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Designinga large integratedcircuit is dif�cult. As transistor
countsincrease,thetaskof designingaSuperSizedchipthatis two,
four, or eighttimeslargerthancurrentchipsseemsinsurmountable.
In this paper, we arguethatthelevel of dif�culty for sucha taskis
irrelevant–it is unwiseto evenattemptit. Problemsrelatedto inter-
connectdelayarewell known, andhave becomea barrierto larger
“monolithic” circuit designs.In responseto this, therehasbeena
surge in interestin designsthat have multiple relatively indepen-
dentprocessingcores;while designsizescalingin this manneris
sometimesportrayedas a new concept,it in fact hasmore than
thirty yearsof commercialfailurebehindit.

In contrastto mostsemiconductorroadmaps,we arguethat to-
tal transistorcountson typical chips will remainstable,or even
decrease–despiteanincreasein fabricationcapacity. Thesemicon-
ductorindustryis undergoinga fundamentalchange;designprob-
lemscannotbeapproachedas“more of thesame,but larger.”
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1. INTRODUCTION
Fabricationdensity has beengrowing exponentially since the

early predictionsby Moore[20]; while progressis not easy, most
technologyroadmapsshow transistorcountscontinuing to grow
for the next decadeor so. With designcomplexity exceedingthe
abilitiesof currentEDA tools,thechallengeof designingnext gen-
erationchipsseemsdaunting.

In this paper, we argue that next generationchips will not be
“SuperSized,” biggerandfasterversionsof currentdesigns.Inter-
connectdelayhasbecomea major barrier, andwe presentanaly-
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sisbasedon empiricalobservationsandcomputationalcomplexity
theoryto explain how thisbarriercameabout.

Thedif�culty of “scalingup” traditionaldesignsiswidelyknown–
this hasresultedin growing interestin designsthatutilize multiple
independentprocessorcores.By breakingthesizeof designprob-
lemsdown to a moremanageablesize,andutilizing a high-speed
on-chip interconnectionnetwork, onemight hopeto successfully
constructa largechipcapableof unprecedentedlevelsof computa-
tion. While theapproachis intellectuallyappealing,thecommer-
cial prospectsfor theapproacharepoor.

Wedonotwish to suggestthatthereis any majorimpedimentto
increasedfabricationcapacity. The centralargumentis that there
will beextremelyfew designs(primarily memoryandgraphicsco-
processors)thatcanusethis capacityeffectively. For the research
community, therelevantquestionis not how onewill designa cir-
cuit with size2X, but instead,how oneshouldonedo a betterjob
with a1X sizeddesign.

2. SUPERSIZE BARRIERS
In thissection,wewill focusprimarilyonmicroprocessordesign–

but thebasicargumentsalsoapplyto largeApplicationSpeci�c In-
tegratedCircuits (ASICs). Transistorcountsin microprocessors
have beengrowing exponentially for years. Moore[20] covered
from 1965 to the mid 1970saccurately. Gelsinger[12]also pro-
jectedgrowth with reasonableaccuracy from the late 1980suntil
the late 1990s. For roughly 40 years,a bigger-and-fasterstrategy
hasbeensuccessful.Recently, however, thestrategy hasresultedin
thedelayor cancellationof a numberof designs.

While therearea numberof barriersto continuedsizescaling,
one of the most interestingbarriers is not dependenton device
technology–andthus,weshouldnotexpectafabricationmagicbul-
let to addresstheproblem.

2.1 The Rent Limit
Interconnectdelayhasbeenrising steadily, makingtiming clo-

suremoredif�cult to achieve. In recentyears,a debaterevolving
aroundinterconnectdelayandbuffering hasdeveloped[23].Inter-
connectdelaynow comprisesa signi�cant portionof systemdelay,
andgrowing wire lengthshave createda needfor extensive buffer
andrepeaterinsertion.In thisdebate,therearetwo mainpositions.
Onegrouparguesthatthepercentageof cellsusedasrepeaterswill
reach70%by the32nmtechnologynode[28];this is clearlyanun-
acceptabledesignpoint. Contrastingargumentssuggestlimiting
block sizesmayreducethe impactof theproblem[33,34]. Addi-
tionally, thereis active researchon improved buffer andrepeater
design,andnovel globalsignalingtechniques.

While onemight view the interconnectproblemasthe resultof
inadequatequality in designtools, the problemhasmuchdeeper
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Figure 1: As the number of componentsin a block increases,so doesthe area. Additionally , the number of “nearby” locations
for componentsalso increases.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 generalarecausedby geometry
andcircuit complexity; we presentour analysishere.

At roughly the sametime as Moore's projection,an observa-
tion was madeby F. Rent, regarding the numberof “terminal”
connectionson a pieceof computinghardware. “Rent's Rule”,
T = k � np, was reportedin 1969 by Radke[26], and by Land-
manandRusso[18]in 1971. Thenumberof terminalsT wasseen
to correlatewith the numberof componentsn within a portion of
hardware. The Rentparameterp canbe viewed asa measureof
circuit complexity; the numberof connectingterminalson a sub-
circuit increasesasdevice complexity increases.A constantfactor
k accountsfor componentfan-inor fan-out.

The observation by Rent hasbeencon�rmed by a numberof
studies.An early survey on the rule is [10]; morerecentsurveys
and tutorials include[4, 32]. The rule hasbeenusedextensively
for congestion,wire length,andnet degreeestimation(for exam-
ple, [13, 24, 42, 30, 19]), aswell ascut sequenceoptimizationfor
recursive bisectionplacement[40].

The valueof the Rentparameterp is extremely important. In
heirarchicalboard-level decompositions(which led to Rent's ob-
servation),p is typically around0.6.By extractingrectangularpor-
tionsof standardcell placements,[7] observed p valuesaround0.7,
or higher. [7] alsonotesthatthereis a differencebetweenthe“cir-
cuit topology” Rentparameterand“layout” Rentparameter, with
the“layout” parameterbeingstrictly greater.

In [19], Rentparametersof around0.6wereusedfor congestion
estimation;it wasnotedthatthePEKO[3] benchmarkshaveunusu-
ally low valuesof p. [35] comparedRentparametersfrom different
placementapproaches,with valuesof p approaching0.8 for some
circuits. In [41], differentcircuit structureswerecompared,with
many blocks involved in instruction fetch, instructiondecoding,
and �oating point operationshaving valuesof p around0.6. For
nearlyall theanalysisof computingarchitectures,thevalueof p is
from 0.6 to 0.8. A pipelinemayhave a Rentparameterof 0, while
a perfectmeshhasp = 0:5; at worst,p = 1.

We notethat the Rentparameteris architecture-dependent,and
mayvarywithin adesign.At thehighestlevelsof heirarchy, Rent's
Rulecanbe inaccurate,dueto limited numbersof inputsandout-
puts at the peripheryof a chip; one recentwork to considerthis
is [36]. Rent's Rulehasproveneffective for characterizingcircuit
interconnectdemandsat a coarselevel; it hasbeenknown to be
inaccuratefor �ne details[29].

2.1.1 RentLimit onSystemSize
Any computingsystemfor any technologymusthave a physical

representation;the logical elementsmustbe embeddedin at most
threedimensions.This embeddingplacesconstraintson the sys-
tem, andit is at this point that the valueof the Rentparameterp
becomescritical.

Our analysisusesan intuitive conceptof “adjacency.” For any
given componentin a planarlayout, thereare four “immediately
adjacent”locations–above, below, and to the left and right. For
threedimensions,therearesix adjacentlocations.

Considera circuit C, which hasa subcircuitS that containsn
components;we will assumethatShasbeenembeddedin a plane,
andis roughlysquare.Thenumberof immediatelyadjacentloca-
tionsto Sis 4� n0:5. If we assumethatthemaximumdistancethat
an averagesizegatecandrive a wire is L (which is relatedto the
physicalsizeof thegate),we have 4� L � n0:5 + 2� L2 locations
that arewithin L of the subcircuitS. The numberof adjacentlo-
cationsto a region,andconstraintsthis adjacency placeson circuit
topology, areillustratedin Figure1.

Rent's Rule speci�es that therewill be T terminalconnections
onS; thus,we have T pairsof componentsthatmustbeconnected.
For eachpair, oneof the componentswill be locatedsomewhere
within S, andtheotherwill belocatedsomewherein C� S.

The impendingtrouble shouldbe apparentto anyone familiar
with thecomputationalcomplexity workof HartmanisandStearns[14].
Thebasicprinciple is illustratedby thedegree-5nodein Figure1;
the numberof componentsconnectedtogetherexceedsthe physi-
cal space–therefore,at leastoneof theconnectionsmustbelonger



The number of components in an integrated circuit: n = 2(year - 1965)
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Figure 2: Computational complexity should make the following obvious: if the number of adjacent locations increasesat O(n0:5),
and the terminal demandfor the block increasesat O(np) for p > 0:5, the two curveswill cross–resulting in both high interconnect
delay and the needfor buffer insertion. Buffer insertion and gatesizing 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 componentsis k� np for p � 0:6; this is O(np). The
numberof locationsin whichan“external”computingelementcan
beplacedgrows atL � n0:5 + L2, which is O(n0:5).

Supposewe havea largecircuit thatcontainsasubcircuitof size
n. Without question,for somevalue of n, therewill be external
connectionsfrom a subcircuitthatmusttravel a distanceof greater
thanL. As n increases,thepercentageof these“long connections”
increases.This is true for any valueof L, and for any degreeof
componentfan-inor fan-out.This is illustratedin Figure2.

The valueof n is tied to Moore's law. Increasingthe transistor
count of a systeminevitably increasesthe length of connections
until the majority are “worst case,” and requireextensive buffer-
ing and repeaterinsertion. This is in fact the behavior projected
in recentempiricalstudiesfrom Intel[28]1 We will refer to thene-
cessityof long wires as the RentLimit on systemsize. At some
point, the bene�t gainedby increasingthe numberof computing
elementswithin asystemis surpassedby theincreaseddelayof the
interconnectingwires. As circuit sizesincrease,thepercentageof
interconnectwires that can be considered“worst case”increases
towards100%,andexcessive numbersof buffersandrepeatersare
required.

The analysiswe have summarizedherecanbe viewed asopti-
mistic. First, the numberof adjacentlocationsis madeassuming
that the connectionis madefrom the peripheryof the subcircuit–
in general,however, a connectingterminalmaybedeepwithin the
subcircuit.Thecomponentsplacedoutsidethesubcircuitalsohave
constraints–evenif spaceis availablein theadjacentregion, it may
notbepracticalto placecertaincomponentsthere.

1In [28], by scalinga designthroughdifferent technologygener-
ations,a rapid increasein the numberof repeaterswasobserved.
While the total numberof computinglogic gatesremainedcon-
stant,the effective valueof L decreased,pushingthe “crossover”
point to the left. The jump in repeatercountsshows that the
crossoverpointisnotasymptoticbehavior for somearbitrarilylarge
designin the distantfuture, but rathera designlimiting factorof
currentchips.

2.1.2 CompoundingtheProblem
In thepastfew years,physicalsynthesishasbecomea key ele-

mentof circuit design. Buffer insertion,gatesizing,andrepeater
insertion,areall widely used. Unfortunately, they canalsocom-
poundtheRentlimit problem.TheRentparameterhastraditionally
beentied to componentsthat“do something.” By insertingbuffers
into a design,we do not increasethe complexity of computations
performed,but we do increasethetotal area.

If we amortizethe areademandfor buffers and repeaters,the
“averagesize”of eachcomponentincreases,therebydecreasingthe
effective value of L. Additionally, the increasedaveragesize of
componentsmeansthatwiresinternalto theblock alsoincreasein
length–andmaythemselvesneedadditionalbuffersandrepeaters.

Bufferandrepeaterinsertion,aswell asgatesizing,canbeviewed
ashaving diminishingreturns. As we increasethe “average”size
of a computingelement,thebuffer demandincreasesaswell. This
matcheswith theprojectionsof [28].

In somedesigns,thereisasigni�cant amountof “white space[39,
1]” within the design. This is typically usedto simplify routing,
andto providespacefor gatesizingandbuffer insertion.Onemight
amortizethiswhitespaceacrossthecomputingelements–andagain
weseethatthis resultsin lowereffectiveL, andtheneedfor further
buffering, repeaters,andgatesizing.

2.2 Ar chitecture Observations
Thediscussionin theprior sectionmayappeara bit pessimistic,

andfrom the“chicken little” perspective[23]. Thereis alsoskepti-
cism in themicroarchitecturecommunityon theprospectsfor de-
signsizeincreases.

In 2000, for example,Agarwal[2] projectedthat conventional
microprocessorarchitecturescouldnotsupporttheannual50%per-
fomanceimprovementsprojected.Instead,performancegainswere
projectedto bein the12%range,despitesteadyprogressin device
technology.

The lack of improvementis dueto a variety of factors(includ-
ing increasedinterconnectdelay).Clock ratescalingwasexpected
to slow–andthis in facthasoccurred.Similarly, top end“conven-
tional” microprocessorsoffer only modestperformanceimprove-
mentsover thechipsmadea few yearsago.



2.3 The Writing on the Wall
It shouldbeclearfrom recentdesignstartsthatthecurrentstate

is not businessasusual. The impactof theRentlimit hasalready
beenfelt; thebuffer explosionprojectedin [28] is asymptomof this
problem.Onemight alsoview themove from CISC(complex in-
structionsetcomputer)architecturesto RISC(reducedinstruction
setcomputer)architecturesasfurtherevidenceof thelimit.

Thereis alsobroadadoptionof multi-coredesigns,ratherthan
conventionalsingle core designs. This reducesthe effect of the
Rentlimit, aseachcorehasa lower device count,andthey areem-
beddedin ameshstructurethathasp= 0:5, whichcanbesustained
easily.

Multi-core designsare currently being produceda numberof
companies,includingIBM, AMD, andSun.Intel recentlyannounced
a multi-coredesign[21],andhasapparentlyabandoneda questto-
wardshigherclock rates. The CELL architecture[25],jointly de-
velopedby IBM, Toshiba,andSony, featureslargenumbersof in-
dependentvectorprocessors.

Recentattemptsto SuperSizeconventionalCPUshave not been
successful.This is not due to inadequatedesigntools or device
technology. Instead,designsizesareapproachingfundamentallim-
its basedon geometryandcircuit complexity. Only a few classes
of circuitswill beableto utilize theincreasedcapacityof thenext
few technologynodes.

3. PARALLEL ARCHITECTURES
The prior sectionpaints a bleak picture for further transistor

countscalingin traditionalcomputingarchitectures.TheRentlimit
makesdesigninga largesingle-instructionsingle-data(SISD) mi-
croprocessorprogressively lessattractive, andin factmany of the
major microprocessormanufacturershave moved towardsmulti-
processordesigns.

Multi-processorsystemsare appealingon a numberof levels.
They clearlysimplify thedesignprocess,allowing smallerindivid-
ual components–thisalsoavoids the “Rent limit” describedin the
prior section. Throughreplicationof processors,arbitrarily large
amountsof silicon areacanbeutilized. With a well designedon-
chip interconnectionnetwork, it is clearly possibleto constructa
“server farm on a chip[27].” In termsof the numberof �oating
point operationspossibleper second,energy per operation,anda
varietyof othermetrics,parallelcomputinghasmany advantages.

Theadvantagesaresoclear, in fact,thatonemight wonderwhy
thisapproachwasnotpursuedearlier. A brief survey of prior work,
however, shows that in fact, parallelprocessinghasbeeninvesti-
gatedthorougly. Furht[11], in 1994paper, notesthefollowing: “a
decadeago,university researcherswerein love with parallelcom-
puters,andtheUS governmentamorouslyresponded.Thosewere
thedaysof glory, but timeshavechanged:themarket for massively
parallelcomputershascollapsed,andmany companieshave gone
out of business,but the researchersare still in love with parallel
computing.”

Almost all commercialventuresinto the constructionof large
scalemulti-processorsystemshavemetlittle success.Perhapsmost
dramaticwastheattemptby ThinkingMachinesin themid 1980's;
despitehaving anexperiencedarchitectureteamwith excellentcre-
dentials,aswell ascomputerscientistsandphysicistsof note,the
company failed to becomepro�table. The price andperformance
advantageof multi-processorsystemsis undeniable;to date,how-
ever, therehasbeenlittle successin harnessingthispower for “gen-
eralpurpose”computing.

While in principle,acomputerwith X microprocessorscandoX
timesthework of asingleprocessorsystem,in practice, theamount

of work thatcanbeperformedis far lessthanthat. Most problems
that average computercustomers wish to solve areinherentlyse-
rial. At most,a singlehumanusermight beableto take advantage
of a few microprocessors–but not the hundredsor thousandspro-
posedasa meansof continuingMoore's law scaling.

Attemptsto developnew softwareparadigmsto harnessthecom-
putingpower of parallelmachineshave alsonot metwith success.
Parallel-optimizingcompilershavebeenin existancefor many years,
and therehave beennumerousattemptsto develop bettermathe-
maticalframeworks. As an example,onemight considerthepro-
gramminglanguageoccam, developedin theearly1990s–carefully
designed,�e xible, portable,andessentiallynon-existantin modern
computing.

To beclearon this point–thereis a seeminglyinsatiabledemand
for singleprocessorperformance.Typical consumerscanrapidly
harnessall the availablecomputepower availableof a traditional
microprocessors;thedemandresultsin high pro�t marginsfor this
market. Multi-processorsystems,by contrast,have only a handful
of customers;we would suggestthatthecommercialprospectsfor
a “server farmon achip” arebleak.

Theonly notableexception,in whichoneencounterslargecom-
mercialdemandfor parallelcomputing,is in graphicscoprocess-
ing. In the renderingof three-dimensionalscenes,large numbers
of trianglesneedto betransformedandrendered–thisis commonly
donein parallel.

4. FUTURE DESIGN PROBLEMS
While muchof thediscussionhasrevolvedaroundmicroproces-

sors,we notethatASICsin generalencounterthesameproblems–
with a few yearsof lag. Becausetheseproblemsarebasedon ge-
ometryandcircuit complexity, attemptsto designextremelylarge
monolithic circuits are almostcertainly doomed–thus,the nature
of designproblemsthat mustbe solved will changeto re�ect the
natureof designsthatareattempted.

4.1 (Almost) No SuperSizedDesigns
If oneconsiderscurrentmicroprocessors,thereis a clear trend

away from largertransistorcount“traditional” single-coredesigns.
This is asigni�cant shift–priorto 2001,large-volumemicroproces-
sorswereall single-core.We would arguethat the“Rent limit” is
an underlyingmotivation for the architecturaldecisionsmadeby
experienceddesignteamsat IBM, AMD, Sun,andIntel – andthat
thesedecisionswerenotmadelightly.

An exceptionto this would bememorychips–whichhave anin-
herentRentparameterof 0.5,andthusdonot facethesamescaling
challengesof morecomplex circuitry.

4.2 SomeSmall­ScaleMulti­Cor eDesigns
Emergingarchitecturessuchasthemulti-coredesignsfrom IBM,

Sun,AMD, andIntel, featureafew processingcores–normally8 or
fewer. Thereis aneedfor designtoolsto handleon-chipcommuni-
cationnetworks,andmethodsto assignprocesstasksto individual
blocks. It seemsunlikely, however, thatthesedesignswill scaleto
largersizes.

4.3 FewLar ge­ScaleMulti­Cor eDesigns
By repeatedlyincreasingthe numberof processingcores,one

might expectto beableto utilize all fabricationpotential,without
encounteringthe Rent Limit. A meshof processorshasa Rent
parameterof p = 0:5, which is easilysustainable.

While thereis currentlya greatdealof enthusiasmfor parallel
processing,it is perhapsreminiscentof the views of Enslow[16]
or JonesandSchwarz[15], from a few decadesago. Enslow, for



example,suggested“the future will �nd multiprocessing,aswell
astheotherconceptsof parallelprocessing,in muchwiderusethan
doesthepresent.”

By now, it shouldobviousthatdespitenumerousattempts,paral-
lel processinghasfailedto expandmuchbeyondcompute-intensive
scienti�c tasksthatcanbemadeparalleleasily.

4.4 SomeThreeDimensionalCir cuits
Motivatedin part by the “interconnectproblem,” a numberof

groupsareinvestigatingthe fabricationof circuits in threedimen-
sions.While this might appearto improve the“adjacency parame-
ter” from 0.5to 0.66,this is not in factthecase.

Thetechnologiesbeinginvestigated(for example,[8, 9, 37,31])
exploreonly a limited numberof layers.If oneconsidersthenum-
berof layersasaconstantfactor, weclearlyregressinto theoriginal
dif�cult situation.With k layers,thenumberof “adjacent”locations
improvesto k� (L � n0:5 + L2), which is still O(n0:5).

Threedimensionalcircuits areclearly advantageous;tools will
needto adaptto handlethis typeof design.

4.5 Non­Manhattan Design
Theinterconnectlengthadvantagesgivenbynon-Manhattanrout-

ing architecturesarewell known[17,38]. As designsarelesslikely
to bedifferentiatedbasedonprocesstechnologyor transistorcounts,
thegainsavailablethroughalternative wiring becomemoreattrac-
tive. Non-Manhattandesignbreaksmany currenttool �o ws, and
might beconsideredasa last resort;extensive tool developmentis
required.

4.6 Structured Cir cuitry
Thegapin performancebetweencustomdesignandsynthesized

designis well known[6]. For humangenerateddesigns,thereis
commonlya greatdealof regularity andstructure–bitandcontrol
lines arespreadin regular patterns,as it is not possiblefor a de-
signerto managea chaoticsemi-randomdesign.

Recently, therehasbeenaninterestin generatingcircuitswhich
canbemappedto a regularstructureeasily[5]. If thecircuit struc-
turematchesa physicalembedding,thebene�tsareenormous.

Regularor semi-regularstructuresinitially werequitechalleng-
ing to traditional placementtools, but somehave beenadapted
to handlethe new circuit structures.The PEKO[3] benchmarks,
initially usedto show suboptimalityof placementmethods,have
a greatdeal of structure. While initial experimentsshowed that
placementtools were 50% or more away from optimal, this gap
hasbeenclosedrapidly, andfastmethodsthat arewithin 22% of
optimal[22](or less)areavailable.

Weneednot restrictacircuit topologyto beperfectlymesh-like;
if mostnetsaresemi-local,globalnetsareclearlymarked,andthe
synthesisapproachconsidersphysicalembedding,large scalede-
signcanbeperformedautomatically. Circuit performancewill be
closeto thatof classichand-designeddatapaths.

Designtools that canperformsynthesiswith regularity, or that
canextractregularity from adesign,will beextremelyuseful.

4.7 Little Big Design
Fabricationcapacitywill continueto increase–andso the tran-

sistorcountsthatareleadingedgetodaywell becommonplaceto-
morrow. If chip fabricationfor designswith a few hundredmil-
lion gatesbecomesacommoditymarket,thiswill drivedown costs.
Similarly, it will bepossibleto extractmorediesperwafer, reduc-
ing individial diecosts.

With stablefabricationprocessesthatarenotontheleadingedge,
currentdesignproblemssuchas variability control or OPC/RET

becomemuchlessdif�cult. Theperformanceadvantageof a semi-
customdesignover FPGAimplementationsareconsiderable;thus,
we anticipateanexplosionin designsthatarestill relatively large,
but that target a technologygenerationthat givesa goodprice to
performanceratio. Thedesignswill besmallrelative to fabrication
capacity, but largeby currentstandards.

4.8 Summary
Figure 3 summarizesour expectationsfor future designprob-

lems.Thewall thathasbeenhit by themicroprocessordesigncom-
munity (resultingin multi-coreCPUs)will beencounteredshortly
by themainstreamASIC community. Thus,thereis little futurefor
“supersized”monolithicdesigns.

Small scalemulti-corecanbe usedin averageconsumerappli-
cations,but large scalemulti-coredesignswill be usefulonly for
a handfulof applications.Therearerelatively few customersfor
supercomputers,and thus therewill be little needfor singlechip
server farms.

Non-Manhattanrouting architectures,three-dimensionalfabri-
cation, and circuit structuringall provide bene�t to interconnect
delay. Three dimensionalfabricationis the most expensive so-
lution, but relatively easyto take advantageof by currentdesign
tools.Non-Manhattanroutingrequirestool development–but there
appearsto belittle impactto fabricationcostor manufacturingdif�-
culty. Structuredcircuitry offersthepotentialof largeperformance
gain–but only if thefunctionalitycanbemappedto aregularstruc-
ture.

Weanticipateanexplosionin thenumberof “little-big” designs.
Ratherthanpushingthe limits of fabricationtechnology, they will
target stableprocessesthat offer lower total gatecounts,but with
greatlyreducedfabricationcost. Thesedesignswill not be trivial
in size–perhapsa few hundredmillion gates–but closerto whatcan
becurrentlyhandledby designtools.Theperformanceadvantages
of ASIC overanFPGAimplementationwill remainlarge–andwith
reducedmanufacturingcost, theremay not be a massexodusof
designsto theFPGAmarket.

No Chance Some Designs Commonplace

SuperSize

Small Scale
Multi-Core

Large Scale
Multi-Core

Non-Manhattan

3-D

Little Big
Design

Structured
Circuits

Figure3: A summary of futur edesigntypes.

5. CONCLUSION
In this paper, we have presenteda theoreticalfoundationwhich

explains why large monolithic designsare unattractive. Similar
conclusionshave beenreachedin the microarchitecturecommu-
nity. Recentchipsfrom microprocessorvendorsindicatethat they



have votedwith their feet, andarerapidly moving away from in-
creasedcoresizes.Fundamentalsizelimits havebeenreached,and
changesareobviousacrosstheindustry.

We would arguethat this changeis very signi�cant. From1965
to 2001,the industryuseda “single-core”architecturalmodel, in
which microprocessorsconsumedall availabletransistors.All the
resourcesof eachtechnologygenerationwererapidly utilized,and
therewasgreatconsumerdemandateachstepalongtheway. From
2001to currentdesigns,therehasbeenashift to multi-coredesigns.
With abrief considerationof thehistoryof parallelprocessing,one
�nds theunbridledoptimismof researchers,engineeringteams,and
investors,juxtaposedagainststunning,relentless,commercialfail-
ure.

This is an interestingtime for electronicdesignautomationre-
searchers,andfor the semiconductorindustryasa whole. While
further increasesin fabricationtechnologycanbe made,few de-
signswill be able to useleading-edgetechnology. The only tra-
ditional designsnot to face scalingchallengesare memory and
graphicschips; while not unimportant,they areonly a portion of
theentiresemiconductormarket. Microprocessorshave moved to
dual-core;but furtherincreasesin this mannerareunwise.

While thereis a greatdealof concernfor how designtoolswill
scaleto larger transistorcounts–wehave reacheda point where
thereare more transistorsavailable than can be effectively used.
Thus,ratherthanincreasingcapacity, wewouldarguethatincreased
quality is theproperobjective for futureresearch.
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