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phys;cs etc) have been mapped on 'uch ,egular sUUcture,. and run
ABSTRA(;rI on the eo=pond;ng mach;ne, exh;biting s;gn;ficant 'peedup' In

contra,l. embedded real-t;me appl;"tions 1 12. 131. lend to e.";bil
In Ih,s work. we p'esem the Hyp!"c~cles. a cia" or variable structure, thaI do no1 necc"arily map opt;mally to an

mulud,men"onal grnphs. wh,ch are gene,aI!,~uons of the n-cube n-cube In addit;on. s;nce the s;", of a binary n cube ;, given a., 2n .
Th= grnphs are obla'ned by aI10wmg each d,mens,on 10 ,nc°'JX'rnte it means that a panicula, configurnl;on cannot be e,panded blli m
more Ihan two element, and a cycl,c mlereonnectwn strategy predefined quantum steps Fo, e,ample. if a given embedded
Hypercycles. offer s,mple rouung. and theabo1,ty. g'ven a fucd appl;cation requires a syslem comprised 0[9 node,. the nc,t la~e'
degrec. 10 chose among a number of aIlemaUve s"" grnphs Thcse n-cube with 16 nodes must be chosen Th;s COn,l"utc' a ,;gnmcant
grnphs can be used m the des,gn or ,nterconnecUon nelwo,k, [0'
distributed systems ..;Iored specifically to the Iopology of a panicula, mc,case m resou,ce aIlocauon. espectally m power-ma" ',m"ed
applical;on We are also presenting a back-lrack-lo-the-origm-and- env,ronments " ..
retry ,outmg wbereupon paths that block at intenned;ate nodc, = Hypereycle.,113] can be cons,dered as products of bas,c grnphs
abandoned ~nd a new a"empl is made Intenned;ale nodes a'e thal aUow.as compared t? the Genc,",i,ed Hypereube,(GHC) (3). a.

h th I nche' set of component ba"c" grnphs rnngmg m comple,"y fromchosen at rnndom at eac pomt rroroamong the ones at onn the s;mple rings 10 the fully connected one, used m the GHC Also.

,honest paths from a sourec 10 a desunatmn S,mulauon re,ults that contrary 10 Brodc, el" (41. wc dcfinc thc component g'aphs and
eslabl,sh the p':'Fonnanceof a vanety of configurnuon, a:e prov;de an"ytical e,pres,io", [0' roulmg. our a;m being Iwofold
presented Inadd",on ou, m,U" a"empt of consuucung a Hypereyclc (a) To prov;de computer ;ntcreonneclmn nelwO"" thaI match the
bascd router " d,scu=d node requ;rement' or a given embedded 'y'lem

(b) To ;nc,case throughput of a given netwillk by providmg
routmg e,pres,;ons Ihat can be computcd analyt;cally (and
hence are cand;dale, fill VLSI ;mplementat;on) and which
prov;d, a ma,;mum number of ahcmatc path, from a sourec to

1.0 Introduct;on a d,st;oat;on Thc ";,1"",, of aIt'mat, path, guarnnt',s that a
M,ssage pa"mg concu'rent COmpul"S 'uch a' th, m""ag' will not be blockcd wa";ng for it' smglc route to be

Hypercubell I. 17). Co,mic Cubel 15(. MAX(12. 131. cons;" of fre,d. but" would ;n lumscareh ror tI" ava;labil;ty ofa'temate
sevcr" procos.,;og nod,s that ;nt,rnct v;a mcs,ag" "chang'd ov,r paths Th;s ,trntegy also prov;d" rill fault prot'ctmn. ,inc, a
commun;calmn channel, Imkmg Ihese nodc, ;nto one funct;onal faully palh can be ma,kcd pc""anently bu,y. and thu,
entity mcssage, can be routcd around "

Thcrc are many way' or ;ntcrconnect;ng th, computat;onal Th, Ilypcreyclc,. bemg regula, graph,. rctam thc advantages of
nodcs. the Hypc'cube. Co,m;c Cub,. and th, Connect;on ,a,y rout;ng and regularity Yct. s;nc, w, are d,almg w;lh a clas,.
Machine( 181 havmg adopted a regular ;ntcreonncction pa",m rnthcr than isolal'd g'aph,. w, hav, th, n"ib;l;ty or adopt;ng any
co""'pond;ng to a b;oary n-dim,n,;on" cube. wh;l, MAX adopts a pa,l;cular graph (rrom th, cia,,) that clo,cly matchcs th,
less structured. yct u"'pecmed topology requ;rements or a g;ven appl;C3tion

Scvcral rec,nt stud;c, a",mpl "I'ns;ons and gen,rnl;zat;on, or Thi, wo"' ;s dw;ded ;nto these pan, soclmn LO ;ntroduc,s the
the has;c tencts or thc n-cube Brodcr ct al (4] havc propo",d M;"d Rad;, Systcm. S,cl;on 30 pre"nts ,ome basic graph
product grnphs(14) of small -ba,ic- grnphs Thc;, primc conccm i, tennmology and nolatmn. wh;lc Sectmn 40 introduccs the
to synthcs;", raull tole=1 nelwork., w;th a gwen degrec of cov,rnge Hypercycl,s and d;,cusscs th,;, propcn;,s S'clions 50 and 60
In these mullidimens;onal grnph'. th,y d,fine a smglo routc from a d;scus.' rouling and ,valuat, 1"" peno""anoc or ,cvcral "amplo
source 10 a dcstinat;on. a' the p,oduct of routes m each of the Hypereycle,
cOnsl;tuent d;men,;on, Routmg ;s e,hau,ted ;0 each d;m,n,mn
before anothe,d;mens;on ;scon,;den:d Bhunyan and Agrawal 131 2.0 Mi,ed Rad;, Number Sy'lem
have rol'oduced the gencrn",cd h~.pcreu~, (GHC) wh"h are al,o Th, mi,cd 'ad;, repre"ntat;on (21. i, a po,";onal number
graph products of fully connccted ba."c grnphs Thc m",d fad" repre",ntat;on. and" i, a g,nernl;zat;on or thc the ,tanda,d ~ha",
syslem (2) 's used 10 "pre" th, propcn,cs?f these grnph' and thc,' representat;on. ;0 thaI ;t allow, each po,";on to follow ", own ha.",
rouung W,U" 119! goy" a good ovc'.,ew andcompan,on of ;od,pend,ntlyoftheot""r
seve,", mlercon",ct,on "'two"', ,ncludmg th, spannntg bu, and dual Gwcn a d,c;mal numbe, M ractilled into, racto" a,
hu,hypcreube,Thesearee,sent;allyh;naryn-,ube,w"hh,oad'a,1 M=mjxm2xm XXm th,nanynumbe,O"X"M.j

bus""co"""ctmgthep~"""'m,achd,m,nsron .3 ,

Th, advanlag" of havmg a regula"y 'UUctured ;otereonn,ctmn can ho represented a.,
are manyfold. and th,y have be,n proven t;m, and aga;n m th,;, (X )m, m,m, = X IX,J, Im, m,m, whcre 0 " xi" (mi j ) ;
be;ng ;ne°'JX"ated ;n many rec,nt d,,;gns 16.1 1.12.13.15.17.'81
In th", slructures. ,a,y d,adlock-fre, fouling !71 can ho i = 1.2.., and Ih, x's a'c cho"" w ,hal X = Ix w
accompl"h,d by loc3llyrompuung ,ach 'ucc,ssOY, mt'nn,d,al' , i 'I. ,
nod, fill a path that ongmat" at a 'ourec nodc and tennma"' at a M
d,stmation node- as a run,1;On or the cum:nt po';t;on and I!¥: d,,;red whcre w = -
d,s"",,"on Many regula, pnJhlom, ('uch '-, the onc, found in imagc .mlm,mi
proces,ing.

30 (;raph Nolal;on
tThi.wo,khu..,"."""",oJby","N"",.."i,oc,.mdE,,,",,.,", Anund;rectedgrnpha;,d,fineda,a=(N. E).whoreN;s
R,.,~,h Co"oc;1 Cmod,. """, "m' .()Gf'OOO1337 th, sel ofnodcs
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N=(a.;j=J.2 N),and1:thcsetofcdges ~( ) . [( ) I I]I ;jj+Pj modmj If .;-.;jj modmj=.;jj'.; >pj

1:= {ejj; -(aj,/3j;)Jj-I,2,...,dj,' -1,2 ,N } .

.;..+ = .;..-Pj modm. If ..-modm.= .., > .
with aj./3j; E N and dj thcdcgrccofnodc aj.Thcdcgrccofa }, I ( }, ) I .[(.;}, .;) I I.;}, .;1] pj

graph, d(a ) , is thc maximum of thc nodc dcgrccs. A walk in a (5) .; Ifl.; jj , .;1 s pj
is a scqucnce of cdgcs e J el... el, such that if ej = (aj, aj+ J ) thcn

ej+J=(aj+J.aj+2)andejE 1:.Thcdislance,dis(1':0),belwccn .;0 =al .;/ = .;

nodcs r and O is dcfincd as thc shortcsl walk belwccn r and O i f Eqn. 4. 1.1
any, othcrwisc, dis(r,o) = 00. Thc diamclcr k, is thc maximum .
dislancc belwccn any pair of nodcs. A graph is rcgular, if all nodcs Wc call thc Icngth Imax of such a walk, thc dlslancc along
havc thc samc dcgrcc. dimcnsion j

Givcn an origin (a ) m = a J a2 ...a r and amJ 2...m,4.0 Hypercycles. deslination ({3 ) = /3 /3 /3 and if q. denotcs thcir

An r- dimcnsional Hypcrcyclc is Ihc following regular. mJ m2 ...m, J 2... r I.p , p distancc along dimcnsion j , Ihe Iota! dislance betwcen thc origin and

undlrcctcd graph: am = {N m ' 1: 1:,} whc rc thc dcstination nodcs, dcnotcd as dis(a,/3 ) and dcfincd as thc sum

of thc individual distances along all thc dimcnsions, is givcn as
m =mJ.m2.mJ mr a mixcd radix, p = Pl.P2,...,Pr ; .~ :I:
Pj 5 mj 12 thc conncctivily vcctor, dctcrmining thc conncctivity in dls(a, /3 ) = q = jL:J q j .For tllCSC nodcs. thcrc arc a total of

cach dimcnsion which rangcs from a cyclc (Pj =1 ) to fully 1 =
( q ) = qf

conncctcd(pj=LmjI2j),andN 1:, = (O.I,2 M-I ). Givcn qJ'q2'...'qr qJfq2f...qrf

distinct walks of Icngth q that conncct thcm .Thcsc arc construClCd
a /3 E N p thcn (a /3 ) E 1: p if and only if thcrc cxists by scqucn~ia.lly modi!ying thc. sourec ad~n:;ss, ca~h timc su?sti~utin.g

, m ' m a sourec digIt by an mtcrmcdlatc walk digIt, until thc dcstlmatlon IS

J . h th /3 ( " ) d . th I " rcachcd. Thc following walk connccts source to destination.
5J.5r suc at = a.:t... rno m. WI S...Sp. -." ." .

- /3 ...J J J J J J source -a / a2 a3 ...ar, a 1 ..J a 3 ...ar, a J ..1 '/1 1 ...ar,

and a -,1 ;ti1. al.;2'/l1...ar;a1.;2'/l2...ar;...;al.;2/33...ar;...;

Hypcrcyclcs,havcdcgrccs(8)d= It (mj 'Pj) whcrc /31 /32/33 .../3r = destination
j =1 Figurc la., givcs an cxamplc of two distinct walks of cqual

- { 2 p j if 2 p j < m j Icngth that conncct a sourcc to a dcstination, for a H ypcrcyclc.
f(mj'Pj)- m.-l if 2p.=m.

and d . k , I ..4.2 A verage Distance Call;ulation
lamctcr .,

!
Givcn an r-dimcnsional hypcrcyclc a~ ,and dcnoting by n1 thc

r LmjflJ lk = -
p number ofnodcs at dislancc I from a sourcc nodc (a ) m =j =1 j mJ 2...m,

Thc n-cubc is a Hypcrcyclc, with ala2...ar,thc avcragcdistanccbetwccnany two nodcsin a~

M=2x2x...x2=2nandp=I,I,I,...,I. be aI I -.. [8)can c. cu at"" a.~

4.1 Routing ~
Hypcrcyclcs. havc routing propcnies that arc similar to thosc of 1 ~ln/

thc n-cubc. Givcn nodcs q = -I

- ( .) mJm2...mr (a) -a a a a and a. ...mJm2...m;...m, J 2 I r .mJm2...m;...m, SomctypiCal distances arc glvcnITABLE I.
= aJ a2 ;...ar ' a walk, from nodc a to nodc a*, can be

c o n s t r u c t c d a s f o II 0 w s : 5.0 Deadlock Avoidance in Routing.
ala2...a a .ala2 ;I...a .ala2 ;2 a , Inscction4.1,wchavcgivcnamcthodthalestablishcsatlcast

I r r r onc path from a sourcc to a dcstination nodc. In this part, we arc

a la2 ;...a .such that§ conccmro with optimally choosing onc of Ihe paths. Routing musl be
r cfficicnl and dcadlock frcc. Dcadlock occurs whcn rcsourccs (in this

casc nodc 10 node communication scgmcnts) are allocalcd so thai thc
complction of a partial path rcquires a scgmcnt aircady ailocatro to a
diffcrcnt panial path which in turn waits for a segmcnt in the first
panial path. It is obvious that no mcssagcs can propaga!£ over thc
dcadlockcd paths, and thc only rcmcdy is to brcak thc alrcady
cstablishcd and dcadlockcd partial paths and try again.

Deadlock may occur casily in cases wherc thc segmcnts that form
thc paths arc choscn at random. Ccnain routing algorithms (c.g.

, The funclion LxJ denoles l!1e virtual channcls, c-cube routing[7) prcvcnt dcadlocks by ordering
largest inleger smaller l!1an or thc rcsourccs (channcls) to be allocalcd. Thus a lowcr ordcr rcsourcc

I h .
1 r 1 d I cannot be commiUcd if a ncroro highcr ordcr rcsourcc cannot be

equa 10 x, w I e y enotes lIe b . d Th d . d f th . h ...
II . I 1!1 O talmc .c Isa vantagc o IS approac In an mtcrconnccuon

.ma esl Integer arger an or rk . Ih . I .. th be f Ih .
eq I I y nctwo IS at It Imlts c num r o pa s connccung a sourcc to at uW a od fi . I bl . ( b) d (b ) d J dcstinalion to cxactly onc, cvcn though scvcral aitcmatc frcc paths

c c Ine a, = mln a -ma mi, -a ma mi

~For l!1e delinilion of a mullinomial number, see (I) pp 32.
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may cxist at a particular momcnt. Wc are proposing to adopt a and 16-nodc a 22) ra s fii
str.ltcgy whcrc dcadlocks arc avoided by rcquiring a blocked partial ( 44 9 ph o cr two altcmalc routes betwccn source

path to backtrack to its origin and rctry. and dcstination and thcrcfore provi.dc highcr systcm throughput.

...Gcncrally, systcm throughput and dclay arc functions of both
6.0 8acktrack-to-the-orlgln-and-retry routing avcragc distance and thc avcragc number of allcrnatc paths betwcen
For Hypercyclc-based intcrconncction nctworks, becausc of the any two nodcs.

exislcncc of cyclcs in cach dimcnsion, thc use of an e-cube type Thc backtrack-to-the-origin-and-rctry routing, as discussed
~outing that prcvcnts dc~d~ocks, is. impractical. Wc arc .proposing abovc, is currently being implementcd in hardwarc. Figurc 7 givcs
Instcad a dcadlock avoIdIng rOUtIng strategy. AccordIng to our thc structurc of a computational nodc in a concurrent compulcr that
backtrJck-to-the-origin-and-rctry routing wc idcntify, at cach nodc, incorporatcs Hypercyclcs and backtrack-to-the-origin-and-retry
all nodcs that can be uscd for thc continuation of thc path. For all routing. Figure 8 givcs a block diagram of an r-dimcnsional
such idcntified nodcs, wc also idcntify the corrcsponding ports tllat Hypercycle routcr. Figurc 9 shows thc dclails of thc ncxt port
can be used in ordcr to continue the path. Since several paths may be gcncrator.
fomling in parallcl, somc of thcse ports may alrcady be allocalcd 10 As it can be sccn in Figurc 8. wc arc implcmcnting our routing as
somc other path. Aftcr cxcluding all thc allocalcd port.-;, wc selcct onc a systcm having four modules. Thc dcstination addrcss is used in the
of tIlC rcmaining frcc ports at rdndom. Thc subscqucnt link in thc Ncxt-Port Gcncrator to gcncratc all possiblc ports that can be used in
path is cstablishcd is thcn cstablishcd through thc sclcctcd port, ;Irv.1 forming thc path to the rcquircd dcstination address. Subsequcntly,
thc proccdurc rcpeal-; ilo;clf until thc dcstination is rcachcd, or no frcc the Port Validator masks out thc ports which arc currcntly used by
ports could be found. If no frce ports arc to be found at an othcr paths. Finally, The Port Selector, selccts at random onc of thc
intermcdialc nodc in thc path, thcn a brcak is rclumcd to thc origin validalcd ports which is then used to continuc thc circuit towards thc
(through the alrcady cstablishcd partial path to the blocking nodc), requircd dcstination. For the random number gcncrator, wc usc a
thc partial path is dis.o;olvcd, and a new attcmpt for thc crcation of thc cellular automaton ( I] to gcnerJtc a 27 bit random number, which wc
rcquircd path is initialcd. This routing stratcgy avoids dcadlock.o; usc to obtain its modk whcrc k is thc number of valid ports
through backtracking, and also guarantccs thalthc formed path will incoming to thc Port Sclcctor. It is worth noting that thc systcm is
be of ~ minimum .lcngth, sincc cach subscqucnt li~k. is sclcctcd programmablc, in thc scnsc that it nccds the paramctcrs m, p as
according to cquatlon 4.1.1. Thc backtrack-to-thc-ongln-and-rctry dcfined earlicr and which dcfinc the structurc of thc nctwork as wcllrouti.ng is a ty~ of t~o-phase locking ( 16], whcrc. as rcsourccs ~ a.o; ~ which thc addrcss of the current nodc. ,

con.o;ld~r ~e va!1ou~ links ncccssary for thc complctlon of thc sourcc- Wc havc currently finishcd thc dcsign of thc Ncxt Port Gcnerator
to-dc.o;tlnatlon CircUIt. in 74LS logic. Thc block diagram of thc Ncxt Port GcncrJtor is givcn

Wc havc uscd ExtcndTMt to construct a simulator capablc of in Figurc 9. Wc havc obtained a propagation dclay of les.-; than 270
simulating any Ilypercyclc bascd nctwork. For this simulator, wc n.o; by using thc 74LS technology, and we arc confident that it will be
implcmcntcd b<Jth the backtrdck-to-the-origin-and-rctry a.-; wcll as thc drastically rcduccd (to less than lOOns) for a custom VLSI
c-cuhe routing stratcgics. 1l1c c-cube routing can only he uscd for implcmentation. Wc arc using this implcmcntation tcchnology in
binary cubc nctworks. For cach nodc, wc assumcd a Poisson ordcr to validatc our dcsign. Wc arc currcntly complcting thc
mcssagc gcncr:tlor which gcncratcs packcl-; with uniform distribution implcmcntation of thc Random Number gcncrator using thc samc
of dcstinations. Each packct carrics thc dcstination addrcss which is tcchnology. Our next objectivc is to port our dcsign in a gatc array so
used for routing. Links arc a.o;signcd prioritics, so that collisions can that specd and compactness could he accomplished.
he rcsolved. Wc assumcd a packct transmission timc (ovcr an
cstablishcd sourcc to dcstination path) of 100 simulation-clock ticks.
Wc usc thc simulator to obtain thc throughput and dclay 7.0 Conclusions and Discussion
charJcteristics of scvcral nctworks for both c-cube and backtrJck-to- In this work, wc prcscntcd thc Hypercyclc, a class of
thc-origin-and-rctry in tcrms to thc offcrcd load. Both thc offcrcd mullidimcnsional graphs, which arc cssentially gcncr.lli".ation.-; of thc
load and thc throughput wcrc normalizcd in tcrms to thc maximum n-cubc.
c.apac!ty of c;1ch nctwo.rk takcn to be proportional to the number of Although thcsc graphs arc not thc dcnscst possiblc, thcy arc
lInks In thc corrcspondlng gr;1ph. Thc avcragc dclay wa.-; exprcsscd attractivc, becausc of thcir simplc routing. Similarly to thc n-cube,
i~ ac!ual. timc ~nits ncccss;1ry to. csta~lish a source-to-dcstination thc dcstination addrcss is used to sequcntially routc a mcssagc
CircUIt. SimulatIon rcsullo; arc dcplcted In figs. 2, 3, 4, 5 and 6. through intcrmcdialc nodcs a.o; oullincd in section 4.1. Also. since thc

..As it wa.o; cxpectcd, th.c performancc of thc backtrack-t?-t~c- nodc addrcsses arc rcprcsented in a mixcd r.ldix a.-; a sequcncc of r-
ongln-and-rctry for both binary cubes and hypercyclcs of similar digits, cach onc of thcse digilo; is proccssed indcpendcntlyand in
sizcs, is clcarly superior to th;Jt of thc c-cube a.-; it can be secn in figs. parJllcl with thc rcmaining digil-;. Thus thc hardwarc involvcd in the
2 ;uld 3. nlis is attribulcd to the fact that thc ba~ktr.ack-.to-thc-origin- ro.uting can be made fa.-;t (bccausc of the parallclism) and simplc
a:nd-rctry C;1n use altcmatlvc paths t~ thc dcstln~t~on Instcad of thc (smcc cach modulc nccd only handlc arithmctic modmj , as
slnglc path allottcd by tI~c.c-cubc routln.g. ~~ OOdItlonal advantagc of comparcd to arithmctic modmlm2...m necdcd whcn all thc addrcss
thc b:lcktrack-to-thc-ongln and-rctry IS Il-; Inhercnt fault tolcrance. dl.gl.t...'rc ncccs "~ry ~" .. th ...

thr h t k the h rd II d d .
f f I . k . h k f .I d . Id be rk d ., u .'u -, IS c ca.o;c WI suc nc wor s as c o a

n cc ,1 onco In slnt cnctwor alc ,ltCOU ma c a.o; rin g.. 1101 orthec be I d .1 . (51).. II b .. d .k . Id bc d d . n .., , u connecc cycc.o; .
perm;1l!cn y usy, al! pac CtS wou routc aroun It. US Ttlc g~ phs prc "cntcd .n th .." t d ' I .. t . fb ..

1 .. 11 ...r th bc .'u ., I IS ., U y, arc gcncra Iza Ions o somc
o VIOUS y IS not IC C.lo;C lor c c-cu rouung. wcll known g~ ph" s ch th b . be 2 d 3 d ..

al...u ., u as c mary n-cu , -an -Imenslon

Flgurc 2. furthcr shows that undcr hcavy loads, c-cube routIng mcshcs and rin 'S h. h .I d d .I E 1 fha.-; slightly highcr throughput ratcs for a givcn load than backtrack- .., .g. , w IC ~rc In~ u .c as specla cases. xamp cs o
S(Jmc special ca.';Cs arc dcplctcd In Fi gurc 1to-thc-ongln. Flgurc 4 shows thc rca.o;on for this anomaly. BacktrJck .

routing docs not cffcctivcly mutc packcl-; of longcr distanccs becausc
thc path is dissolvcd as SOOI! as ;1 blockcd routc is encountcrcd, REFERENCESwhich has a high probability of occurrcncc undcr a hcavy load. An .

adaptivc algorithm which altematcs betwcen backtrack-to-the-origin 1. Bcrgc C., Principles of Co"lhinaloric.f Acadcmic Press, New
;uld c-cuhc routil!g ul!dcr heavy loads may solvc this instability. York and London 1971.

For graphs or highcr dcgrecs, figs. 5 and 6 show thc cffcct of 2. Bhuyan, L. N., and D. P. AgrJw:lI, "Dcsign and Pcrformancc
altcrl!atc paths on systcm delay and throughput. Thc 7 nodc of Gcncralizcd Intcrconncctiol! Nctworks" IEEE Tran.f.
Hypercyclc has only OI!C path choice per sourcc/destination Compul. Voi. C-32, No.12, pp. 10!!1-1090, Dcc. 1983.
contlCction (bccausc it is :I fully col!nectcd graph). This cffcctivcly 3. Bhuyan, L. N., :lnd D. P. Agrdwal, "Gcncralized Hypcrcube
rcduccs thc systcm to c-cubc stylc mutil!g only. Thc 15-nodc (a 21 ) and Hyperbus Structurcs for a Compulcr Nctwork" IEEE

5-i Trans. Computers. VoI. C-33, No.4. pp. 323-333, (Apr.

1984).
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TABLEI

AVERAGE
(;"APII OI,G"),I; OIAMEll;R NODES DISTANCE

PER NODE

m 62 6 2 12 1.454
p = 31

m = 53 6 2 15 1.571
p = 21

m = 522 6 3 20 1.894
p = 211

m = 333 6 3 27 2.077

p III

m = 3 3 2 2 6 4 36 2.4

r 111 1

m = 3 2 2 2 2 6 5 48 2.723

p 11111

m = 22 2 2 22 6 6 64 3.047

p 111111

m = 2217 6 6 68 3.403

p 112

m 22 37 6 6 84 3.434
p 1111

m = 357 6 6 105 3.615

p III

m = 555 6 6 125 3.629

p 111

m = 2222222 7 7 128 3.528

p 1111111
..
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Figure 2. Throughput vs. offered load for the 4-cubc using backtrack Figure 4. Avcr.lge distance (of successful packets) vs. offered load
to the origin and e-cubc routing. The offered load alld throughput are for the 4-cubc u.o;ing backtr.lck-to-thc-origin and e-cubc routing.
nonnali7.cd to the capacity of the interconncction I1CtWOrk.
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