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Abstract: – Embeddedsystemsdesigncombinessoftwareimplementationsrunningonanon-chipprocessorand
dedicatedhardwarecomponents.It alsointroducesIP-components(IntellectualProperty)to bereusedandinte-
gratedin Systems-on-a-Chip(SoCs).Thismeansatremendousparadigmshift from thetraditionalsystemdesign.
This paperintroducesanembeddedsystemsdesignflow in which themajor challengeis theexplorationof the
designspacefor optimal architectureconfigurations.We show that automationof this architectureexploration
phaseheavily relieson fastandrelatively accurateperformanceestimatesfor both hardwareandsoftware im-
plementationssimultaneously. For performanceestimationof hardware,we advocatetheintroductionof a priori
interconnectestimationsin architectureexplorationtoolsandshow how suchestimatescanbeusedbeneficially.
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1 Introduction

Today, the technologicalworld is no longerdomi-
natedby microprocessors.Many systemsaroundus
(cellular phones,cars,airplanes,washingmachines,
etc.) containand are controlledby electronicchips
consistingof both processorblocks to executesoft-
wareprogramsanddedicatedhardwareblocksfor the
fast evaluationof specific functions. Suchsystems
arecalledembeddedsystems. In fact,embeddedsys-
temsalreadylargelyoutnumbercomputerchips.With
the progressin technologicalcapabilities(driven by
Moore’s law, statingthatthenumberof transistorson
a chip doublesevery 18 months)it is currentlypossi-
ble to combineseveralcomponentsof embeddedsys-
temson a single chip. This hasbecomeknown as
System-on-a-Chip(SoC)design.

The designof embeddedsystemsandof SoCsin-
troducesmany designchallenges.AnalogueandRF
componentsarestartingto beintegratedtogetherwith
therestof thesystemandtheirdesigncannolongerbe
seenseparatefrom theoverallsystemdesign.Another
major challengeis the increasedfreedomto choose
thesystemarchitectureandtailor it to theapplication
athand.Thenumberof processingcoresavailablefor
embeddedsystemsis increasingrapidly andalsopre-
designedhardwareblocks(IntellectualProperty- IP -
blocks)arebecomingwidely available.Combinethis

with thechoicebetweeneithera softwareimplemen-
tation on a processoranda hardware approachon a
dedicatedhardware part (or IP block). The conclu-
sion: anexponentialincreasein thenumberof design
choices.Within thisvastrangeof choices,theembed-
dedsystemdesignerhasto optimizefor power, tim-
ing, area,yield, cost,or otherperformancecriteria.

Evaluatingtheperformancecriteriain detail for all
possibledesignsandthenpickingthebestone,is sim-
ply impossible.Theevaluationof thedifferentarchi-
tectureshasto bebasedon preliminary, very fast,but
reasonablyaccurateperformanceestimates. In this
paper, we focuson existing techniquesfor estimating
performanceparametersof hardwareIP blocksbased
on a priori interconnectprediction.We breaka lance
for further researchin the domainof a priori perfor-
manceestimatesof hardwareandsoftwareimplemen-
tationsin the embeddedsystemscontext. Basedon
suchestimates,automatingthe explorationof archi-
tecturedesignoptionsbecomesfeasibleandaneasier
andmoreautomateddesignflow for embeddedsys-
temscomeswithin reach.

Section2 presentsan overview of the embedded
systemsdesignflow andshows why very fastperfor-
manceestimatesarecrucial in sucha flow. Current
researchon performanceestimatesin hardwareis in-
troducedin section3.
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Fig. 1. Theembeddedsystemsdesignflow.

2 ArchitectureExploration

Thedesignof embeddedsystemsis arelatively new
researchtopic in that it combineshardwareandsoft-
waredesignissues.Theembeddeddesignflow is de-
pictedin figure1.

The designstartswith the correctspecificationof
thesystem,its functionalityandperformancerequire-
ments(datathroughput,powerdissipation,cost,etc.).
Thespecificationshoulddescribethesystemwithout
alreadydistinguishingsoftware from hardwareparts
to leave all optionsopen. A unified languageto de-
scribe software and hardware should be found that
simplifiesboth the designof the system(or partsof
it) in hardwareandin software. It shouldalsoenable
easyverificationatall designsteps.Standardsoftware
languages(suchasC, C++,or JAVA) lacksomeof the
basicconstructsto describehardware.They have dif-
ficulty in describingtiming issues,concurrency, struc-
tural hierarchyandstatetransitions. Standardhard-
waredescriptionlanguages(suchasVHDL andVer-
ilog) donothaveexplicit elementsfor statetransitions
andhave problemsdescribingcommunication.They
also make a transitionto software languagesalmost
impossible.Therehavebeenseveralinitiativesto aug-
mentthesestandardlanguageswith new constructsto
enableembeddedsystemdesign. JAVA wasusedin
the JavaTime approachat the University of Califor-
nia at Berkeley [15]. Thedesignof a new description
languagebasedon VHDL wasthe goal of an indus-
trial consortiumin 1996andwassupposedto leadto
a System-Level DesignLanguage(SLDL). However,
themostpromisingapproachestook thesoftwarelan-
guageC asthebasisandaugmentedit with elements
to describeconcurrency, statetransitions,structural
and behavioural hierarchy, exceptionhandling, tim-
ing, communicationandsynchronisation.SpecC[12]

Fig. 2. The Paretocurve of Pareto-optimalresultssepa-
ratesthe infeasibleregion from theregion whereinfe-
rior resultsarefound.

originatedfrom theUniversityof Californiaat Irvine
but the languagethat is mostprobableto becomethe
new standardfor embeddedsystemdesignis SystemC
[13]. It is endorsedby aconsortiumof leadingdesign
companiesandgetsalot of attentionatvariousconfer-
encesandsymposia.It is boundto becomean IEEE
standardsoon.

Thenext stepin theembeddedsystemdesignpro-
cessof figure1 is architecture exploration. This is the
most importantstepsinceit is at this stagethat the
mostimportantdesigndecisionsaretaken. Architec-
tureexplorationmainly consistsof searchingthevast
designspacefor possiblearchitectures(combinations
of designentities)that meetthe target requirements
asgoodaspossible.Principlerequirementsarea low
power dissipationanda low designcost. Searching
thedesignspacerequiresextensive designlibrariesto
find theright components,IP-blocks,or softwarede-
scriptions(togetherwith the right processorto run it
on). Evenmoreimportantis theability to predictthe
performanceof eachof the individual library entities
within theconfigurationcurrentlyunderinvestigation.
Indeed,onehasto validatechoicesmadein this de-
signstepby obtainingperformanceestimatesof pro-
cessingspeed,memoryallocation,siliconarea,power
dissipation,etc.upfront. It is clearthatsucha valida-
tion cannotbedoneby actuallydesigningall possible
designconfigurationsall theway through(thatwould
take ages).In thedesignexplorationphase,very fast
andreasonablyaccurateperformanceestimatesneed
to beavailable. We will elaborateon this issuein the
following section.

The useof fast performanceestimatesfor design
optionsresultsin so-calledPareto-curves (figure 2).
Each designsolution correspondsto a performance
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Fig. 3. Hardware/software partitioning in 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 entiresetof solutions
thathave anoptimalcombinationof performancere-
sults.ThesearecalledPareto-optimal.For suchsolu-
tions,theredoesnotexist anothersolutionthatis bet-
ter in onecriterion without beingworsein the other
criterion.All Pareto-optimalsolutionsareonaPareto
front or Pareto curve. Solutionsabove the curve or
to theright of it areinferior sincethey aredominated
by aPareto-optimalsolutionthateitherconsumesless
areaor lesspower.1 Solutionsto the left or below
the Paretofront are infeasible(otherwisea solution
on theParetofront would bedominatedby this solu-
tion and,by definition,thatsolutionwould no longer
be on the front). The goal thusis to find the Pareto-
optimalsolutionsandonly usethosefor furtherexplo-
ration(dependingonspecificrequirementsonsomeof
the performancecriteria). All othersolutionscanbe
discarded.Becausewe areonly interestedin Pareto-
optimalsolutions,we canusevery fastestimatesasa
first indicationof whetheror not a proposedsolution
is far from or nearto theParetofront. If it is faraway,
it canbediscardedimmediately. If it is close,we can
gradually improve the accuracy of the estimates(of
coursetaking moretime to do this) to assessthe ac-
tualquality of theproposedsolution.
�
Note that the definition of inferior regionsand infeasiblere-

gions is presentedhere for optimizationcriteria that are mini-
mized. For maximizedcriteria (suchasspeed),the Paretofront
locationwill bedifferent.

Thethird stepin theembeddedsystemdesignflow,
hardware/software partitioning, has been explored
extensively in the recentyears. The main taskhere
is to distributethevarioustasksthesystemhasto per-
form to specifichardwareblocksandspecificsoftware
instancesto be executedon one or more processors
(seefigure 3). A first requirementfor this is to be
ableto decidewhethera taskshouldbeperformedin
hardwareor in software. For this choice,similar per-
formanceestimatesasin thearchitectureexploration
stepare needed,only this time for a fixed architec-
ture(with known processorsandknown hardwarere-
sources).Sincethenumberof possibilitiesis lower, a
moretime-consumingestimationmethodmaybeused
that provides more accurateperformanceestimates.
However, in real-timesystems,theschedulingof tasks
hasto bedonein real time andfastperformanceesti-
matesareagainneeded.

Hardware/softwarepartitioningis muchbetterun-
derstoodtodaythanarchitectureexploration(whichis
still mainly a manualoperation). Several tools have
beenintroducedthat perform the partitioning (with
differentlevelsof expertdesignerguidancepossible).
Someexamplesof suchtools areGPP(GeneralPur-
posePartitioner)from UC Riverside[14], Cosyma(U.
Braunschweig [6]), Lycos (T.U. Denmark [19]),
POLIS(UC Berkeley [21]), Chinook(U. Washington
[3]) andCoWare(U. Leuven,Belgium,now aspin-off
company).

If thesoftwarebranchof thedesignflow (figure1)
is chosen,this softwarehasto be compiledto a spe-
cific processoravailableontheembeddedsystemplat-
form. Currentlythereexist many applicationspecific
processors(ASIP’s) thathavebeenoptimizedfor spe-
cific tasks.Optimalsoftwarecompilationis aseparate
researchdomainandoneof themainchallengesis to
find goodandfastperformanceestimatesthat mimic
thebehaviour of optimizedcompilerswithoutactually
compilingcode.

Hardware designwill more and more evolve into
the reuseof IntellectualProperty(IP) blockssinceit
becomesinfeasibleto designevery billion-transistor
designfrom scratch.In that casethe designeffort is
reducedto the selectionof the right IP-component.
New initiatives suchas the Virtual Socket Interface
Alliance (VSIA, [33]) and the extensive IP-reuseli-
brariesofferedby, e.g.,DesignandReuse[7] already
provide suchservices.However, partsof designswill
still needto betailoredto theapplicationdomainand
the designof new applicationspecific hardware IP
will still be needed.The designof suchblocksgoes
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througha conventionalhardwaredesignflow of high
level synthesis,logic designandphysicaldesign.Go-
ing backto the architectureexplorationstep,we ob-
serve an additionalhugechallengein estimatingthe
performanceof a digital designblock beforeany of
theimplementationdetailsareknown.

A majoraspectof embeddedsystemsdesignis the
communicationbetweentheprocessor-basedsoftware
partsandthe dedicatedhardwareblocks. More than
everbefore,thedesignof communicationprotocolsis
comingin thepicture. Busseshave to besynthesized
betweenprocessors,memory and IP-blocks. Since
IP-blockscomewith their own communicationpro-
tocols,translatorswill needto besynthesizedaswell.
And all this is now movedfrom board-level designto
on-chipdesignsincecompleteembeddedsystemsare
now integratedin a singlechip (System-on-a-Chip).
The separationof computationsand communication
on chip hasbecomeessentialfor supporting“plug-
and-play”for IP-blocks.

Finally, all thedesignstepsin theembeddedsystem
designflow (figure1) haveto beverifiedandextensive
simulationshave to berunonthesystemto verify that
it performsasspecified.

From the designflow, it is clear the most crucial
step in embeddedsystemdesignis the architecture
exploration. In thatstep,thedesignerstill hasall the
freedomto chooseanimplementationthatsolvesade-
signproblemin anoptimalway. Choicesmadein this
designstephave a significant impact on the overall
designoutcome. Hence,eachdesignchoiceshould
be carefully selectedand verified. We are still far
from automatingthis designstepandit is still mainly
a manualjob for an experienceddesigner. However,
thecomplexity is hugeandthedesignspaceenormous
sothatevenexpertdesignerscannever fully cover all
possibilities. A manualarchitectureselectionwill at
bestonly explorepartof thePareto-optimalsolutions
or might even stick to sub-optimalsolutionsthat are
noton thePareto-frontat all.

Although an automaticarchitectureexploration is
still unachievablewith currenttools,recentyearshave
broughtnew tools that facilitate the searchthrough
thedesignspaceby providing extensive librariesand
performingthe comparisonof designsolutionsauto-
matically. However, theperformancefiguresfor each
individualcomponentmustbeintroducedin suchsys-
tems(by handor includedin thecomponentlibrary)
and seldomtake the surroundingarchitecturalenvi-
ronmentinto account,let alonethe algorithmiccon-
text in which thecomponent(eitherhardwareor soft-

ware)is supposedto operate.Fastautomaticperfor-
manceestimatesarethe key for a new generationof
architectureexplorationtoolsthatareabletoprovidea
setof Pareto-optimalarchitecturesconsistingof soft-
ware and hardware componentsfrom a library with
a correct(accurateenough)weightingof the perfor-
mancecriteria.

Earlyevaluationof processorarchitecturedecisions
are found in, e.g., [2], [11]. Many peopleare cur-
rently working on the analysisof programmingcode
andits impactonperformance.Othersinvestigatedif-
ferentprocessorarchitectures(e.g.,memorymanage-
ment[20]) or performpower estimatesfor processor
architecturesbasedon simplenotionsof the type of
programsthatwill run on them,e.g.,[10]. Theseare
only someexamplesof theresearchdirectionstoward
softwareperformanceestimatesthatcouldbeusedfor
architectureexploration. In the next section,we de-
scribesomecurrent researchdirectionsin hardware
performanceestimationin somewhatmoredetail.

3 HardwarePerformanceEstimates

With Moore’s law in place(statingthatthenumber
of transistorsona chipdoublesevery 18 months),the
performanceof achipis becomingmoreandmorede-
pendenton theinterconnections.Relative to thefunc-
tional transistors,interconnectstake moreareaon the
chip, consumemorepower, areresponsiblefor most
of the signal delay, and contribute most to the total
costof thechip. Today, interconnectsarethelimiting
factorfor bothperformanceanddensity, i.e.,thevalue
andthecostof aVLSI system.

Wherechip designusedto be focusedon the op-
timization of the functional blocks, thesedays one
hasto accountfor the wiring as well. Today, a fo-
cal point for improved interconnectmodelling,more
cost-effective systemarchitectures,andmoreproduc-
tive designtechnologycenterson new methodsand
modelsfor a priori system-level interconnectpredic-
tion. Although basicworks in this areaare almost
thirty yearsold, no cohesive researchcommunityfor
interconnectpredictionwasestablisheduntil thefirst
internationalworkshoponSystem-Level Interconnect
Prediction(SLIP) [25] in April 1999.An overview of
the basicconceptsof andrecentresearchwork on a
priori interconnectpredictionis presentedin a book
completelydevotedto this field [24] anda collection
of recentresearchwork canbe found in two special
issuesof IEEE Transactionson VLSI Systems[30],
[31].
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3.1 InterconnectPredictionApplications

In hardwaredesign,thephysicaldesignsteptrans-
formsastructuraldescriptionof adesignto arealchip
layout. It consistsof the consecutive stepsof floor-
planning(roughly decidingwherefunctional blocks
will be placedon the chip layout), placement(a de-
tailed placementof thegateson thechip layout) and
routing(assigningroutesto theinterconnectsbetween
gates).TheComputer-Aided Design(CAD) tools for
placementoptimizefor small interconnectionlengths
betweengatesor, alternatively, for smalldelaysin the
critical wires.2 This requiresknowledgeof the inter-
connectrouting.Routing,on theotherhand,canonly
bedoneaftertheplaceof thegatesis known. Hence,
duringthelayoutof computerchips,severaliterations
betweenplacementandroutingareneeded.To reduce
or eveneliminatethenumberof placement/routingit-
erations,a priori interconnectionlength estimations
arevery helpful becausethey allow an evaluationof
placementswithout a routing step,leadingto a bet-
ter initial placementanda betterinitial routingresult.
CAD tools for layout generationthereforeespecially
benefitfrom apriori (i.e.,pre-layout)wire lengthesti-
mationtechniques[23]. Thesametechniquescanalso
beusedevenearlierin thedesignflow for evaluating
architectureexplorationsolutions.

Currentapplicationsof a priori interconnectesti-
mationarefoundin technologyextrapolation[1]. For
estimationsof theperformanceof futuredesigns,very
little is known aboutthedesignandapriori techniques
areessential.The sameappliesto the evaluationof
new chip architectures.A priori estimatesimmedi-
ately provide a solid groundfor drawing preliminary
conclusionsaboutthe benefitsof new chip architec-
turesandfor comparingdifferentarchitectures.

3.2 InterconnectPredictionandRent’sRule

A priori interconnectestimationtypically requires
threemodels(figure4): (i) acircuit model(ii) amodel
for thephysicalchip architecturein which thecircuit
will beplaced,and(iii) amodelfor thelayoutgenera-
tion (placementandrouting).Currentpracticemodels
thecircuit asa collectionof logic gatesconnectedto
eachotherthroughinterconnections,modelsthechip
architectureas a (two-dimensional)Manhattangrid,
andassumesa “good” placement(i.e., one that suc-
cessfullyminimizeswire lengths)andenoughspace
�
Critical wiresarethosewiresthatareona longchainof inter-

connectionsthathave to betraversedby a signalin a singleclock
cycle.

availableto routeall interconnectsalongtheshortest
(Manhattan)path. However, thesesimplemodelsdo
notsuffice to makepowerful estimationsaboutthere-
sultinglayout. For this,oneneedsto have a notionof
(i) thecomplexity of theinterconnectiontopologyand
(ii) thequality of theplacement.This informationis
providedby theso-calledRent’s rule.

In 1971LandmanandRusso[18] describeda re-
lationshipbetweenthe averagenumberof terminals�

of a part of the circuit (a module) andtheaverage
numberof logic gates(basiclogic blocks � ) inside
themodule(basicallya relationbetweeninterconnect
andlogic). This relationis givenby

����� �	� (1)

andis calledRent’s rule. The parameter
�

is the av-
eragenumberof terminalsper logic gateandtheex-
ponent
 is the Rentexponent. Its valuedependson
the complexity of the interconnecttopology and on
thequalityof theplacement.3 Rent’s ruleprovesto be
valid for mostdesignsandit is recentlyshown that it
appliesto any homogeneousdesign[5].

3.3 Donath’sModel

Rent’s rulehasbeenusedin wire lengthestimation
for the first time by Donathin 1979[9]. The ideais
simple: the circuit and the Manhattangrid areboth
partitionedinto equally large partsand eachcircuit
part is mappedto a grid part. This partitioningpro-
cessis repeatedrecursively until all logic gatesareas-
signedto asinglegrid cell in theManhattangrid. The
averagenumberof interconnectionsbetweenpartsata
certainhierarchicallevel is estimatedfrom Rent’s rule
(detailscanbefoundin [9]) andtheaveragelengthof
aconnectionateachhierarchicallevel is estimatedby
makingsomesimpleassumptions.

Despitethesimplicity of Donath’s model,it is able
to predictthe scalingof the averagewire lengthasa
function of circuit sizequite well. However, Donath
foundthathisquantitativeaveragewire lengthpredic-
tionswereapproximatelya factorof 2 off from mea-
suredvaluesfor realcircuits.

In [27], [28] Stroobandtet al. improved Donath’s
model.Independently, Davis etal. [8] proposedanon-
hierarchicalmethodfor wire length estimationthat
leadsto very similar results.A moredetailedanalysis
of wire lengthmodelscanbefoundin [5], [24].�

Both a morecomplex interconnecttopologyanda lessopti-
mizedplacementarereflectedin a higherRentexponent.A dis-
cussionof thesedifferent aspectsof the Rent exponentcan be
foundin [32].
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Fig. 4. The threecomponentsof modelsfor physicaldesign:the circuit, the chip architectureandthe layoutgeneration.
Thecombinationof thesemodelsresultsin the(modelfor the)layout.

3.4 OtherModelExtensions

The introductionof three-dimensionalchip archi-
tectureshas inducedthe needto extend the estima-
tion modelsto three-dimensionalgrids [26]. Other
extensionsincludetaking into accountexternalinter-
connections[29] andmulti-terminalnets[22] andes-
timating the global wire lengthdistribution (for het-
erogeneoussystems-on-a-chip)separately[34].

Currentresearchusestheseinterconnectestimation
modelsfor the predictionof routing resources(area
andnumberof layers)[16], [17] andchip yield pre-
diction [4]. Futureresearchis looking at delaychar-
acterizationand the predictionof power dissipation
in interconnects.With theseextensions,fastandrel-
atively accuratepredictionof hardware performance
is coming near. Introducingthesetechniquesin ar-
chitectureexplorationtools promisesto dramatically
improve theeaseof designingembeddedsystems.

4 Conclusion

Thechallengesimposedby thecombinationof soft-
ware and hardware in the designof embeddedsys-
tems,togetherwith theincreasingcomplexity asa re-
sult of Moore’s law, crystallizein themostimportant
stepof embeddedsystemdesign:architectureexplo-
ration. To beableto automatethatstep,fastandeffi-
cientperformanceestimatesareneededfor bothsoft-
wareandhardwareimplementationsof systemparts.
With theseestimates,anefficient searchof theentire
designspacebecomesfeasibleand the designercan

limit the final implementationpossibilitiesto those
thatarePareto-optimal.

In this paper, we have presentedanoverview of re-
cent evolutions in hardware performanceestimation
basedon a priori interconnectpredictiontechniques.
It took thirty yearsfor researchon system-level inter-
connectpredictionto maturebut significantprogress
hasbeenmadein thelastcoupleof years,mainly be-
causethe interconnectproblemsdid not becomeap-
parentuntil recently. Wehaveintroducedthefield and
the modelsthat are the basisfor wire lengthpredic-
tion: Rent’s rule andDonath’s wire lengthestimation
model. Recentadvanceshave beenhighlightedand
we have indicatedhow thesetechniquescouldbenefit
embeddedsystemsarchitectureexploration.
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