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Abstiact: — Embeddedystemsiesigncombinessoftwareimplementationsunningon anon-chipprocessoand
dedicatechardware componentsit alsointroducedP-componentgintellectualProperty)to be reusedandinte-
gratedin Systems-on-a-Chi(5oCs).Thismeansatremendougparadignshift from thetraditionalsystemdesign.
This paperintroducesan embeddedystemadesignflow in which the major challenges the explorationof the
designspacefor optimal architectureconfigurations.We shav that automationof this architecturesxploration
phasehewaily relieson fastandrelatively accurateperformanceestimatedor both hardware and software im-
plementationsimultaneouslyFor performancesstimationof hardware,we advocatetheintroductionof a priori
interconnecestimationsn architecturexplorationtoolsandshav how suchestimatesanbe usedbeneficially

Key-Wbrds: — Embeddedystem®Design,Hardware/SoftvarecodesignA Priori InterconnecEstimation.

1 Introduction

Today thetechnologicaWworld is no longerdomi-
natedby microprocessorsMany systemsaroundus
(cellular phones,cars, airplanes,washingmachines,
etc.) containand are controlledby electronicchips
consistingof both processomblocksto executesoft-
wareprogramsanddedicatechardwareblocksfor the
fast evaluation of specificfunctions. Such systems
arecalledembeddedystemsin fact,embeddedys-
temsalreadylargely outnumbercomputerchips. With
the progressin technologicalcapabilities(driven by
Moore’s law, statingthatthe numberof transistoron
achip doublesevery 18 months)it is currentlypossi-
ble to combinesereralcomponent®f embeddedys-
temson a single chip. This hasbecomeknown as
System-on-a-ChiSoC)design.

The designof embeddedystemsand of SoCsin-
troducesmary designchallenges.Analogueand RF
componentarestartingto beintegratedtogethemvith
therestof thesystemandtheirdesigncannolongerbe
seerseparatérom theoverall systendesign.Another
major challengeis the increasedreedomto choose
the systemarchitectureandtailor it to the application
athand.Thenumberof processingoresavailablefor
embeddedystemss increasingapidly andalsopre-
designecdhardwareblocks(IntellectualProperty- IP -
blocks)arebecomingwidely available. Combinethis

with the choicebetweenreithera softwareimplemen-
tation on a processoiand a hardware approachon a
dedicatedhardware part (or IP block). The conclu-
sion: anexponentialincreasen the numberof design
choices.Within this vastrangeof choicestheembed-
ded systemdesignerhasto optimize for power, tim-
ing, areayield, cost,or otherperformanceriteria.

Evaluatingthe performanceriteriain detailfor all
possibledesignsandthenpicking thebestone,is sim-
ply impossible.The evaluationof the differentarchi-
tectureshasto be basedon preliminary very fast,but
reasonablyaccurateperformanceestimates. In this
paper we focuson existing techniquedor estimating
performancgarametersf hardware P blocksbased
on a priori interconnecprediction. We breaka lance
for furtherresearchn the domainof a priori perfor
manceestimate®f hardwareandsoftwareimplemen-
tationsin the embeddedsystemscontext. Basedon
suchestimatesautomatingthe exploration of archi-
tecturedesignoptionsbecomedeasibleandaneasier
and more automateddesignflow for embeddedsys-
temscomeswithin reach.

Section2 presentsan overvien of the embedded
systemdglesignflow andshavs why very fastperfor
manceestimatesare crucial in sucha flow. Current
researcton performancesstimatesn hardwareis in-
troducedn section3.
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Fig. 1. Theembeddedystemsesignflow.

2 ArchitectureExploration

Thedesignof embeddedystemss arelatively new
researchopic in thatit combineshardware andsoft-
waredesignissues.The embeddediesignflow is de-
pictedin figurel.

The designstartswith the correctspecificationof
the system|ts functionalityandperformanceequire-
ments(datathroughputpower dissipationcost,etc.).
The specificationshoulddescribethe systemwithout
alreadydistinguishingsoftware from hardware parts
to leave all optionsopen. A unified languageto de-
scribe software and hardware should be found that
simplifies both the designof the system(or partsof
it) in hardwareandin software. It shouldalsoenable
easyverificationatall designsteps.Standardoftware
languageg¢suchasC, C++, or JAVA) lack someof the
basicconstructgo describehardware. They have dif-
ficulty in describingiming issuesconcurreng, struc-
tural hierarchyand statetransitions. Standardhard-
waredescriptionlanguageg¢suchasVHDL andVer
ilog) donothave explicit elementdor statetransitions
andhave problemsdescribingcommunication.They
also make a transitionto software languagesalmost
impossible.Therehave beensereralinitiativesto aug-
mentthesestandardanguagesvith new constructdo
enableembeddedsystemdesign. JAVA wasusedin
the JavaTime approachat the University of Califor-
nia at Berkeley [15]. Thedesignof anew description
languagebasedon VHDL wasthe goal of anindus-
trial consortiumin 1996andwassupposedo leadto
a System-Leel DesignLanguaggSLDL). However,
the mostpromisingapproachesok the softwarelan-
guageC asthe basisandaugmentedt with elements
to describeconcurreng, statetransitions,structural
and behaioural hierarchy exception handling, tim-
ing, communicatiorandsynchronisationSpecC[12]
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Fig. 2. The Paretocurve of Pareto-optimalresultssepa-
ratesthe infeasibleregion from the region whereinfe-
rior resultsarefound.

originatedfrom the University of Californiaat Irvine
but the languagethatis mostprobableto becomethe
new standardor embeddedystendesignis SystemC
[13]. It is endorsedy a consortiumof leadingdesign
companiesndgetsalot of attentionatvariousconfer
encesandsymposia.lt is boundto becomean IEEE
standardsoon.

The next stepin the embeddedystemdesignpro-
cesf figure lis architectue exploration. Thisis the
mostimportantstepsinceit is at this stagethat the
mostimportantdesigndecisionsaretaken. Architec-
ture explorationmainly consistsof searchinghe vast
designspacedor possiblearchitecturegcombinations
of designentities)that meetthe taiget requirements
asgoodaspossible.Principlerequirementarea low
power dissipationand a low designcost. Searching
thedesignspacerequiresextensve designlibrariesto
find the right componentslP-blocks,or software de-
scriptions(togetherwith the right processoto run it
on). Even moreimportantis the ability to predictthe
performanceof eachof the individual library entities
within the configuratiorcurrentlyunderinvestigation.
Indeed,one hasto validatechoicesmadein this de-
sign stepby obtainingperformanceestimateof pro-
cessingspeedmemoryallocation,siliconareapower
dissipationetc.upfront. It is clearthatsucha valida-
tion cannotbedoneby actuallydesigningall possible
designconfigurationsall theway through(thatwould
take ages).In the designexplorationphaseyery fast
and reasonablyaccurateperformancesstimatesneed
to be available. We will elaborateon thisissuein the
following section.

The useof fast performanceestimatedor design
optionsresultsin so-calledPareto-cures (figure 2).
Each designsolution correspondgo a performance
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Fig. 3. Hardware/softvare partitioningin an embedded
systemdesignflow.

estimatefor a certainoptimizationcriterion, suchas
power andarea. Generally it is not possibleto have
one solution that is optimal for both criteria at the
sametime. This resultsin an entire setof solutions
that have an optimal combinationof performancee-
sults. ThesearecalledPareto-optimal For suchsolu-
tions,theredoesnot exist anothersolutionthatis bet-
ter in one criterion without beingworsein the other
criterion. All Pareto-optimabkolutionsareonaPareto
front or Pareto curve Solutionsabove the curve or
to theright of it areinferior sincethey aredominated
by a Pareto-optimakolutionthateitherconsumesess
areaor lesspower! Solutionsto the left or below
the Paretofront are infeasible (otherwisea solution
on the Paretofront would be dominatedby this solu-
tion and,by definition, that solutionwould no longer
be on the front). The goalthusis to find the Pareto-
optimalsolutionsandonly usethosefor furtherexplo-
ration(dependingnspecificrequirement®nsomeof
the performancecriteria). All othersolutionscanbe
discarded.Becauseve areonly interestedn Pareto-
optimal solutions we canusevery fastestimatesasa
first indicationof whetheror not a proposedsolution
is farfrom or nearto the Paretofront. If it is far away,
it canbediscardedmmediately If it is close,we can
graduallyimprove the accurag of the estimateqof
coursetaking moretime to do this) to assesshe ac-
tual quality of the proposedsolution.

! Note that the definition of inferior regions and infeasiblere-
gionsis presentechere for optimization criteria that are mini-

mized. For maximizedcriteria (suchas speed)the Paretofront
locationwill bedifferent.

Thethird stepin theembeddedystemdesignflow,
hardware/softwae partitioning, has been explored
extensvely in the recentyears. The main task here
is to distribute the varioustasksthe systemhasto per
formto specifichardwareblocksandspecificsoftware
instancedo be executedon one or more processors
(seefigure 3). A first requirementfor this is to be
ableto decidewhethera taskshouldbe performedin
hardwareor in software. For this choice,similar per
formanceestimatesasin the architecturesxploration
stepare neededonly this time for a fixed architec-
ture (with known processorandknown hardwarere-
sources) Sincethe numberof possibilitiesis lower, a
moretime-consumingstimatiormethodmaybeused
that provides more accurateperformanceestimates.
However, in real-timesystemstheschedulingf tasks
hasto bedonein realtime andfastperformanceesti-
matesareagainneeded.

Hardware/softvare partitioningis muchbetterun-
derstoododaythanarchitecturexploration(whichis
still mainly a manualoperation). Several tools have
beenintroducedthat perform the partitioning (with
differentlevels of expertdesigneiguidancepossible).
Someexamplesof suchtools are GPP(GeneralPur
posePartitioner)from UC Riversidg[14], CosymaU.
Braunschweig[6]), Lycos (T.U. Denmark [19]),
POLIS (UC Berkeley [21]), Chinook(U. Washington
[3]) andCoWare(U. Leuven,Belgium,now aspin-of
compary).

If the softwarebranchof the designflow (figure 1)
is chosenthis software hasto be compiledto a spe-
cific processoavailableontheembeddedystenplat-
form. Currentlythereexist mary applicationspecific
processorgASIP’s) thathave beenoptimizedfor spe-
cific tasks.Optimalsoftwarecompilationis a separate
researctdomainandone of the mainchallengess to
find goodandfastperformancesstimateghat mimic
thebehaiour of optimizedcompilerswithoutactually
compilingcode.

Hardware designwill more and more evolve into
the reuseof IntellectualProperty(IP) blockssinceit
becomednfeasibleto designevery billion-transistor
designfrom scratch.In that casethe designeffort is
reducedto the selectionof the right IP-component.
New initiatives suchas the Virtual Soclet Interface
Alliance (VSIA, [33]) andthe extensie IP-reuseli-
brariesofferedby, e.g.,DesignandReusd7] already
provide suchservices However, partsof designswill
still needto betailoredto the applicationdomainand
the designof new applicationspecific hardware IP
will still be needed.The designof suchblocksgoes



througha corventionalhardware designflow of high
level synthesislogic designandphysicaldesign.Go-
ing backto the architecturesxplorationstep,we ob-
sene an additionalhugechallengein estimatingthe
performanceof a digital designblock beforeary of
theimplementatiordetailsareknown.

A majoraspecibf embeddedystemgiesignis the
communicatiorbetweerthe processebasedsoftware
partsandthe dedicatedchardware blocks. More than
ever before thedesignof communicatiorprotocolsis
comingin the picture. Busseshave to be synthesized
betweenprocessorsmemory and IP-blocks. Since
IP-blockscomewith their own communicationpro-
tocols,translatorswill needto be synthesizeaswell.
And all thisis now movedfrom board-leel designto
on-chipdesignsincecompleteembeddedystemsare

now integratedin a single chip (System-on-a-Chip).

The separatiorof computationsand communication
on chip hasbecomeessentiaffor supporting“plug-
and-play”for IP-blocks.

Finally, all thedesignstepsn theembeddedystem
designflow (figurel) haveto beverifiedandextensve
simulationshave to berun onthesystento verify that
it performsasspecified.

From the designflow, it is clearthe mostcrucial
stepin embeddedsystemdesignis the architecture
exploration. In that step,the designerstill hasall the
freedomto chooseanimplementatiorthatsolvesade-
signproblemin anoptimalway. Choicesmadein this
designstephave a significantimpacton the overall
designoutcome. Hence,eachdesignchoice should
be carefully selectedand verified. We are still far
from automatinghis designstepandit is still mainly
a manualjob for an experienceddesigner However,
thecomplity is hugeandthedesignspacesnormous
sothatevenexpertdesignersannever fully coverall
possibilities. A manualarchitectureselectionwill at
bestonly explore partof the Pareto-optimakolutions
or might even stick to sub-optimalsolutionsthat are
not on the Pareto-frontat all.

Although an automaticarchitectureexplorationis
still unachi@ablewith currenttools,recentyearshave
broughtnew tools that facilitate the searchthrough
the designspaceby providing extensve librariesand
performingthe comparisorof designsolutionsauto-
matically However, the performancdiguresfor each
individual componentnustbeintroducedn suchsys-
tems(by handor includedin the componentibrary)
and seldomtake the surroundingarchitecturalervi-
ronmentinto account,let alonethe algorithmic con-
text in which the componenteitherhardwareor soft-

ware)is supposedo operate.Fastautomaticperfor
manceestimatesarethe key for a nev generatiorof
architecturexplorationtoolsthatareableto provide a
setof Pareto-optimakrchitecturesonsistingof soft-
ware and hardware componentdrom a library with
a correct(accurateenough)weighting of the perfor
mancectiteria.

Early evaluationof processoarchitecturelecisions
arefoundin, e.g.,[2], [11]. Mary peopleare cur
rently working on the analysisof programmingcode
andits impacton performanceOthersinvestigatedif-
ferentprocessoarchitecturege.g.,memorymanage-
ment[20]) or performpower estimatedor processor
architecturesdasedon simple notionsof the type of
programghatwill runonthem,e.g.,[10]. Theseare
only someexamplesof theresearchirectionstoward
softwareperformancestimateshatcouldbeusedfor
architectureaxploration. In the next section,we de-
scribe somecurrentresearchdirectionsin hardware
performancestimationin somavhatmoredetail.

3 HardwarePerformancé&stimates

With Moore’s law in place(statingthatthe number
of transistoron a chip doublesavery 18 months) the
performancef achipis becomingnoreandmorede-
pendenbntheinterconnectionskelatve to thefunc-
tional transistorsijnterconnectsake moreareaon the
chip, consumemore power, areresponsiblgor most
of the signaldelay and contritute mostto the total
costof thechip. Today interconnectsrethelimiting
factorfor bothperformanceanddensityi.e.,thevalue
andthecostof aVLSI system.

Wherechip designusedto be focusedon the op-
timization of the functional blocks, thesedays one
hasto accountfor the wiring aswell. Today a fo-
cal point for improved interconnecimodelling, more
cost-efective systemarchitecturesandmoreproduc-
tive designtechnologycenterson new methodsand
modelsfor a priori system-leel interconnectpredic-
tion. Although basicworks in this areaare almost
thirty yearsold, no cohesie researctcommunityfor
interconnecpredictionwasestablishedintil the first
internationalworkshopon System-Leel Interconnect
Prediction(SLIP) [25] in April 1999.An overviewn of
the basicconceptsof andrecentresearchwork on a
priori interconnectpredictionis presentedn a book
completelydevotedto this field [24] anda collection
of recentresearchwork canbe foundin two special
issuesof IEEE Transactionson VLSI Systemg30],
[31].



3.1 InterconnecPredictionApplications

In hardwaredesign,the physicaldesignsteptrans-
formsastructuraldescriptiorof adesignto arealchip
layout. It consistsof the consecutie stepsof floor-
planning (roughly decidingwhere functional blocks
will be placedon the chip layout), placement(a de-
tailed placemenbf the gateson the chip layout) and
routing (assigningoutesto theinterconnectbetween
gates).The ComputerAided Design(CAD) toolsfor
placemenbptimizefor smallinterconnectioriengths
betweergatesor, alternatvely, for smalldelaysin the
critical wires? This requiresknowledgeof the inter-
connectrouting. Routing,on the otherhand,canonly
be doneafterthe placeof the gatesis knowvn. Hence,
duringthelayoutof computerchips,seseraliterations
betweerplacemenandroutingareneededTo reduce
or eveneliminatethe numberof placement/routing-
erations,a priori interconnectiorlength estimations
arevery helpful becausehey allow an evaluationof
placementswithout a routing step, leadingto a bet-
terinitial placementinda betterinitial routingresult.
CAD toolsfor layout generatiorthereforeespecially
benefitfrom a priori (i.e., pre-layout)wire lengthesti-
mationtechnique$23]. Thesameechniqueganalso
be usedevenearlierin the designflow for evaluating
architecturexplorationsolutions.

Currentapplicationsof a priori interconnectesti-
mationarefoundin technologyextrapolation[1]. For
estimation®f the performancef futuredesignsyery
little is known aboutthedesignanda priori techniques
are essential. The sameappliesto the evaluationof
new chip architectures. A priori estimatesmmedi-
ately provide a solid groundfor drawing preliminary
conclusionsaboutthe benefitsof new chip architec-
turesandfor comparingdifferentarchitectures.

3.2 InterconnecPredictionandRents Rule

A priori interconnecestimationtypically requires
threemodelg(figure4): (i) acircuitmodel(ii) amodel
for the physicalchip architecturan which the circuit
will beplacedand(iii) amodelfor thelayoutgenera-
tion (placemenandrouting). Currentpracticemodels
the circuit asa collectionof logic gatesconnectedo
eachotherthroughinterconnectionsmodelsthe chip
architectureas a (two-dimensional)Manhattangrid,
and assumes “good” placement(i.e., onethat suc-
cessfullyminimizeswire lengths)and enoughspace

2Critical wiresarethosewiresthatareon a long chainof inter-
connectionghathave to betraversedby a signalin asingleclock

cycle.

availableto routeall interconnectg@longthe shortest
(Manhattan)path. However, thesesimple modelsdo

not sufiice to make powerful estimationsaaboutthere-

sultinglayout. For this, oneneedgo have a notion of

(i) thecompleity of theinterconnectioriopologyand

(i) the quality of the placement.This informationis

provided by the so-calledrentsrule.

In 1971 Landmanand Russo[18] describeda re-
lationship betweenthe averagenumberof terminals
T of a partof the circuit (a modulg andthe average
numberof logic gates(basiclogic blocks B) inside
themodule(basicallyarelationbetweeninterconnect
andlogic). Thisrelationis givenby

T = tBP (1)

andis calledRents rule. The parametet is the av-
eragenumberof terminalsper logic gateandthe ex-
ponentp is the Rentexponent Its value dependsn
the complity of the interconnecttopology and on
thequality of theplacemeng. Rents rule provesto be
valid for mostdesignsandit is recentlyshavn thatit
appliesto ary homogeneoudesign[5].

3.3 Donaths Model

Rents rule hasbeenusedin wire lengthestimation
for thefirst time by Donathin 1979[9]. Theideais
simple: the circuit and the Manhattangrid are both
partitionedinto equally large parts and eachcircuit
partis mappedto a grid part. This partitioning pro-
cesss repeatedecursvely until all logic gatesareas-
signedto asinglegrid cell in the Manhattargrid. The
averagenumberof interconnectionbetweerpartsata
certainhierarchicalevel is estimatedrom Rentsrule
(detailscanbefoundin [9]) andthe averagdengthof
aconnectiomateachhierarchicalevel is estimatedy
makingsomesimpleassumptions.

Despitethe simplicity of Donaths model,it is able
to predictthe scalingof the averagewire lengthasa
function of circuit size quite well. However, Donath
foundthathis quantitatie averagewire lengthpredic-
tionswereapproximatelya factorof 2 off from mea-
suredvaluesfor realcircuits.

In [27], [28] Stroobandtet al. improved Donaths
model.IndependentlyDavis etal. [8] proposednon-
hierarchicalmethodfor wire length estimationthat
leadsto very similar results.A moredetailedanalysis
of wire lengthmodelscanbefoundin [5], [24].

3Both a more comple interconnectopology and a less opti-
mizedplacementrereflectedin a higherRentexponent. A dis-

cussionof thesedifferent aspectsof the Rent exponentcan be
foundin [32].
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Fig. 4. Thethreecomponent®f modelsfor physicaldesign:the circuit, the chip architectureandthe layout generation.
The combinationof thesemodelsresultsin the (modelfor the)layout.

3.4 OtherModel Extensions

The introductionof three-dimensionathip archi-
tectureshasinducedthe needto extend the estima-
tion modelsto three-dimensionagjrids [26]. Other
extensiondgncludetakinginto accountexternalinter
connectiong29] andmulti-terminalnets[22] andes-
timating the global wire length distribution (for het-
erogeneousystems-on-a-chippeparately34].

Currentresearcluseghesenterconnecestimation
modelsfor the predictionof routing resourceqarea
and numberof layers)[16], [17] and chip yield pre-
diction [4]. Futureresearchs looking at delaychar
acterizationand the prediction of power dissipation
in interconnects With theseextensionsfastandrel-
atively accuratepredictionof hardware performance
is coming near Introducingthesetechniquesn ar
chitectureexplorationtools promisesto dramatically
improve the easeof designingembeddedystems.

4 Conclusion

Thechallengesmposedoy thecombinatiorof soft-
ware and hardware in the designof embeddedsys-
tems,togethemwith theincreasingcompleity asare-
sult of Moore’s law, crystallizein the mostimportant
stepof embeddedystemdesign: architectureaxplo-
ration. To be ableto automatehat step,fastand effi-
cientperformanceestimatesareneededor both soft-
ware and hardwareimplementation®f systemparts.
With theseestimatesan efficient searchof the entire
designspacebecomedeasibleand the designercan

limit the final implementationpossibilitiesto those
thatarePareto-optimal.

In this paperwe have presentednoverview of re-
centevolutionsin hardware performanceestimation
basedon a priori interconnecfpredictiontechniques.
It took thirty yearsfor researcton system-lgel inter
connectpredictionto maturebut significantprogress
hasbeenmadein thelastcoupleof years mainly be-
causethe interconneciproblemsdid not becomeap-
parentuntil recently We have introducedhefield and
the modelsthat are the basisfor wire length predic-
tion: Rents rule andDonaths wire lengthestimation
model. Recentadwanceshave beenhighlightedand
we have indicatedhow thesetechniquesouldbenefit
embeddedystemsarchitectureexploration.
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