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Designinga large integratedcircuit is dif cult. ~As transistor
countsincreasethetaskof designinga SuperSizeahipthatis two,

four, or eighttimeslargerthancurrentchipsseemsnsurmountable.

In this paper we arguethatthelevel of dif culty for suchataskis
irrelevant—itis unwiseto evenattemptit. Problemgelatedto inter
connectdelayarewell knovn, andhave becomeabarrierto larger
“monolithic” circuit designs.In responséo this, therehasbeena
suge in interestin designsthat have multiple relatively indepen-
dentprocessingcores;while designsizescalingin this manneris
sometimesportrayedas a hev concept,it in fact hasmore than
thirty yearsof commerciafailure behindit.

In contrastto mostsemiconductoroadmapsyve arguethatto-
tal transistorcountson typical chips will remainstable,or even
decrease—despitmincreasen fabricationcapacity The semicon-
ductorindustryis undegoing a fundamentathange;designprob-
lemscannotbe approacheds“more of the sameput larger”
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1. INTRODUCTION

Fabricationdensity has beengrowing exponentially since the
early predictionsby Moore[20]; while progresss not easy most
technologyroadmapsshav transistorcountscontinuingto grow
for the next decadeor so. With designcompleity exceedingthe
abilitiesof currentEDA tools,thechallengeof designingnext gen-
erationchipsseemgaunting.

In this paper we argue that next generationchips will not be
“SuperSized, biggerandfasterversionsof currentdesigns.Inter-
connectdelay hasbecomea major barrief andwe presentanaly-
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sisbasedn empiricalobsenationsandcomputationatompleity
theoryto explain how this barriercameabout.

Thedif culty of “scalingup” traditionaldesignss widely knovn—
this hasresultedin growing interestin designghatutilize multiple
independenprocessocores.By breakingthe sizeof designprob-
lemsdown to a moremanageablsize,andutilizing a high-speed
on-chipinterconnectiometwork, one might hopeto successfully
constructalarge chip capableof unprecedenteldvels of computa-
tion. While the approachs intellectuallyappealing the commer
cial prospectdor theapproactarepoor

We do notwish to suggesthatthereis ary majorimpedimento
increasedabricationcapacity The centralargumentis thatthere
will beextremelyfew designgprimarily memoryandgraphicsco-
processorshhat canusethis capacityeffectively. For the research
community the relevantquestionis not how onewill designa cir-
cuit with size2X, but instead how oneshouldonedo a betterjob
with a1X sizeddesign.

2. SUPERSIZE BARRIERS

In thissectionwewill focusprimarily onmicroprocessodesign—
but thebasicagumentsalsoapplyto large Application Speci ¢ In-
tegrated Circuits (ASICs). Transistorcountsin microprocessors
have beengrowing exponentially for years. Moore[20] covered
from 1965to the mid 1970saccurately Gelsinger[12]also pro-
jectedgrownth with reasonableccurag from the late 1980suntil
the late 1990s. For roughly 40 years,a biggerand-fasterstratayy
hasbeensuccessfulRecentlyhowever, the stratgy hasresultedn
thedelayor cancellatiorof a numberof designs.

While thereare a numberof barriersto continuedsize scaling,
one of the most interestingbarriersis not dependenbn device
technology—anthus,we shouldnotexpectafabricatiormagicbul-
let to addressheproblem.

2.1 The RentLimit

Interconnectdelay hasbeenrising steadily makingtiming clo-
suremoredif cult to achieve. In recentyears,a debaterevolving
aroundinterconnectelayandbuffering hasdeveloped[23].Inter
connectdelaynow comprisesa signi cant portionof systemdelay
andgrowing wire lengthshave createda needfor extensve buffer
andrepeateinsertion.In this debatetherearetwo mainpositions.
Onegrouparguesthatthe percentagef cellsusedasrepeatersvill
reach70% by the 32nmtechnologynode[28];this is clearlyanun-
acceptabledesignpoint. Contrastingargumentssuggestimiting
block sizesmay reducethe impactof the problem[33,34]. Addi-
tionally, thereis active researcton improved buffer and repeater
design,andnovel globalsignalingtechniques.

While onemight view the interconnecproblemasthe resultof
inadequatequality in designtools, the problemhasmuch deeper
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Figure 1. As the number of componentsin a block increasesso doesthe area. Additionally, the number of “nearby” locations
for componentsalsoincreases.The growth rate is at the square root of the number of components. Each terminal on a subcircuit
connectsan elementwithin the subcircuit to a componentoutside the subcircuit-the length of theseconnectionslimits achievable

designcomplexity.

roots. Interconnectproblemsin generalare causedoy geometry
andcircuit compleity; we presenbur analysishere.

At roughly the sametime as Moore's projection, an obsera-
tion was madeby F. Rent, regarding the numberof “terminal”
connectionson a piece of computinghardware. “Rent's Rule”,
T = k nP, wasreportedin 1969 by Radle[26], and by Land-
manandRusso[18]in 1971. The numberof terminalsT wasseen
to correlatewith the numberof components within a portion of
hardware. The Rentparameterp canbe viewed asa measureof
circuit compleity; the numberof connectingterminalson a sub-
circuitincreasessdevice compleity increasesA constanfactor
k accountdor componentan-inor fan-out.

The obseration by Renthasbeencon rmed by a numberof
studies. An early suney on therule is [10]; morerecentsuneys
andtutorialsinclude[4, 32]. The rule hasbeenusedextensiely
for congestionwire length, and net degreeestimation(for exam-
ple,[13, 24,42, 30, 19]), aswell ascut sequenc@ptimizationfor
recursve bisectionplacement[40].

The value of the Rentparametemp is extremelyimportant. In
heirarchicalboard-leel decompositiongwhich led to Rent's ob-
senation), p is typically around0.6. By extractingrectangulapor
tionsof standaraell placementd,7] obsered p valuesaround0.7,
or higher [7] alsonotesthatthereis a differencebetweerthe“cir-
cuit topology” Rentparameteand‘“layout” Rentparameterwith
the“layout” parametebeingstrictly greater

In [19], Rentparametersf around0.6 wereusedfor congestion
estimationjt wasnotedthatthe PEKO[3] benchmark&ave unusu-
ally low valuesof p. [35] comparedRentparameterfrom different
placementapproachesyith valuesof p approaching.8for some
circuits. In [41], differentcircuit structuresvere comparedwith
mary blocks involved in instructionfetch, instructiondecoding,
and oating point operationshaving valuesof p around0.6. For
nearlyall theanalysisof computingarchitecturesthevalueof p is
from 0.6to 0.8. A pipelinemay have a Rentparametenf 0, while
aperfectmeshhasp = 0:5; atworst,p= 1.

We notethatthe Rentparameteis architecture-dependerand
mayvary within adesign.At thehighestievelsof heirarchy Rent's
Rule canbe inaccuratedueto limited numbersof inputsandout-
puts at the peripheryof a chip; onerecentwork to considerthis
is [36]. Rents Rule hasproven effective for characterizingircuit
interconnectdemandsat a coarselevel; it hasbeenknown to be
inaccuratdor ne details[29].

2.1.1 RentLimit on Systengize

Any computingsystenfor ary technologymusthave a physical
representationthe logical elementsnustbe embeddedn at most
threedimensions. This embeddingplacesconstraintson the sys-
tem, andit is at this point that the value of the Rentparametemp
becomegritical.

Our analysisusesan intuitive conceptof “adjaceny.” For ary
given componentn a planarlayout, thereare four “immediately
adjacent’locations—abee, belon, andto the left andright. For
threedimensionstherearesix adjacentocations.

Considera circuit C, which hasa subcircuitS that containsn
componentsyve will assumehatShasbeenembeddedn aplane,
andis roughly square.The numberof immediatelyadjacentoca-
tionsto Sis4  n%3. If we assumehatthe maximumdistancethat
an averagesize gatecandrive a wire is L (which is relatedto the
physicalsizeof thegate) wehave4 L n%5+2 L2 locations
thatarewithin L of the subcircuitS. The numberof adjacento-
cationsto aregion, andconstraintghis adjacenyg placeson circuit
topology areillustratedin Figurel.

Rents Rule speci esthattherewill be T terminal connections
on S thus,we have T pairsof componentshatmustbe connected.
For eachpair, one of the componentswill be locatedsomavhere
within S, andtheotherwill belocatedsomevhereinC S

The impendingtrouble should be apparento anyone familiar

with thecomputationatompleity work of HartmanisandStearns[14].

Thebasicprincipleis illustratedby the degree-5nodein Figurel;
the numberof componentzonnectedogetherexceedsthe physi-
cal space—thereforat leastoneof the connectionsnustbelonger
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Figure 2: Computational complexity should make the following obvious: if the number of adjacent locations increasesat O(n%®),
and the terminal demandfor the block increasesat O(nP) for p> 0:5, the two curveswill cross—esultingin both high interconnect
delay and the needfor buffer insertion. Buffer insertion and gate sizing can compoundthe problem, by further spreadingapart the

components.

thanoneunit.

If one hasa computingarchitecturesimilar to thosedesigned
in the pastfourty years,the numberof terminalsT requiredfor a
block with n componentssk nP for p  0:6; thisis O(nP). The
numberof locationsin whichan“external” computingelementan
beplacedgrovsatL  n%>+ L2, whichis O(n%>).

Supposeave have alargecircuit thatcontainsa subcircuitof size
n. Without question,for somevalue of n, therewill be external
connectiongrom a subcircuitthatmusttravel a distanceof greater
thanL. As nincreasesthe percentagef these‘long connections”
increases.This is true for ary value of L, andfor ary degree of
componenfan-inor fan-out.Thisiis illustratedin Figure2.

Thevalueof n is tied to Moore's law. Increasingthe transistor
count of a systeminevitably increaseghe length of connections
until the majority are “worst casé€), and requireextensive buffer-
ing andrepeateiinsertion. This is in factthe behaior projected
in recentempiricalstudiesfrom Intel[28]* We will referto thene-
cessityof long wires asthe RentLimit on systemsize. At some
point, the bene t gainedby increasingthe numberof computing
elementwithin asystemis surpassedty theincreasedlelayof the
interconnectingvires. As circuit sizesincreasethe percentagef
interconnectwires that can be considered'worst case”increases
towards100%,andexcessve numbersf buffersandrepeatersre
required.

The analysiswe have summarizecherecanbe viewed as opti-
mistic. First, the numberof adjacentiocationsis madeassuming
that the connectionis madefrom the peripheryof the subcircuit—
in generalhowever, a connectingerminalmay be deepwithin the
subcircuit. Thecomponentplacedoutsidethe subcircuitalsohave
constraints—eenif spacds availablein theadjacentegion, it may
notbe practicalto placecertaincomponentshere.

1in [28], by scalinga designthroughdifferenttechnologygener
ations, a rapid increasein the numberof repeatersvas obsered.
While the total numberof computinglogic gatesremainedcon-
stant, the effective value of L decreasedpushingthe “crosswer”
point to the left. The jump in repeatercountsshaws that the
cross@er pointis notasymptotidehaior for somearbitrarilylarge
designin the distantfuture, but rathera designlimiting factor of
currentchips.

2.1.2 Compoundindhe Problem

In the pastfew years,physicalsynthesishasbecomea key ele-
mentof circuit design. Buffer insertion,gatesizing, andrepeater
insertion,are all widely used. Unfortunately they canalsocom-
poundtheRentlimit problem.TheRentparametehastraditionally
beentied to componentshat“do something. By insertingbuffers
into a design,we do notincreasethe compleity of computations
performed put we do increasehetotal area.

If we amortizethe areademandfor buffers and repeatersthe
“averagesize” of eachcomponenincreasesherebydecreasinghe
effective value of L. Additionally, the increasedaveragesize of
componentsneanghatwiresinternalto the block alsoincreasen
length—andnaythemselesneedadditionalbuffersandrepeaters.

Buffer andrepeatemsertion aswell asgatesizing,canbeviewed
ashaving diminishingreturns. As we increasehe “average”size
of acomputingelementthe buffer demandncreasesswell. This
matcheswith the projectionsof [28].

In somedesignsthereis asigni cant amountf “white space[39,
1]” within the design. This is typically usedto simplify routing,
andto provide spacédor gatesizingandbuffer insertion.Onemight
amortizethiswhite spaceacrosgshecomputingelements—andgain
we seethatthisresultsin lower effective L, andtheneedfor further
buffering, repeatersandgatesizing.

2.2 Architecture Observations

Thediscussiorin the prior sectionmay appea bit pessimistic,
andfrom the“chickenlittle” perspectie[23]. Thereis alsoskepti-
cismin the microarchitectureommunityon the prospectgor de-
signsizeincreases.

In 2000, for example, Agarwal[2] projectedthat conventional
microprocessaarchitecturesouldnotsupportheannuab0%per
fomancemprovementsprojected.Instead performancegainswere
projectecto bein the 12%range despitesteadyprogressn device
technology

The lack of improvementis dueto a variety of factors(includ-
ing increasednterconnectlelay). Clock ratescalingwasexpected
to slov—andthis in facthasoccurred.Similarly, top end“conven-
tional” microprocessorsffer only modestperformancamprove-
mentsover the chipsmadea few yearsago.



2.3 The Writing on the Wall

It shouldbe clearfrom recentdesignstartsthatthe currentstate
is not businessasusual. Theimpactof the Rentlimit hasalready
beenfelt; thebuffer explosionprojectedn [28] is asymptomof this
problem. Onemight alsoview the move from CISC (compl& in-
structionsetcomputer)architectureso RISC (reducednstruction
setcomputer)architecturesisfurtherevidenceof thelimit.

Thereis alsobroadadoptionof multi-core designs ratherthan
corventionalsingle core designs. This reducesthe effect of the
Rentlimit, aseachcorehasalower device count,andthey areem-
beddedn ameshstructurghathasp= 0:5, which canbesustained
easily

Multi-core designsare currently being produceda number of
companiesincludinglBM, AMD, andSun.Intelrecentlyannounced
amulti-coredesign[21],andhasapparentlyabandonec questto-
wardshigherclock rates. The CELL architecture[25]jointly de-
velopedby IBM, Toshiba,andSory, featuredarge numbersof in-
dependentectorprocessors.

Recentattemptso SuperSizeonventional CPUshave notbeen
successful. This is not due to inadequatedesigntools or device
technology Insteaddesignsizesareapproachingundamentalim-
its basedon geometryandcircuit compleity. Only a few classes
of circuitswill beableto utilize theincreasedapacityof the next
few technologynodes.

3. PARALLEL ARCHITECTURES

The prior sectionpaints a bleak picture for further transistor
countscalingin traditionalcomputingarchitecturesThe Rentlimit
males designinga large single-instructiorsingle-data(SISD) mi-
croprocessoprogressiely lessattractve, andin factmary of the
major microprocessomanufcturershave moved towards multi-
processodesigns.

Multi-processorsystemsare appealingon a numberof levels.
They clearlysimplify the designprocessallowing smallerindivid-
ual components—thialsoavoidsthe “Rent limit” describedn the
prior section. Throughreplicationof processorsarbitrarily large
amountsof silicon areacanbe utilized. With a well designedn-
chip interconnectiometwork, it is clearly possibleto constructa
“server farmon a chip[27]" In termsof the numberof oating
point operationgossibleper second enegy per operation,anda
variety of othermetrics,parallelcomputinghasmary advantages.

Theadwantagesresoclear in fact,thatonemight wonderwhy
thisapproactwasnotpursuecearlier A brief surey of prior work,
however, shaws thatin fact, parallel processincghasbeeninvesti-
gatedthorougly Furht[11],in 1994 paper notesthe following: “a
decadeago,university researchera/erein love with parallelcom-
puters,andthe US governmentamorouslyrespondedThosewere
thedaysof glory, buttimeshave changedthemarketfor massiely
parallelcomputershascollapsedandmary companiehare gone
out of businessbut the researcherare still in love with parallel
computing.

Almost all commercialventuresinto the constructionof large
scalemulti-processosystemdave metlittle successPerhapsnost
dramaticwvastheattemptby Thinking Machinesn themid 19805;
despitehaving anexperiencedarchitecturdeamwith excellentcre-
dentials,aswell ascomputerscientistsand physicistsof note, the
compan failedto becomepro table. The price andperformance
adwantageof multi-processosystemss undeniablefo date,how-
ever, therehasbeenlittle succesi harnessinghis power for “gen-
eralpurpose’computing.

While in principle,acomputemith X microprocessorsando X
timesthework of asingleprocessosystemjn practice theamount

of work thatcanbe performeds far lessthanthat. Most problems
that aveiage computercustomes wish to solve areinherentlyse-
rial. At most,a singlehumanusermightbeableto take advantage
of a few microprocessors-b not the hundredsor thousandspro-

posedasa meanof continuingMoore's law scaling.

Attemptsto developnew softwareparadigmso harnesshecom-
puting power of parallelmachineshave alsonot metwith success.
Parallel-optimizingcompilershave beenin existancefor mary years,
andtherehave beennumerousattemptsto develop bettermathe-
maticalframevorks. As an example,one might considerthe pro-
gramminglanguageccam developedin theearly 1990s—carefully
designed,e xible, portable andessentiallynon-istantin modern
computing.

To beclearon this point-therds a seeminglyinsatiabledemand
for single processomerformance.Typical consumerganrapidly
harnessall the available computepower available of a traditional
microprocessorghe demandesultsin high pro t maginsfor this
market. Multi-processoisystemspy contrasthave only a handful
of customerswe would suggesthatthe commercialprospectgor
a“serverfarmonachip” arebleak.

Theonly notableexception,in which oneencountersarge com-
mercialdemandfor parallelcomputing,is in graphicscoprocess-
ing. In the renderingof three-dimensionadcenes|arge numbers
of trianglesneedto betransformedandrendered-thiss commonly
donein parallel.

4. FUTURE DESIGN PROBLEMS

While muchof thediscussiorhasrevolved aroundmicroproces-
sors,we notethatASICsin generalkencountethe sameproblems—
with a few yearsof lag. Becausaheseproblemsarebasedon ge-
ometryandcircuit complity, attemptsto designextremelylarge
monolithic circuits are almostcertainly doomed-thusthe nature
of designproblemsthat mustbe solved will changeto re ect the
natureof designghatareattempted.

4.1 (Almost) No SuperSizedDesigns

If oneconsiderscurrentmicroprocessorghereis a cleartrend
away from largertransistorcount“traditional” single-coredesigns.
Thisis asigni cant shift—priorto 2001,large-wvolumemicroproces-
sorswereall single-core.We would amguethatthe “Rent limit” is
an underlyingmotivation for the architecturaldecisionsmadeby
experienceddesignteamsat IBM, AMD, Sun,andIntel —andthat
thesedecisionsaverenot madelightly.

An exceptionto this would be memorychips—whichhave anin-
herentRentparameteof 0.5,andthusdo notfacethe samescaling
challenge®f morecomple circuitry.

4.2 SomeSmall-ScaleMulti-Cor e Designs

Emegingarchitecturesuchasthemulti-coredesigngrom IBM,
Sun,AMD, andIntel, featureafew processingores—normally or
fewer. Thereis aneedfor designtoolsto handleon-chipcommuni-
cationnetworks,andmethodgo assignprocesdasksto individual
blocks. It seemaunlikely, however, thatthesedesignswill scaleto
largersizes.

4.3 FewLarge-ScaleMulti-Cor e Designs

By repeatedlyincreasingthe numberof processingcores,one
might expectto be ableto utilize all fabricationpotential,without
encounteringhe RentLimit. A meshof processordiasa Rent
parameteof p= 0:5, whichis easilysustainable.

While thereis currentlya greatdeal of enthusiasnfor parallel
processingijt is perhapsreminiscentof the views of Enslov[16]
or Jonesand Schwarz[15], from a few decadesago. Enslaw, for



example,suggestedthe future will nd multiprocessingaswell
astheotherconcept®of parallelprocessingin muchwiderusethan
doesthe present.

By now, it shouldohviousthatdespitenumerousttemptsparal-
lel processingpasfailedto expandmuchbeyondcompute-intense
scienti ¢ tasksthatcanbe madeparalleleasily

4.4 SomeThreeDimensional Cir cuits

Motivatedin part by the “interconnectproblem’; a numberof
groupsareinvestigatingthe fabricationof circuitsin threedimen-
sions.While this might appeato improve the “adjaceny parame-
ter” from 0.5t0 0.66,thisis notin factthecase.

Thetechnologiedeinginvestigatedfor example,[8, 9, 37,31])
exploreonly alimited numberof layers.If oneconsiderghe num-
berof layersasaconstanfactor we clearlyregressnto theoriginal
dif cult situation.With k layersthenumberof “adjacent’locations
improvestok (L n%3+ L2), whichis still O(n%5).

Threedimensionalircuits are clearly advantageoustools will
needto adaptto handlethis type of design.

4.5 Non-Manhattan Design

Theinterconnectengthadantagegivenby non-Manhattamout-
ing architecturesirewell knowvn[17, 38]. As designsarelesslikely
to bedifferentiatedbasednprocessgechnologyor transistorcounts,
the gainsavailablethroughalternatve wiring becomemoreattrac-
tive. Non-Manhattardesignbreaksmary currenttool ows, and
might be consideredasa lastresort;extensie tool developmentis
required.

4.6 Structured Cir cuitry

Thegapin performancéetweercustomdesignandsynthesized
designis well known[6]. For humangeneratediesigns,thereis
commonlya greatdeal of regularity and structure—bitand control
lines are spreadin regular patterns,asit is not possiblefor a de-
signerto managea chaoticsemi-randondesign.

Recently therehasbeenaninterestin generatingircuitswhich
canbe mappedo aregularstructureeasily[5]. If the circuit struc-
turematchesa physicalembeddingthe bene tsareenormous.

Regularor semi-rgular structuresnitially werequite challeng-
ing to traditional placementtools, but some have beenadapted
to handlethe new circuit structures. The PEKO[3] benchmarks,
initially usedto shawv suboptimalityof placementmethods have
a greatdeal of structure. While initial experimentsshaved that
placementtools were 50% or more away from optimal, this gap
hasbeenclosedrapidly, and fastmethodsthat are within 22% of
optimal[22] (or less)areavailable.

We neednotrestricta circuit topologyto be perfectlymesh-lile;
if mostnetsaresemi-local,globalnetsareclearlymarked,andthe
synthesisapproachconsidersgphysicalembeddingjarge scalede-
sign canbe performedautomatically Circuit performancewill be
closeto thatof classichand-designedatapaths.

Designtools that can perform synthesiswith regularity, or that
canextractregularity from adesignwill beextremelyuseful.

4.7 Little Big Design

Fabricationcapacitywill continueto increase—ando the tran-
sistorcountsthatareleadingedgetodaywell be commonplaceo-
morrawn. If chip fabricationfor designswith a few hundredmil-
lion gateshecomes commaoditymarket, thiswill drive down costs.
Similarly, it will bepossibleto extractmorediesperwafer, reduc-
ing individial die costs.

With stablefabricationprocessethatarenotontheleadingedge,
currentdesignproblemssuchas variability control or OPC/RET

becomemuchlessdif cult. The performancedwantageof a semi-
customdesignover FPGAimplementationgreconsiderablethus,
we anticipatean explosionin designghatarestill relatively large,
but that target a technologygeneratiorthat gives a good price to
performanceatio. Thedesignawill besmallrelative to fabrication
capacity but large by currentstandards.

4.8 Summary

Figure 3 summarizesour expectationsfor future designprob-
lems.Thewall thathasbeenhit by themicroprocessodesigncom-
munity (resultingin multi-coreCPUs)will be encounteredhortly
by the mainstreanASIC community Thus,thereis little futurefor
“supersized’'monolithicdesigns.

Small scalemulti-core canbe usedin averageconsumerappli-
cations,but large scalemulti-core designswill be usefulonly for
a handful of applications. Therearerelatively few customergor
supercomputergndthustherewill belittle needfor single chip
senerfarms.

Non-Manhattarrouting architecturesthree-dimensionalabri-
cation, and circuit structuringall provide bene t to interconnect
delay Threedimensionalfabricationis the most expensve so-
lution, but relatively easyto take advantageof by currentdesign
tools. Non-Manhattammouting requirestool development—ht there
appearso belittle impactto fabricationcostor manufcturingdif -
culty. Structurectircuitry offersthe potentialof large performance
gain—hut only if thefunctionalitycanbe mappedo aregularstruc-
ture.

We anticipateanexplosionin the numberof “little-big” designs.
Ratherthanpushingthe limits of fabricationtechnologythey will
target stableprocesseshat offer lower total gatecounts,but with
greatlyreducedfabricationcost. Thesedesignswill not be trivial
in size—perhapafew hundredmillion gates—ht closerto whatcan
be currentlyhandledby designtools. The performancedwantages
of ASIC overanFPGAimplementatiorwill remainlarge—andwith
reducedmanufcturing cost, theremay not be a massexodus of
designgo the FPGAmarlet.
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Figure 3: A summary of futur e designtypes.
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5. CONCLUSION

In this paper we have presented theoreticafoundationwhich
explains why large monolithic designsare unattractve. Similar
conclusionshave beenreachedn the microarchitecturecommu-
nity. Recentchipsfrom microprocessovendorsindicatethatthey



have votedwith their feet, andarerapidly moving away from in-
creasedaoresizes.Fundamentasizelimits have beenreachedand
changesreolviousacrosgheindustry

We would aguethatthis changes very signi cant. From 1965
to 2001, the industry useda “single-core” architecturaimodel, in
which microprocessorsonsumedll availabletransistors All the
resource®f eachtechnologygeneratiorwererapidly utilized, and
therewasgreatconsumedemandhteachstepalongtheway. From
2001to currentdesignstherehasbeena shiftto multi-coredesigns.
With abrief consideratiorof thehistory of parallelprocessingone

nds theunbridledoptimismof researchergngineeringeamsand
investorsjuxtaposedgainsistunning relentlesscommerciafail-
ure.

This is aninterestingtime for electronicdesignautomationre-
searchersandfor the semiconductoindustry asa whole. While
further increasesn fabricationtechnologycan be made,few de-
signswill be ableto useleading-edgeechnology The only tra-
ditional designsnot to face scaling challengesare memory and
graphicschips; while not unimportantthey areonly a portion of
the entire semiconductomarket. Microprocessorfiave moved to
dual-core put furtherincreasesn this mannerreunwise.

While thereis a greatdealof concernfor how designtools will
scaleto larger transistorcounts—wehave reacheda point where
there are more transistorsavailable than can be effectively used.
Thus,ratherthanincreasingapacitywewould arguethatincreased
quality is the properobjectie for futureresearch.
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