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Abstract

\luhiSIl1l-:"" 11lIl'/T"IIIl11l'('tioll \'clworks (:\.II\'s) am h"ing consideR-.:! for uS!' ill

...wildl f:lhril"s ..f hrnwlhancl 11.1ckl't switch Mc!LifCl'IUfPl'i. )olllSl lIf IlLl' \1I\'s ("(111-

1'ii,I"r'~[ ar,' 11111;<'(1 r'll 2 )( 2 switclJin,::: t'il'IIll:'IlIS (5E... ). Thronghput p,'rfonllunc('

is ,1"I~r:lIl,~1 mainly dm· III tIl\' hasic Si7.l' of tIll' SEs. III tllis work. IIII' 13alnlll"'(!

GnlllllW lOG) 1Il'lwllrk, It llIulliptlth \[IX. wllil"h f{'alurI's -I )( oj SEs has [w('l1 Sllld­

i,·,1 ill dr'fnil. ,·\rl'hil('('lllrc. fnul! loll'rallce. fl'liahilit,\' lIud h1lnll\'"r" romple:-:it,\' of

Ill/' DC Iwlwnrk an' COl1l[lnn·t[ with the 2-rl'IJlirlllt'd 2-dilnted Dall,vllli (R2D2) net­

Iw'rks :1lL,1 till' DntdLCr Onn,\'1\1I (DO) networks. .-\ IICll' simple routillJ; algorithm

tilL" h''l'll propOSl'lI for tile DC Ill'lwork 10 ('lilian!,'€! its fatllt lolertlllce rapahility.

S\\'ilrhin~ Iwrfnnmmt'c i!'; ~nhtll\l;PfI liy incn'a.sinJ; thc sizc of tile h..1Sic SEs ami

Ih"r"II,\' pm\'iclillJ; IIl11hi)Jlc p:llhs hctw{,{,11 l'ach input-ontput pair of lilt> nc lIet­

wurk. TIll' Ihroug:hllllt performalll'C of the DG nt>lwork is stullied limier certllin

HI"lIlislic 1Iniform nutl lion-uniform lraffic ronditions, These perfomHlllce results

:JrC t"OIlljl<1n'i1 with tile R2D2 111111 the DO nell\'orks under lite sam.... traffic comli­

linns. Pl'rfOrlllall« alltllysi~ Rill! simulation ",suits have showil high IhrollJ;hpul

Ill'rformnll(,,(, of the DO nctwork t'n'n in Illl:' prl'SCnce of all SE fault. It hns IK't'n

fOUIl,l that the fnult tolerance properties. r...liahility alld Ihrol1V;hpUI performnllcc

of Ih.. DC IIt'lwork nrc nmch superior to those of the R2D2 IIl1d the DI3 networks.

Dll'~ \0 incn'llsNI Iliroll~hJ>ul performancc of the DG lIct\\'Clrk it may he cousic!­

m'd m; 11 potential caluliclate for nse in switch fahrics of brondhmul packet switch

nrl'\lil,'t·tllrt~,



Acknowledgements

TlI'oultl lih, to ~'X1J1"('SS 1LI.\" !b'p gralillldl' nlld thallks tll III.\' :-'lIpl'I'rb"r Dr II.

\'t'lIkatl'~al\ for hi~ \I1\';\I\\ulll(' j.!;lIidill\l'\', m,..f1\I,liSl'l1,."i'lllS. lTlti."jslIIS alltl,""nslalll

\'lll'OUfaj.!;I'Illf'ul. llild lidp ill prl'pnrillj.!; ,Ids llIi1l111srril'l. 1 SiIW'·l"!·I.\' thallk Dr. II.

\"cllkatcsan. tlj(~ Fal'ull,\' nC EIlJ.;ilH't'rinl{ Ilnd .-\ppli,'d S.. io'm',· :111<1 tilt' S..I1",,1 "I"

Gradual!.' $tndi('s for tIl,' final1cinl suppllrt prm-j,I,'d to Illl' dllrill~ 11I~' \1. Ell~.

program.

111"0111<1 like to thank Dr. C. .-\. Slinrpl' and Dr. .I. \lnlpns. f"rl\ll'1" all.! pl'l'SI'1\1

O('Ull of rh(' Selloal of Graduate Studi,'s, Dr. n. s.'SlllI,lri. ])'-1111 of tilt· [,'ll1"lIl!\'

of Ellginl'crilll;: and Applied SdCllce Hnd 10 Dr. .1. J. Sharp. "\!'<,slll'ialt· ]),-an fill'

Graduate Studies for their supporllilirill).\ Illy slllll~' ill Clwll,lll.

I sincerely arkl1owl(,ll~c ~Is..J. Withrrs. II ).\rilllllatc of Elt'('!l'ic';ll EllgiIllWillJ,\,

raculty of Engil1eerill~, :\IClllorilll l'ni\'crsity of \lclI'follll.11and. for l'xplainillJ,\ Ill<'

simulation pro).\ram developed hy her dllrillJ,\ lll'r tillal J't'ar proj,~:1.. Sp''''illlllillub

1\"0 to \[r. .1. SWllllli,las, fcllow gradlllltt~ lilndtmt. for l1~('flll dis,·u...."illlls "II lilt'

simulation program. I would also wish ttl c'xprt~SS lllY tlillub In Dr. \\'. !lll11lilll­

\lair. Dr. L. Lyf' une! Dr. C. R. :\loIOlwy. I wOlild like 10 thank ;,11 my f,'llow

I\"mdunte students for their fricn,lshi[J aud COllstaut I~JlrllllraJ,\('ltIfmls.

I would also like to acknowlctl).\c fcllnw grlullilltc students \[r. S. P. :\/Hllgnlnl"ll­

mannn, :\Ir. P. \Ichrotm allli :\15. 1\. SUht1IIlHllIiillll for their llt'lp ill pr"pllriug Ihis

lllilllus('ript. Finall)', I would like to express lllY pwfollJltt ).\ralitllrll~ lo Illy pHrr:nls

for their constl\nt cnco1\tagenH!nt. 1IIlc!l'r5hnuliuJ.\ all'! support dnring til" t:OIlI·."'· "f

my study.



Contents

Abstract

Acknowledgments

Table of Contents

List of Figures

List of Tables

List of Abbreviations

List of Symbols

1 Introduction and Literature Review

1.1 lutroduclioll.

1.2 ASYllchronous Transfer :\Iode

1.3 As.vllrhronous Transfer )'Iode Switch Fahrics

lA :\Iultistuj{e Interconnection ~elworks

1..1.1 Dntchcr I3anynn :'ictwork .

1.·L2 2-Replicated 2-Dilnted Brmy/m ~ctwork

iii

iii

vii

xii

xiv



1..1.3 EXIr:t Stfllol" CulM' :'\'-lwnr\.;.

I..J..J AlllollIIl'I\II'i1 C-~,·t\\'ork .

lA.,} :\I"rloll'il [Xollfl :-if'lwnrk ..

U.6 F-:'\l'twork.

L;j :\Iotimlioll ror this Thesis

l.G ThesisOrl-:tlni7.tltioll.

2 The Balanced Gnmma NetwOI'k

2.1 Imrodurtinn.

2.2 Structltrl'

2.3 IloutinJ; AII-:orillull

2..,1 Simulfllioll Pro';r<'Illl

2.5 Summary

3 Properties of MINs

3.1 Imrodllclion.

3.2 Hardwflrc Complexity ..

20

:1·1

32

3.2.1 l3anyan :-letwork

3.2.2 l3atcher l3anyan ~etwork ..

3.2.3 2-Replicated 2-DiJated l3anyal1 :-lctll"llrk

3.2.4 l3alance.1 Gamlllll ~etwork

3.3 Fault Tolerance Properties .

3.3.1 Danyan and Datcher Dnllyan ='Jctworks ..

3.3.2 2·RcplicatC(1 2-Dilatcd Danyan ='Jlltwork

3.3.3 Dalanced Gamma \'etwork ..

i,



:J..l n,'!i:,lJility .-\lIal'yHi~

:J..I.l T'~l'ltlillaJ fl,·li"hiJit.\'.

3A.!.1 2-Rcplir'nwd 2·Dilatf'd Dan.\'nn XCl\I'ork ·W

3.·1.1.2 lJaJIlILl'c,1 GamlUa :,\,~·t\\"nrk -IG

:U.2 [)rflnl!l'a5t Reliahility .

3A.2.1 2-Rl'plicntcd 2-Dillltcd Dllll\'nn ;';etwork -IS

.1.·1.2.2 DaJaltccd Gntnlllll \'ct\\"ork ·10

:3.-1.3 :'Jetll"ork Reliahility 50

3.·1.3.1 2-Rcplicnt(·cl2-Dilnte,1 Danynll :'Jet\\"ork .in

3.·1.3.2 Dlllallct',! Glllllmn network. 51l

3.-1..1 Input-Output },ITTF

3.-1.4.1 2-flepliclltcd 2·Dilated Oanyan ~et\\"ork ;);:,

3.-1.-1.2 Oalancer! Gamma :'Iclwurk 55

3.-I.;J :'Jet work :'.ITTF 56

3.-1,5.1 2·Rcplicated 2-DiJated Banyan :'-J('twork ;;.6

3.-1.5.2 Balanced Galllma ~etwork ;;.6

3.;) Sulltmary

4 Performance of Multistage Interconnection Networks

-1.1 Introduction.

-1.2 Dlockin~in :'.IINs .

-1.3 Trnffic Patterns ill D-ISD:'J .

.1.-1 LtnifoTlllTrnfficPatterns

-1.-1.1 PcrnmtntionTraffic.

-I.-I.U Banyan and R2DZ networks.

79

'9

80

82

83

83

83



~.-l.l.~ 1)1l1dU'r 01l1l.\";I1IIWl\",rk ,

~.-I.1.3 Oalll11I't'C1 Gamma 111'1\\1'rk

4.-1.2 rnirnrm Randoll! Trllttir .

4.5 \'oll-Uuiform Trani(' P;l"('fll~

4,;;.1 HotSpOl Traffir

4"j,2 C<llll1lmnil,\' or Illl"fl':il Traitit'

~,5.3 Durst,t'Tmlfir.

!1I1

HI

4.6 SlllllIlHlI'.\' !l:j

5 Performance of the BG network in the prcsellce of SE fnulls 1llr.i

5.[ !lltroduction" 10.)

5.2 Annlysis IIl1d Simulntion lU(i

5.2.1 SE fault at staJ.:"<' 1 lUG

5.2.2 SE fault at stalo:<' i ( i f (2,3, ....11· It I . llr.J

5.3 SummAr)'

6 Conclusions

6.1 Contrihutions in the ThCllis

6.2 Rccommendatiolls for Futun- R,CS('llrcl.

References

Appendix A

III

11'

II·'

118

110

120



List of Figures

1.1 :\ D-ISD~ :"Il'I\\'ork PI.
1.2 A luisk :\T~I CI'lI for'lull [G).

I.:! All AT?>.! Puhlic Swildwc1 :"Il·lwnrk.

1..l An AT~I switch fnhrk 121.

L,j .\11 8 x 8 Dntrltt'T Dnll.Ynn :\If'twor1: HI.
1.6 All 8 x S 2-Rcplicllt('(] 2-Dilatcd Danynn :-.Il!twnrk.

l.i All Extrn SlnJ,ll' Cuhe :\Iclwork for.V = 812).

1.8 All S x S •.),uglllcntClI C·:"Iet\\'ork (2).

1.0 All S X 8 ?\It'rgetl Dchn :\'etwork (21.

1.10 All 8 x S F-:~,~twork [2).

2.1 :\11 8 x 8 Gmillnn ~etwork [2.51.

2.2 :\ 16 x 16 Onlnllccd G:UlllUa :--Jet\\'ork.

10

II

I'

10

IG

I'
18

19

'G

2.
2.3 :\ RL'('Ot1fi~llrcd 16 X 16 Dnlanced GaUlllla :-Jel\\'ork. 28

2.-1 Conllections of Switching Element in Dahl1lccd Camma :\Ictwork. 29

2,3 RllUliul-; in IG x 16 Dnlance Gamma :"I('twork. 30

2.G RIl\llill~ ill RN:ollfij(llrcd 16 x 16 lJalanct'l1 Camilla :\Iet\\'ork. . 31

3.1 Crosspoint \'omplexit.l' of An 2 x 2 SE. :is



3.:! Crosspoinl l"nlllpll'xil.\' of illl ,I X '\ SE.

3.3 Rlilltill/!;in R:!0'21WI\\'Mk illl'llSl'"flinkf:Jull.

.-J~

3..1 All S X S sill,L;k [nl1h-loll,talll R'2D'2 11I'1\\"<'1'k with 1l111Xil11l1l11 Sf: r"llits. till

3.3 All S XS siu):;k' fanlt-lnlo'l"alll R2D2 IWlwurk with rrraxil1nlln Sf-: 1'"1111,,

itll'ndl sulJ1ll'tll"ork. Iii

:l.G All S X 8 fi2D'2 nl'lll"ork Insil1/!; fnlt lH"·l'S.~ pr"I1I'rl.\· dllt, III .0:;[ [l1l1lls Ii:!

3" nOlllill~ ill R:!D2rWI\\"ork ill l:flfi\.' o[SE fault. (i:\

3,8 ConlLeclion p;l1tNll for au SE ill tlw DG llt'I\\"f1rk. (i-!

3.0 L(l~s of fll!lllt'l'l'S.o; prnlll'rl.\· h,r till' DG lwl\\'Ol"k <In<' , .. fiE [;11111". G.;

3.10 Differcnt pnlhs 11\'ailahll.' durill):; rOllliu,L; of n piwk('1 ill 1! Ifl x lfi!JC;

network, (Hj

3.11 DYIl1lmiC' rl'folltill~ ill a to x to DC udwnrk in fmw ..f liuk fmdt. (j,
3.12 D\'1l1lmic rerOlllilll!; in all l{] x lG DG network ill (';1-"" IIfSE I'mrlt. (i8

3.13 Single fault-Iull'wllt t6 x 16 DC llf'lwork with IllnXillrlllll SE f1lnll.<;. ei!J

3.1-1 Tt"l R-Graph of all ,V x.\' R2D2 Il<'t\\""l"k. ill

3.15 R-Graph of 1\ 16 x 10 DC network hnvillll; 1"'S1 ,'a»;(' Tn. ,II

3.10 R-Gmph of II 10 x 1G 13G Ill'!\\"ork Im\'ill~ \\"orst ('11.<;" Tn il

3.17 R-Graph of 1\11 .\' X.V BG ur.twork II1l\'ill~ worst <'11.<;(' Til. 71

3.18 Orolldcwst Reliahility R-Grnph of all 8 x 8 n2D:! lwtll'!>rk. i:!

3.19 Droadc1\st Reliahility R-Cmph of IIll 8 x 8 DG tll't\\"nrk, 7:!

3.20 Rl.'tillced I3rm\lka~t Reliahility ll-C:raplr of au 8 x 8 OG Il!'lwtll'k.. ,:\

-1.1 Illternal Dlockin~ in an 8 x 8 Danyan :"Ietwnrk !J(i

-1.2 Output Contention mockilL~ ill an 8 x 8 BanYlln ;-,l,:lW(lrk . !J7

viii



1.:\ .-\ H; x 1(; 1lIl)i1l1...·d Gamma .\','111"01"1\ !;llo\l·illJ.: "ulIlll'ctj"n pnltt·rtl

l",IWI'I'1l SEs ill Stago'2. Slag" 3 ;1ll1!1]1l' "lIllllll !l1llf,·rs.

1.·1 Ill""kill~ ill;I 32 x.n O... lallo:.... l G1I111111H .'\<'lll'"rk

ix



List of Tables

3.1 He nf ~11:\s for \"I\r.\·ill~ \"1I11lO'''' "t':'\

3.2 C"'lllpnrisoll"fprClpl'rties"f :\I[~s Willi Ill<' hyp"th"Iil'alllO'IW"rk '111,1

nllll'l' 1l~I\\'nrks di.'\rw;.';l~l ill [281.

3.3 \rOI'SI cnSl' 1l'l'lJlillnl r,'liaIJilitil's Ill' dim'n'lIl siz"s of till' Il:W2 alld

11t~ 13G nclll"Ol'k. 'j".-,

3..l 13roadc<lsI H,jinhilil.\' rUT dift"Nf'lll si;;:ps or tIll' BG 1\l'I\\'ork ;.-,

3.0 ~('t\\'ork rdiability for different ",iz,"~ fir rill' 112D2 llI'lll'"rk it;

3.G ~l'tw(lrk rt'liahiJit\' hnUlIlls fOf dilr,'n'lll siz,o:; "I' IIII' IJG Ill'lIr"rk if;

3.7 IIl]l111-0Illi)ut \ITTF (ill 10'; hOllrs) for ,lilli'n'1I1 sizl's Ill' III" Jl::?f):!

awl the DC :\'l'l\\'orks. ii

3.8 :'>Ict\\'ork \!TTF for liBrl'felll sizf's or tlll~ n2D2 lll'tmll"k. ii

3.9 Lo,'..,:-l' D011lul :'{ptwnrk \ITTF' [flr diff..rr'1I1 siz,'s tlf lli,- Be 1l"lwllrk. 7."1

-\.1 ThrOlll-lhpUI \WrfnnllHlItl'lIf :\1I~s \llLll"r pl'l"1I11llali"ll Tl';l!tiI' ~),.,

"\.2 Throu~III}1I1 pcrfol'lll1lnrt'uf :\ll:'\s HIltI!'r Unifl'l'lII 1l;l/ulolil Tr;dfil'-

.:;07, Lc",d

"\.3 Throllg-hpul pcrfnrlllHlIte of :\lI:--is nuder Uniform RHIUloll1 Tndfir··

iO'/{, Laml ](JI)



1..1 TIll'IITlglqllll pnfOt'lllam'I' "f :\11:'\1> 111111,,1' l'llif"rm Rllllflolll Traltk-

FIIIlI",1I1 Inn

.1..; TIII,.,1l1l.1qllJI ]11'rformalH'I' flf \J1\"s lInd!'r 1O'f, H"tspnt Tl'aftil' 101

tl'allil".

,I.. TIII'''lIglilllll w'rforlllalll"l' of \:I:-':s 1II111l'r lOO'X ('oI1l11l\ll1it.\· of IlI-

II'r,'sl Tndlit-

·1.8 TllrollglJ[lllt ]ll't'fOTlll1111CI'of till' \[I\"s 1l11dt'r fldlloml l"lliform Rall-

dlllll 1l1l111311rstv Traffic

·I.D Tbr.,lIglJpllt IwrforlllHlIcI'of tlie 13G nl'tII"l>rk nnder \'llryinJ.; loads of

13llrst.\·Tl'ilHic

·l.1II Throughput 11I'rfoTllHlIH'c of .. 32 x 32 DG l1ctll'ork under \'arving

hUl'l;t 11'llgt!ll;of13llrst.\· Trnffic

LOL

102

1IJ2

103

10'

lt2

,;.1 T1Jl'Oll/-(lqlllt pl'rfonnal1(,(, of DC IINwork in th(' presence of 11 single

SE 1':11111 at I;ta/-(I' 1 lIud"r Uniform Ral1lll:m Trnlfic .

.;.2 Throllghput Analysis of the DG netll'mk in the presence of a single

SE fanll at !ljlf('l'('nt stal{t'S under uniform random traffic. 112

,j.3 Simulation l'lo:;ults of the performance of IllI' DC network in the

prCSf'lll'(' of a single SE fanlt at lliffercnt sta)!;CS ullder uniform random

traffi('.

xi

113



List of Abbreviations

A(:>,'

,.l"T:\1

OG

00

0-150:'>1

or
OR

ESC

FT

IF

IC:"I

rD!

~dD:'J"

\ITTF

\II:-.J

~'P

:'IR

Ol'

: ..\s\"Ildlf01l011S Transl't'l" \10<1,·

: 13alalll'{"IGalllmll

: Datdlt'f Dau.\'!lll

: Droadhalld [lll(')l;rall'd Spr\'ir·I·.~ DiJ.(ilal :\I"lll'ork

: Oroadcnst Path

: Broadcast R('li,'\hilit.\,

: Extrll Stn!-\I! C\ll,..

: Fault To]efll!lCl'

: Input lippl.'l"

: Input Upper \ljdrll.!

: Input LOI\'pr \lilltll.·

: :<'!('rv;ed Deltn \'ctwork

: :'\Ienll Time 10 Fnillirc

: \lu]tislllll;clnlcl"COlllICl:!ilf/1 :"/t·twork

: :"letwork Path

: ~elwork Rt'liabilily

: Output Upper

xii



(11..\1 : (Jill put Loll'I'l" ~Ii(ldl("

(Jl~r : OlltpHt l'ppl'r ~Iilldle

He ; HardwMt.' CUlllpll'xit,\'

112D2 : 2-fl,:plirnt("(1 2-Dilnkrl

SE : Switl'llilll-( Element

TP : TI'!"minal Patll

Til ; TI'rnlinal Rl.'Iillbilit.\"

\'1.51 : \'('!".\" Larl-(eSl'ale Intcl-(ratcd Circuits

xiii



List of Symbols

:\'Illllbrr nfslag:<'S ill a :'\11.\i.

: Rclial,iJity ora swildling' \'["UWILI ill" 11 :"Il[:-J.

aR(l) : IJwlu1c:lst relialli!il.\' of II twtwl,rk aft,,!" lillu'/.

Fi : Total possill!t'l'OlIIllill11ti"lIs or I"ail'ln' ,,[ i SEs ..am'illl!: llll' Be; lwl\\"'l'k

IusI' fuJI a('el'ss !>l'lI)l"l'ty.

HC(i) : Hard\\'arc Complcxit.\' of lll'twork i.

{SF, : Diff/'l"cilt pos.~ihlc ,'(l[lIlJillHli"IlS "f i SE fHillln's ill III<' illl"rIIwdi;.I'· slnJ.!,'·s

of the DC l\t'tll'ork wll]"!' do 1101 IlIlIk,< till' IJG tWIII"II'1.: 1"1;,0 1"1111 ;UT"SS.

LSF; : Different p05silllecolllbillHli'llIS"f i SE fa;llln·s;lllllt·lm;\ sl:W;o'

of the DG network \\'hirh do IInl lllill·... Llll' l3G 111'111'''1'1.: I'>SI' 1'1111 :1l"""SS.

LSH(I) : Rdiahility of the laM slill!:(' of It 13G 1ll'1\\'ork.

.\lTTF.\" : :"let\\'ork ).(TIF of 11 lldll'ork.

JITTF.,,_I.()\I' : Lower bound network :'<ITTF for tlJl' DC: IJdll"tlrk,

JfTTFr ; Input-olltput :'<ITTF of 11 Iwt\\'OI'k,

,\' ; Size of a :'\1I:-.i/IllIlIlIH~r r,f illputS/outpuls of a :'<llX.

.\'fl(1) : :-I'el\\.'ork reliahility of II nctwork arl~r Illlll",

.\'Rw 1I'(I) : :-I'etwork reliahility lower hound for II DC lwtwork an.,]' LillI!' I.

.\'RIII) ~ ~el\\'ork relialJility of tllf~ 0(; nctwork Ilft.~r tilll!' I,

xiv



.\'U,o,,(I)

SE' oJ

SR(I)

T.\"

Tnt/)

: .\',·r\\""rk r<·linbilill·I1Plwrl>nllwl for II 13G llt'rwork afl"r rilll" I.

: R,·lial,i1ir.\·flfllll~· illl"rll\,'{lial,'sta,L\(' in rll4" DC llPl\w,rk.

; TnfOlISE... ufrll" DG rl"I\\,nrk ..xducliuJ; rill' SE.'i lOr 111,' Hr.-I !'orav-"'.

; T'·r1lJinalr<'Jial,ilir.\'flflllwrwllrk;.ftl'rrillll'/.



Chapter 1

Introduction and Literature
Review

1.1 Introduction

nllphlllllnlllrt'llIrlltsill COlllplll,·rl1IIlIN>1111111l1li<"ati"nt'·I·hlt"lllJ.(i"i<11a\",·n';;1111,>,1

in n "il'll!;1l llll'rp;rr of tlil'Sf-' two fields. Til,· n,)I';1111"',o,; in rUllllllll11i"nl j"l1 1",-111101·

of Compl1l~rs rilll he llttrihutf'l1 to hi).\h sp,<,·,l.", 1ll111tipl,· pro'·..s..... ,I"S. ,["\',,1"111111'1111<

in soft\\'i\I'L', dfectiw· illlcrCOlllll'l'tinll IIf 1ILl'S" prm','ssnrs 1'1", Th,·!'p hns Hls" 1""'11

rapid ,1('\"l;'!oplIwuts in the field nf \'f~ry Larl-;c $l·a],· Intl'j.(rat'·11 ('ir"1lit" {\"LSI).

Du(' 10 illcreasillll; nce,ls from IISt'fS lind gn'lIt"r ,1"1ll111ll1 uf l'at'iollsS"t"\'in'S I'll,.], 'IS

voice. fulllllOtioll video, data elr.. n's,~ardlt!rs slarlt·d Ill1lkiuJ.( 111101111" t l"HrI.o,;lllL...<;illll

mediUJll which could cffrdivc1y IUlIldh· all thl~St· .'wn·i,·"s. ITLT_T (orh.:illldl.\' 1"1.11,,"

CCITT) ltasilefilled Oromlhalld !l\t"l-(mt,'r! S,'rl"i,'I.'S Dil-(ilal ~f'tll'"rk (O-ISI);\") as

"n sl'l"I'ice rClItlirill1-\" tnHISlllis.<;ion dlllllnds 1:lljlalJh'lIf SlllJ[lortillJ,!; tail's I-\tl';lh'l" II,atl

the primary rnle offen'll hy the existing dl"l~nit 111111 1'1ll'ket swit.'·!Il_lll"tll"urks" [l],

This inte~rated network will he e:lpahl,~ of SIlJlIIJ,riuJ.l M'rl"iC/'s Sill'll :IS \'"in'. dal.,.

flill-motion video etc, individually or ("OmbilHlllllll ill tlu) CWoif' or lIlulti·JlII_lia 1"



rariulls pJIIl:I'S ilf varsilll-;" sJ)('l'ds. This is illnslnltl'd ill Fil-;"Ilrl' 1.1 whirll sllo\\"s II

D·[SO:,\ IlI'tll'ork 1'lIrr,Villl-;" dHft'rell( payloads, ,\sync!lrolllllls Tralls["r :\Iudl' (.-\.T:\I)

hH.~ ],1'1'11 illl'lltitil'd hy lTU·T as a SlI'itchilll( systC"1ll ('apahll' tlf 1lll'I·tilll{ the' r~·

qllin'lllt~l1ts nf D-ISD:-J slIdl as w!r,\' hi~h Illrnll~hplil. low switl·ltin~ rl"lay, a JO\I'

prllhllbilit,l' (If p;l('kt'l lOo'Ss. ,~xpl111d<l]'i1ily. tcsllihilit,\'. fnull lok'l'nllc(' (FT), 1,"\' (,(lSI,

1I1lt! abiJil,\' In adlicl'l' hrouIlcm;ting as well as 1l111lticastill~.

1.2 Asynchronous Transfer Mode

AT).I is n p;wkd·orieuted transfer mode tlmt list'S uSYlldlrollOllS till II' dil'isioll

nlUlriplcxin~ tcdlllifl\lt'S \\-ith thC' multiplexed informatioll tiow h!'in~ orl\"anizel! intn

ltlllrks of fixed SiZl', called cells [31·[61. Ani is also kno\\'u h.l' llaIlH,'S sudl l1S

,·\s~'nchrnllon~ Tilllc Didsioll alld fast Packet S\\"itdtin~ [-IJ, The pack,..ts ill thl'

:\T:\I lletll'orks nre cnlle<l C('l1s. Ellch cell consists of 5 h:rt('s ()f IWlldl!r aud ~8

h,\'tl'S of inrorrnatioll field. This is shown in fi~\Ire 1.2. The infofl1mlion field

is transportt.~1 tmnsparently hy an :\T~I network without allr proccs.~illg. erll

St'qHl'ncill~ is pn:'set\'ed in nil AT).I network.

\'irtunl circuits lIre eSlnhlished hetween the users hefore infornmlioll is ex·

dU1l1ged in lUl AT:\[ network. This is done hy a collnection set-up proccllure.

Similar loother switt'lIil1~s,ystems. O-ISD:'J protocol reference model for AT~( con­

sists of sc\'eml layers. Tllis model hns heen explnincll in (letA.il in referellces [-1]-[61.

An AT~I pnillic $witchNI network is showll in Figure 1.3. It CIlII be Sf{!11 that the

pHhlie AT~llIctwnrk connectslhe locnl AT),l networks, ""liese local AT:\[ networks

:1ft' in lurnarc m:ull' np of 11 llllmber of AT'I switches.

AT:"l s\\'itchiu~ networks arc currently exp('ded to operate at 155.52 or 622,08



Ht'ga hilS Ill'\' St'l'Olld Ill. rnlll\'t· lll'l\\"orks arl' "XPI~'ll',1 lit 1l1'"rlll,' "1 1 Gi~n hili'<

Pl'l' s''I.'und or more, n''S(';ll'i'!L i.~ h..ill~ ,'nrri,'d 11111 in ordn I" lind ;1I1 ..\T:\l ~ll"ildl

haviu).!;H'I'.\' hi~li throughput, 1011' ... ·11 [,lI'.~rnlin"rlhl' c,rd"r"I' In-"all,l ],'IIW

1.3 Asynchronous Transfer Mode Switch
Fabrics

\'/lfiOIlS AT:\I s\\'itdH's nrddt('('tnrC's hM'f' I"~'II Ilrfll)CJ,~,'cll·l]. [7). SUI1\I' IIf 111!'~"

hromlhl\1lCl Jlllcket s'\'l!ch lll'cltitpctlln:"s illrllldl· llll' !\:noc'kClll!. Ih,' IlUX;llItil', III!'

Coprin, the ..\thl'lla, the St. Louis. tIll' Starlitl', the' :\.IOIIIISldll(', Tlll"lH'\"S ISP,\I

slI'itch('s Illul th(· !Jall.\'I111 Ilf\s,'([ s\\'itdlL's, TlJ,~' ,~\I"itclll's ["nil Ill' das:-;itil.1 illt"

thl"ee Cllll'l;ories: the sh;m'(\ 1lll'I!iUlIl, fhl' shnn~llll\·l\lor." :Ilul 1\1I' spm-,· ,Iirisioll

nrd!it('('tl1fes (SI, In this Il'ol'k. til{' AT:\! switch fahrit' \\'hidl \lSc'S SpIW!' dirisioll

1l1'C'llitef'tlire isconsi(h.'r{'fl.

An AT:\I switch consists of.\' iU\l1l1 porls all/I S fIlllJlllt porrs. Elii'll illput J,"rt

is ,;olllwcl€,f! tocI'€'ry output pl,rt hy all illtl'n:nllllC~lil'll Iwt\\1,rk. O,Us arri\'iu~ at

tl,t" illlll1t port5 lire s\\'itdled t(llhl' re{Il((,~II~1 onl]lIL! port h.\' t1lf' illh'l'1'Ollllt<'li"IL

ll~t\\'ork. This i5 ,~IJO"'II in F'ip;lln~ lA.

TiJere are5Cl'eta! intl'ITOlillediolt nelll'orks r"l)/Irt"d ill \,l'f"I"!'lll'('S 19111111[ [JOJ, (Jf

1111 thesc intercOllllection l1cl\\'orks, Ille nos-shill' type b tile Silllplf'SI 111I1~. Figllrl~ I..)

shows ncrossbnrintercOllllt'Ctiol1 tlet\\'ork ('ollliectiuil illPllt links tn lhl'ollt!tlll link!-;.

There life severn! factor:> ilJ\'ohw! dnrilllt th,~ '~\'''[lIatioll of tlU' ,'lIs1 of :\lI ;\'1':\1

lletwork 1111. [12}, Tlie cost of an AT~I switch fllbrit.' Illld IW11I:1' till' !'(ISI "I' IllI ,\'1':-'1

net\\'orl;is mainl."dependrllt on tlll~('fQs.o;poilll COl11]lll!xitynflh,! AT:\[swilr,11 f/lllrh-,

The cost of a switch fahric is dinoctl,Y dejl('t1dent till its r:ro.~.~JlfJillt cfUllpl,'xity II 1].



TIll' '·rfls:;poillt ctllllplcxit.r IIf 1111 .'" X Y l·rns.~mr iii .\~! (8]. Dill' [Q ,hi' f;l.ct Ih~l

lll'll\nrkli (:\II~s) 1m: hcillJ.:" ("(Illsiflen·d for 1ISf' in AT:\I :uritC"h fahric"s. TIll'rros.o;poiul

1ll1"1,'llltllKt'is tllI,,,I,, pr~..sihlc at tlip ontput ports ill n'rlllin :\II:-.11i IQ in('\l'a.w Illl'ir

Ihrnn~lip1l1 pCrfnr1lIAl1C""S,

1.4 Multistage Interconnection Networks

\loSI of tIll' AT\I switch fnbrit's nrc cOlllpll'icd of 1\ lnrw' lllllllher flf ic1eulklll

hn.~i(· hllildin~ hl(ld:~ or switrbillJ.!; dements (ZEs) which form n :\11:-:. COIll!llex SEs

hn\".~ l,eE'1l ll~[ onls in certnin CI\Ses such as Ihe Athenlllllld Ihe Rox.anlle switdll'S.

\I05t oflhe\lI:"lselllllloy \"eF:\'simplcself-roulin~SE.o;.\[05t oflhe \ H:'i"scollsidelt'll

for lise in AT\I switch fnl)fj('s employ Danyan nelworks [131 nnll cnhnllCClI \"prsiolls

flf the Dnuyall Iletl\urks (I-lHIT]. The D;l.n~'an Ilet"w\; is a )U:X ("(Insisting of

1000Y stages of 2)( 2 SEs, Il.ith ~ SEs in e.1th stngt nud follow destination till:

nlJ..'Orithm for rOllting the flo1tkets. In the destination lal{ alf:orithm. fltt' hinnT)'

[l"'llnosentatioll of t!lt destination of II pncket is lI~lto route tilt' packet throllll;b

the network. 1£ the routin,; liit for a I,arlicular~tll~(> isO, ,Ilen tILe p<leket is rontell

thronJ,:h the upwlIrd link. Otherwise. the pAcket is routed throu~h the downwanl

link of the SE. The Dnnynn netl\'orks are unip~th :\II)1s since thefe exists exact\)·

IlIlC poth hctwel'lI nil illput port 1lJl(1 nil outp\lt pOl"l. The I3lll1Y~1l networks suffer

throuJ,:hput lilllitntiolls hCCllUse of the 101\' throllJ.:hpllt of the 2)( 2 SE. Due to this

n'l\SOlI, enhnntL'<! \'crsions I'Jf the Danyan networks nrc hcing Wilsidered for use in

thl' AT:'-.I switch fnhrits. Tilt5€! :\II~salong with certain other \1I:"is which Are used



in COllUCClil:!-t l1lulriprocl'Ssor !',\'SII'IIIS art' l'xplailll',1 ill till' fll!lO\\'iug '~"I'II"t1S,

1.4.1 Batcher Banyan Network

The main rlrnwhack or thl' Dan.l·an 1ll.'!lI"orks is that IlIl'.\' llH' inll'rttnll.\' 1111 ...kil1~

in til(' sense thai two packets dl'Stiut'11 f(lr 11\'0 l!ifrl'l"I'nt 0I1IP11ts lIm~' "nllid,' tn nil,'

of the intcrnwdiMc lIodt'S. It has 11I'('n sllowll thlll pal'kl't!' will nut hl"l·k within

th(~ OaJ~vall networks if (\l(~ iUl'oming pack('ts an- WlJIJl;ldl~1 nnd llil~ir dl'stinat ion

addresses arc monotonic and IlOtl·wpent1,'<! Ill]. Tllis is tlu~ hasil' idl'a 11I'biud IIU'

00 network.

The 00 network consists or a Datchcr nelwork follm\'l'd hy tilt' adwd Oall,\'Hll

network. III nn S x.Y 00 network, the Onldwr nrt\\'ork is Im.'lL'11111l hiIOllil'!>llftilll-\

clements. whicillHe nrrnngcd in )01(2 ,y x ~'2"-1) stnp;es with t sudl "It'llll'lIts 1'1'1'

stnge, An 8)( 8 DB netll'ork isshowll ill Figmc l.Zi, Thl' lotaluI11ldll'I' nrSEs ill

II DO nelll'ork is equal 10 +x ({log~ .\')1 +lop;~ .\'). A dl~slillalioll 11'~ alj.((II'it!tlll is

rmplo'yClIIO route the packets within lllt"' DanYAn networks.

1.4.2 2-Replicated 2-Dilated Banyan Network

The R2D211etworks are forll1t~1 h.y dilation ofrlwlt link ill the Ol1llY:lIlIU'tll'lIl"k

followed IIy a replication of this llilated Dallyail JlCI\\'OI'k. 'flu.! duplicat.ed lillks an~

connected to the same SEs as tl111se of the ori~illallillks. The lh~t stHW~ sr::s of

the 2-r('plicntcd 2-diintcll DnnYll.nll('t\',,·ork.~ nre C(IlIIlcCtcd 10 Ilmltiplcxel""i. TIll' two

2-dilated Danyan networks arc Clllled HS subnelworks A anll 0 ill this t.lll~is. An

SE in an R.2D2 network is referred as SE,.j.l: where i illllicHt(!S tlw lay!'r Ullllllll'l".

j indicll.lL'S the stnge number lIllll ~. illllicl.tcs the row UUlI1hl:r. All 8 x 8 R2D2

nel\\"ork is show1I in FiJ!;ure 1.6,



DanY1l1i 11I~I\\'flrk. Faults ill ('itlll'l" of 11Il' 2-dilalfl!1 Dall~'nll IW1II"Orks arC' llulifi.!d to

Illf' ltllilliplc)wrs. If 11 f:llth i!S lorat.!" ill Oll(' of Ih('Sl1hllt'I\\·ot"ks. then tlL(' tl1ullipi.·x­

l,rs 110 Ilot smul :IllY pllc'kcts to lltat sulmct\\'nrk. .-\11 pack(·ts ,1rc rOIlI('d tl1roll/-;1I

till' f:ulll-fn'l·network. Tllerl' an' l·XflCII.\· t\\·o paths Iwtll"('l>ll each input aJllI oulput

port in the 11202 ndwnrk.

1.4.3 Extra Stage Cube Network

The cxtm stage rlth(' (ESC) network [18). [Ull is deriwd from the generaliz('d

nt!w \1I:'i 1201 hy mldin~ an extra staj,\(' to Ihe input side of 111(' network alOllj,\

witll lIlultiplrx('rs aud c1clllultipl('xcrs at the input and output stages. respef:ti\·d.\·

as sho1l'll in Fip;llre l.T. TILe last stage and the first stag(' haw a similar connection

pntt.!rll. Each of these stages can he enabled or di~alJled by the nse of the .wnilahle

11i1IltiplcxE'1'f;and {Iemultiplexcrs.

:'olnrnmlly, the nct\\'ork will he set so that staj,\e II is disahled an<l staj,\e 0 is

enahlc!l. If a fault is foulld after running fault detection and location tests. tilt'

network is recollfi~llrcd. .-\ fault in a stage n switcll re<luil't'S llO change in ndwork

(,ollfi~umtion;stage /I rcmnillS c1i~ahl~1. If the fault OCCllrs at stage O. then stnge

II is enabled and I'll n~e 0 is (\isahled. For II fault in a link or ill a switch in stages

/I - I to L hath stal-(es /I and 0 are enahled.

1.4.4 Augmented C-Network

The .-\t1~ull'nted C-nctYo'ork (.-\C~) [21) derives from the C-netll'ork. an X x .\'

~1l:"S hn\'in~ /III nrhitrnry numhcl' of stnl-;es of t 2 x 2 crossbar switches t'ach.



Slttgt>S an' lLUlllhel1'il 0 10 11 - I from iUlllll tn oUIPl1l. ('-llt'II\11rk." an' lIdl"'rk:o

which s;lti."ry the Jlroperl~' thai Ihl' SEs illl"'l'~' sin"". "XI"'pt tlL,' !:L"llIl\t', ";111 Ill'

h'l'O\lp~1 illtn Il.'lino s\lrl! Ihat l'ach pair is COIIllI,'I,'i! t" 1\ ""IlUUtm \);Iir "f SE." inllw

lIext stagt', Such SEs Mt· c.IIIC(IIIS 1'01ljlll-\:ntl'!",

The :\C:\I prot'illl'S 2" dislillrt p:tllt!:i 11("\\'('1'11 ;111,\' ~("Ir,'.' aud d,,,,,'illill inn: IUl'

most of these paths nrc not disjoint. ROlltill~ ill ,Ilt' AC:-.I is pn,li ...atl'll "II a rtlllliJlJ..:

'l'l!: schenll' existiul-\ for tht' particular haSt.' C-lll'twnrk. \\'\11'11 ,Ih'rl' liT" Uti rllnhi>

or when c('l"lllin SEs lire husy. the lag is t1('t"rl1litll~1 11IId illll'rprl'I,'d h.\· tll(' A('~

ill tile .<;;nmc 11131111('r liS it would have bl'Cll dtllll' illlh,' hast' C,nl'lwork. O'hl'I"\I'ist"

tile two proposed roulinK strategies utilize I."tlt the stnlldnr,l path and I'"ujugal\'

p<1th switches 1211, .-\n 8 x 8 AC~ ronstructed frolll all nUll'XlI nctwork l:!211lr tli ..

s..,me size is shown ill FiJ;llrt' l.8.

1.4.5 Merged Delta Network

All .Y)( X lIle~ed delta. network l:\lD~) result!! frollll'rr~....lillkillg 111.... I'IIm'·

sponding stages of C copies or 11I1 ~ )( ~ c1eltll nctwnrk, TIll' ,Mtn lIdl\1Jrks lIrI' a

dnss of Iwlworks that inc:lude tlte xenernli7.ccl culte lIl'lwork. All :\lD:'l d"lInll·,1 hy

C-:\lD:'ol indicates explicitly the numher or COI)ics. The hasic swi't'h ~lr tlll~ :\ID~

is 1\ 2C x 2C crosshnr, \\'ith IOg2'V/C sta!-:cs. An 8)( 8 :\tD~ wilh C=2 is shUl\'u

in Figure Ul.

Routing in ~tD:\' is hased on lbc delta lIctwork routiu/( proeclluw, Iloliliu/(

informntioll is iuitially pnsseilto Il lIo11·faulty switch ill Mage O. From Ihel'l~, "lIf:h

switch ill stage j rorwardslhe information hy dJonsiug with l'jllill prnhlllJilily !JUI'

of the copies. If the selectC(1 switch is faulty, 1Illotl.cr cupy is dltH!lI, :\t .~ti'"'~ /1- I

the switch output is chosen to rea.ch the inten(k''f! dl'SlillatiOIl.



1.4.6 F-Network

The f-Il('twnrk 1231 iJII/\ 2'" x 2- with II + I stnJ;('SoC.Y = 2" sldtchcs{'ach. Ihat

nre ill ~"lIcml 4 x 4 sclectorll. An 8 x 8 F_nelwnrk is sho\\"11 in fih'llrt' LI0. TILl'"

F-Iwrwnrkcnn cUl1llntft rht'lItructun'ofthe wmemlizCflcuhe nel\\'ork. AI ('ac1l stll!;!.'

I'.~repl Ilie oUlput slnJ.;e. 111"0 diffcll'llt switrhes cnn he selccICflll'hil(' lJIllintninill);

till' sallJ(' (lt~tilllliioll. A fnullY 01" n husy switch is :woitlcd hy taking the nltertlnte

llllih.

1.5 Motivation for this Thesis

Th." Illl1lYlIll uet\\'orks sulfer throul!;bput limitation clue to their ha.<;ic SE!5 wILil:h

:1fI! 2 x 2 switch('5. Evcn though the Oil network is 11 Ilonhlockinl!; switch ror

perlllutation traffic it i.'l hlocking muler realistic traffic ronclitions. The tllroughput

or llie Oil is severely flegraded limier realistic traffic conditions. ~loreO'"ff. ncither

the Banyan uor tile DD net.."Orks posst'SS all.Y IT properties. All tbe ~IL~s mention

ill the pM'ious St.'Clioll also IUl\'e lo\\' throul::bput hecall5e they accept only olle

!l.1ckct nt their Olltput ports in each cycle. III order to he used lIS a switch fnhric for

hro.1dhand packet switch architectures. ~-II:'lsshould possess hil::il throughput rIIte.

The throughput of the R2D2 nnd the DG networks is increased hy illcreasinK the

size of their 5E8, This thesis work nims ill e\"ohmtinK the thrOlllthpul perfonnnnce

of thl' Oil lind the 0202 :\ll:'ls lind the DG aetwork [24), Since it is difficult

10 simulnte the renl time Irnffie conditious expected in Drol\dll1U\cl Packet S"witcll

Arehitcl'llill's, thl~ performnnce of :\IINs under certain well known traffic couditions

nfl' stllllied ill order to l'Stil11nte their performnllce ll11dtr renlistic traffic conditions.

If Ihe switches are to he used ill n relJlote ell\'irOllmenl. ~n~s con:;;iderf'l"1 for lise



shouM he hiJ.:hly rl"linhh'. AllIIrI fmlll throughput p,'rforl1lalw,', IIIl' ~1I~ssllltli, ..1

in lilis tlJl'Sis afl' n1lllplHt'll wilh u-spwl llllmnhl":m' ,·"mlll.'xil.'·. FT and rl'lillloilil~'_

in this tIL.'sis.

1.6 Thesis Organization

This thesis l'ollsisls of six rhapters....\,.11 illtro,lur'lioll i,hnUI :\'DI an,lltll' "It·

jeclhl' of this lhesis wl'Irk WE-n' provilled in pre\'illlls sl't:liIlUs. Til., DG 1I1-11I"{}1"1,: i~

disCllssed in Cltnptc'r Two. The hlll"dwan.' l"olllpkxiIY_ fJl1I11 lull'rilll''"l' illlli n-linhil·

it,\" analysis. of ~IIXs is ]1rl'sclltcd in Chnpt(,l" Thrn'. PI'rl"!lrlll:lllrC "I' :\lI.':s lluclc'r

certain unifoTm anc!1l011' uniform tmffic patterns is PI"I'lll'III,..1ill elmplc-r Fllllr. P"T'

formnnre nnnl.l'sis rl'Sults of the OC network ill lhe ]ll"ll'il'IlI'C (If SE rl1ulI is ,lis"lls-o;,..1

in CllRplE"r Fh'l'. COlllrihulionsof this Ilu:"Sis :l1(J1lJ.: willi SOUl" l"('("flllllllelllinliulls fllr

future work in this i1l"tll nre prt'5Clltetl in Chapter six.
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Fi!Ure 1.4: An ATM switcb ra.bric (21·
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Figure 1.7: An Extra Stage Cube Network for N = 8 [2].

16



Figure 1.8: An 8 x 8 Augmented C·Network [21.
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Fill;ure 1.9: An 8 x 8 Merged Delta. Network (2].
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Chapter 2

The Balanced Gamma Network

2.1 Introduction

Ullipath lmd illulliplllh ~1I:'ts discus,'>eil in the prc\'ioull chaptt'r mE' heill~ ex­

]wrinJ('nted for lISC ill Ihe switch fahric of hro"dlll\llcl Ih'\ck('t switcl. nrchilcctutl'S.

III this chapter. .\'(" anotht'r lIlultipnth ~n~ cnllt"tl tilE' DC network is introcillcl"li.

TIle DC network 1Il\S multiple paths to roule Il p..'\cket (rom a source to n tlcsti­

111llioll. One tn 1lI111tipl~ paths in the network. l>ackeu elm he routed tlaroll~h tilt'

network 1!\'Cn in )ll"CS('lICC of failures of some of tILe switchiul( elements (SE.'l) in lilt"

IIl't\\YIrk. ~Ioreover tbe DG network is capaille of ll.C'Ceptinll; up to four packets III

"neh 11C'Slintitioll during Itach cych·.

St.'C.'lioll 2.2 discUSSl'S the !'ltructllrt.' of the DC network. The routillj,\ al!(orithm

followNI in the Be network is presented in St.'Ction 2.3 followed h~' a Sllllullnry ill

Section 2.4.

2.2 Structure

Tbt' DC network [24) £ealurrs 4 x 4 SEs and is derh-ecl hy the ellhancr.l1umt of

till' WlIlllnn 1ll'I\\'ork. An 8)( S ).\:1\11I1111\ network {25J is illustrated in Figure 2.1. An
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S x S ~i1lllll1a network I·onsist.~ of OIl!' I'taw' nf I x;l SE!'i. follnl,",·d 10,\' '''.It!.'· - I

sla~l':; of 3 x 3 SEs and lilUl.l1,v Ol\C sta~l' of 3 x I SEIi. Eal'll lila~1' "f tIll' ~allnl\1l

network ('nn:;iSI~ (If.\' SEs. Til£' itl! (0::; i /f'I/ S)SE illllw jIll (ll ::; j ::; I,,!t~.\· - ~l

stage is conl\ected to SEs i. (i + 2J ) mod S 111\11 (i - 2J ) mod S, in lh,· U + 1)lb

stag(', The l-:alllllUI network cOllsists of t\\"il'l' tlw 11l1l1lh"f of SEs ill ":\1'11 :"la~,· U!'i

that of tILt' Dan.\'I1ll n£'twork for th£' SI1111l' S.

In clIse of fllilur£' of n SE in the gumllla nrlwnrk, Olil' nf till' lLllll'lil\'ni/(1I1 links in

the gamma network can he consideH'11 as all altl'matil'" for till' 01111'1' lIoll·stl'1li,LI1l1

link lind a fe·routing nl/!;orithm Will he dl!velope!l to l~xploil lhis 1'l~111l111:1IIl'Y. I'lo\\"

t'\"Cf, the strnight link does not III\\'C all n1tcrnati\'l' link aud h,·('ou\l'S llll.' 111"1'1

critkal componenl. Helice tht' galllllll\ network call III! vil'\I'I~1 as nil 1lIlhalmll','d

net\\'ork,

The ga11l1llil. network is halanccd hy adlling 111\ extra link to l'lll'h SE. Tllis

additional link in an ith SE of jth stage will b(~ COll1Wl'I,·d III SI:: (i + '11+1) mll/I.v

in tile (j + I jth sta/!;e. TIll: SEs ill the last stage of the gamllla lIl'twnrk an' n'p1:II'!'d

hy Imlfers to forlll the 130 network, Til!'!${' hnffers rur~ 11"siWH,'11 10 ;1I'('l'l't lip tll

fOllr packets during each cycle. These hllffen; collt'r't Ilw "1l1l:nlllill~ 1111111 frulli

the network and feefl them to the respective d('stillatiolls. Silllillll' III till' Wltllllllt

network. the DC network consists of,V SEs llllml)(.!rcd 0 to ,Y -I ill "111·11 SIIlJ.\l~ an,1

II =: 10m.\' stages numhered 0 to " - 1. This network consists or I x ·1 SEs ill IllI'

first stage anel 4 x", SEs in thc suhsequcnt stngcs, A tG x tG GO III'l\\'(lrk is shown

in Figure 2.2, Figure 2.3 SIIOWS a recollfil-\uration or the 0(; llJ!twfIll thall'xplidll.r

shows its block strw::tme rlml llloliularily. If the output 111l1f(!fs in Figllft· 2.:1 nft'

replaced hy concentrators, thclI this lIetwork is illenliclll to the l\appa \l!~lwr,rk !2ijl.
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£.,('11 SE ill llie DC nelwork i'i flddNS'l('(I1l.s SE•.AO S i < S.O S j < "I wileI'(> i

ilJllirnll..'S lllf~ SE IlIlmllt!r within a slll~eaml j t!J('stal;(' /Illlllher. Within the ~x~ SEs

the illPlll porls lire 111l1ll·.1! as inpnt upfM'r (WI. input ll[lpt'r middll' (lL::\I). inpul

10""'r lllidll1.~ 111.:\1) 1Iml inpul lower (Il). The olllplll ports arc Ilillllal as outpul

"pl"'r (OU), oulllUt nppl:r mill<lle (OU:\!). output !tnl'('l" middle(Ol\l) allli onllJllI

low('T (OL). Each ~ X ~ SE, SEi .}. is tnnnectt'l"l to SEs SE;_1'J_I. SEi_'lH,j_I.

5Ei,j_I, ami SE'+1,*I,j_1 frollllhe prc~'io\ls stn~e nnd to SEs SEi _ 2'.i+l. 5Ei ,j+1.

SEi+"lt.i+l, SEi+2'''IJ+1 in the next stR/-Ie aSShOll"ll ill Fil-\me2..1. Each SE 5E;,1I_1 in

tile lnst stll~(' is cOllllccter! to the output hll!f('TS (;_2i .j+I). (i.)+l). (i+2i .j+l).

(i + 2)+1 ,j + 1). The link5 connt"Ctl"t1 to Ol':\! nnd ODlare cnlll'r! Ilormfllli"h

RIIII the links COllllcctClI to OU nnd OL are callNI "ltrrllnte nll£-&. Hereafter the

links rOllncctl....!lo outllut ports OU. OU:\I, QDI and OL will he rert'rrei! to as au
link, OU:\f link. OL:\!link and OL link respC('ti~'ely.

2.3 Routing Algorithm

Tile DG network ori~illally Ilsed a tlistance tag al~orithm [241. To en!Lance

11ll' fault tolerallce properties of the DG network a re\'erse destination t~ routing

nl~orilhm has heen Ilrol>OSeCl in this thesis [271. III the reverse destination tn~

rolltin~algoritlllll. the rOlltitl~ tal-\ for 1\ cell to he routl,...1from source 5 to destination

o is the binary rcpr('Selltation of D. viz. r111_II/~_2r1J1_3 ...llo. The SEs interpret the

tn~ ill tilt, rc\'crse' order. i.e.. the SE ill MngC' 0 switches II. packet hnsd Oil hit lin.

SE in .dnrJr:' 1 switcllf.'s !lnsecl 011 hit 111. ;\lul so Olllllltil the SE in stagr 11-1 which

llwitcht's hased on hit ,1,,-1, Each SE is ASsociated with a vallie n given hy tile
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Connula

(:!,Il

This mlue 11 is IlSCtI ill tiwitclLilljl; a pac-ket lit 1111 inpul port {If illl SE ill "lit' sliI/:,l'

10 the next st3,::e, An SE SEiJ roUtl'S II llarkl'1 lhrnujl;h till' OU:-'llink Wh"ll <l i:<t1

anti the tn,:: hit is 0, or \\'hl.'l1 n is I allll ta~ bit i~ I. IIml Ill\' OI.:-'llillk wlu'll" is

o IU\l1 the tajl; bit is 1. or wllell n is I alHlllw til~ ilil is 0, Pa{'kt'ls ;lrri\'ill~ al Iht,

input port of an SE art' rOll ted IhrCllll-\h the illtcrnntt' links olll,\' if mon' Ihan Ulll'

llRcket is to he routl'll thrOll"11 with the SUlIl(' tnl{ hit 01' wltl'n 111t~ SE.~ l'OIllIl'i'II'tllll

normal links ill the next stal{e are fault}·, A1'Itllt'rt' un: {Nlr inputs "nmill~ illlo t'(wh

SE, it is quite likely that. in n S;in'n Q'c1e. more thaullllC II;wkl,t 1llay ,mivt, at (Ill

SE with 1\ 0 (or 1\ 1) AS thl' Ill'; hit. It is eas.\' to J;('i' lhat ullIn 21l;Il'\WIS wirll II...

sallle tn~ hit can he rontC(1 without any loss. If thn"i.' ur mun' illl'nls rt"ljllin' IIII'

same output link, any twn art- arhitmril,v Ch05t.·ll allll,h.' ro"t arc dnllllWfL If tl...

cells from inputs nre to I~ routC'd throu,::h tILe OU:\1 lill", tlll'll IIIII' n'll il'l rllull'll

lhroll~h tlle OU:\llink <lnll the olher is rotlll"(lthmllJ.:h Ilu~ OL link. Sillli1llrly, if

t\\'o of the incominv; cells IIrl" to II(' routcd throllV;h tl1l' ()L:\llink. tlli'li 'JIll' L'l rflllll"li

throuV;h the ODllink :Illd tILe other is routl'fl tllroU,a;:h Ihe UU link, TIll' (1I'll1ill'll

roulin~ proe«lurc is given in ApPl'lltlix A.

An example of this routin~ 1l1v;orithm is (It'pieled ill fiv;um 2':j whit-II sllUl\'s IIII'

p<llll taken hy a packet From sonrCl' i to Ilcstilllltioll l:t ill a IG x IG DG lll~tll'llrk,

TIle deslillatiOtl tap; us1.'11 for rOlltinj!; the pal'kcl;f; 12 in hillary whidl is Illlo..

Figure 2,6 shows the rOlltitl~ of n packet Crom Sl"lI1rc(~ 7 In ,ICfililllltiull 12 ill th':

reconfignred 16 X 16 DC network. It Cllil he lIot<~tl thnt in tlu: n:mll~lI;lIr,~1 13G

network, tILe upper two links of each SE lire llli/!(1 for switdtiuJ.: II PIIl'kcl wit II II II
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2.4 Simulation Program

I" ~illl1l1Ht" ~""n'nil \11;';,; Ilwl stud,l' II!!'i!" [H'rfnrm:llln'. TIlls fiilll1l1arion J1ro~nHl1

II"IlS "1Ipa],l,> "f ."iillllI1illilll-\ tIll' pl·rformanr.' of ,Ill' Di\ll~·all. ,ltl' rt2D2 and the I3G

1If'I\\"nrb Tlll1kr '·,'rlllill Irllfti(' NII"liriollS. TIl<' ~'1l1T('1l1 work iurhulprllllnditicatillll

mid !'1l11H1WI'IIll'1lI IJfrlJisl;llrtll"an'.

TII{' ~illlUlllrillll IlfU.l1:raltl Cflnsists (,[ [nUf maill Sl'f',iOIlS - llcl\\"Ork rll'tiniti(lll.

lrank w'w'ration. ~I\"it('hinli: Illlil r,'!'u]ts Sl'rtinlls, TIll' lll'llI'ork ,lcfinitjoll ."l'l'lirm

Ifllllit' I'llltt:fIl is ~"IH'ra!f'd h.I' tlw traffi" J:;('ueratiOll part and tlwll swit.hrd Ihrollv;h

!III' IWI\w>rk. fill"n.\, ,lil' results an.' enlculalNI ill the results S('('tioll.

TIl<" 110'1\' rnu I illl-( algorithm ]lro]ll~5Cd for the DC networks 1I11S been illl]lI(,IlII·nti~d

ill till' simulation IlTo~rnlll, Till' prognllll is no\\' cClpnhle of simlllatill~ tl1(' perfor­

tlWllce of tlu· DO ILf'tworks. Performllnces of tIl(' D[\n~'l\ll. th~ R2D2, the Dn and

tlie 13G Ill'tworks under the tlw permutation. tlte hotspot. the cOllllllunit,\' of in­

lt'n'sl ;Illtl till' hursl," traffic conditions. to he dis('llssl~1 in Chapler "J.. ban' hl't"1

i'illL,'r ;uldl'll 1o Ill{' ,'xisting pl'of-(ram. 01' the existing soft\\'1In' has lJeell modifil·d 10

illdndt' tlwse" Th(, [nilun' of an SE in the DC 1It:>1\\"ork has also heen simulated so

dill! Ib,· perfnl'llllUll'i' uuder f[\i1ed l'Ompollcllts can ht' studil'll.



2.5 Summary

.-\ lllultipath :'III\', rallell the DC 1Il'lll"ork ft':lIl1rinp; _I x -I s\\'itdlillltdnlll·lIl.~ hilS

hl'ell pr('sclitef] in tllis chllpter. EI·ollltion. slnll:II1I't' :lI\l! pr0(l"rli"s "f th,- 1.1(;

network are explainet! in ([",luil. S.I'mllletf.\' ;m.1 IIltullllaril,\" of tlu' DC lll'lll'ork an'

explicit ill the recollfigufl'l.[ DG network. The fO\ltill)!; :l1~orilh11l r"lI11I\",~l in Ill!' BG

network is ill1\strnt~1 with the hrlp of an .'xample.
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Figure 2.1: An 8 x 8 Gamma Network [24J.
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Figure 2.2: A 16 x 16 BaJanced Gamma Net.work.
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Figu.re 2.3: A Reconfigured 16 x 16 Bala.nced Gamma Network.
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Figure 2.4: Connections of Switching Elemeot in Balanced Gamma Network.
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Figure 2.5: Routina iD 16 x 16 Balance Gamma Network.
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Figure 2.6: Routing in Reconfigured 16 x 16 Balanced Gamma Network.
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Chapter 3

Properties of MINs

3.1 Introduction

~fI:"ls arc b{~illg l'X]ll'l'illlcntcd with for uSt.' ill bro.11lhand p..1cket switch melli-

!,'eIUH'S. Slime :\ll~s nloll~ with their routing nil-toritlllll h<ln~ been pxplaiw.l in

ClLnpll.'n; I nlld ::!. There nrc certllin properties of \11:\'g that are 10 1,(' {:oll.~i,l·

erl'd for USl' in switch filhric~ of t bt' I,roadhalld )Jacket switcll architeclures. Thc:;,!

]lwpCl"til'1i of )'II~.~ arc detailed in this chapler.

Tll(' hllnlwarc complexity (He) of lhe \lI~s are explained in Section 3.2. The

F'f propt'rlil~ of \11:\'5 me l'xplaiucd in Section 3.3 followed fly their reliahility

;lIlnlysis ill Sl'Ction 3..1. Finally a sUlilmary is providell ill Section 3.5.

3.2 Hardware Complexity

T1l(~ \ll~s hcill/o: experil1lcllt~d for use in s..... itch fabrics of hroadhand packet

,;wild! llrrhill'('(nrrs have 10 he finnll,v impll.'melltt~1 on haHl\\'llre, ~Jost or Ihe

,~I\ldil':; illlikalc lilt, 1l\lInht!r of crosspoints required to implement tlw switchillll:

l11'I\\'Ork lIS proportional to the hnrdll'lIre cos! [11]. So tlle
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illlplcllll'llled 011:1 silll;lt'rhip. Hl'I1'. Ihl;' main f{wIIS is 011 hI' nossp"iul ""1Ilp1,'xit,\'

of the ,'mirf> :\11:\ inste:ul of takin!; till' Illllnlll'r of dlips n''llliro'l! for hafl[lI"ar,'

illlpleull'lltalionnftilc network,

Th£' He of a 1H'11\'ork ('lUI 1)(> l'tIIlMl'c1 tnlll<' sum "ftll<' hnnlwlm','mllpl,'~dli,'s"r

tIl(' SEsofthc :\II~, The HCof all SE is also{O'fC'I'\"",[t" ;\1', til<' <"rO""p"illl ,','ml'l,·xil.\·

hecause it depeurb 011 the tolal numher of r(llllll'(:linu~1",1\""0'11 Ilu' ill]llll purls llll'[

th£' output portswilhin an SE. TIll' crosspoint ('omph'xil.\" OffIll' SEs ,'all 1", flllllld

hy different methods [11]. [33J. Ont'sllC'h md1ulI[ slnt,'S IIU' 11(' f" 11<' "qllall" 1111'

jlrot!llct of numher of th,. input ports awl 0111Pllt IlOrts, This 1ll000h"d lias h",'n

('hosen for calculntion of HCs of :\l\:"ls in Ibis tll<~ ..:;is, Primarily 1.1", :\Il:-l"s ,lis<'u~~".1

ill the pr£'violls clrllptcrs an' mmlr up of ,..itlU'r 2 x ZSEs or·1 x ·1 SEs,

TIlt, rrosspoint cOlllplexity of all 2 x 2 SE is "qnnll'l ·1, Tlli.~ !Jas 1!l'O'1l illuslt:!!".1

in Figurt, 3,1. Eacll input port is ('1l11lll'("t('d tn lwo nth"t, olltput 1l000t,~ lI'illliu til" SE.

Hence tlw!'e are 4 l'onncl,ti'llIs within the SE nll<11H~lWl' tIll' ,'rossp"iut '~"llJpl"xil.\·

or tllt' HC of all 2 x 2 SE is equnl to --t, Simi1nrl)' till' .'mo;,~poillt "llUIIII"xill'!lr it

4 x -l SE is equal to 16 mHI is ShOWll ill FiRilrf~ 3.2, Hr>tI" til,,]"!, 11]"<,·1 iliPll1 !lIlrls

connected" outpnt ports 1IIld Iwnr.e rl totn1 nf IG rnlllll'ctiuns "xi!;! wil hill tli" SF:,

Although several researcheri!l have prolllliied mor.' cOlllpll~~ I1ll'a,~l1n's for now-

puting the He of an SE (for examp1~. a ~ChCllH! II'hkh ~i\'t, ,lilfl'rr:nl \\,,'ighls !u

the !lumher of crosspoillts, th(' totnl lltll11ht'r of input IIlId lIUI]l1l1 purls, 111111 11ll'

fll.hricatioll lcdmology), lhe mo~l IlopllJar approadl is to ,'ulploy rlll~ nos.<;poiu!

cOlliplexit,Y, Henc<' lhe choice here,
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