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Abstract

As interconnecincreasinglydominatesielayandpower atthelatesttechnologynodes,
mucheffort is investedn physicalsynthesisptimizationsposinggreatchallengesn vali-
datingthe correctnessf suchoptimizations.Commondesignmethodologiepostponghe
veri cation of physicalsynthesigransformationsintil the completionof the designphase.
The design o w is no longer sustainablébecausasolating potentialerrors producedby
thesephysicaltransformation®ecomesxtremelychallengingatthelate designstages.To
addresgheseissueswe proposea fastincrementalveri cation systemfor physicalsyn-
thesisoptimizations]nVerS,whichincludescapabilitiedor errordetectiondiagnosisand
visualization.InVerSis basedon a simpleyet effective circuit similarity metricto quickly
help engineersdentify potentialerrorsearlierin the development,andit resortsto tradi-
tional veri cation only whennecessaryo ensurehe completenessf theveri cation o w.
InVerS also provides an error visualizationinterface to simplify error isolation and cor
rection,therebyreducingveri cation effort andenablingmoreaggressie optimizationsto
improve designperformance.

Keywords:functionalveri cation, delugging,equivalencechecking

1 Intr oduction

The compleity growth of digital designsposesincreasingchallengedo the functionalveri -

cationof a circuit. As aresult,digital systemsarecommonlyreleasedvith latentbugs,andthe
numberof suchbugsis growing largerfor eachnew design,ascanbe obsenedfrom publicly
available erratadocumentsy any major semiconductorvendor The veri cation problemis
further exacerbatedy the growing dominanceof interconnecin delayandpower of modern
designswhich requirestremendougphysicalsynthesiseffort [11] andeven morepowerful op-
timizationssuchasretiming [6]. Giventhatbugsstill appeatin mary EDA toolstoday|[9], it



is importantto verify the correctnes®f the performedoptimizations. Traditionaltechniques
addresghis veri cation problemby checkingthe equivalencebetweerthe original designand
the optimizedversion. This approachhowever, only veri es the equivalenceof two versions
of the designafter a number or possiblyall, of the transformationsand optimizationshave
beencompleted Unfortunately suchanapproachs not sustainablén thelong termbecauset
makestheidenti cation, isolation,andcorrectionof errorsintroducedby suchtransformations
extremelydif cult andtime-consumingOn the otherhand,performingtraditionalequivalence
checkingaftereachcircuit transformations too demanding Sincefunctionalcorrectnesss the
mostimportantaspecof high-qualitydesignsa large amountof effort is currentlydevotedto
veri cation anddehugging, expendingresourceghat could have otherwisebeendedicatedo
improve performanceBecausef this, veri cation hasbecomehebottleneckhatlimits which
novel featureshat canbe includedin a design[3], slowing down the evolution of the overall
guality of electronicdesigns.

Giventhecurrentpractice|t is crucialto addresshis veri cation bottlenecko improve de-
signquality. Recentadvancementso this endoftenfocusonimproving the performancef the
veri cation tool itself. For example,severaltechniqueshatusesimulationto accelerat&AT or
BDD-basedequialencecheckinghave beenproposed7]. We adwocatenot only investingin
the performancef veri cation algorithmsandtools, but alsorevising the designmethodology
to easethe burdenon veri cation anddeluggingeffort. We proposean IncrementalNeri ca-
tion System(InVerS)capableof exposingdesignerrorsearlieron duringthe optimization o w,
hencefacilitating delugging. The high performanceof our equivalenceveri cation solution
allows quick evaluationof the correctnessf eachdesigntransformationWhenanerroris de-
tected,InVerS providesa counter@ampleso that the designercan analyzethe error directly.
Our techniquealsosuggestshe mostprobablelocationandsourceof the error, pinpointing,in
mostcasesthespeci ¢ transformationmesponsibldor it. To furtherimprove designersproduc-
tivity, InVerSprovidesanintuitive GraphicalUserInterface(GUI). Ourimplementatioris built
usingthe OpenAccesslatabas¢10] andusesthe OpenAcces&ear(OAGear)programmess
toolkit, sothatwe canseamlesslyntegratedesign,veri cation anddehuggingactvitiesinto the
sameframenork. This framework is highly e xible andcaneasilybeenhancean thefuture.

Thecontributionsof thiswork include: (1) InVerS,anincrementaleri cation methodology
that enhanceghe accurag of error detection;(2) an innovative and scalablemetric, called
the similarity factor, that quickly pinpointspotentialbug locations;and(3) a GUI for InVerS

with datavisualizationthat improvesthe usability of our tools. Our techniquescan greatly



improve designquality because(1) theresourcesindeffort savedin verifying the correctness
of physicaloptimizationscan be redirectedto improve other aspectsof the design,suchas
reliability andperformanceand(2) moreaggressie changeso thecircuit canbeapplied,such
asretimingoptimizationsanddesign-forveri cation (DFV) techniques.

The restof this paperis organizedasfollows. In Section2 we review previous work and
backgroundmaterial. We describeour incrementalveri cation systemin detailin Section3.

Experimentatesultsareshavn in Section4, andSection5 concludeghis paper

2 Background

InVerS addressethe functionalveri cation of incrementahetlisttransformations.To under
standthe problembetter we describeéwo commonoptimizationtechniquesphysicalsynthesis
andretiming. We thenbrie y explain the challengego veri cation imposedby thesetech-

niques.

2.1 Physical SynthesisFlows

Post-placemenpptimizationshave beenstudiedand usedextensiely to improve circuit pa-
rameterssuchas power andtiming, andthesetechniquesare often called physicalsynthesis.
In addition, it is sometimesecessaryo changethe layout manuallyin orderto x bugsor
optimizespeci ¢ objectves;this processs calledEngineeringChangeOrder(ECO).Physical
synthesigs commonlyperformedusingthe following o w: (1) performaccurateanalysisof
the optimizationobjectie, (2) selectgatesto form aregion for optimization,(3) resynthesize
theregion to optimizethe objective,and(4) performlegalizationto repairthe layout.
Given that subtleand unexpectedbugs still appearin physicalsynthesistools today[9],

veri cation mustbe performedto ensurethe correctnes®f the circuit. However, veri cation
is typically a time-consumingprocesstherefore,it is often postponedintil hundredsof opti-
mizationshave beencompleted.Consequentlyif anerroris detectedit is dif cult to pinpoint
thespeci c circuit modi cation thatintroducedthe bug. In addition,dehugginga circuit at this
designstageds oftendif cult becausengineersareunfamiliarwith theautomaticallygenerated
netlist. As we shaw later, InVerS addressesheseproblemsby providing a fastincremental

veri cation techniqueandanintegratederrorvisualizationtool.



2.2 Retiming

Retimingis a sequentialogic optimizationtechniquethatrelocategegistersin a circuit while
leaving thecombinationatellsunchanged6]. It is oftenusedto minimizethenumberof regis-
tersin adesignor to reducea circuit's delay Althoughretimingis a powerful techniquegensur
ing its correctnesss anevenmorecomplex veri cation problembecaussequentiaéquivalence
checkingis muchmoredif cult thancombinationalkequialencechecking[5]. As aresult, if
the analysisterminatesthe runtimeof sequentialveri cation is often muchlargerthanthat of
combinationalveri cation. In this paperwe proposenew techniqueghat extendour previous

work [2] to addresshe sequentialeri cation problemfor retiming.

3 IncrementalVeri cation

We presentanincrementalveri cation packagehatis composef a logic simulator a SAT-

basedormal equivalencechecler, ourinnovative similarity metric betweera circuit andits re-
vision,andnew visualizationtoolsto aid usersof our proposedncrementaberi cation method-
ology. In this sectionwe de ne our similarity metric,illustratetheerrorvisualizationinterface,

andthendescribeour overall veri cation methodology

3.1 NewMetric: Similarity Factor

We de ne anestimateof thesimilarity betweertwo netlists,ckt; andckty, thatutilizesfastsim-

ulation, calledthe similarity factor. This metricis basedon simulationsignature®f individual

signals,.e. thek-bit sequenceboldingsignalvaluescomputedyy simulationoneachof k input

patternsg(e.g.,k=1024). Let N be the total numberof signals(wires)in both circuits. Out of

thoseN signals,we distinguishM matding signals— a signalis considerednatchingif and
only if both circuitsincludesignalswith anidenticalsignature.The similarity factorbetween
ckt; andckt, is thenM=N. In otherwords:

numberof machingsignals
total numberof signals

We alsode ne theDifferenceFactoras(1 similarity facor).

similarity facor =

(1)

Example 1 Considerthetwo netlistsshownin Figure 1, where thesignatuesare shownabove
the wires. Theee are 10 signalsin the netlists,and 7 of themare matding. Asa result,the
similarity factoris 7/10=70%,andthe differencefactoris 1 - 7/10= 30%.



Figurel: Similarity factorexample.Notethatthesignaturesn thefanoutconeof thecorrupted
signalaredifferent.
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Figure2: Resynthesigxamples:(a) the gatesin therectangleareresynthesizedorrectly and
only their signaturesnay be differentfrom the original netlist; (b) an erroris introduceddur-
ing resynthesisleadingto potentialsignaturechangesn the fanoutconeof the resynthesized

region, signi cantly increasinghedifferencefactor

Intuitively, the similarity factor of two identical circuits shouldbe 100%. If a circuit is
changedslightly but is still mostly equivalentto the original version,thenits similarity factor
shoulddrop only slightly. For example,Figure2(a) shawvs a netlistwherea region of gatesis
resynthesizedorrectly Sinceonly the signaturesn thatregionwill be affected,the similarity
factoris still high. However, if the changegreatlyaffectsthe circuit's function, the similarity
factorcandrop signi cantly, dependingon the numberof signalsaffectedby the change.As
Figure2(b) shavs,whenabugis introducedby resynthesishe signaturesn the outputconeof
theresynthesizedegion arealsodifferent,causinga largerdropin similarity factor However,
two equialentcircuits may be dissimilar, e.g.,a Carry-Look-Aheadhdderanda Kogge-Stone
adder Therefore,the similarity factorshouldbe usedin incrementalveri cation and cannot



replacetraditionalveri cation techniques.

Oneissuethat may affect the accurag of the similarity factoris thattwo differentsignals
may have identicalsignaturedy coincidence.To counterthis, a larger numberof simulation
vectorscanbeused andthevectorscanbeselectectarefully For example,inputvectorsgener
atedby ATPGtoolstypically have bettersignaldistinguishingcapabilitiegshanthosegenerated
by randomsimulation. An orthogonal but moreeffective techniquehashesot just signatures
but alsothe input supportsof signals— two signaturesnatchonly whentheir input supports
arealsothe same.Additionally, we could considerthe distancesrom inputsto the signalsin
hops(depth).If two signalsarefoundat very differentdistancegrom theinputs,they arecon-
sidereddifferentevenwhentheir signaturesreidentical. On the otherhandi,it is importantto
notethatif onesignatures wrong, its entirefanoutwill usuallybe wrong,andthe chanceof
the entirefanoutconematchingexisting signaturesy coincidencearelow. This phenomenon
makesthesimilarity factormoreaccurategvenwithoutextensiondor supportandsignaldepth,
for circuitswith deepeliogic. Theseextensionswill primarily be usefulfor shallov circuitsor
signatureghatarecloseto outputs,andalsoin the casesvhenwe seekto preciselylocatethe

bug atthe“tip” of theincorrectfanoutcone.

3.2 SequentialVeri cation for Retiming

A signaturerepresents fraction of a signal's truth table,which in turn describeghe informa-
tion o w within a circuit. While retiming may changethe clock cycle at which a signatureis
generatedthegeneratedgignatureshouldstill beidentical. Figure3 shovsaretimingexample
from [2], where(a) is the original circuit and(b) is the retimedcircuit. A comparisorof signa-
turesbetweerthecircuitsshovsthatthesignaturesn (a) alsoappeain (b), althoughthecycles
in whichthey appeamaybedifferent. For example thesignature®f wire w (bold-faced)in the
retimedcircuit appearone cycle earlierthanthosein the original circuit becausehe registers
were moved later in the circuit. Otherwise,the signaturesof (a) and (b) areidentical. This
phenomenomecomesnoreolbviouswhenthe circuit is unrolled,asshavn in Figure4. Since
the maximumabsolutdag in this exampleis 1, retiming only affectsgatesin the rst andthe
last cycles,leaving the restof the circuit unmodi ed. As a result,signaturegieneratedy the
unafectedgatesshouldnotchange.

Basedon the obsenation above, we extendour similarity factorto sequentialeri cation,
called sequentiakimilarity factor, asfollows. Assumetwo netlists,ckt; andckty, wherethe
totalnumberof signals(wires)in bothcircuitsis N. After simulatingC cycles,N C signatures



(b)
Figure 3: A retiming example: (a) is the original circuit, and (b) is its retimedversion. The
tablesabove thewiresshaw their signatureswherethe nt” row is for thent cycle. Four traces
areusedto generatehe signaturesproducingfour bits persignature Registers,jnitializedto O,
arerepresentedly blackrectanglesAs wire w shavs, retimingmay changehecycle in which
signaturesppeayrbut it doesnot changethe signatureshemseles. Correspondingignatures
arehighlightedin blue (boldface).

will be generated. Among thosewe countM matding signatures.The sequentiakimilarity
factorbetweerckt; andckty isthenM=(N C). In otherwords:

numberof machingsignauresfor all cycles

sequetial similarity facor = .
total numberof signauresfor all cycles

(2)

3.3 Error Visualization

The computatiorof similarity factorworksby matchingsignalsfrom two revisionsof adesign.
Naturally, this processalsoidenti es thosenetswhich are unmatchedo the previous design
version. Thosenetsareresponsibldor the changen circuit behaior. We usetwo techniques
to highlight the differing nets,in both casesve presenthe resultsto the userusinga familiar
layout format. Our rst techniqueusesa highlight color for the gateswhoseoutputsignals
have unmatchedsignatures.n presencef anerrorthe layoutwill highlight the entire output
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Figure 4. Circuitsin Figure 3 unrolledthreetimes. The cycle at which a signal appearss
denotedusingsubscript @”. Retimingaffectsgatesn the rst andthelastcycles(darkgreen),
while the othergatesarestructurallyidentical(light yellow). Thereforeonly the signatureof
thegreengateswill bedifferent.

coneof logic of the unmatchedsignature.The secondechniqueonly highlightsthe sourceof
a problem,by markingonly thosegateswith matchednput signaturesandunmatchecdutput
signatures Figure5 shavs anexampleof our visualizationtechniques Notice, however, that
xing thesebugsmay unmaskotherbugs, for instancein Figure5(b) we could only detect4
of the 5 injectedbugs. Thetwo visualizationtechniquesiescribedenabledesignergo quickly
narrav down errorsand nd their original cause hopefully simplifying the correlationto the
synthesioptimizationthatgeneratedhem.

3.4 Overall Veri cation Methodology

As mentionedn Sectionl, traditionalveri cation is typically performedafterabatchof circuit
modi cations becausaet is very demandingandtime consuming. As a result,oncea bug is
found.,it is oftendif cult toisolatethespeci c changehatintroduceshebugbecauséundreds
or eventhousand®f changehave beenprocessesincethe last check. The similarity factor
addressethis problemby pointing out the changeghat might have corruptedthe circuit. As
describedn the previous subsectionsa changethat greatly affectsthe circuit's function will
probablycausea steepdropin the similarity factor By monitoringchangesn similarity factor
after eachcircuit modi cation, engineersanisolatewhena bug might have beenintroduced
andtriggerfull equivalencecheckingimmediately Basedon thetechniqueshatwe developed,

we proposethe InVerSveri cation methodologyasfollows (seeFigure6):
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Figure5: Our similarity layout viewer for designSASC with bug-relateddatashowvn in red

(darker color): (a) onebug injected;highlightedgatesdrive unmatchedaignals;(b) 5 unrelated
bugsinjected;highlightedgatesdrive unmatchedignals,but all of theirinputsarematched#

bugsareidenti ed, andoneis masled.

Figure6: The InVerSveri cation methodologymonitorseachlayout optimizationto identify
potentialerrorsandcalls equivalencecheckingwhennecessaryA dehuggingsupportGUI is
providedwhenveri cation fails.

1. After eachmodi cation to thecircuit, thesimilarity factorbetweerthenew andtheorigi-
nalcircuit is calculated Runningaverageandstandardieviation of the past30 similarity
factorsare usedto determinewhetherthe mostrecentsimilarity factoris signi cantly
lower. Empirically, we have found that if the latestsimilarity factor dropsbelow the
averageby morethantwo standarddeviations,thenit is likely thatthe changehadintro-
duceda bug. This value,however, may vary amongdifferentbenchmarksndshouldbe
empiricallydetermined.

2. Whenthe similarity factorindicatesa potentialproblem,traditional veri cation should
be performedo verify the correctnessf the executedcircuit modi cation.

3. If veri cation fails, our errorvisualizationtools canbe usedto delug the errorsby high-



lighting the gatesproducingdiffering signals.

SincelnVerSmonitorsdropsin similarity factors,ratherthanabsolutevaluesof similarity
factors the structuref the netlistsbecomdessrelevant. ThereforeinVerScanbeappliedto a
variety of netlists,potentiallywith differenterror agging thresholdsAs Section4 shows, the
similarity factorexhibits high accurag for variouspracticaldesignsandallows our veri cation

methodologyto achieve signi cant speed-upver traditionaltechniques.

4 Experimental Results

We implementednVerSusingOpenAcces2.2 and OAGear0.96[10]. Our testcasesirese-
lectedfrom IWLS'05 benchmarkdasedon designsfrom ISCAS'89 and OpenCoressuites,
whosecharacteristicaresummarizedn Tablel. In thetable,the averagdogic depthis calcu-
latedby averagingthe logic level of 30 randomlyselectedjates.The logic depthcanbe used
asan indication of the circuit's compleity. We conductedall our experimentson an AMD

Opterond80Linux workstation.Theresynthesipackagaisedin our experimentds ABC from

UC Berkeley [8]. In this sectionwe reportresultson combinationabndsequentialeri cation,

respectrely.
Benchmark Cell | Ave.logic | Function
count depth
S1196 483 6.8 ISCAS'89
USB PHY 546 4.7 USB1.1PHY
SASC 549 3.7 Simpleasynchronouserialcontroller
S1494 643 6.5 ISCAS'89
12C 1142 5.5 I12C mastercontroller
DESAREA 3132 15.1 DEScipher(areaoptimized)
SPI 3227 15.9 SPIIP
TV80 7161 18.7 8-Bit microprocessor
MEM_CTRL 11440 10.1 WISHBONE memarycontroller
PCILBRIDGE32 | 16816 9.4 PClbridge
AES_CORE 20795 11.0 AES cipher
WB_CONMAX | 29034 8.9 WISHBONE ConmaxIP core
DES PERF 98341 13.9 DEScipher(performanceptimized)

Tablel: Benchmarkcharacteristics.

Veri cation for combinational optimizations: in our rst experimentwe performtwo types
of circuit modi cations to evaluatethe effectivenesof the similarity factorfor combinational
veri cation. In the rst type,we randomlyinjectanerrorinto the circuit accordingto Abadir's

errormodel[1], which includeserrorsthatoccurfrequentlyin gate-lerel netlists. This mimics



thesituationwhereabug hasbeenintroducedy anoptimization.In thesecondype,we extract
a subcircuitfrom the benchmarkwhich is composedf 2-20 gatesandperformresynthesi®f
the subcircuitusing ABC with the “resyn” command8]. This is similar to the physicalsyn-
thesisor ECO o w describedn Section2.1, wheregatesin a small region of the circuit are
modi ed. We thenuserandomsimulationto generate 024patternsandcalculatethe similarity
factorafter eachcircuit modi cation for bothtypes. Thirty samplesvereusedin this experi-
ment,andthe resultsaresummarizedn Table2. Fromthe results,we obsere thatbothtypes
of circuit modi cations leadto decreases similarity factor However, the decreasés much
more signi cant whenan error is injected. As d; shows, the standardizedlifferencesn the
meansof mostbenchmarksrelargerthan0.5, indicatingthat the differencesare statistically
signi cant. Sinceresynthesigestsrepresenthe normanderrorinjectiontestsareanomalies,
we alsocalculated, usingonly SD;. As d, shows, for mostbenchmarkshe meansimilarity
factordropsmorethantwo standardieviationswhenanerroris injected. This resultshavs that
thesimilarity factoris effectivein predictingwhetherabug hasbeenintroducedoy anoptimiza-
tion. Nonethelessn all benchmarksthe maximumsimilarity factorfor errorinjectiontestsis
larger thanthe minimum similarity factorfor resynthesigests,suggestinghat the similarity

factorcannotreplacetraditionalveri cation andshouldbe usedasanauxiliary technique.

Benchmark Similarity factor(%)
Resynthesized Oneerrorinjected di do
Mean Min, Max D, | Mean: | Ming Maxe De

USB_.PHY 99.849| 99.019| 100.000| 0.231| 98.897| 91.897| 99.822 | 1.734 | 0.969 | 4.128
SASC 99.765| 99.119| 100.000| 0.234 | 97.995| 90.291| 99.912 | 2.941 | 1.115| 7.567
12C 99.840| 99.486| 100.000| 0.172| 99.695| 98.583| 100.000| 0.339 | 0.567 | 0.843
SPI 99.906| 99.604 | 100.000| 0.097 | 99.692| 96.430| 99.985 | 0.726 | 0.518 | 2.191
TV80 99.956| 99.791| 100.000| 0.050 | 99.432| 94.978| 100.000| 1.077 | 0.930 | 10.425

MEM_CTRL 99.984| 99.857| 100.000| 0.027 | 99.850| 97.699| 100.000| 0.438 | 0.575| 4.897

PCILBRIDGE32 | 99.978| 99.941| 100.000| 0.019 | 99.903| 97.649| 99.997 | 0.426 | 0.338 | 3.878

AES_.CORE 99.990| 99.950| 100.000| 0.015| 99.657 | 98.086| 99.988 | 0.470| 1.372 | 21.797

WB_CONMAX | 99.984| 99.960| 100.000| 0.012| 99.920| 99.216| 99.998 | 0.180 | 0.671 | 5.184

DES PERF 99.997| 99.993| 100.000| 0.002 | 99.942| 99.734| 100.000| 0.072 | 1.481 | 23.969

Table 2: Statisticsof similarity factorsfor differenttypesof circuit modi cations. In this ex-

perimentwe performthirty testsetsper benchmarkandshov the mean,minimal value (Min),

maximumvalue (Max), andstandardieviation (SD) in eachrow. The lasttwo columnsshawv
the standardizedlifferencesn the means:d; is calculatedusingthe averageof both SD¢ and
Dy, while do usesonly SDy.

To evaluatethe effectivenesf ourincrementalberi cation methodologydescribedn Sec-
tion 3.4, we assumehatthereis 1 bug per100 circuit modi cations, andthenwe calculatethe
accurag of our methodologyby measuringhe fraction of casesn which the similarity factor



correctlypredictedequivalence We alsoreportthe runtimefor calculatingthe similarity factor
andtheruntimefor equivalencecheckingof eachbenchmark Sincemostcircuit modi cations

do notintroducebugs,we reportthe runtimewhenequivalenceis maintained.Theresultsare
summarizedn Table3. Fromtheresults,we obsere thatour methodologyhashigh accurag

for mostbenchmarksln addition,theresultsshav thatcalculatingthe similarity factoris signif-

icantly fasterthanperformingequialencechecking.Take thelargestbenchmarKDES_PERF)
for example,calculatingthe similarity factortakeslessthanl secondwhile performingequiv-

alencecheckingtakesabout78 minutes.Dueto the high accurag of the similarity factot our

incrementalveri cation techniqueidenti es morethan 99% of errors,renderingequivalence
checkingunnecessarin thosecasesandproviding morethan100X speed-up.

Benchmark Cell | Accuray Runtime(sec)
count EC SF
USB PHY 546 | 92.70% 0.19| <0.01
SASC 549 | 89.47% 0.29 | <0.01
12C 1142 | 95.87% 0.54 | <0.01
SPI 3227 | 96.20% 6.90 | <0.01
TV80 7161 | 96.27% | 276.87| 0.01

MEM_CTRL 11440| 99.20% 56.85| 0.03
PCI.LBRIDGE32 | 16816| 99.17% | 518.87| 0.04
AES_CORE 20795| 99.33% | 163.88| 0.04
WB_CONMAX | 29034| 92.57% | 951.01| 0.06
DESPERF 98341| 99.73% | 4721.77| 0.19
Table3: Theaccurag of ourincrementaleri cation methodology1 bug per100circuit mod-
i cations is assumedn this experiment. Runtimesfor similarity-factor (SF) andequivalence
checking(EC) arealsoshawn.

Sequentialveri cation for retiming: in our secondexperiment,we implementthe retiming
algorithmdescribedn [6] anduseour veri cation methodologyto checkthe correctnessf our
implementationThis methodologysuccessfullydenti ed severalbugsin ourimplementation.
In our experiencemostbugswerecausedy incorrectnetlistmodi cationswhenrepositioning
the registers,anda few bugsweredueto erroneousnitial statecalculation. Examplesof the
bugsinclude: (1) incorrectfanoutconnectionwheninsertinga registerto a wire which already
hasaregister;(2) missing/additionategister;(3) missingwire whenaregisterdrivesa primary
output;and(4) incorrectstatecalculationwhentwo or moreregistersareconnectedn arow.
To quantitatvely evaluateour veri cation methodologywe ran eachbenchmarkusingthe
correctimplementatiorandthe buggyversionto calculatetheir respectre sequentiakimilarity
factors,wherel0 cyclesweresimulated.Theresultsaresummarizedn Table4, which showvs
thatthe sequentiasimilarity factorsfor retimedcircuitsare100%for mostbenchmarksAs ex-



plainedin Section3.2,only afew signatureshouldbeaffectedby retiming. Thereforethedrop
in similarity factorshouldbevery small,makingsequentiasimilarity factorespeciallyaccurate
for verifying the correctnessf retiming. This phenomenoranalsobe obseredfrom Table5,
wherethe accurag of our veri cation methodologyis higherthan99% for mostbenchmarks.
To compareour methodologywith formal equivalencecheckingwe alsoshav theruntimeof a
sequentiakquivalencecheclerbasednbounded-model-checking Table5. Thisresultshovs
thatour methodologyis morebene cial for sequentialzeri cation thancombinationabecause
sequentiakqguialencecheckingrequiresmuch more runtime than combinational. Sincethe
runtime to computesequentiakimilarity factorremainssmall, our techniquecanstill be ap-
plied after every retiming optimizationthus eliminating mostunnecessargequentiakquiva-

lencecheckingcalls.

Benchmark Sequentiakimilarity factor (%)
Retimingwithout errors Retimingwith errors

Mean Min, Max D, Mean Mine Maxe D.
S1196 100.0000| 100.0000| 100.0000( 0.0000 | 98.3631| 86.7901| 100.0000| 3.0271
USB_PHY | 100.0000( 100.0000| 100.0000| 0.0000| 99.9852| 99.6441| 100.0000| 0.0664
SASC 99.9399 | 99.7433 | 100.0000| 0.0717 | 99.9470| 99.3812| 100.0000| 0.1305
S1494 100.0000| 100.0000| 100.0000| 0.0000 | 99.0518| 94.8166| 99.5414 | 1.5548
12C 100.0000{ 100.0000| 100.0000| 0.0000 | 99.9545| 99.6568| 100.0000| 0.1074
DES AREA | 100.0000( 100.0000| 100.0000| 0.0000 | 95.9460| 69.1441| 100.0000| 6.3899

Table4: Statisticsof sequentiakimilarity factorsfor retiming with andwithout errors. In this
experimentwe performthirty testsetsperbenchmarlandshor themeanminimal value(Min),
maximumvalue(Max), andstandardieviation (SD) in eachrow.

Benchmark | Cell | DFF | Accuray Runtime(sec)
count | count SEC SSF
S1196 483 18 99.87% 5.12 0.42
USB PHY 546 98 99.10% 0.41 0.34
SASC 549 | 117 | 95.80% 5.16 0.56
S1494 643 6 99.47% 2.86 0.45
12C 1142 | 128 | 99.27% | 2491.01 | 1.43
DESAREA | 3132 | 64 99.97% | 49382.20| 14.50

Table5: Runtimeof sequentiakimilarity factorcalculation(SSF)andsequentiakquivalence
checking(SEC). The accurag of our veri cation methodologyis alsoreported,wherel bug
per100retimingoptimizationss assumed.



5 Conclusions

In thiswork we developedanovel incrementaleri cation anddeluggingsystem]JnVerS,with
a particularfocus on improving designquality and engineers productvity. The high perfor
manceof InVerSallows designerdo invoke it frequently aftereachcircuit transformationand
therebydetecterrorssoonerwhentheseerrorscanbe moreeasilypinpointedandresohed. The
scalability of InVerS stemsfrom the useof fastsimulation,which canefciently calculatea
“similarity factor” metricto spotpotentialdifferencesetweenwo versionsof a design. The
areaswvherewe detecta low similarity arespotspotentially hiding functionalbugsthatcanbe
subjectedo more expensve formal techniquesor visually inspected. Therefore,we provide
a userinterfaceto improve the usability of our methodologyand supportthe designerin the
deluggingtask. Part of this userinterfaceis our error visualizationtool that graphicallyre-
vealsthedifferencebetweertwo circuits,allowing thedesigneto pinpointtheroot causeof the
bugsmoreeasily The experimentakesultsshowv thatInVerSachiezesa hundred-foldruntime
speed-umn largedesignscomparedo traditionaltechniquedgor similarveri cation goals.Our
methodologyandalgorithmspromiseto decreas¢he numberof latentbugsreleasedn future
digital designsandto facilitatemoreaggressie performanceptimizationsthusimproving the
quality of electronicdesignin several categories.
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