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Benchmarking Hypercube Hardware and Sortware 

• • DIRK C. GRUNWALD AND DANIEL A. REED 

Tht m01t coutant difllcult)' In contriYlq tht 111gint hu arisen Crom the desire to nduce the time 
In whlcll the calculatlo111 were txtcuted to tht ahorttst which. is poaiblt. 

Charin Babbage (1837) 

Abatract. It. hu long been a truism in computer syst.ems design t.hat h/11nctd systems achieve 
the best perrormance. Message puaini parallel processors are no different.. To quantiry the bal­
ance of a hypercube design, we haYe developed an uperlment.al methodology and applied the as. 
aoclat.ed aulte or benchmarb to Nveral ulttini hypercubes. The benchmark suite includes tests 
or both procesaor apeed in the ahaence of internode communlcatlon and message transmission 
apeed aa a runctlon or communication patterns. 

Introduction 

The appearance or a new computer system always raises many questions about its perror­
mance, both in absolute terms and ln comparison to other machines or its class. In addition, r~ 
pealed studies have shown t.hat a system'• pertormance is mu:imiaed when the components are 
balanced (I.e., t.here is no alngle ayst.em bottleneck) (InBu78J. Message passing parallel prOttSSOrs 
are no dlfl'ere.it; opUmlaing pertormance requires a judicious combination or node computation 
,peed, message transmlsslon lat.ency, and operallng ayst.em aoflware. For e.xample, high s~ 
processors connected by high lat.ency communication links restrict t.he cl&s$H or algorithms t.hat 
can be efficlently aupported. Alt.hough t.he interaction or communication and computation can be 
examined analytically [ReSc83J, Ume varyini behavior and the idiosyncrasies or system soC\ware 
can only be captured by obstrvaUon and meuuremenL Consequently, we ~an a benchmark 
study or hypercubes, with t.hrN prlmar7 aoals. 

Because t.he performance or an7 171t.em does depend oa a combination or hardware and 
sort.ware, our Brat. and prlmar, eoal wu determining the swrrormance or bot.h the underlying 
hardware and the fracUoQ or t.hu pvrormance l01t due to poor compilers and operating system 
overhead •. SecoQd, •• wtahed \o charactertn the balance or proeealng power and communicatioQ 

. · apetd. With these parameten, aleorlt.hma Wl be dueloped that. are best aulttd to the machine 
· (SaNN88), Fin.U,, we are dueloplnc a hl&h-perrormance, portable operatlni system ror hfpu. 
. cubes, called P1cu10, that. provlda d)'IWllle taak mlgraUon \o balance workloads and adapt1" 
routtni or data to avold congested portloca or the network. To lllftt. these goals, it must be pos­
alble to rapidly t.ransmit. small at.at.us ·messa&& Thus. we aought. perrormance data to tun• 
Plcuao'a. al&orithma ror each hypercube. 

Overview 

Because an7 h,perc:ube comput&Uo11. eombtna both communication and computation 
(Heat.88, ReFu86J, a single number (e.g., MIPS, MFLOPS, or bit.s/s«) will not accurately reflect 

0Deputmu\ ot Comput« Sciu.ce., Uai"'1i~ ot llliaoil, Urbua. llliaois 111101. Tlli work: wu 111ppofted i11 
pu\ by NSF Cru\ Numbw DCR 14-lTMI, NASA Coat:acl Numbw :,U.C-l-1113 ud by \he Jet Ptopubio11 ubon­
\ory. 
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the interplay between communication arid computation. Thus, computation spttds and message 
transmission rates both have hardware and sonware components (i.e., a Cast processor can be 
coupled with a poor compiler, or slow communication hardware can be coupled with efficient 
communication software). To isolate the effects of }tardwue and soil.ware, and to explore their 
interaction, we have developed a hypercube benchmark set and assoeia.ted methodology. This 
benchmark set includes four components: 

• simple processor benchmarks, 

• synthetic processor benchmarks, 

• simple communication benchmarks, and 

• synthetic communication benchmarks. 
The simple processor benchmarks are, u the name Implies, simple enough to highlight the in­
teraction between processor and compiler, including the quality of generated code. 1n turn, the 
synthetic processor benchmarks ttflect the typical behavior of computations and provide a ready 
comparison with almllar benchmarks on sequential machines. 

Communication performance la closely tied to system sonware. Some hypercubes support 
only synchronous communication between directly connected nodes; others provide asynchronous 
transmission with routing. In both cases 1111 use the simple communication benchmarks to meas­
ure both the message latency u a function of message siae and the number or links on which each 
node can simultaneously send or receive. For systems that support routing and asynchronous 
transmission, we have developed synthetic communication benchmarks that reflect communica­
tion patterns in both time •nil space. 

The remainder of the paper examines the processor and communication performance or two 
commercial hypercubes, the lntei iPSC (Ratt85) and Ametelt S/14, and the Marlt-lll prototype 
developed by the NASA Jet. Propulsion Laboratory (JPL). We begin with a brier comparison of 
these machines. 

Hypercube Comparlaons 

Three of the hypercubes tested are based on the 15-bit Intel 80288 microproces.sor. The 
fourth UHS the 32-bit Motorola 88020 mlcroproces.sor. Table l shows the salient futures of each 
sy1tem. 

JPL Morl:-111 
Thia machine la the la.test 1n a aeries of hypercubes developed b7 the California Institute or 

Teehnology and JPL. During our tests, a four-node prototype or the Marlt-m, running the 
CrOS-m operating system, WU used. CrOS-m provides aynchronous. single-hop coaununica­
Uon primitives. The communication primitives used during testing Included: cvr1te to aend a 
message to a.dja.cen\ nodes, crud to read a message from ao adjacent node, exchange to lmple. 
ment an lncilviaible read and write operation pair, and broadcast to send a message to all other 

. nodes. All t.es\ .programs were compiled using the Motorola &80!?0 C compiler provided on the 

. Count.erPolnt hoa\ proeesaor. 

lfllcliPS°. ·. \ . . . _ .< ., , ,/. _: .. . _ . . 
.For all ~ts, we uted a·32~ilod• lPSC ayatem tunn1ns NX Bet& Ventou 3.0, the latest .ytf,, 

· · · aton or the opera.ting syat.em~ Thla IPSO operating ayst.em i. derived from the Cosmic Environ. 
ment (Selt.85) and ls funetlonally equiva.len\ to that ayst.em. The communkation primitives used 
durin1 testing were: aend to asynchronously 1tnd a m~ to any node while prosr~ execu. 
Uon cont.lnua, aendw to 11nd & m~ to any node and walt for message uansmmlon to 
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Table l Hypercube Hardware Characteristics 

Mark-m Intel lPSC Ametek S/14 Ametek S/14 8 

Processor 18Mlb 88020 8MH18028G 8 MH18028G 8 MH1 80286 
Floating Point 18 MH1 88881 I MH180287 8 MH120287 8 MH1 80287 
1/0 Processor 18 MH168020 none 10 MH180188 8 MH1 80186 
Minimum Memory 4 Mb;ytes o.s Mb;ytes 1 Mbytes 1 Mbytes 
Maximum Memory 4 Mbytes 4.SMbytes 1 Mbytes 1 Mbytes 
Channels per Node 8 7 8 8 
Peak Bandwidth 13.5 Mbits/s 10 Mbits/s 3 Mbits/s 3 Mbits/s 

complete, recv to asynchronously receive a message while program execution continues, recvw 
to receive a message and wait. ror lt to arrive. Operations equivalent to exchange can be com­
posed Crom send and recv operations. The broadcut. operation i.s performed by specifying a 
special destination address. Programs were compiled uslng the L-model or the ~ncrosort. C com­
piler provided with Xenix, t.he operating system on the hypercube host. 

Amctei S/J.4 
A 32-node S/14 system running XOS Version D (Amet88l wu used. XOS has capabilities 

1lmllar to those or CrOS-m. The message primtuves used durin& testing were: wt.EL T to send a 
message to an adjacent. node, rdELT t.o receive a message Crom an adjacent node, exchELT to in­
divlalbly exchange messages bet.ween t.wo nodes, and brELT to broadcast a message to all other 
nodes In the system. All program11 were compiled using t.he L-model or the Lattice C V3. l com­
piler. 

AmdeiS/J.4 P 
A beta-test. version or the S/14 syst.em wu used. This machine ls runc:tlonally equivalent to 

the S/14, although t.he processor clocks are slower, and XOS Version 1.1 was used. Programs 
were compiled using the D-model or Lattice C V2.14 compiler. 

D In contrut to the Intel lPSC operatlng system, both CrOS-m and XOS are derived Crom 
the Crystalline Operating System developed by the High Energy Physics group IFoOtS-&I at the 
C&llfornla Institute or Technology, and do not. provide any message routing or multi-bop capabU. 

lk · · :~:at;~~~~-=d=:~m~t!: 
t1'1;;;~:-?> .. ·. · '::: ~-:1:n"=:::.r::.:r:: :-:::;, ~':::ma;:::!.~-'= =--:a~'!t.~ly~ll: 
·: ,:x{{\'.;'.,·}~},he m~• atudltd. .. Untortuna~. Wa p~u~~ ua1q aucla atanclarcl llUmttlcal btllclamarb 
.•f,':'.r~~r :-::?::;,; :· >· . .,a Llnpack (DoBM79J.1 Table 2 dacrlbte the test._ th.tr claarac:tulattca. and the feat.um \hey an 
;;,,, .• ,._\'{ .(_~·::· : >:.'-: 'u.di. dtal&ntcl to .test.'Table 3, Ill turn. lb.0111 the naulta or the btllchmarb. . · 
· -:· · · ; '· · · · · · · · ·. '· For ~th ~arlatlona or the Dl,..eoac ben.chmark, \he nsulta are 1tnn In Dl~loau, a llor-

maltatd measure or Dbryst.olle performance. Llltewlse, t.he Wlctatone benchmark nsults are 
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Table 2 Hrpercube Proceaor Benchmarb 

!llt ..... 1. R.n•1'maPk• 

Loop, 10 npetltlo111 oC a 1,000,000 lwatloa aull 1oop. 
Testa looD OYerlltad 

Sicff 100 npetltlo111 or ladia& the prlmts rrom 1 to 1190. 
Ttsta 1oo .... tnu..r eomD&r!son usb:nmut. 

Fiior&aci 20 npetltlona or ladias Flboucc1(24). 
Ttsla ncunlon. lnt..er addition. Darameter nturn. 

Har&oi Sohe the To-rs cir Huot problem wltll 18 dlslts. 
T•ta ncunlon. lntuer eomDarbon. 
H repetltlo111 or qulcborlla& a lOOO-eltmt11.l arra1 or random 

Sort elemuta. 
T•la rteunloa, eomparbou. array ttCtrencts, multlpllcatlon and 

·modulua. 

Paule {,dmiptJ 
10 npetltlou or Bulteu'a P1111le prosram wl,a aubacrlpta. 
T•ta ....,Uclt array ■ubacrlD! calculatlona ud Droctdun calls. 

Paule (poiatCPJ 
10 npetltlou or BulteU'a Pllaale proaram with polnttn. 
T•ta ue or DOtnter Tl. ..... n,1' array ■ubacrlDta. 

- ... ... ,_ - . . 
Tile Wll1tatoa1 17atll1Uc bencbt.ark. 

Wlctdou Cutra? 111, or loallas polat performance, lacludtna trl-
aoaomttrlc '1aactlon. multlDllcatlou and dh•lslou. 
Tu Dllr)'atoae 17ath1Uc beaclunark wlthou, realster opttmb .. 

Dlr,,toae (u nfi,t,nJ Uoa. 
T•ta paeral latqer acalar performance wltt. •typical' lnatructlon 
mix.. 

Dlr,do111 {nfi,ICP•J n. Dllryatont Q'1lthttlc bencllmark wltll realster -.11tlmbatlo11. 
T•ta anllabllitY and tll'ecta or .-lst,r •arlablea 

1lven la Wlebtou,. \he normallaed measure of Whebt.ont performane11. All other rcsult.t art in 
aeconda. In all cues, \he 115 percent confidence Interval wu less Ulan S pere11nt of the stated 
mean. 

11 . . For \hoee beJlchmarb IDYOIYlns many procedure calla. In particular \he Fi6oucci, Sieff 
U ·; '· · , · and H•aoi test.. the Ametek S/H provld• the best perrormance or the Intel 8028'-bued hyper. 

\:•: ; : ., . . .. · cubel. .However, all other beJlchmarb. eYa the_hlghly ncunlYe Sort test. ra.,or the Intel lPSC.­
;c[},·· :\'./:,,: :_ ·! Moat not.ablr, thtln"1 lPSC It t.4 Um• ruw OQ \he DhrJatone IJll\he\lc IMD.chmark. 
~-- ... ,d):r:~/it- r :. './~\:lkc&~'·Ui~ -,~~-~~~--r~ the:mw IPSO" ~d \he'Amelek S/H an ldu\l~ . . . I 

;§}'..:t:;$;,(\:~;;~\/ :.::·: .Ui .. ~am~o.dlluucea m• be due to IOI\~· To mNU&aw \h ... dl!eruc-. \be Loo,- . ~ /: ; ·r I 
.. o-~~\~..:z':.fi_c•:: ,, •::,rocram WU eomplletl \WIii boUa \he Mlcroaor\ and Lu\lce C compllen ud then dluaembled.·,: ·- .•. ;. 
_,_ _.;~·--:~, '('. ·: '::·.)l'he Intel 80288 provld• a 11-bl, ALU, while \be bmerma1t loop bound bl £00,-requlrta a 32-i,:,.Yf::,:<•':";· , 
/cf:, ,\"r,l, .. Lt,'-•--•···-. •-ut C..,..1.. u •• ;..:...~ t•L•L &- •·'-S/1 .. ,. --'-'- '---'- L·_,:,,-;, .',,.,. C'n•-'--., 'r:i,-~:." 111~•~••,.,a~-~ce .•• ,~p..-_-wwa_-ecuae- ,..,m-e111TIKU&IU•;-:;-::·-:_;.,-: ': 
:- .;,, t•,;·.~·t·,routlne ror.31-btt comparlaola oa iada loop ltera\loa.; ·r.-~trut. the LM\lce C 'n.1 compUu·, .-. -_.:::i: 1 
· :.~-- :· -·· - ·.:·'·tor Ule Ametek S/14 u:panded the procedure call lll-lllle, proYlclln& better perrormance. Ftnallr, .. -:.,••: { 

the Mlcroaol\ C compiler ror \he Int.el lPSC tranaf'ormed the bmermoat loop lnto two loops. each 
or whlch tested a 18-blt mlepr. The outer loop tested \he high-order 1&--blts or \he loop 
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Table S Hypercube Processor Comparisoll 

Marie-ID Intel IPSO Ametek S/14 Ametek 5/U 8 

Loop, 8.8 85.8 184.3 263.8 
Fiionacei 10.0 39.2 21.3 32.7 
Sieve 8.4 21.S lU 35.0 
Sort 11.8 42.3 83.0 .:. 

HaMi 4.4 12.S 11.9 .:. 

Pu.zit f 1•61cript) 45.S 87.11 97.9 164.3 
Puzlc (11ointerJ 20.2 112.S 491.7 792.4 

M,t,ton,;i; 884,4113 102,1137 185,874 7367 
Dlr,,tone (rc,utcr,f 3472 724 165 107 
Dla"1ton, /no remter,; 3322 717 1117 108 

,L 

f These tests could llot be rull due to stack sbe limit.ations. 
Pertormance figures ln Whetstolles or Dhrystones. 

coullter while the loller loop tested the low-order lS-bits. 

To Curt.her corroborate our view that compUer techllology wu domillant. performance deter• 
mlllant, the Dl,.,to111 bellchmarlt wu complied and dlsassembled uslllg both the C compiler pro. 
vlded wlt.h the Ametek S/14 fJ machine and an lilt.el 80288 compiler develo~ by AT&T. The 
result.lq lines or dlsusembled lnstructlou. showll ill Table 4, support. the theory that quality or 
&ellerated code ls the maJor COllt.rlbutlll& ractor to the pertormance dlft'erellces observed. 

Adcllt.lollal COllcluslolll can be drawn rrom Table 3. The Pu.z/1 bellchmarlc exists in two 
varlat~,ns. The &nt v.&rlatloll uses arrays; the secolld wu uoptlmlaed" by uslllg explicit pointen 
and point.er arlthmeUc rather than implicit array 1ubscrlpt. calculations. On machines with 32-
blt lat, 1er1 and poillt.ers, the point.er veraloa typically executes Cuter bec'luse the compiler can 
more eully opt.lmlae the code. On the JPL Marlt-lll thls ls the case. With the Intel 80286-based 
171t.em11 point.er arlthmeUc ls more expensive that. array su~lpt. calculations because the form• 
er requires 32-blt. operations. Ill coat.rut., array ladexlag normally requires only 16-bit quanti­
tla. 

5 ~{ ··., · 171t.e!'.7~.:,=~~~:~!:r":. orb:~,,;!:~~:::=.,a;! =: !!:ti~;;o~• ~~~!~:= 
· .->: ···.Table• 

· .· . :•. · liatel 8028I Complltf gomparlaoa (Dv,.lou Bachmark) 

'ii~!i,if~l~?I ~.;~~~~ . 
·.,... AT&TS VC o t.lmlaed 

., 
" <-~r: .. 

~J)~iJ)::C\ir;:i;:,;fo;~t,k,c:ii • , ,,.·:: ,is,,Jf,,,c.s:L .. · .... · . <<. .. 
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Preclael7 the oppoalte •~meta C&D be made for the JPL Mark-UL 

The ftoailnc point pertormazace or the Ametek S/i-t t. greater thaza that or the Intel iPSC, 
primaril7 due to the ruter Boulnc point unit. The Lattice C compiler ror the Ametek S/14 fJ 
machine UHi procedures to Implement Boulnc point operations, hence the dramatic performa.nce 
reduction. 

Finally, Table 3 shows that the JPL Mark-W is clearly superior t.o all machines b~d 011 
the Intel 80285 mlcroprocessor,1 Buecl on the Dlryllot11 tuts, a Marie-Ill node is a.pproxima.tely 
five ·tlmea ruter than a node buecl on the Intel 80285. Because or the la.rge performance 
differential between the Mark-Wand the Intel 80285-based hypercubes, it is difficult to compare 
them, In addition, while identical benchmark programs were used 011 all ma.chines, the bench­
marks are nol identical. The Mark-m, bued on the Motorola 88020, always manipulates 32-bit 
quantities, while the Intel 80285 ope'.·ates on both lCS-bit and 32-bit items. Thus, th~e bench­
marks that can be executed using only 15-bit. quantities are unfairly biase<I toward the Intel 
80285-based hypercubes. Similarly, some or lhe C compilers used during the tests convert 32-bit 
Boating point. numbers to 54-blt. double Boats before performing Boating operations. 

• Simple Communication Benchmarks 

To provide a small set. or benchmarks that. test. all link-level characteristics, we have 
derived five operations that reftect. a broad range or common single-link communications. In all 
the simple communication benchmarks, the programs were structured to provide maximal com­
munication concurrency, using the appropriate Idiom In each hypercube opera.ting system. In 
particular, the Int.el lPSC versions use the uynchronous 1tnd and recv operations where possi­
ble, and the CrOS-m and XOS Implementations use such speclal operations as exchange or ex­
chELT. A. wlt.h the processor benchmarks, all results art the means or 95 percent confidence in­
tervals, and all Intervals are less than S percent or the corresponding mean. Figure 1 illu~trates 
the communication patterns tested by each or the simple communication benchmarks. 
Simpl, TraM/cr 

The Brat test. measures t.ransmlssio11 apttds across a single link between two pr<><:~ors. 
Figure 2 compares the rour different hypercubes. ~ with the simple proussor benchmarks, the 
JPL Mark-ill ls algnificant.ly rut.er than any or the systems base<! 011 the Intel 80236. In addi­
tion, the Int.el IPSC transmission time for small messages is much smaller than that for earlier 
versions or the lPSC operating system [SaNN85J. 

Ir the messages transmitted between nodes are not broken into packets, message transmis­
sion Ume I can be modeled u 

.. :.·.,· .·: . '• .·· .. ·· .• >. i' ~lc+NI,, (1) 

1~' '.{;\;ji~•·.✓;{{ ~,~~-, fc · ~:::th; ~m~~caU. -~~- (l.~; '.~e\tartup Umt for a transmlssion), t, is the ,1. ~. :f.,'..:'• ,;,'. tra_mmlsaloll Um• per b,te, ancl N la the llumbu, or bytes in the messag11. Statistically, the 
. //)t~tr\),f llnear .model bl (1) .la a coocl at to experlmt11tal data oblallltd ror llngle llnlc transmissions Oil all 
.i, c-;:Ft:'/11\:'./,; /::_;: hypetcubft Wt tested. , Table 5 aho1r1 the result ot a leut-actuares lit of the data to thls linear 
,,,;;,·::J1ifff:f;,?ilfmodtl..,_Al~oqb the m~uncl b&llclwt~Uator the JPL Mark-m la hl&her than the rated peat. 
:, ;;;f':ct;r,:, :;:: • ~- b&llclwlclth (see. Table. l). thta anomaly la. likely due to the use or a p~t.otyP41 system. The 
: >: •·. . . . Ametek S/14 hu a lower latency than the llltel lPSC, but the hi&her bandwidth or th11 Intel iPSC 

;·11· :/: •wonui btaWAa.rb auu- lbt a lia&l• Ma.rk-m 1od1 la C0111panblt 1o a Su-3/U wwulauoa. 
>•:a\•,-<~••,/ .. 

::tf ;;t~:1,f :P-rJ~l¼iM 'w•'.'11~' *e~r,fy;,s~,.icf<h "}'./"',.'''' • 
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::, Table I Hrpercube Communication Comparison 

-:.<>· 

I Mar1c-m Intel IPSO Ametek S/U Ametek S/14 /J 
Latency· o.sx10-• 1.7X10~ S.SXl0-4 1.3Xl0-l 
(seconds) 

I Transmission S.83X10-1' 2.83X10-t O.S3X10-• 1.11x10-~ 
time (sec/byte) 

Bandwidth 14.3 2.8 0.84 0.6-J 
(Mbits/sl 

yielded smaller total communication time ror messages or more than 150 bytes. 

We emphuiae that extrapolating seneral communication performance rrom single link tests 
ii rallacious. Such simple testa highlight only link-level characteristics. More general bench-I marks are needed to Investigate routing and buffering behavior; this is the motivation for the 
synthetic communication benchmarks presented In the next sec:tion. 

I Senti-anti-Reply and Ezclang1 

In the second test, a message wu sent, and the sender awaited a reply, analogous to a re­
mote procedure call. This wu designed to test the minimum response time or a node as a rune-

., tion °;:= :::·wu an ,zcAanft or data values, similar to that In many numerical computa­
tions, notably Iterative aolullon or parllal differential equallons. U Cull-duplex tran,mi,-sion links I were available, this test would meuure their ell'ecllve use. 

Comparing the lint test, Figure 2, with the HCOnd test, Figure 3, shows that, Cor both the , 1 JPL Mark-Wand Ametek S/14, the time to complete the send-and-reply is roughly twice that 
for the almple send operation. However, for the Intel lPSC, the time for the send-with-reply i.s 
less than twice the cost or a simple aend. B.cause all four hypercubes provide only simplex com­
munication channels, this dill'erentlal cannot be attributed to communication overlap. I In the Brat test, the Intel IP.SC benchmark executes a (sendw) / (recV'lt) communication 
sequence (I.e., one processor executes a atndw and the other executes a recvv primitive). In the 
■end-and-reply test, the call aeq,uence ls (atnd;recvw)/(recvw:undw). Here, the processor : I executing the send hu completed moet or the overhead usoc:iated with a recvv call by the time 
the aecond processor hu Initiated the atnciw operation, allowing the operating system to write 
the mesaaae dlrectl7 into the UMr'a bufl'er rather than a l)'Utem buffer • . . I .• , , . .. . . This ls more evlden, m th~ achanr operatloQ 1n the Uurd les'i see Figure 4. Here, the ~ 

c_:.;{t;\'(. ·. •. tel lPSO uecutts a (atQd;r,cvw)/(recv: ■endw) NqUeace. The onrlap atrorded by the uyn. 
··,·• ;;;~f;:;,:~-; · ;,,f chroaoua ■end and r_ecv calla allows the~-to 11\abllsh where a m~e is to la placed 
: ;;?:~1 ;,M:z~~~R'\F betort. n ,arrl_v~ ellmb,ittn& bufl'er copl-.: ~ th' proceaor la able to execute the setup code 
,,,,1-. .,:;;;•·::tor.the nen meuage trammlalOG while th• commwilcatlOG la bl progress. When the data for 
f,· :,;i:'i ,c,:fJi{~},}';;;f th•. ~cl.}•' 011 th• InteUPSO la &t~ to (1). &:nd the raulta ar. dlvtded by two to compare 

': :'';',,:,,.:' :."'' them to a almple tranafer; the latency drope to l.4 mllllNcondl. a 20 percent improvement. In 
· . . · contrut1 the JPL Mark-W provld• no equlvalen\ lmprovemeat IMcaUH the CrOS-lll opera.ting 
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l)'stem permit. no U)'Jlchronr and executes litUe code during communication operations. 

N-wor Broo4cul 
The rourtb test ii an N-war broadcast, used when every processor mu.st disseminate a mes­

sage to all other proceaora. Because multiple communication links connected to each node can 
potentially be almultaneouslr active, thia benchmark tab link simultaneity. 

The intuitive implementation or this benchmark would use N broadcast operations. How­
ever, a more efficient approach, Cor existing hypercubes, uses a ring 6,oadca.st where node i re­
ceives mesaages Crom node i -1 and sends messages to node i + 1. This requires only O(N) 
time. 

With simplex communlc,lion linlc.s, the time for a ring broadcast should be approximately 
six times that. for a transmission acr~ a single link. As Figure 5 shows, both the JPL Mark-lll 
and Ametek S/14 exhibit thia behavior. In contrast, the performance or the Intel iPSC is non­
intuitive. We have not. yet determined the reuons ror the behavior or the Intel iPSC; one tenable 
explanation is that the Increased Interrupt. processlng required to service two channels causes a 
significant amount oC time to be spent context switching. Because an Intel iPSC node does not 
have an I/0 processor, the CPU mu.st context switch to prepare an in..,;coming mes.sage, switch 
back to the user program, and switch twice more when the mes.sage has complet~lr arrived. For 
small messages, context switching overhead is a large proportion or the total tran:smwion time. 
As the message siae increases, this cost is amortized over each byte or the message, and the Intel 
iPSC broadcast time is smaller than that for the Ametek S/14 when the m~age length becomes 
large. 

Single Nod., Broad.cut 

The fin.h and final test, shown in Figure a, exercises the broadcMt mechanism provided by 
all the operating syste~ Since only a four node version or the Marie-III wa.:s available at the 
time or this study, the test. is restricted to a four-node cube in all c&S~. As can be seen, the Intel 
lPSC performance is significantly better, relative to the othtr hy~rcu~, than for the N-way 
broadcast.. 

Synthetic Communication Benchmarka 

Application programs can be used to study hypercube communication performance, but be­
cause each program occupies only a small portion or the space or potential communication 
behaviors, a large number of application programs are needed to achieve adequate coverage. 
Moreover, It is difficult to separate computation Crom communication. To study hypercube per• 
rormance under a variety or communication traffic patterns., we have developed a model or com­
munication behavior. Each hypercube node executes a copy or the model, genera.ting net.work 
traffic that reftecta some pattern of both c,m,orol ancl 11atiol localit7. Intuitively, temporal lo-

i)·:·:.-.·.·.· ..... · .. : ,.,.:: .. ,.-.· • callaltr1~~~ theulpd':~1ottnter~~..'..~m~~wion lll tlm~-~!pplicati~n with hHlgh t.em-, · . ·. ·. :•·por . u.;au~f wo '""'", comm""'~on auuut7 amoq a su-t VI networa. nodes. owever, 
,;· · . these noda need no, be lle&r Gilt another 1n the 11.etwor~ Phyaical proximity is determined by 

,,e: ·: apatial locallt7 •... • 

\/_:;:<)i:: Tcmj,~rol Loealit, 
Our implementation or tcmporlll locality is based on a Least Recently Used Stack ~todel 

(LRUSM), originally used to study management schemes for paged virtual memory i~nnS0!. 
When used in the memory management context, the at&cl an.er memory reference r(I) (I.e., the 
rererence at time t) contains the • most recently accessed pages, ordered by decr,a.sing recency or 



• 
reference. The ,tack distance 4(t) usoc:iat.ed with reference r(t) ii the position or r(t) in the 
,tack defined Just after memory reference r(t-1) occura. These distances are assumed to be in­
dependent random variables auch that Pro6a6ility(d(t) • iJ - 6, (or all L For example, it 
61 • 0.5, there ls a SO percent chance that the next page referenced will be the same a5 the one 
Just referenced. 

In our adaptation or LRUSM to network traffic, each node has its own staclc containing the 
n nodes that were most recently sent messages. In other words, destination nodes in the network 
are analogous to pages in address apace or a process ror the LRUSM model or memory rererence 
patterns. Parameters to the model include the stack rererence probabilities 6i and the stack she 
n. 

• 
We emphasize that the sum or the probabilities, E6, is normally less than I. Consequent• 

i-0 
ly, it ls possible (or the condition d(t) > n to occur. In this case, a staclc mi.s• occurs. This 
corresponds to a page rault in the virtual memory context. In our model, a staclc mis.s means 
that a new node not currently in the stack is chosen as the destination or the next transmis.sion. 
This selection is based on a ,pctial locality model. 

Spatial Locality 

Currently, our model provides three typ~ or spatial locality: 

• Uniform. Any network node c&n be chosen as the destination ·with equal probability. The 
uni(orm routing distribution is appealing because it makes no assumptions about the type 
or computation generating the messages; this is also its largest liability. However, because 
most computations should exhibit some measure or communication locality, it prnvides 
what is likely to be an upper bound on the mean internode message distance. 

• 

• 

Splitre of Locclity. Each node ls consldertd to be the center or a sphere or radius L, meM­
ured in hops. A node sends messages to the other nodes inside its sphere of locality with 
some (usually high) probability ,, and to nodes outside the sphere with probability l -~. 
This model reflects the communication locality typical of many programs (e.g., the nearest 
neighbor communication typical or iterative partial differential equations solvers coupled 
with global communication for convergence cheelcing). 

Dccrccaing Pro6a6ility. The probability or sending a message to a node decre3.5es a:s the 
distance rrom the source to the node increa:ses. Specifically, the probability of sending a 
message / hops 111 

O<tl<l 

where /mu ls the diameter or the network, tl ls a selected decay factor, and 
Dccay(d, lmu) ls a normall1in1 constanl. chosen ~uch that 

./·;,,_<Y\,. ,,:•: •. ,:. C:Dci~1(l,lm'.z)~'E,r~'J.< 
:'~~r,,.:, ,-,.,•",.•.---:·;,·? ,/~:_·\:-~~-~ .-. . .. -~ . - , . 

'::;;:~;···">: '.'Y' ;c;:,:~~~~~~~,refl~ta: Ult ~~::,~.:k,'~=1
~u .of b~b- uUu:att~11.to ~e~ or lower , 

·· · uUll1atlo11. · · · · 

More detalled descriptions of aphere or locallty and decttasing probability routing can ta 
found in (ReFu86}. By pairing parametua tor temporal locality with paramete~ for spatial lc­
callty, a wide variety or traffic distributions can easily be senerated. By flushing the tempor&.1 
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■tack periodlc~y, a new ■et oC destination.I ii ■elected; this can be used to 1imulate multipro­
gramming at individual node■•. Finally, additional input parameters control the rrequency of 
message generation and the diatributioii oC mesuge length■• 
Eqcrimenial Re,vlt. · 

Figure 7 1how1 the mean time Cora 1S node Intel iPSC to transmit 3000 messages whose 
length was drawn Crom a negative exponential distribution with a meaii or 512 bytes. The hor­
isontal line denotes the uniform message routing distribution. 'fhis provides a point of reference 
ror the decreasing probability and 1phere or locality routing distributions. 

In Figure 7, ,; ... 1 for the sphere or locality distribution. This means that all messages gen­
erated will be sent to destinations within the radius. Th119, the -upected execution time ap­
proaches that or the uniform routing distribution u the radius approaches the network diameter. 
With the decreasing probability distribution, increasing J. means that a larger fraction of all mes­
sages are sent to distant nodes. For large enough values or J., the decreasing probability distribu­
tion is anli-locaL Specifically, the mean internode distance is larger than that of the uniform 
routing distribution. 

Figure 8 shows the effect or varying the temporal locality or the three spatial locality distri­
butions, using the same number and type or messages as in Figure 7. In the figure, the temporal 
stack bu depth one. This means that. the number or messages nnt. to the node in the stack is the 
mean or a binomial distribution with parameter 1, the probability or rererencing the stack. In­
tuitively, there are "runs" or consecutive messages sent. to a single destination node. Figure 9 il­
lustrates these runs for one or the spatial distributions. 

The most striking feature c.r Figure 8 Lt the small variation in time t.o complete the suite of 
message transmissions. One would expect. the temporal locality and its associated mes.sage runs 
to induce transient queues or outstanding messages on one Unit or each hypercube node. This 
phenomenon should mani!est. it.setr u increased delays as the probability or a stack reference in­
creases. However, the variations shown In Figure 8 are not. statistically significant. Why! Sup­
pose the rate each node generated messages were perfectly balanced with the transmission capaci­
ty of each of the node's communicat.lons links. In this case, no message queues would form. Now 
suppose temporal locality were introduced. The presence of stack runs would induce an imbal­
ance, a queue would form tor at least one Unit, and messages would be delayed. This 
phenomenon does not occur in Figure 81 due to an imbalance of computation and communication 
speeds on the Intel iPSC. Nodes can generate messages faster than they can be transmitted by 
the communicatlon links. Thus, queues develop for tall links, independent or the presence of tem­
poral locality, and these queues mask its effects. 

06,crvationa 

Computation speeds, communication capacity, and communication patterns, both in time 
and space, interac~ in subtle way■• By IWDg a synthetic benchmark that provides a broacl spec• 

::•,. trum or communication patterns, one can l)'lt.ematlcally- and formally- explore these interMtion.s. I':-,:, .. J, ··. -: .<.-. Thia knowledge can be used to 1ulde l)'&tem d~ 

;:,'.;\;.t%!:~~\:;;~i~~~;:2,:~;;~~~~: .. ::.~·-:_+.·:;;<;_:··::~:-•;;·;~.- .-~'..::,'::·~:.::;,j::.-::.;·::~~'.;s:.:-• -_ --.:.: . ·•- .·• -•··· .. -. _. . . 
:· l\(:i\?;}fi?\~t!1::i::::!~n~n~c:iii~~:::=\~:-S .!::: ~Ju:ths1~:1~:ri:!::n t:! c~:; 
'-C::l, permit comparison or compilers and synthetic processor benchmarks Cor comparison with sequen• 
,.,. · · tial machines. In addition, we defined a aria or ■Imple communication benchmarks and used 
•. . them to determine t.he t.ransmisslon lat.enc)' and communlcat.ion bandwidth or isolated links. 
~}/~;.;' 
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Finally, we outlined a synthetic communication benchmark ror testing the communication net­
work when presented with uynchronous, multihop messages. 

Current Work 
We ue currently expanding the processor benchmark set to include the linear algebra. 

benchmark.s included in Llnpack (DoBM7!1J. We believe this will provid: a more realistic meas­
ure or proce350r floating point perrormance. 

In addition, we are augmenting the benchmark set with an elliptic partial differential equa­
tion solver, based on successive over-rela.xation. Because the (square) domain or the test prob­
lems can be divided into either a small number or large partitions or a large number or small par­
titioD1, the ratio or computation to communication at each hypercube node, and the correspond­
ing frequenc-,; or internode communication, C&ll be varied widely. This permits determination or 
the optimal balance or computation to nearest neighbor communication ror different hypercubes. 
Finally, this partial differential equation solver implements three different convergence checking 
schemes: synchronous, where a global checker nceives convergence iruormation from all nodes 
each N iterations; asynchronous, where convergence checking is overlapped with computation; 
ancl statistical, where the rate or change in the error between iterations is used to predict the 
next iteration ror convergence checking. These convergence chec~ing schemes will allow us to 
test communication efficiency when messages must be routed thro.igh intermediate nodes. Final­
ly, we will be able to test the effective overlap or computation and communication on those 
machines containing communication co-processors. 
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It has long been a truism in computer ayatema deaign that balanced aystems achieve 
the best performance. Message pasaing parallel procesaora are no different. To 
quantify the balance of a hypercube deaign, w have developed an experimental 
methodology and applied the aaaociated au.it• of benchmarks to aeveral existing hyper­
cubes. The benchmark auite includes teats of both procesaor speed in the absence 
of internode co1111111nication and message tanndsaion apr.crl aa a function of com­
mnication patterna. 
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