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Abstract

We overview our GRAPE (GRAvity PipE) project to develop special-purpose
computers for astrophysical N-body simulations. The basic idea of GRAPE is to
attach a custom-build computer dedicated to the calculation of gravitational in-
teraction between particles to a general-purpose programmable computer. By this
hybrid architecture, we can achieve both a wide range of applications and very high
peak performance. Our newest machine, GRAPE-6, achieved the peak speed of 32
Tflops, and sustained performance of 11.55 Tflops, for the total budget of about 4
million USD.

We also discuss relative advantages of special-purpose and general-purpose com-
puters and the future of high performance computing for science and technology.
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1 Introduction

In this paper, we discuss a relatively unexpl ited appr ach t the ¢ puta
ti nal science, na elyt desi nand uild thec puter hardwares speciali ed
and pti ied rrelatively narr wran e  pr le s

he devel p ent thec putersitsel has eenre arded asn t really ein
a part thec putati nal science It has een c nsidered as what industries
and rc puter scientists w uldd rus his view was ay when a rela
tively si ple ¢ puters were still very expensive and had t e shared y a
nu er researchers r  wide variety elds rexa ple, ray , which
was ¢ pleted in , was really a si ple and s all ¢ puter y t days
standard It has ust e ryin an s, ne ultiplier



unit and ne adder unit he esti ated t tal ate c unt was ust In
¢ paris n, t days sin le icr pr cess r inte rates transist rs, which
is e uivalent t ar und ates hus, the w rld s lar est superc puter
years a is less than ne tenth at daysdest p revenn te
in ate ¢ unt

ith such a s all ate ¢ unt, it was unpractical t desi n a achine special
iedt neapplicati n inceit wasdi cultt a e ust ne atin p int
calculati n unit, the natural wayt a eac puterist addc ntr 11 ics
t that atin p int unit s that it can per r  perati ns speci ed y the
s tware

he availa le nu er  transist rs, h wever, has een increasin exp nen

tially in the last hal century, in the rate a act r per every decade
hus, present day icr pr cess rs inte rate the nu er  transist rs su
cient t i ple ent several hundreds atin p int units

i ure sh ws this situati n rather clearly, r the case sin le chip icr
pr cess rs  hen it wasi p ssi let i1 ple ent ull dec de ultiplier unit
int a sin le chip, we had t wuse s aller ultipliers which needed ultiple

cyclest per r ne peratin e re urin this peri d, we ¢ uld
use the increase in the availa lenu er transist rs ustt a e i erand
i er ultipliers hus, in sa act r i pr ve ent in the cycle
¢ unt, which is ¢ nsistent with the act r increase in the nu er

transist rs, was achieved

In s, h wever, the decrease in the perati n ¢ unt has practically halted,
as clearly seen r ure In , Intel shipped the rst sin le chip i
cr pr cess r which can per r re than ne atin p int perati ns per
cl ¢ cycle, the i I the exp nential increase in s had ¢ ntinued in

s, we w uld see icr pr cess rs with several hundreds atin p int
units in Instead, pr cess rsli e Intel entiu still per r nlya ew
perati ns per cycle, even th u h the nu er transist rs has increased y
a act r rs

In ther w rds, practically the increase in the availa le nu er  tran
sist rs in s was spent 1 thin s ther than the arith etic units hese

ther thin s include lar e and s eti es caches, ultiple executi n
units rinte er perati ns, datapath and ¢ ntr 1units r ut rder execu
ti n ultiple instructi ns, additi nall icst i ple ent deeper pipelines
ands n

I we write thesa e ure rhi hendsuperc puters, we see essentially the
sa etrend, utshited y years ith ray , superc  puters had
reached the re i e where they can per r ne atin p int perati ns per
cycle ntil early s, theev luti n thenu er atin p int units n
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ig. 1. Number of floating point operations performed per single machine cycle of
representative high-performance microprocessors.

a sin le superc puter had een very sl w  achines early s such as
itachi , and ray had nly a ew tens arith etic
units, instead a ew th usands which was the retically p ssi le

he st vi uswayt use ultiple atin p int unitsinasin lec puter
is t devel p a parallel ¢ puter hus, in s, parallel ¢ puters ased
n ne chip icr pr cess rs and th se ased n superc puters were uilt
arallel ¢ puters ased n icr pr cess rs were  stly distri uted e ry
pr cess rs, which were essentially a cluster si ple ¢ puters ¢ nnected

y relatively sl w and inexpensive netw r hus lar e achines with  re
than pr cess rs were p ssi le arallel ¢ puters ased n superc
puters were  re ¢ plicated shared e ry achines he shared e ry
architecture li ited thenu er pr cess rst r less

h u h icr pr cess r ased achines used wuch hi hernu er pr ces
s rs, they were still sl win a s lute per r ancesi ply ecause each icr
pr cess r was sl w arallel superc puters ered hi her pea per r ance

wever, in s, the per r ance icr pr cess rs had i pr ved drasti
cally, ecause they c uld ully utili e the increase in the availa le nu er
transist rs  hus, y early s, icr pr cess r ased achines started t

er etter price per r ance rati than parallel superc puters

In , uitsu ann unced , the rst parallel superc puter with



distri uted e ry architecture ith this architecture, availa le nu er
pr cess rs was sted t re than ,resultin inaverylar ei pr ve ent
in the price per r ance superc puters

wever, this  ve was c¢ unteracted y the irth e wul class a
chines , , which are really si ple cluster ¢ dity s with Intel x
s ¢ nnected y standard thernet his architecture ers typically ne
rder a nitude etter price per r ance than ther ¢ puter architec
ture,si ply ecausethe pr ducti nc stisl wduet  asspr ducti n ih
end Intel x s are ade and s Id in units  hundreds illi ns per
year, while superc puters were s Id in units  hundreds hus, the sheer
nu er chips reduces the pr ducti n ¢ st per chip, and yet hu e devel p
ent ¢ st can e spent rIntel x chip since the t tal revenue w uld e tens
illi n s

hus, at present the ¢  puter architecture which er th the est price

per r ance and est a s lute thr u hput is a lar e cluster s with i
cr pr cess rs  hi hv lu e pr ducti n wever, as we have already seen
at the e innin , this architecture, at present, d esn t a e d use
the transist rs availa le n ne chip a e atters w rse, the racti n
transist rs used r atin p int perati ns will decrease in uture In a ew
years, the architecture called n chip wultipr cess r will e ¢ n his
ev luti nally path is a ain 1l win the path  superc puters, ut with
the delay years hus, we can predict the uture n chip ultipr
cess r architecture in the near uture rather accurately, y ustl in at the
ev luti n superc puters in s heev luti nwill esl w

ur uesti n here is Is there any etter way t desi n a ¢ puter r
scienti ¢ si ulati n e elieve the answer is yes , and in the rest  this
paper we descri e why we elieve s

In secti n , we discuss the p tential advanta es and draw ac s  desi n
in and devel pin special purp se syste s he p tential ain is very lar e,
since, at least in s e cases, we 1 ht ea let usea air racti n avail
a le transist rs t per r use ul arith etic perati n n the ther hand,
there are any practical di culties which w uld  set the p tential ain In
secti n , we discuss ur pr ect , asanexa ple , well, reas n
a ly success ul pr ects t devel p special purp se ¢ puters In secti n
we speculate n the uture the lar e scale scienti ¢ ¢ putin



ci ur o co utin

he idea uildin special purp se ¢ puters r speci ¢ nu erical pr
le sis certainly n t new In act, the very rst di ital electr nic ¢  puters
and I were desi ned t s lve speci c pr le s wever, the

desi ners  early ¢ puters und that their achines c uld e used r a
uch wider ran e pr le s, and thus the ev luti n the pr ra a le
eneral purp se ¢  puter started

t the ti e when even the lar est superc puters did n t have a ully par
allel ultiplier, it did n t a e sense t desi n a special purp se ¢  puter
ny ¢ puter, either special r eneral purp se, c nsists arith etic units
ainly ultipliers , ¢ ntr 11 icand e ry  special purp se ¢ puter
i ht havesi plerc ntr 11 ic rs aller e rythan eneral purp sec
puter wever, i the c st the arith etic unit itsel is a air racti n the
t tal c st the achine, we cann t ain wuch y tryin t reduce the ¢ st
the rest  the syste

his situati n, h wever, has chan ed ¢ pletely, as we ve seen in the pre

vi us secti n ive a ¢ ncrete exa ple, let us discuss the astr physical
dy pr le and ur vity ip hardware speciali ed r

that pr le he aster e uati n r the ravitati nal dy pr le is

iven y

where  and are the p siti n and ass  the particle with index and

is the ravitati nal c nstant he su  ati n is ta en ver all particles
typically stars in the syste under study

he nu er particles varies widely dependin n what ind syste s
are studied s all star cluster li e yades i ht ¢ nsist several th u
sand stars 1 ular clusters typically ¢ ntain ne illi n stars, and alaxies
hundreds illi ns stars In the case alaxies, itisi p ssi let del
the n a star y star asis, and we del the distri uti n  stars in the
six di ensi nal phase space with uch s allernu er particles

I is lar er than several tens, the calculati n  the ri ht hand side e ua
ti n d inates the t tal calculati n ¢ st 1 is very lar e, we ¢ uld
use s phisticated al rith s such as the arnes ut treec de , T



the particle esh r particle particle particle esh eth d wever, with

treec de r , the direct evaluati n ravitati nal interacti n etween

near nei h r particles still d inates the t tal ¢ st ven in the case the

particle esh eth d, i we want hi h accuracy, near nei h r interacti n
ust e calculated directly

he calculati n itsel is rather si ple 1l we havet d ist calculate and
accu ulate the ravitati nal rce etween tw particles s , there is very
lar e de ree  p tential parallelis |, since in principle we can evaluate all
interacti ns in parallel  hus, dy si wulati ns are uite well suited r
executi n n assively parallel pr cess rs r clusters

s discussed earlier, h wever, ur ai here ist achieve a etter use tran
sist rs than what is reali ed with present icr pr cess rs ince dy si
ulati ns have a lar e de ree  parallelis , we rst c ncentrate n h w t

aeuse lar enu er transist rs availa le in ne chip e return t
the pr le paralleli ati n later

he pr le with present icr pr cess rs is that very s all racti n  the
availa le transist rsisusedt i ple ent atin p int arith etic perati ns

henu er atin p int unitsin asin le ne chip icr pr cess r has een
al st ¢ nstant 1 the last years, th u h the nu er transist rs has
increased y al sttw rders a nitude

hy thenu er atin p int units has een ust a ew, even th u h there
are en u h transist rs t inte rate hundreds the here are essentially
tw reas ns he rstreas nisthat wed nt n wh wt usesuchalar e
nu er arith etic units e precise, itis ¢ ursep ssi let use ulti
ple arith etic unit in parallel r applicati ns with hi h de ree  parallelis
such as dy si ulati ns st  scienti c applicati ns d have hi h de

ree parallelis ,and w uld run with hi he ciency n pr cess rs with lar e
nu er arith etic units wever, at present icr pr cess rs are desi ned
t achieve the Il win tw als he rstist run the st widely used
applicati ns as ast asp ssi le hatis,t run icr s t ind ws peratin
syste and icr s t ce applicati npac a e he therist run standard

ench ar ssuch as suites as ast as p ssi le ¢ urse, these
are  sti p rtant applicati nsand ench ar s r the viewp int ¢

ercial success wever, it  es with ut sayin that the per r ance a

icr pr cess r r scienti c applicati ns has rather little t d with its per

r ance in pr cessin rdd cu ents learly, ultiple atin p int
units w uld n t help uchi pr vin the per r ance rd

he sec nd reas nisthatitisdi cultt pr videsu cient e ry andwidth
t eep prcessrs usy Itisn ti p ssi let inte rate atin p int
arith etic unit n a chip wever, i they perates independently, 1 even i
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ig. 2. The force calculation pipeline

they perate in the I ashi n, each unit need t et tw w rds data

T e ryandt st re newrd data,t per r mne atin p int

perati n I these arith etic units perate n cl ¢ , which is

rather sl w y t day s standard, the necessary e ry andwidth w uld e

wrds s 1 ytes s, which isa ut ti es hi her than the speed

the chip trans er andwidth t days icr pr cess rs Intel
entiu pr cess r has the the retical pea transer andwidth ust

S

¢ urse, the necessary andwidth is s aller r perati nsli esu ati n
he di erence, h wever, is s all ¢ pared t the act r discrepancy
sh wna ve hishu ediscrepancy eansitisn teasyt eep ust nepr
cess r usy ith present cl ¢ speed ar und , ne pr cess r needs
the andwidth s, r ti es rethan what is actually pr vided
It is uite understanda le that architects icr pr cess rsaren tt in
terested in addin re atin p int units xternal e rycann t eed a
sin le unit nless there is a way t vastly increase the andwidth, little r
n ain is achieved y increasin the nu er atin p int units, even r
scienti c applicati ns It a esal t sense that they used a lar e racti n
the transist rs n chipt cache e ry, which can s ewhat reduce the
necessary chip e ry andwidth

su ari e, th u h the current chip desi n with ust ne rtw arith etic
units 1  sli e a waste the transist rs, pr cess r architects have d rea
s nst ch sesuch desi ns

I wearet desi nac puter speciali ed r dy si ulati n, r rather,
the calculati n the ravitati nal interacti n etween particles, we can w r
ar und the li itati ns discussed a ve

i ure sh wsthe asic prcessr r ur dy ¢ puter alculati n



the ravitati nal rce r ne particle t an ther re uiress e at
in p int perati ns, dependin n h w y u ¢ unt divisi n and s uarer t
perati ns I we assi n perati nst each the , we end up with a ut
perati ns per interacti n Instead usin ne arith etic unitt per r
these perati ns, we ¢ nnect atin p int arith etic units in the r
a pipeline, which calculates and accu ulate the rce r ne particle at
each cl ¢ cycle

ith this appr ach, we can w r ar und the tw li itati ns discussed a ve

he rst ne wasthee ciency thesyste nc ercial applicati ns his
wesi plyin re learlyn tevery dywh uysa want a ast ¢ puter
r astr physical dy si ulati n

he sec nd li itati nisthe e ry andwidth ith the si ple pipeline

ure atin p int perati ns are per r ed r the input w rds
hus, there is the savin a act r , ¢ pared t a sin le arith etic
unit r ultiple units w r in inan I ashi n

hen we inte rate ultiple pipelines, we can let these pipelines t calculate

the rces n di erent particles r  the sa e particle hus, we can inte

rate ultiple pipelines int a chip with ut increasin the necessary e ry
andwidth

It is als p ssi le t reduce the re uired andwidth r ne pipeline, y let
a sin le pipeline calculate rces n ultiple particles hiscan e d ne y
addin the re ister les r the input particles and calculated rces, and y
switchin the at each cl ¢ cycle e call this the irtual ultiple ipeline

architecture he idea is uitesi ilart what isn w called
as ultithreddin , ut the di erence is that reduces the re uired e
ry andwidth, while usual ultithreddin  nly relaxes the re uire ent r
the e ry latency

tethat any thea veideascan eappliedt thecalculati n particle
particle interacti n n eneral purp se pr ra a lec puter hus, with
s ecareul pr ra in s eti esin asse lylan ua es, it is p ssi le
t achieve the per r ance cl se t the the retical pea per r ance the
pr cess r ere, the si ple act that there are nly a ew arith etic units n
a chip li its the ulti ate per r ance

ur vity ip pr ectis ased nthisidea inte ratin ul
tiple th physical and virtual pipelines speciali ed 1 ravitati nal rce
calculati nint nechip r ne ard, when thenu er availa le transis
t rswas n t as lar e as what isn w ive an idea, the syste
which was ¢ pleted in uly inte rates pipeline chips, each with

pipeline pr cess rs which calculate the ravitati nal rce and its rst ti e
derivative s a result, sin le pr cess r chip inte rate a ut
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atin p int arith etic units

he cl ¢ speed chipsis nly ,th u hit uses reas na ly
advanced techn 1 y he reas n 1 this rather | w cl ¢ speed is
si ply that we did n t have su cient res urce t ne tune the desi n ven
s , with arith etic units a sin le chip ers pea speed exceedin
ps, which is still re than a act r etter than that astest
icr pr cess rs In additi n, ecause thisrather]l wcl ¢ speed the p wer
¢ nsu pti n and there re heat dissipati n are s all ar und his
l wp wer ¢ nsu pti nis uitei p rtant in reducin the verall ¢ st the
syste and the runnin ¢ st electricity is expensive in apan

ince the hardware per r s nly the rce calculati n, all ther
perati ns, such as the ti e inte rati n  the r its stars and analysis
the calculated results ust ed ne ns ewhere else here re we ¢ nnect

the hardware and eneral purp sec puter ys ec unicati n
lin his is the asic structure ur syste s, sh wn in ure
ro ct
e started r ect in he rst achine we ¢ pleted, the
was a sin le  ard unit n which ar und I and I chips
were  unted and wire wrapped e used c ercially availa leI and I

chips t 1 ple ent rce calculati n pipeline his ch ice was natural ¢ n
se uence  the act that we lac ed th ney and experience t desi n
cust I chips In act, n ne the ri inal desi n and devel p ent tea

had the n wled e electr nic circuit re than what was
learned in asic under raduate ¢ urse r physics students

is si ilart since it was als ased nc ercial 1
chips he di erence is in the nu erical accuracy r , we used an
unusually sh rt w rd r at,t a ethe hardwareassi pleasp ssi le he
input ¢ rdinates are expressed in it xedp int r at tersu tracti n,



the result is ¢ nverted t it 1 arith ic r at, in which we use ust
its r racti nal part his r atis used until we tain he nal
accu ulati n was d ne in it xed p int,t av id ver w and under w
he advanta e thesh rt r atlie it 1 arith ic r at is that we
¢ uld use chipst i ple entc plex uncti nsthat re uire tw inputs
ny uncti n tw itw rdscan ei ple ented y ne chip with
it address input  hus, all perati ns ther than the initial su tracti n
the ¢ rdinates and nal accu ulati n  the rce were i ple ented y

chips

he draw ac was its li ited accuracy, which was insu cient
r airly wide ran e astr physical si ulati ns,th u h r any ther ap
plicati ns accuracy turned utt esu cient ith ,
we used standard I r at it r initial su tracti n and accu

ulati n, and it rall ther perati ns
was ur rst achine with cust [chip henu er r at
was a ain the c inati n the xedp intandl arith ic r atsi ilart
what were used in , uti ple entati n thearith etic perati ns
were uite di erent since we ¢ uld n t inte rate lar e ta lest a cust I

chip nversi ns etween xed andl arith ic r atswerei ple ented y
shiters and s alll up ta le, and additi nin1 arith ic r atisi ple

ented ytw addersand nes alll wupta le hipdesi nwasd neasa

int research pr ect etween niversity y and ui erx rp he
chip was a ricated usin desi n rule y ati nal e ic nduct r he
nu er transist rs n chip was in le chip perates at cl c
speed, erin the speed a ut ps e desi ned a printed circuit

ard with chips, r the speed ps per ard hus, is
als ur rst trial t inte rate ultiple pipelines int a syste

Is was the rst achinet e anu actured and s 1d
yac ercial c  pany early c pies have eens Id t
re than  institutes re than utside apan
ith , we nally inte rated a hi h accuracy pipeline int  ne chip

Is , with this chip we added the additi nal pipeline t calculate the rstti e
derivative  the rce, s that wecani ple ent hi h rder ti einte rati n
al rith sin a si ple and e cient way eculdnt ta ullsinle
pipeline t a chip with the techn 1 y availa le at that ti e we desi ned
a versi n  the pipeline which pr cesses x, y and ¢ p nents
¢ rdinates serially in three ¢ nsecutive cl ¢ cycles he chip was a ricated
usin desi nrule y 1 ic  tal transist r ¢ unt was a ut

r , we t arather lar e rant a ut illi n we
were a let uild a lar e syste ¢ nsisted pipeline chips



Table 1
istory of GRAPE project

GRAPE-1 ( 4 1) 12  flops, low accuracy
GRAPE-2 ( 5) 4  flops, high accuracy(32bit 64bit)
GRAPE-1A  ( 4 1) 24 flops, low accuracy
GRAPE-3 ( 1 ) 14 Gflops, high accuracy
GRAPE-2A (1 25 1 flops, high accuracy
ARP-1 (2 33 1 flops, high accuracy

ermite scheme
GRAPE-3A (21 3 ) 6 Gflops board

some  copies are used all over the world

GRAPE-4 (2 5 ) 1 Tflops, high accuracy
Some 1 copies of small machines
D-GRAPE ( 4 5 4)  1Gflops chip, high accuracy
programmable interaction
GRAPE-5 (64 ) 5Gflops chip, low accuracy
GRAPE-6 ( 1 ) 32 Tfops, high accuracy
ards each with pipeline chips syste  perates n
cl ¢ , deliverin the speed ps pleted in , was
the rst ¢ puter r scienti c calculati nt achieve the pea speed hi her
than ps Is, T and it was awarded the rd n ell rie

r pea per r ance, whichis ivent a real scienti c calculati n n parallel
¢ puter with the hi hest per r ance

echnical details achines r thr u h can e und
in ur and re erence therein
was ani pr ve ent ver , with a si ilar, ut re
accuratenu er r atthan that was used r Is , it inte rated
tw ull pipelines which perate n cl ¢ hus, sin le chip
ered the speed ti es  re than that the chip, rthesa e
speed as that a chip ard was awarded the
rd n ell rie rpriceper r ance he chip was a ricated
with desi n rule y
issi ilarly thei pr ve ent ver ince it is ur newest

hardware, we ll ive a cl se inspecti n  its architecture in the next secti n

a le su ari esthe hist ry pr ect i ure sh wstheev lu
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ig. 4. The evolution of GRAPE and general-purpose parallel computers. The peak
speed is plotted against the year of delivery. Open circles, crosses and stars denote
GRAPEs, vector processors, and parallel processors, respectively.

ti n syste s and eneral purp se parallel ¢ puters ne can see
that ev luti n is aster than that eneral purp se ¢ puters
hese hardwares, includin , have een applied t a nu
er  astr physical pr le s th y ur r up and y ther researchers
w rldwide ince there are t any interestin results, we d n t try t
list the e theresent results are su  ari ed in the pr ceedin s 1
y p siu str physical uperc putin sin articles , held in uly

e rein r ati nscan e undat

lassical calculati nis uite si ilart astr physical dy si ulati ns
since in  th cases we inte rate the r it particles at s r stars which
interact with ther particles with si ple pairwise rce In the case ul

rce, the rce law itsel is the sa e as that the ravitati nal rce, and
the calculati n ul rce can e accelerated y hardware

wever, in calculati ns the calculati nc st vander aals rceisn t
ne li i le,th u h van der aals rce decays uch aster than the ul
rce ¢ pared t



It is airly strai ht rward t desi n a hardware which can handle particle
particle rce which iss e ar itrary uncti n  the distance etween parti
cles eappr xi atethe iven uncti n yata le p lyn ials In act, we
use this c inatin ta lel upand p lyn ial appr xi ati n r the
calculati n r in hardwares the actual chan e in the
desi n  the hardware is rather in r

e have desi ned tw achines, and , 1 win
these lines idea was uilt usin ¢ ercial chips and
used a cust  desi ned pipeline chip

n ther di erence etween astr physical si ulati ns and calculati ns is
that in calculati ns usually the peri dic undary ¢ nditi n is applied

hus, we need s e way t calculate ul rces r i a e particles

he direct wald eth disrather well suited ri ple entati nin hardware
In we devel ped 1 , a pipeline t calculate the wavespace part
the direct wald eth d he real space part can e handled y

r hardware

In ,a rupled y isuaiin I started t devel p , a
assively parallel achine rlar e scale si ulati ns heir pri ary al
is the si ulati n  pr tein  lecules

c nsists tw special purp se hardware, assively parallel versi n

and that I I
part ¢ nsisted cust  chips with pipelines, r the the retical pea
speed ps 1 part ¢ nsists , cust  pipeline chips, r
the pea speed ps
shared the rd n ellper r ance rie with It als
was selected as the nalist 1 the rd n ellper r ance rie,a ain
al n with
In , we started the pr ect Itsa veyear pr ect unded vy
apan ciety r the ti n cience , and the planned t tal
ud etisa ut
he is essentially a scaled up versi n , with the
pea speed ar und ps s theti e writin ,a ps syste
with chipsisin perati n he pea speed asin le pipeline chip is

ps In ¢ paris n, ¢ nsists pipeline chips, each with



ig. 5. The GRAPE-6 processor chip.

ps heincrease a act r in speed is achieved 7y inte ratin
six pipelines int  ne chip chip has ne pipeline which needs three
cycles t calculate the rce r ne particle and usin ti eshi hercl ¢
re uency he advance the devicetechn 1 y r t ade
these i pr ve ents p ssi le i ure sh ws the pr cess r chip delivered in
early he six pipeline units are visi le

i ures and sh ws the pr cess r ard with  pr cess r chips and the
ard syste his ard syste has the the retical pea speed
ps, and has achieved the sustained speed ps 1 thesi ulati n
illi n  dy syste

e plan t extend this syste t ard, ps syste y the end
in le ard syste s chips are c ercially availa le
icu ion

e have seen that it is p ssi le t devel p special purp se ¢ puters which
ers price per r ance and als a s lute per r ance etter than th se
eneral purp sec puters y ne rtw rders a nitude

wever, ur pr ect is n t the nly pr ect t devel p special
purp se ¢ puters, and yet it isn tt easyt na e ther pr ects which
have achieved si ilar level success e rie y discuss why



ig. 6. The processor board of the GRAPE-6 with 32 processor chips. our processor
chips are mounted on modules, on which eight memory chips are also mounted on
the bottom side. One board houses eight modules.

ig. . The 32-board, 32-Tflops GRAPE-6 system with its host computer. The host
is a cluster of 4 PCs with 1. G ntel P4 processors connected by 1 b Ethernet.



here are variety reas ns why a pr ect ends up as a ailure hese include

on d o nt ti ven th u h there areen r usine ciency,
the per r ance eneral purp se ¢ puters is still i pr vin at the
rate a actr in every ve years here re, i y u spend ve
years t devel p a achine, y ul se a act r ten in relative advan
ta e c urse, in any cases the desi ners ri inally underesti ated
the devel p ent ti e this pr le were very di cultt av id

00 in veni y ur achine achieved the advanta e a act r

ytheti e ¢ pleti n,in ve yearsit willl se all advanta es
the lieti e y ur achine is rather sh rt I the advanta e is a act r
, the pr ect is uaranteed t ail

oo id ic tion  hisisn t necessarily a ailure,i hi h per r

ance is achieved wever, this is the stc n ailure which leads
t ths all ainand]l n devel p entti e

oo n rro ic tion ortoodi cuttou I thereisn t wuch

scienti ¢ utc e r y ur achine,itw uldn t ere arded asa reat
success even i it achieved very d per r ance
ot tcnoo d in t od evice techn 1 yis vin
very ast,ands isthedesi ns tware eth d1 y i thetechn 1l y
y u used was three year 1d, y u have already 1 st the relative advanta e
a act r ur
nt tdtc noo d in t od ven th u h the advance
the device techn 1 y is pretty well predicta le, in st cases what the
anu actures clai that they can deliver w uldn t e delivered nti e
e care ul

c urse, pr ects t devel p eneral purp se ¢ puters als su er st

the a ve pr le s he advanta e  the special purp se desi n is the
p ssiilityt a e etter use  the availa le transist rs he disadvanta e
is the 1i itati nsin availa le desi n res urces desi n experts, ud et, access
t the latest techn 1 y etc etc

e verviewed the techn 1 ical and ec n ical trends in hi h per r ance
scienti ¢ ¢ putin t least r certainran e pr le s, aspecial purp se
¢ puter, r,ac inati n  special and eneral purp se ¢  puters such
as ur syste s, er a real and pr ven advanta e ver traditi nal

eneral purp se ¢ puters he relative advanta e has een increasin , and
will eept d s rthenext ne rtw decades, unlesss e radical chan e
in the desi n eth d r eneral purp se ¢ puter w uld ta e place



urrently, it see s the directi n  the ev luti n eneral purp sec¢ puter
is a cluster ¢ dity s urrent icr pr cessrs rc dity s

er very hi h per r ancein very | w ¢ st, partly ecause theirl w pr
ducti n ¢ st duet  ass pr ducti n, and partly ecause the invest ent r
the desi n  the chip is actually very hi h  helar e vIlu e pr ducti n
usti es the hi h devel p ent c st wever, the act that icr pr cess rs

rc dity s er per r ance etter than any ther eneral purp se
¢ puters nthe ar etd esn tnecessarilyi plytheirdesi nis pti al s
we have seen, nly a tiny racti n  the availa le transist rsis used r actual
arith etic perati ns, and that racti n has een decreasin uite rapidly

pecial purp se syste s, at least in principle, will n t su er these pr le s
In practice, h wever, the appr aches we have ta en s aris ec in re
and redi cult, ecause theinitial devel p entc st the cust I es
up as the techn 1 y advances he devel p entc st esup ecause tw
reas ns he rstisthatthea wunt wr t d thel icdesi n,testdesi n,
physical lay ut and desi n validati n increases as the nu er transist rsin
a chip increases In the case  special purp se syste s, thea unt wr

r the 1 ic and test desi n, which we can d in h use, d es n t increase t
rapidly, ut physical lay ut and desi n validati n, which is the w r the
se ic nduct r ¢ pany, ta eal n ti e and there rel ts ney he
sec nd reas n is that the invest ent needed t uild the se ic nduct r plant
increases rapidly as the techn 1 y advances

u hly spea in , rsa ephysical si e the chip, thea unt ney we
paid was inversely pr p rti nal t the desi n rule ar und a uarter illi n
T and ar und illi n r

In  th case, the si e the chip is ar und I this trend ¢ ntinues,

the desi n ¢ st wuld etw illin het tal ud et ust

e si ni cantly lar er than the devel p ent ¢ st the chip, since therwise

the price asin lechipw uld et hi h Itisn teasyt etsuchalar e
und rapr ect the retical study in pure science

nep ssi lec pr iseis the use ieldpr ra a le atearray
chips as the uildin 1 ¢ the pipelined pr cess rs  his ch ice will reduce
the initial ¢ st r ne illi nd llarst less than ten th usand d llars the
price thedesi ns tware , since the chip itsel is ass pr duced and
the desi nis] aded t a chip y ¢ n wurin the switchesand1 up
ta les in the chip

u hly spea in , ecause this pr ra  a ility, the calculati n speed
achieved y ne chip is ti es 1 wer than that can e achieved
with a cust I thesa esieandsa etechn 1 y  wever, thisdi er
ence can e set y the p ssi ility wusin the st advanced techn 1 vy,
the p ssi ility t ne tune the desi n t individual pr le s, and st i



p rtantly, uch sh rter desi n cycle ti e

ive an exa ple, lar e chips at the ti e writin u er
have the n inal atec unt ar und illi n, which issu cient t i ple
ent thel ic ra chip ates , and the cl ¢ speed w uld
e ar und r re  hus, ne chip can deliver ps
his 1 ht n t s und very i pressive ¢ pared t ps
chip r ar und ps  present icr pr cess rs wever, ¢ pared t
icr pr cess rs, t uild a assively parallel achine ut is uch
easier, and we can expect hi her executi n e ciency, r the sa e reas n as
we achieved hi her e ciency n hardwares

ere a ain, in the I n run we i ht see the sa e pr le as the eneral
purp se ¢ puter he n chip wirin w uld ulti ately li it the speed and
the circuit density ecause the re uire ent thepr ra  a ility, as the
nu er transist rs n the chips increases, re and re racti n

these chips will e used r wirin wever, 1 the next several years, this
li itati nwuldnt et severe, and it is p ssi le that s e new desi n
phil s phy will all wust a e etter use chips

It is at least p ssi let wuse S r pr the ¢ ncept studies, where
we de nstrate that ne particular cust  desi n is actually usa le and that
it achieves etter ¢ st per r ance than eneral purp se s luti ns I that

de nstrati n was success ul, the rant lar e en u h t a e cust I

iht e ered

su ari e, the initial ¢ st  the lar e cust I iht ec et

hi h rthelevel thea unt rants we can reas na ly expect wever,

achines ased n scan eused rs allpr ects hec stadvanta e

swilln t e aslar e as that  cust I chips, utc paredt

eneral purp se icr pr cess rs, they still erlar e advanta e we expect
t see any success ul pr ects t apply s rlar escalec putin in
the near uture he lar est nes will e d ne n cust Is, ut the rest
will ed ne n S

cno d nt

e wuld li e t than alichir ui t, shiau isuai a t
ai i, y shilt , shiyu i u ushi eand any thers wh wereinv lved
in the devel p ent  the six enerati ns hardwares, and

unat , i n rte ies wart, teve ¢ illan, iet ut and a ain any
thers rdiscussi nsandc lla rati nsins twaredevel p ent and scienti ¢
WTrs n hardwares his w r is supp rted y the esearch r
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