( ’e) M S i t e ’ ~l i e ’ e ’\ i l u i k’el lO i , itid the most ~‘st etl t . a ’ t i \t ’ is , -

e ’hoset i . l’his s t e p is depic te d in ~~~~~~ 1 1 .

Step I 1 tue l ~~ _\ out \ t  thi s s~~ i a l tne —la ~ ‘c i t  tilc,o i ’ it i l t l l  1c , unified

algorithnll is applied to t h e  ci~ ~ i a-n it t~’ t t  I I ~~. ~ che -L Is IT1:~~ie to S e c  i t

any t iotk s r~’niaiti ~12c It l1 t\  l’enlain , ( fit ’ :id,1 c l c ’ r i t h m  ot step 2 is applied

aga in . If not , t h e  d e s t ,~t t is t t t : is he , i  I he ue sult ot th~ t o u i t i i , and t i n i1  s t e p

~S ek’pi(’t (‘(I in fi gure :1’ .

P1s t i’ibuted Ne t w o r l~ I’es j un

\s mentioned in sect ion 2 ol t iti s pape r . N \ ‘  s model for t h e’ design 01

distributed net works is the (‘Lit — sat  ch at to n ilc,o t ’ i i l i t i i  , Aii out line of t lie

a lgorithm was pre s e n t e d  in ( h it sect i on , l e a ~ j ug us with nl\ t w o  remaining

t a sks , t h e s e  are a d iscuss ion ot t i l e ’ tiow assi gnment (or rout cng~ a l u~’ nIh in

which is embedded in liii’ cut — s a t  u i-at  ion il ~~~ i’i t u tu , and a d iscuss ion ot the

backbone design il 1 ’rithni it ( ice  he ’ i i ’ t  of latu e net work designs .

1 0~
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:\i i e t f lu h u t  in pit me l i t  it i ‘ i t  of the cut— sat u rat ion algorithm is elept’ndeti(

LIIX)t) a fast — routing :cl ~~’ n t  him , ‘I’ht’ algorithm developed is e s s e t i t  iallv

an outgrowth ‘f the i’low— 1)eviation algorit it which was discussed in sect j~i~ 2 ,

.-\s was noted , the iie~ eh hle rs of the l : x t  rema l Flows :clgonithiu Icave essen -

iallv eunploved a tzr :cif it ’ nt — pro ie(’t (Oil IUC thod to speed Uj) its rate oh conve t ’ —

and thus make it it o re  aiuietitihilt,’ i t  i ts  ituclus ion in the cut — s a t  ui- at ion

alu~ rithm .

I’low . \ss i gnnu en t , t h e  a litot ’ ithin tot’ t1~ ’~ ass ignnucnt is base d on

a papet’ by Cantor and ;~ i l i  [ (‘\ N ’ F 7 I , and is called , appr o pr i:c t el~ enough,

t it e Fxt u’emal I-i “ s (I- 1 1  algot’ ith m ,

\Ve shotild remind the re i&lei ’ at this juncture of sonIc remarks made in

section 2 uot li ’ t’rning the nature of  i’outing algorithm s & ‘nip loi’ &’d during the

desi gn ph ase ’ of ti network . L ii nec essit y , these alc’an itht’nt s provide a fixed

routing po li cy i. e, , one t htat  does not vary with time ’). Because  of (he inter-

dependence of rout tug with other (It s ign cons ide i’at ions , we are in need of

a routing policy , and so ‘~e e set t ic for one that w ill provide its with a minimum

ave i’a cc t i me delay design.

(‘anton and Gerla approac’h the problem ~‘ia mathematical programming.

the  solution is ex : Ict in that ti global optimum m a y  be achieved .

I’he P I” algorithm is essentially an improve d vet ’s ion of the Flow—

De~’i atio n algorithm discussed in sec t  ion 2 , The improvemen t is to he found

in the t tse ot’ a gradient—pr ojection method to speed up the rate of conve rgence

of the algorithm . This is si gn ifican t , because an efficient implementation of

the cut—saturation method is depende nt upon a fast routing algorithm.
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The prob lem , as formu lated by Canto r and Gerla , is as fo llows ;

Given : A directed network of NN nodes and NA arcs , and

rcn x nn requirements matrix R = [r ..I w hose entries )
consist of flows between nodes i and j ,

*Minn’nize over f (network flow vect or)

NA

T =! ~ f . 1k. -y L..s l/ \  ‘ I
i=l

• subject to the fo llowing constraints :

• f is a multi commodity flow satisf y ing the requirements

matrix R

• f - ~ C , where the equation C = (C 1, . ,.  , C NN
) represents

t he capacity constraints on the flows .

Cantor and Gerla first note that the expression for T can be refo rmu-

lated in terms of sh ortest route flows . They do this by noting that the extreme

points of the set of feasi ble flows can be shown to be shortest route flows .

This conclusi on is derived from the following tw o facts : (1) 1 is a multi—

commodity flow satis fying a requirements matrix , and (2) the co llecti on of

*This expr ession corresponds to the one given for T in secti on 2 as follows.
First assume that ~i’ = ~c , and set k and P equal to zero (that is , ignore

N A X .
them). We obtain ‘r = ~ ( c ~ ~~~~~~~~~ 

then divide top and boft om by ~~,

o btaining the above ex pression.
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multicomn iodity flows satis fy ing the requirements matrix R Is a closed

and bounded convex po lyhedron.

Cantor and Ger la refe r to sh ortest route flows as ext remal flows and

represent f as a convex con ibinat io n of a co llection of extre mal flows ,

i .(:11 , 1 = 1 , . . . , t. , 
- r

F r d

f = 
~~~~ 

X~L~
”) 

, where ~~~~ A
1 

= 1 , X . “- 0 , i 1 , .. . , r .

i : 1  1= - i

Figure 36 is a geometrica l representation of this situation.

0 (3) 0 (4)

0 (2)

FEAS IBLE
REGION

OF
FLOWS ~~(5)

0 ) _ u )

0 (6)

\ N I ‘4 p I 0b4 .

Figure 36 . Feasib le Region of Flows and Extre mal Points
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The authors then point out that at most NA + I extre mal flows are
necessar y (i. e, , r ~ NA I , where NA is the numbe r of arcs) . This turns
out to have significan t imp lications for the algorithm prope r , because
a pivoting operation may be emp loyed to reduce time ext raneous flows .

In order to determine condition s for an optimal feasible flow ,
Cantor and Ger la invoke the Kuhn—Tucker conditions for o pt i n Ia lit v. lk’fore
stating them , we offe r sonic preliminary remarks .

Let t
i f 

— 

-

af can be thought of as the increas e in time—dela y , given an infinitesimal

increase in the flow f . on channe l i. h aving thus defined I ., we are in a
position to define the q uantities p

1 which are instrumental in stating the

Kuhn-Tuc ker theorem,

NA
V~ (k )

~k flA k L~ 
l 1

(t~1

One max’ interpret as the increment in ‘I’ , given an inf initesimal
incre n-ient in Xk~ 

ot’ a lternativel y , as the cost of ’ the extrem a l f’le)w ~~~~

given a cost of per infinitesimal increase in time flow on arc i

aI_ 
-



~V lth these definitions out of the way , the Kuhn— ’l’ue’kem’ conditions may
w i’ Itten as

p ~ >~~
p 

- 
i f  

h 
for eac h kk 

A ~~O0 k

The interpretation of thcse conditions is t h:it essent ial lv all non—~~t’i’o ext i’enual

(lows must have the same cost p 1 (1 , c , , t he same lnc ’ reni etit ti l delav , and

that any ext remal flow- ~ ith a t~~st gI’e:ltei’ t han p
0 

must he 7ero . , -~f fe i ’  sonic

furthe t’ nuanipulat ion , the authors point out that the conditions are equiva lent

to the st: itemv nt that I is optimal if and only if (here ex is ts  no fl ow with

a s imia llet ’ dela~ increment , Since one can veil fv th Is with a shortest — rout t’

ca lculalion , a va luable hit of infoi’ma ion has been obt ain ed .

We now present the Ext remal 1- ’low s algorithm , ~-1u ich uses a sh ortest —

elis i :thcc ’ algor it hi nu to grne i’a t e ext rcnial flows , atud then employs a gradient —

projection a lgorithm to minimize the time delay 1’ over the set of

extrenial flows. —

Step 0 lniti:l hi/ : I t fo n

I ,et h = N .-\ - I , the number of ’ en i’rent ext i’eunal f lows

— (,
~ 

I , () 
, ~~~~~ 

0)  
, the initial se ’f of ext venia l flows

A
t1 

~ - . . , ~~~~ ) , itue i n i t i a l ias ic  solution

— uk), 0 (1 
the in it ia l feasibl e flow

I’, I

ii =
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Step I (iradietut Project ion

The gradient ,
~~ defined by VA ! = 

~~~ 
‘
~~ 

P 1~), is pro je cted
on the hy per—pl ane 

~~ 
A i~ 

I = 0 . By setting the c mponents of

VA ! which point in unfeasib le directions equal to zero ,
a feasible downhill direction (_ V

A ‘F ’ ) is obtained , ‘Fhe following
minimization is pem’fo i’nmed at each Iteration :

. -

m~~ 
‘
~~ 

[x . ‘ ( 1  (-V A T ’ )  ~(i)]

where

(
~ 

‘r’ ) ~‘ ‘i” ) > o , = i , . .,  , h

Tim e’ two steps are repeated until VA ‘I’ ’ = 0, at which point
time ’ Kuhn—Tu ck er opt imalitv conditions are s a t i s f i e d .

Step 2 Pivot Step

‘1’he purpose of ’ this step is to eli min:ite ext raneous basic
solutions in preparation tøt ’  the ne x t s tep .

If h N -A ‘ I , let ~~~ ‘I,

and go to step 3 . It’ b N A - , eliminate one of the ext  venial
flows with a pivot operation .

*
The reader w ho is not conversant wit hi mat he mmu at lea! program nuing ml glut well
wish to consult i lADl ,6-I for a general (lis(’ussion Cii t ime’ gradient —

projection method ,

i l l

I- I

- 
—

_ 
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Step 3 Shortest— Route (‘omuiputatlot i

K nmplov Ing any effic ient shortest —route algorithm cc . g. , F I AVu’621

compute the s hort es t route flow tinder the metric ~~

= ( i ~~ ~~~~~, , ,.  , I~~~ )

~v here

- (~~I’ ~u t ~) mu

as defined P rev iouslv

Step ~l Stopping Rule

Let 
N A

= ~ ( t’~ —

IF  0
n 

< , for some pm’eviOtlsi\’ defined c , stop.

F I S K , go to step ~

Step -~ Let h = NA ~
- 2

~NA 21, 11 n

X s,~~ 2 1u °

n~ — n ~ 1

Go to step I. 

~- ~~~~~~~~~~~~~~~ - U- .. - . 
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A st artit ug feasible flow is obtained by relaxing capac ity constraints

and introducing penalty functions outs i(le the feasible region. For an exact

form ulation , the ’ reader should consult (‘AN’I’7-t

Backbone Design Model, ‘!‘he models deve loped by NAC are based on

a paper [ 11S1E76 I entitled ‘‘Locating Backbone Switches it i a Large Packet

Network. ‘‘ Our discussion of NA(’’ s mode 1~s) is based upon this paper.

At the outset , it is impo rt ant to note that fo r a lai ’ge network , ~ the

fol lowing problems pose special and i tm mport a nt cha l leng us.

• Select ion of the ’ tiu nmtx ” r and location of (hut’ backbotie nodes.

• Assignment c i t  terminals and hosts to i)acklx)ne switche’s

(Partitioning l’ roh le’m ).

‘1’he design of local access networks may be appro ached in the’ same

way as the ’ design of centralized network s , for which the m’e exist good algo—

rithn is . A number of these algorithms have alread y been discussed in this

paper: the reader is referred to the appropriate discussions for further

references.

Si rn ila r remarks max’ be made concerning the design of the corn muni —

cations subnet .

A statement of the problem from 1ISIE7P’ ( is as follows.

Given :

• Lser sites .

• Point —to—point traffic requirements .

$
For discussions on the unique desig n prob lems involved with large networks ,
the reader would do well to consult GERL7~ and FRAN7 3 .
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• Backboime ‘~w itcim cost and c ha i’actej ’j st ics .

• Sel oh s\\ itch e:indiel:ite’ sites .

• l itme (a i’ i ff a lte imat ives .

Mitmi ~ ize

‘l ot a l conm nmunic:it ions c o s t  I) where 1) = t t’unk c o s t  sw itch
c o s t  • local a c c e s s  c ’o~~t , - -

i 1~~ -’’~ tim e’ \ a  ri:Ilth’s :

• Sw- it cli numbei’ and loe’:i t io im .

• B,’ichhuone t l ) ~
le) r\ .

Suc h that :

• Ba ckhono’ t ra t f i c  cia 01 i rein cUts :i i’e met -

• !¼j c’Ltitine ek’ l;m~ constr :mj nts :u’e niet .

• llackhone’ t’ el inbil it v const ra i iu ts arc mmmc l

• Sw i tch t’apaci(\ constraints ai ’ t’ met .

I ’ fie’ bi ll ow ing :lssump tioims and approximations are used to
si nipl i f~ th it’ (IL ’S ign p i’ocettu cc’

• Sw it cii cost ts as s U imied Ii imea r w it h capacit y -

• Back hone n aiL c ’O~~t is ‘~I lc ’uI:ited using :1 dIrect distance model ,

i’ Imci se ’ t uiode’ ls ~ iI I 1*’ pre’setmt ed ~vhie ’h arc at the co re ot the hacklxme

ties i)~,1i approa( ’li -

I . fl,imc’kheune Network Cost Esiima~ ion — ‘himis moi,iel . tvlm ic hm prov ides
an o ’ s t inmate of the cost part icul:i r design , is emplo~’ed in

con iunct ion wit h time follow itug two algorithms lii order to evaluate
the cost of different configurations without suffering an enormous

‘‘run—f li m it ’ ’’ pena l tv .



2, An Add Algorithm Patterned afte r the add algorith m discussed

in section 2 , this algorith m provides a sol ution to the backbone

location problem.

3. A Cluste r Algorith m — Patterned after the COM algorithm

discusse d in this section , this algorith m also provides

a so lution to the location problem.

It is important to note t hat the fundamental issue in selecting a location

for a backbone switch is the trade—off between the local access costs of

homing a particu lar user node to a switch which is already in place , and the

costs of adding another swit ch to the backbone .

1. Bac kbone Network Cost Esti mation. The first construct to be

identified is the routing penalty , P. This is defined as the ratio of the

shortest path distance in the network and the direct (actual) distance for the

aver age source destinatio n (i , j )  pair. p is experimenta lly determined .

The mileage on the route between i and j, R , may be approxim ated

by RI = P x d .., where d .. is the actual mileage between i and j .

Given these two expressions , the model for the backbone line cost - -

becomes :

cr d (1~ - b ) p
I_) ~ ~ N N ’ F
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~vimc re

average I ink Ut iii zat ion 
~ 

— - I t

I” fix ed co st node ’

c cost niih’ x unit bandwidth \ month

1~ 1 i’it t ie ’ i’ec luirenieti( t t ’ onm i to

N N net nih ’ i of ~~ it c ites

h 1 inc o~ c rheael tpi’oto~’ol si

ii I~’(ttzl I iuiile~ii~t ’ hetwt ’eim t : IImd

lime It 1s t e~~i t ’ t ’ sS  iou a ft c ’ i’ the double’ sutli muu:lt ion is :ln (‘sI i m m ua t ‘ of the

ii tie • Os t s between i and I , ~-iu Ut ’ the sec -et id ‘ Xp i’es s ion represetut s the

S” it cli •ost s

I’he •‘o’ t I ~t ’ b’i m t ~ I’ , ~c , antI 1” are  expe’ i’ iimuenta l ly de’te i’m m e d  for
ditterent values ot N N .

- ‘l’hc :Add .‘A1~orit htmi , \\ e :mssu t il t ’ that t he backbone’ locations

I ‘ ‘ ‘ ‘ t
k . ha~ e’ tl i’ea Iv been ch osen - :miioi t h at not all use ’ r b eat lotus have

been ass igneti to a switch , l e t  d represent the set cut’ unassigned users. AVe

then exam inc t hit ’ t r:ffle —off • it ass i gui ing ea cli one’ ot’ time’ users to ci then:

• \ 5W t t c ’il Lo cated at the t rat tmc ’—wt’ighted c’enter ot m mma ss of

mass I,’ , 01’

• A sw itch that h:ms not as \ ci bceiu selected t’ronu the list of

c , i  not ida t t’ liii ckhione sw it c ue s ,

i l f i

— — —- - -,T 1 .~~~~~ ----_ 
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If I’ is an arbitrary usem’ from d , the savin g S~Q’t in horning ‘1’ to L1

is gi~’en by

S~Qi = l.:~S ( Q) BLS1,(Q1

It
where the f ir st t’xpe’cssion rcfcrs to the local access saving , while time second U

reic l’s to time backbone line saving.

The local—access savitug is given liv - 

1)

l,AS cQ~ k 1, . [
~ 

(-r , 
~
‘
~

) - d ( ‘i’ , Q)] I
~‘here k ,1, r cos t mi le for tlut’ loe ’:tl access lit - ic .

The backbone line’ saving is approximated by

______  

1~
Bl S,~, cQ~ t~ , - 

~ A 
t . . [

~ 
(c 0 . )  - d (Q. c 1 )]

where’ :

t 1, = total traffic :m~ site T

t . t c ’ ita l trat ’fic of users assig ned to switch -i C.

tT(~ •A l  toLi l network traffic’

c 8 = c • ~, w hue’ re these sy nubo ls have been defined atxwe

is essentially the ‘‘ cost average- route.
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In t rut’ add algonithn m fashion , w e  assign the user si tes to Q in (tic

order ot their gr ea test  saving tint il Q’ s capacity is csecl up.

l’ht’ total say inns from adding Q is then gi~ c ut

S~Q~ ~- S 1, t Ql — (‘i,, where (‘j. is t ime switch cost .
1’ ass i gned to Q

Ihe candidate u it l i th it ’ Ia u’gest sa\ Inc S~ Q) is then selected as time nex t

switch site ’ , In t he ’ c’~ ent tli:it no sav uti g t s possi h le’ among ant- of the’ c:tndi—
ch at cs , ti me’ swi tch i’Itcsoa, t to the center  of mass is chosen as time ’ next si te ’ ,

a - I’he’ Cleu st e ’ t .-\l go i’j t hun , I’his :tl gc c t - it 1mm operates in macit the sa nit’
w’ av as t i- ic ’ al t’c’ad~ —disc ussed ‘ )\ l  algu t ’ ith in for 1’ -\C ( ~\ l  lO( ’iltit)ii. The

assunipt ions upon ~vhi ’h it s use is based a i.e :

: t )  Backbone switch locations which am in im i z e  local iic ’cess cost

t e’ntl It) rniniulliic the total network cost ,

his ie’h , e al - fee l , as a result of their practi cal experience , t i ma t

the donminant factot ’ in total network cost is ti m e local access cost.

b~ Natura l gt’~ ge’ ;mphic groupings of nodes are’ a got-id basis fo ’

partitioning the network.

his ieh , et al. have also pert’o i’ mcd a e’oum mparise)n of t i e  two  algorithms ,

and note that the add algorithm perfornus better than t iu t ’ • - luste r a lgorithm m,

although it is more ‘ t lS (  lv to use. ‘I’hi cv there fore rcconm mend its use iii the

event that there are’ re lativ ely te~ swi tch s ites in comparison to the number

of use i’ site’s . Given (ti e’ opposit e’ circumstances , use of time c luster algo—

rithn i is recommended .

Sum nua rv

N.-AC is , in (lie opinion of the author , the ’ preem itient organization in

t he area of network anal ysis and design in time ’ countr y . Th is is a natural
1 I S
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consequence of the company ’ s liisto ia . ‘I’wo of time principa ls , iloward Frank

and b’an I”i’isch , were hi i’ ge l~ re’spo n~ ible for the topo logical desi gn of the

AHP\Nl ’ ’L ’ . While the y were prof es s ot- ~ at Berke ley ~prior to founding time

conipany ’t , they we’ cc’ act ive researchers in network analysis. ‘i’his work

c-ui nuinated in t lue i r writing the st anda i’d text in t i me ’ fi eld , (‘oat t nun icati on,

‘l’ ransp ortat ion, and ‘I’ ransp o rtat ion Ne ’ t w oi’ks [ FRAN7 I a ) . Dr. Friscii is

presently e’d it o m’— i n — ’hie I of the lournal , N ’tworks ,

Two other well—known figures on their staf f  are l)rs. \Vushow (‘hon

and Ric h ard \ ‘ an Sl’,’ke,

‘l’he couu -ipanv has made fundamental contributions to time state of the

art in:

• Distributed Network Design — The~’ deve lope d the branch Xchange

and cut—saturat i on algor it im nms . I
• Netw o rk Partitioning and (‘oncentr ator Placement Algorithms —

‘I’hev deve loped time (‘OM algo i’ ith n .

• I in c—La y out Prob lem — The unified heuristic algorithm is theirs .

• Ne’tw ccm ’ k Reliabilit y — ‘ l’im e’ t ’uncti o na l simulati on and

Moore—Shannon s imulat ions are t h eirs ,

• Design of Large Distributed Networks — ‘l’he ba ckbo ne design

approach presented in this pape r appears to be without rival ,

• AVork on pac ket—radio and satellite communications has also

been conducted. - 
-

in addition , N:\(’ also mainta ins an active , on—going research progran’

unde r the aegis of at - i ARPA contract .
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.-\s indicated in th e j u t  roductom’v section , time objective of th is report

has been to assess the ef f icac y of softw are ;nuc’kagt- s available for the
des~gn ol computeu’— eommuu m teat ions netww’k s . Out ’ approach to th e task
has been to perform a comparative analysis of the algorithms employed by
the packages i t-i the vari ous network desig n areas. As no opport unit y
presente d itself (or the actual applic ation of ans - of these package s to a
s~utt:chIe \ee ’ 1’ ccrce ’ problem , we have had to be content with this appro ac h.

Several t i iaiot ’ u!cscm’v~itjorms may be made as a result of our compari—
sons . ( ‘l ’he reader may wish to consu lt the summary char t s  appearing in

tab les 2 and :i,

With two not able exceptions — t im e V A N S  mod el and the model s
de’vc lo pe’d by Network Ana lysis (‘ot ’ po rat ion — the design to ols are
diu’ i cted toward the desi gn of centralized comp uter network s , This is a
pe rfectly understand able tendenc y , sinc e for most of time comn merc Ia!
market-p lace , a centralized design is what is really required . The mili-
tary situation is quite dif ferent and will be fu rther addresse d below.

Anot her observation th at may readily be made is that tho se organiza-
tions that only des ig n centralized networks have patt erned their product s
after h iM’ s Communications Network Design Program (CNDP). CNDP
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is av ail alu lt ’ only in t imi’ for um of an lh (~\ I mai ’keti t ig tool , and as such is not

a ’ :t i lahtl e foi ’ study. C )n the other ii :in d . i t s  algorithms have heeti exten—
$ ivelv described by ,In t im es ~t l art in [~i -A UI’ 2j of (he lii ~\ l  S~’st cuts Hesea i.e h

Institute. Cot isequent ly , the line— layout problem is :tpproactmed via tim e

l”sa u— A \ ’ ih l iat mis algo i’ itl mnm (developed for ( ‘Nl ) l~ and the t’oneeutt’ ato r place -

nm en t 1 m’ohk ’m is solved etm upioy ing an :t dd a l go ri t lmi m m , is is also done in

CNI1P .

A set—tout s shot’teotmuimu g in all ol these packages , t t’oni t iii ’ t mmi l i t a t ’ v
point ot view , is t i m i ’ lack of network t ’oI iabihi1~- ts t i i ’v i~’ :tbihi (~- ’t pi ’ogranms ,

\A it ii tiit’ except ion of Sc bent i fi t ’ I’ i imtc ~ Sha ring (‘oi’po ration ’ s model .
all ot’ ( tic’ ‘‘ c’ ’nt i’a I n ’ (wo rk ’ ’  e ’o immpanies hav e’ w r it t e n  t he ir pi’ogra t i ms in
1- ’OU’ I’ R.\N , ~It ’ s t  of t l m c ’ t m m :ui’ e avai lable iii a t in me—s ima i ’i ng im iode ’ . ‘l’ht ’ S I’S

p
4immodel is written iii -A I I~. l’ah le ~ is a sut m mt mi: i l ’ v of the specific inm plet m ue t u—

tat ion details ‘‘I e:u’h 01 (lit’ paoka~es -

Iii not j ug so i mm e ot the special requtir etmmv imts tlm :t t i m u ust  be nmade of a

eo tii pui t e i ’—ooii m immuimjc it ions li(’(~voI - l~ iii the tnt i’otluct ion to ti m is i~:ui~ ’r . W(’

I is ted fout’ e ha rae ten s (it ’s good response t i time’ t lmroug-h pui t t ’ ha rae t e t i  st ic’ s ,

sut’~-iv.tb il its - . c’xpand :ihil ilv - and cos t— t’fft’c’t iveness. A l t  boug h tim e list

could easil y hi’ extended , c lmai’ :tc t t ’ r ist  it ’s suc h as these indicate l iii ’
necessity to t ’  :i sophisticated tc’ e’lunoto~~’ — the ability to des ign survivable .

distributed , pac ket —s w itching net w ot ’ Ls - (o~’ exitiuple . -A coi’ol Ia r~ to t h is

is tim e absolute t iceessl ( ot possessing (h ut ’ best a~’a i l:mlmle design tools .

wim ici m can imiakc’ ( ‘t iect ive use of till the options a rapidly changing tcc’hnohogy

immakes avai lable. - A second co t’ol I any is ( lie support ol ’ t t ’t i’s( — rate ’ t’onsu I I—

bug st alt to go a long wit ii t hm e~ e tools • s - ill pi’ohlcnis :t i-c really uniqu e
and os’ I imei t’ own spec’ i at cha I k’nges

l:’ :t

‘.

s-1 -~i~~~m” ” ~~~~~~ -
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It is the opinion of the author that Netwo rk Analysis Corporation
is the pi’eem inent o rg at u izat t on in the area of designing computer—

communications net mvo m- ks , indeed , the company may be said to have

created time state of tim e art in many of t he import design a i’eas, NA ( ’ is
alone in offering a tool for the desigmu of a truly distributed, packet—

sw itc imed network , a lone in offering reliability models , and alone in P
o ffe t hug too is fo i’ time ’ b:uc kbone desi gn of a large net work. in add it iou ,
I imc ’ i r staff is cotuuposed of acknowledged experts iii time’ are’a.

‘l’he \‘ \NS model. c rc’ated in Professot- M. Seimumeide r of time
t~nivers its’ of I’d innesottu . appeai’s to lm av c ’ gre at potential for :utiswei’ing
quest tot - is in t lie a rca of protocol desi gn.

hi oth of t imese nmo(Iels wou ld make ex cel lent choice ’s foi ’ appi li’ it ion
in an~’ progranu l)eiflg conducted by ESI) in ( hue’ area of networ k design.
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