app ear in dvanc ese ar ch in VLSI and Par al lel Systems 1992 Thomas F. Knigh t, Jr. and John Sa age, editors. MIT press, Marc 1992. ault olerance and erformance of Multipath Multistage In terconnection Net orks rederic Chong, Eran Egozy and Andr DeHon Arti�cial In telligence Lab oratory Massac usetts Institute of ec hnology 545 ec hnology Square Cam bridge, MA 02139 ftc hong ai.mit.edu, eran ai.mit.edu, andre ai.mit.edu Abstract In building ultipro cessor system, can minimize the system’s mean time to failure pro viding an arc hitecture resili en to comp onen faults. compare the fault tolerance and erformance haracteristic of arious fault-toleran ul- tistage in terconnection net orks. primarily fo cus on net orks comp osed of dilate routing comp onen ts. dilated router features redundan outputs in eac logical direction, and can th us used to construct multip ath net orks. Multi- path net orks ha ultiple paths from an input to an output. An interwir ultipath net ork disp erse its routers’ redundan outputs to input orts of ph ys- ically distinct comp onen ts. in tro duce deterministi wiring sc heme for rout- ing in terwired net orks that maximizes the um er of routing paths ailable for eac endp oin t. compare the determinist ic ally-wi red net ork to oth randomly- in terwired net orks and non-in terwired ultipath net orks. haracterize fault tolerance measuring the probabilit of single endp oin disconnec tion as faults accum ulate in the net ork. Our erformance sim ulations are based on tra�c from shared memory applications and include barrier sync hronization to exp ose the ef- fects of lo calized erformance degradation. �nd that at minor erformance cost, deterministi cal ly-i terwire net orks are more fault toleran than randomly- in terwired net orks and non-in terwired net orks. In tro duction Su�cien fault tolerance is an imp ortan part of an practical, large-scale computer system. In this pap er, fo cus on selecti ng wiring sc hemes for Multistage In ter- connection Net orks (MINs) whic o�er the most fault tolerance and erformance for �xed amoun of hardw are. examine interwir and non-interwir ultipath net orks. An in terwired net ork connects redundan outputs of eac routing comp onen to ph ysically dis- tinct comp onen ts in the next stage of the net ork. Suc in terwiring as �rst used Bassalygo and Pinsk er ]. Upfal 18 later used in terwiring to form what he called multibutter ies in tro duce determinis tic algorithm for in terwiring net- orks and compare it to the random in terwiring metho ds presen ted Leigh ton and Maggs 15 ]. also examine replicated net orks where ultiple single-path net orks are attac hed together at the endp oin ts to form ultipath net ork. measure fault tolerance, use the simple fault metric of ompleteness cou- pled with random fault generation to probabilisti call quan tify the um er of faults giv en net ork can sustain. net ork is said to complete as long as there is some non-fault path et een ev ery pair of net ork endp oin ts. This metric is conserv ativ if the system can actually tolerate endp oin isolation or net ork par- titioning. Nonetheless, it pro vides simple decision test for comparing the e�ects of faults in arious net orks. or our erformance comparisons, sim ulate message tra�c er fault and non-fault net orks to quan tify the e�ectiv aggregate bandwidth of suc net orks in the presenc of faults. mo del sev eral shared memory applications sim u- lating message distributi ons and pro cessor sync hronization. Section describ e the basic net orks whic study as ell as the routing mo dels assumed. Section details the arious net ork wirings considered in this pap er. Section describ e our fault tolerance exp erimen ts and Section presen ts the data resulting from our exp erimen ts. Section explains our erformance mo deling and Section summarizes our erformance results. discuss related issues to this pap er in Section and dra �nal conclusi ons in Section 9. Net ork and Routing Mo dels 2.1 Net orks This pap er fo cuses on MINs built from sev eral stages of crossbar st yle routing elemen ts. or simplicit will assume crossbar routing switc hes with an equal um er of inputs and outputs. Eac crossbar switc can connect an of its inputs to an of its outputs with the restricti on that only one input can connected to eac output at an giv en momen t. particular crossbar router is haracterized oth its adix and its dilation The adix of router is the um er of distinct logical directions distinguish ed the routing comp onen t. The dilation is the um er of logically equiv alen outputs in eac distinct direction. Th us, with dilation greater than one, redundan routing is pro vided in eac directi on. Figure sho ws an example of suc MIN. further limit ourselv es to ultipath net orks with redundan connections to eac endp oin t. The redundan endp oin connections mak it ossible to guaran tee that no single fault will isolate the endp oin from the net ork. Figures through sho MINs eac of whic has connections from and to eac endp oin t. Muc previous ork has een done on this class of net orks. Krusk al and Snir 10 suggest using ultiple copies of MIN to pro vide fault tolerance. They also describ net ork with dilated routing comp onen ts and Grondalski implemen ts suc net ork. The Kappa net ork also uses dilated routers to ac hiev fault- toleran in terconnect. Leigh ton and Maggs 15 suggest e�ectiv ys of wiring and using randomly-wired ultibutter y net orks. An alternativ approac to ac hieving fault-toleran MINs is to construct extr a- stage net orks with more switc hing stages than are actually required to uniquely sp ecify destination ([ 13 ], et. al. ). The set of routing sp eci�cati ons that reac the same ph ysical destination de�nes class of equiv alen paths. So long as one path of eac suc class remains in tact in fault extra-stage net ork, an endp oin will able to success fully route to its destination. Ho ev er, suc sc hemes require the endp oin to sp ecify path through the net ork. The extra stages in these sc hemes also result in larger latencie than the corresp onding ultipath net ork, ev en in ultipath MIN constructed from (inputs radix) dilation-2 crossbars and dilation-1 crossbars. Eac of the 16 endp oin ts has inputs and outputs for fault tolerance. Similarly the routers eac ha outputs in eac of their logical output directions. As result, there are man paths et een eac pair of net ork endp oin ts. aths et een endp oin and endp oin 16 are sho wn in old. This net ork as wired using the deterministic in terwiring algorithm describ ed in Section 3.4. Figure 1: 16 16 Multipath Net ork the absence of faults. do not include this class of net orks in our analysis of ultipath net orks. 2.2 Routing Our fault tolerance results describ ed elo are indep enden of the details of routing and fault-iden ti�cation. That is, routing can circuit-swi tc hed or pac et-switc hed using an um er of routing strategies. The fault tolerance results only dep end on net ork top ology and the routers’ abilit to use their redundan connection in eac logical direction to oid faults. Our erformance mo deling assumes additional implemen tation details. The routers erform source-res onsi ble pip eli ned, circuit-swi tc hed routing. Data are pip eline et een routers in adjacen stages of the net ork to impro through- put and ailable bandwidth. The circuit-swi tc hed, source-resp ons ibl proto col is simple and can implemen ted ery e�cien tly in VLSI hardw are. The routing proto col assumed is describ ed in detail in ]. ha used this routing proto col in the VLSI routing comp onen RN1 17 ]. An RN1 routing comp onen can con- �gured to act as single 8-input, radix-4, dilation-2 routing comp onen or as pair of indep enden 4-input, radix-4, dilation-1 routing comp onen ts. Net ork Wiring consider four basic wiring strategies for building ultipath ultistage routing net orks. In this section, describ these strategies and sho an example of eac dilated, non-in terwired four-stage net ork connecting 16 endp oin ts. Eac comp onen is 2, dilation-2 crossbar. Figure 2: Dilated Non-In terwired Net ork net ork. As with all bidelta 11 net orks, eac stage in these ultipath net orks routes succes si ely sub dividing the set of ossible destinations in to um er of quiv- alenc classes equal to the radix of the routing comp onen ts. or example, consider radix-4 net ork. When connections en ter the net ork, an input can reac an destination. The �rst stage of routing comp onen ts divides this class in to di�eren equiv alence classes based on desire destinati on. Eac succeedi ng net ork stage further sub divides previous stage’s equiv alence classes in to more equiv alence classes. When there is single destination in eac equiv alence class, the net ork has uniquely determined the desired destination and can connect to the destination endp oin ts. This successi sub division can easily seen in the net orks sho wn in Figures through 5. 3.1 Dilated Non-In terwired Net ork The dilated net orks describ e in 10 connect all outputs in giv en logical direc- tion to the same ph ysical routing comp onen in the subsequen stage of the net ork. The top ology is th us iden tical to the corresp onding non-dilated bidelta net ork 11 ]. Suc net orks gain erformance ha ving ultiple paths. These net orks can also tolerate some faults in the wiring et een comp onen ts. Unfortunately these net- orks are just as suscepti ble to comp onen failures as non-m ultipath net orks. An example of dilated non-in terwired net ork comp osed of 2, dilation-2 routers is giv en in Figure 2. Tw non-dilated four-stage net orks connecting 16 endp oin ts are attac hed together at the endp oin ts. Eac comp onen is 2, dilation-1 crossbar. Figure 3: Replicated Net ork 3.2 Replicated Net ork In replicated net ork, suc as the ones prop osed Krusk al and Snir 10 ], ultiple single-path net orks are used to ac hiev fault tolerance. Eac single-path net ork is bidelta net ork using dilation-1 crossbar switc hes. Eac endp oin gets one connection to and from eac of the single-path net orks. An endp oin ho oses whic net ork to use when it needs to mak connection. As long as eac pair of endp oin ts is connected path in at least one of the net orks, the replicate net ork will remain complete. Replicated net orks are used in the telecomm unications �eld to minimize con ten tion and increase ailable bandwidth er single-path net orks ]. replicate net ork, where eac subnet ork is constructed from routing comp onen ts, is sho wn in Figure 3. 3.3 Randomly-In terwired Net ork An in terwired net ork tak es adv an tag of the redundan outputs of dilated routing comp onen ts and connects them to ph ysically distinct comp onen ts in the next stage of the net ork. Bassalygo and Pinsk er used suc in terwiring to construct the �rst non-blo king net orks of size log and depth log ). Upfal 18 later used in terwiring to form net orks he called multibutter ies Leigh ton and Maggs 15 further analyzed the high gr oup exp ansion (or exp ansion of these randomly-in terwired net orks. Group expansion is descrip tion of the degree to whic an subset of comp onen ts in one stage will fan out in to the next stage. More formally an subset of comp onen ts from one stage ust connect to at least comp onen ts in the next stage, where is the expansion factor and is less than the um er of comp onen ts in eac stage. Go fault tolerance is an inheren prop ert of high group expansion 15 ]. Deterministi construction of graphs with high group expansion is di�cult problem. Recen ork describ es determinist ic algorithm based up on Raman u- jan graphs whic h, unfortunately do es not pro vide as uc expansion as random ultibutter y generation. randomly generated ultibutter y has high prob- abilit of ossessi ng high group expansion. This high probabilit results from the high fraction of net orks in the class of ultibutter ies that ha high group ex- pansion. Consequen tly it is common practice to randomly generate ultibutter y net orks un til one is found with the desired group expansion. use heuristi algorithm based on the random in terwiring ideas presen ted in 15 ]. Sp eci�call constrain ev ery router to send its redundan output paths to ph ysically distinct comp onen ts in the next stage, th us impro ving group expansion er purely random in terwiring sc heme. Figure sho ws the algorithm used to generate randomly in terwired net ork. use dilation-1 routers in the �nal stage of the net ork to ac hiev high degree of fault tolerance. The ends of the net ork are the eak est links to ac hieving high degree of fault tolerance since few er alternativ comp onen ts are ailable in these stages to mak an giv en connection. maximize fault tolerance, ust maximize the um er of distinct comp onen ts connected to eac endp oin t. The heuristic describ ed ab guaran tees that the input connections from an endp oin connect to distinct comp onen ts. Similarly using dilation-1 routers in the �nal stage maximizes the um er of distinct comp onen ts that pro vide outputs from the net ork to eac endp oin t. Unfortunately the cost of using dilation-1 routers in the last stage is small erformance decrease (see Section 7). Ho ev er, if dilation-1 routers ere not used, single comp onen failure in the net ork could render the net ork incomplete. An example of randomly-in terwired four-stage net ork using radix-2 routing comp onen ts is sho wn in Figure 5. 3.4 Deterministically-In terwired Net ork Although random in terwiring pro vides for reasonable degree of group expansion, it do es not guaran tee eac endp oin the maxim um um er of redundan paths through the net ork. ha dev elop ed an algorithm that pro vides the maxim um amoun of ath exp ansion through the net ork at the exp ense of some group expansion. ath expansion refers to the um er of distinct comp onen ts in the net ork that an one endp oin can reac h. ac hiev maxim um path expansion, connect the net ork with the algorithm listed in Figure 6. The paths from an input to an output ma fanout no more than factor of the dilation of the routers, at eac stage. This fanout ma also ecome no larger than the size of the routing equiv alence classes at that stage. The routine gr oupsz returns the maxim um fanout size allo ed oth of these factors. Eac stage is partitioned in to fanout classes of this size, whic are then used to calculate net ork wiring. As with the randomly-in terwired net ork, the last stage is comp osed of dilation- routers to increase fault tolerance. Figure (Section 2) sho ws deterministi cal ly- in terwired net ork comp osed of radix-2 routers. in set con tains all the input orts of single equiv alence class in the next stage. connections is an arra matc hing in orts and out orts, initially empt out por ts ist lists the output orts of single equiv alence class in the currect stage. wire eq class in set connections out por ts ist foreac out por in por ho ose and remo random input ort from in set while( connected (router#( in por ), router#( out por ), connections )) put in por bac in in set in por ho ose and remo random input ort from in set connect( in por out por connections return( connections connected in outer out outer connections ar ay if in outer is in already connected to out outer return( true else return( false This algorithm randomly in terwires an equiv alence class. in terwire whole stage, the algorithm is rep eated for eac class (b oundary cases omitted for clarit y). Figure 4: Pseudo-co de for Random In terwiring randomly-in terwired four-stage net ork connecting 16 endp oin ts. Eac comp onen in the �rst three stages is 2, dilation-2 crossbar. prev en an single comp onen from eing in an endp oin t’s critical path, the last stage is comp osed of 2, dilation-1 crossbars. Figure 5: Randomly-In terwired Net ork Returns the next-stage router to whic to wire for maxim um path expansion wire to ort (n,d,s) n=router um er, d=dilated ort um er, s=router stage outg psz groupsz ing psz groupsz 1) eq star ing psz n= adix dil ation outg psz o�set to eginning of fanout class eq outer (( dil ation mo ing psz o�set to sp eci�c hip within fanout class return( eq star eq outer Calculates size of fan-out class groupsz (s) expansion dil ation maxim um fanout due to dilation eq cl ass adix stag es equiv alence class size return(min( expansion eq cl ass )) An algorithm designed to maximize path expansion. Eac endp oin will ha the maxim um um er of redundan paths ossible through this yp of net ork. Figure 6: Pseudo-co de for Deterministi In terwiring ault Mo deling concern ourselv es only with complete comp onen failures rather than to indi- vidual wire failures. haracterize net ork completeness through Mon te Carlo sim ulation. or eac trial, randomly add comp onen faults un til the net ork is incomplete. Results are tabulated to appro ximate the probabilit of net ork com- pleteness for eac fault lev el. also deriv the exp ected um er of faults eac net ork can tolerate. Because the routing comp onen ts in the �nal stage of our in terwired net orks are half the size of routers in the previous stages, assign suc routers to one ph ysical comp onen pac age and lab el oth routers fault if the ph ysical comp onen is hosen to fault urthermore, the routers are assigned so that remo ving an suc pair will not cut o� an endp oin t. mak this assignmen so that fault incremen ts will of constan hardw are size. This assignmen also sim ulates ho the pair of 4, dilation-1 routers in an RN1 routing comp onen ma assigned. generated three-stage and four-stage net orks for eac of the four yp es of net orks describ ed ab e, eac connecting 64 and 256 endp oin no des resp ect iv ely Eac endp oin has connections to and from the net ork to pro vide for the mini- mal amoun of redundancy necessary to ac hiev fault tolerance. Ev ery net ork uses radix-4 routers of either dilation-1 or dilation-2 and hence could implemen ted using the RN1 comp onen t. Th us, all the net orks with giv en um er of stages con tain the same amoun of hardw are. Net ork organization and comp onen con- �guration are solely accoun table for the fault tolerance and erformance di�erences of these net orks. The probabilit that net ork with giv en um er of faults is complete for the replicated, the randomly-in terwired, and the deterministically-in terwired 3-stage and 4-stage net orks. (A) Eac 3-stage net ork uses 48 radix-4 comp onen ts that in terconnect 64 endp oin ts. (B) Eac 4-stage net ork uses 256 radix-4 comp onen ts that in terconnect 256 endp oin ts. Figure 7: Completeness of (A) 3-stage and (B) 4-stage Multipath Net orks ault olerance of Net orks or eac net ork, plot the probabilit of the net ork remaining complete for giv en um er of uniformly distribute random faults. Since the non-dilated routers of the replicated net ork are half the size of dilated routers in the rest of the net orks, normalize the comp onen coun on the graph so that the same amoun of hardw are is fault at eac fault lev el. Results for the three-stage and four-stage net orks are sho wn in Figure 7. The exp ected um er of faults that eac net ork can tolerate is summarized in able 1. Dilated Non-In t erwired Net or Because ev ery comp onen in this net ork is in some critic al path et een endp oin ts, it cannot sustain single comp onen fault and is toleran only to wire failures. It is easy to see that this net ork will tol- erate exactly as man wire faults as an equiv alen tly-sized replicate net ork. Both net orks ha exactly as man redundan paths et een eac pair of successi stages as there are redundan connections to eac endp oin (see Figures and 3). The dilated non-in terwired net ork alw ys has few er connections et een in ternal routing stages than the in terwired net orks and is th us more suscepti ble to wire faults (see Figures 1, 2, and 5). Replicated Net ork or eac pair of endp oin ts, the replicated net ork pro- vides exactly as man paths through the net ork as there are connections to eac endp oin t. This pro vides degree of fault tolerance as sho wn in Figure and able 1. Randomly-In ter wired Net ork Since these net orks are non-unique, ten ran- dom net orks ere generated, and the one with the highest fault-toleran haracter- istics as selec ted for comparison. The di�erence in exp ected um er of tolerable Net ork otal est Exp ected ailure Error Stages Wiring Comp. rials olerated Bound aults Net ork aults Non-In terwired 48 0.0% Replicated 96 2500 3.1 3.1% 0.025 Random 48 1000 5.0 10% 0.063 Deterministic 48 1000 8.1 16% 0.079 Non-in terwired 256 0.0% Replicated 512 5000 4.1 0.8% 0.024 Random 256 5000 11.8 4.6% 0.075 Deterministic 256 5000 22.6 8.8% 0.130 The ab table sho ws the exp ected um er of faults eac net ork can tolerate while remaining complete. Eac net ork as fault tested the metho describ ed in section for the indicated um er of trials. able 1: ault olerance of arious Multipath Net orks faults et een the est and orst of the ten three-stage and four-stage net orks is 0.3 faults and 0.2 faults, resp ecti ely Because the di�erence in exp ected um er of faults et een the random net orks is small, the hoice of one particular net ork er another mak es no di�erenc when comparing randomly-in terwired net orks against other wiring sc hemes. When actually implemen ting net ork, one is cer- tainly free to generate large um er of random net orks and selec the est one. Randomly-in terwired net orks pro vide signi�can tly more tolerance to comp o- nen faults than replicated net orks, as sho wn in Figure and able 1. The expan- siv prop erties allo the um er of paths et een eac pair of endp oin ts to increase to ards the middle of the net ork. In the �rst and �nal routing stages, the um er of comp onen ts ailable to mak connection et een an pair of endp oin ts is still limited the um er of redundan connections to eac endp oin t. Ho ev er, within the net ork, more comp onen ts are a ilable in eac routing stage and more wires are ailable et een ev ery pair of routing stages. Determ inistically-In ter wired Net ork This net ork ac hiev es the highest fault tolerance of all the net orks presen ted here for reasons. First, the grouping of endp oin connections mak es it less lik ely that losing small um er of routers from the �rst stage will result in an incomplete net ork. Second, the determinis tic wiring guaran tees maximal path expansion. The deterministi wiring th us guaran tees that maxim um um er of comp onen ts in eac stage are a ilable for routing et een eac pair of endp oin ts. Similarly the maxim um um er of wires et een eac pair of stages is a ilable for connecting an pair of endp oin ts. erformance Mo deling Giv en the completeness haracteristic of the net orks ha examined, are in- terested in ho their erformance degrades in the presence of faults. or randomly- wired ultibutter ies, Leigh ton, Lisinski and Maggs 14 found promising results from sim ulating 1024 no de net orks under some simple mo dels of net ork arc hi- tecture and utiliz ation. in estigate the empirical erformance of sev eral ultipath net orks under sp eci�c arc hitectural mo del. attempt to deriv e�cien t, et realistic sim- ulations of net ork utilizati on mo deling sev eral 64-pro cessor, shared memory applications. As our erformance metrics, measure the I/O bandwidth utiliza- tion and erage message latencie of these applications. also sim ulate pro cessor sync hronization to exp ose the e�ects of lo calized net ork erformance degradation. 6.1 erformance Metrics calculate erage I/O bandwidth utilizati on observing the ercen tage of router cycles for whic pro cessor no des are successful ly receiving or replying to messages. The erformance of net ork is measured the amoun of useful comm unication it pro vides. or our analysis, useful comm unication ccurs when pro cessor no de is recei ving or replying to message. An I/O bandwidth utiliz ation of 100 ercen indicates that the pro cessor no des are recei ving maxim um usable erformance from the net ork. An more tra�c the net ork can handle will not result in an increase in useful ork. Since mo del an arc hitecture in whic memory is con tained within eac pro cessing no de, our I/O bandwidth metric is analogous to memory bandwidth metrics used 14 and 12 ]. also calculate erage message latencies Latencies are measured from time of message injection in to the net ork un til time of message completion, whic includes ac kno wledgmen from the receiv er. Note that our latencies ary with the message lengths of eac application. Also realize that pro cessor no de do es not necessaril su�er the full latencie giv en. or certain yp es of messages, some useful ork could egin efore the en tire message is receiv ed. 6.2 Mo deling Shared Memory Application Our goal is to pro vide realisti mo del of net ork utilizati on that can used to compare man di�eren net orks and parameters. eep sim ulation time tractable, use arian of uniform tra�c. Our sim ulation sends messages to random destinations in uniform distributi on. Ho ev er, message lengths are ran- domly generated according to distributi ons deriv ed from sp eci�c parallel applica- tions. These application ere tak en from cac hing studies done in ]. These studies sim ulate shared memory arc hitecture with coheren cac hes at eac pro cessing no de. Cac he-coheren shared memory systems utiliz small set of message yp es, eac of �xed length. The messages sen through the net ork read cac he lines, write cac he lines, and main tain cac he coherency cac he-line read, for example, requires an 8-b yte read request follo ed reply con taining the data. The reply consists of an 8-b yte header follo ed 16 ytes represe ting the desire cac he line. 6.3 Sync hronization Our erformance sim ulation includes barrier sync hronization to eliminate skew Our sim ulation mo dels applications whic assume some degree of sync hronization e- een the ultiple pro cessor no des of the system. When sim ulation violates this assumption, results are sk ew ed. prev en this sk ew erforming erio dic barrier sync hronization according to grain sizes estimated for eac application. It is imp ortan to eliminate sim ulation sk ew ecause it can mask the e�ects of lo calized net ork degradation. Analytic mo dels suggest that faults and con- gestion ma sev erely a�ect the erformance observ ed sp eci�c destination no des while lea ving others largely una�ected 12 ]. Without sync hronization, suc lo calize degradation ould lost in the aver age I/O bandwidth utilization. Mo deling syn- hronization, ho ev er, forces all pro cessors to ait for those falling ehind, resulting in more realistic decrease in I/O bandwidth utilization. 6.4 Applicati on Descriptions Message distribut ions ere tak en from trace sim ulations of four applications: sim- ple speech fft and wea ther The trace sim ulations in olv ed the follo wing system con�guration: 64 pro cessors, full-map directori es and 16-b yte cac he line. This con�guration corresp onds to 3-stage, radix-4 net orks. simple mo dels the y- dro dynamic eha vior of uids using �nite di�erence metho ds to solv the equations in dimensions. speech is the lexical deco ding stage of phonetically-base sp ok en language understanding system. It uses arian of the Viterbi searc al- gorithm. fft is radix-2 ast ourier ransform. wea ther uses �nite-di�ere nce metho ds to solv partial di�eren tial equations whic mo del the atmosphere around the glob e. also sim ulate uniform message distributi on, fla t24 fla t24 uses 24- yte messages and other sim ulation parameters whic are similar to the messages and parameters of simple and speech fla t24 shall serv as basis for net ork comparison. erformance Results In this section summarize our erformance results for eac net ork in the pres- ence of faults. erformance as measured for complete net orks only or eac fault lev el sho wn, ultiple trials ere run in whic faults ere randomly hosen. After fault insertion, applications ere sim ulated on those net orks whic remained com- plete. Data sho wn represe the erage I/O bandwidth utilizati on and latencies er those trials in olving complete net orks. These results do not represe the actual erformance of these applications on hardw are. Rather, our data pro vides basis for net ork comparison illust rating erformance trends in the presence of faults. First, compare the erformance of in terwired and non-in terwired dilated net- orks. Since the non-in terwired net ork can tolerate no faults, only compare the fault free case. isolate the e�ects of in terwiring, the determinist ic and ran- dom net orks presen ted use dilation-2 comp onen ts in the last stage. studied 3-stage non-in terwired, randomly-in terwired, and determinist ic ally-i terwire net- orks. I/O bandwidth utilization aried less than ercen t, ariation not signi�can for our sim ulation accuracy Ho ev er, to oid single-p oin disconnections in the last stage, the in terwired net orks shall analyze for fault erformance are constructed from dilation-1 comp onen ts in the last stage. Although dilated comp onen ts pro vide etter erfor- mance, the use of these dilation-1 comp onen ts substan tially increases fault tolerance (see Section 3.3). or applications studied on 3-stage net orks, the decrease in I/O bandwidth utiliz ation as less than ercen t. Figure details the fault erformance of our applications on 3-stage, radix-4, net orks whic can withstand faults. The application fla t24 sho wn as solid line, is represen tativ of graph trends and will used in net ork comparisons. Figure compares the erformance of those net orks whic can tolerate faults. The um er of faults on the replicate net ork has een normalized to re ect an equiv alen hardw are loss. Eac comp onen in the replic ated net ork is half the size of the comp onen ts used in the other net orks. Our results sho that deter- ministicall and randomly-in terwired net orks deliv er sup erior erformance to the replicated net ork of equiv alen hardw are. The erformance of the random net- ork is sligh tly etter than that of the determini sti net ork. Ho ev er, recall that our �gures are for complete net orks only or eac fault lev el sho wn, the random net orks ha lo er probabilit of remaining complete than the determinis tic net orks. Discussion Although ha concen trated up on the fault tolerance of ultipath net orks, these net orks also erform ell under un balanced loading. In tuitiv ely the e�ects hot-sp ots are ery similar to comp onen failures. atterns suc as matrix transp ose ha een sho wn erform ell on randomly-wired ultibutter ies 14 ]. urther in estigation of non-uniform loading is merited. Additionally our completenes metric assumes that net ork is un usable when an input is disconnect ed from an output. This ma not true in the case of recon�gurable systems. In suc systems, other metrics suc as the um er of surviving pro cessors after net ork disconnec tion are imp ortan as ell. ault tolerance ecomes increasi ngly imp ortan as net orks ecome large. The wiring tec hniques ha presen ted are applicable to wider range of net orks than traditional MINs. at-trees 16 are an example of highly scalable net- ork whic ould ene�t from the in terwiring describ ed here. As system size in- creases, um er of additional issues arise. can use ybrid in terwiring sc hemes whic com bine the high fault tolerance of determini sti wiring with the robust er- formance of random wiring. or instance, can wire the the �rst ortion of net ork deterministi cal ly and the remainder randomly The disparit et een non-in terwired net orks and in terwired net orks also increases with system size. While non-in terwired net orks ha constan um er of paths et een endp oin ts, in terwiring exploits dilation to create an exp onen tially increasing um er of paths with eac stage within the �rst half of the net ork. Conclusion ha compared the fault tolerance and erformance of sev eral ultipath net- orks and ha found um er of tradeo�s. The use of non-dilated comp onen ts in the �nal stage of the net ork increase fault tolerance with some loss in erformance. With smaller decrease in erformance, determinis tic in terwiring can tolerate more faults than random in terwiring under our completeness metric. In general, in ter- wired net orks pro vide signi�can tly more fault-tolerance than comparably-sized, non-in terwired net orks. 10 Ac kno wledgm e t Muc of the ork from this pap er grew from the ideas of our advisor, om Knigh t. Additionally ould lik to thank Da vid Chaik en for pro viding the data describ- I/O bandwidth utilization and latencies for applications on 3-stage repli- cated, random, and deterministic net orks. The application fl t 2 sho wn as solid line, is represen tativ of graph trends and will used for net ork comparison. Figure 8: Applications on 3-stage Replicated, Random, and Deterministi Net orks Comparativ I/O bandwidth utilization and latencies for 3-stage and 4-stage random, deterministic, and replicated net orks on fl t 2 Recall from a- ble that exp ected ercen tages of failure tolerated replicated, random, and deterministic net orks are, resp ectiv ely: 3.1%, 10%, and 16% for 3- stages; and 0.8%, 4.6%, and 8.8% for 4-stages. Note that the erformance degradation app ears to lev el o� ecause only complete net orks are mea- sured. Although the surviving net orks su�er less degradation as ercen tage of failure increases, the um er of surviving net orks is ecoming substan- tially smaller. Figure 9: Comparativ erformance of 3-Stage and 4-Stage Net orks ing the shared memory applications. ould also lik to thank Mik Bolotski, Da vid Chaik en, Stev Kec kler, Bruce Maggs, atric Sobalv arro, Thomas Simon, and Deb orah allac for their helpful commen ts. This researc is supp orted in part the Defense Adv anced Researc Pro jects Agency under con tract N00014-91-J-169 8. This material is based up on ork also supp orted under an O�ce of Na al Researc Graduate ello wship, National Sci- ence oundation ello wship, and the MIT Undergraduate Researc Opp ortunities Program. Reference [1] L. A. Bassalygo and M. S. Pinsk er. Complexit of optim um non blo kin switc hing net or ks without reconne ctio ns. Pr oblems of Information ansmiss ion 9:64{66, 1974. [2] Da vid Chaik en Craig Fields, Kiy oshi Kurihara, and Anan Agarw al. Directory -Base Cac he- Coherence in Large-Scal Multipro ce ssors. IEEE Computer 23(6):41 {58 June 1990. [3] Chin Chi-Y uan and Kai Hw ang. Connection principle for ultip ath pac et switc hing net- orks. In 10th nnual Symp osium on Computer chite ctur pages 99{108, 1984. [4] Andr DeHon, Thomas F. Knigh Jr., and Henry Minsky ault -tol era design for ul- tistage routing net o rks In International Symp osium on Shar Memory Multipr essing Informatio Pro cessing So ciet of Japan, April 1991. [5] Andr DeHon, Thomas F. Knigh Jr., and Henry Minsky RNP: ault toleran routing proto col. ransit Note 41, MIT Arti�cial In tellig enc Lab orato ry Marc 1991. [6] Rob ert Grondalski VLSI hip set for massiv el parallel arc hi tec ture In IEEE International Solid-State Cir cuits Confer enc pages 198{19 9, 1987. [7] Joseph Y. Hui. Switching and a�c The ory for Inte gr ate Br adb and Networks Klu er Academic Publishers, Boston, 1990. [8] Nabil Kahale. Better expansio for Raman uja graphs. In 32nd nnual Symp osium on oundations of Computer Scienc pages 398{404 IEEE, Octob er 1991. [9] S.C. Kothari, G.M. Prabh u and R. Rob erts. The appa net o rk with fault-tole ran destina- tion tag algorith m. IEEE ansactions on Computers 37(5):6 12{ 617 Ma 1988. [10] Clyde Krusk al and Marc Snir. The erform anc of ult ista ge in terc on nec tion net or ks for ulti pro cesso rs. IEEE tr ansactions on Computers C-32(12):1 091 {1 098 Decem e 1983. [11] Clyde Krusk al and Marc Snir. uni�ed theory of in terc onn ect ion net o rk structure. In The or etic al Computer Scienc pages 75{94, 1986. [12] Vija Kumar and Andrew L. Reibman. ailu re dep enden erform anc analysis of fault- toleran ulti stag in ter con nec tion net o rk. IEEE ansactions on Computers 38(12):1 703 1713, Decem e 1989. [13] Duncan La wrie and Krishnan adman abh an class of redunda path ult ista ge in te rco n- nection net o rks IEEE r. on Computers C-32(12):10 99{ 11 08, Decem er 1983. [14] om Leigh t on, Derek Lisinski, and Bruce Maggs. Empirica ev alu ati on of random ly- wired ultist age net o rks. In International Confer enc on Computer Design: VLSI in Computers and Pr essors IEEE, 1990. [15] om Leigh t on and Bruce Maggs. Expander migh practical: fast algorithm for rout- ing around faults on ulti but ter ies. In IEEE 30th nnual Symp osium on oundations of Computer Scienc 1989. [16] Charles E. Leiserson. at-tre es: Univ ersal net or ks for hardw a re e�cien sup ercom pu tin g. IEEE tr ansactions on Computers C-34(10):89 2{9 01 Octob er 1985. [17] Henry Minsky Andr DeHon, and Thomas F. Knigh Jr. RN1: Lo w-laten cy dilated, crossbar router. In Hot Chips Symp osium III 1991. [18] E. Upfal. An log determini stic pac et routing sc he me. In 21st nnual CM Symp osium on The ory of Computing pages 241{250. CM, Ma 1989.