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Abstract

As interconnectincreasinglydominatesdelayandpowerat thelatesttechnologynodes,
mucheffort is investedin physicalsynthesisoptimizations,posinggreatchallengesin vali-
datingthecorrectnessof suchoptimizations.Commondesignmethodologiespostponethe
veri�cation of physicalsynthesistransformationsuntil thecompletionof thedesignphase.
The design�o w is no longer sustainablebecauseisolating potentialerrorsproducedby
thesephysicaltransformationsbecomesextremelychallengingat thelatedesignstages.To
addresstheseissues,we proposea fast incrementalveri�cation systemfor physicalsyn-
thesisoptimizations,InVerS,which includescapabilitiesfor errordetection,diagnosis,and
visualization.InVerSis basedon a simpleyet effective circuit similarity metricto quickly
help engineersidentify potentialerrorsearlierin the development,andit resortsto tradi-
tional veri�cation only whennecessaryto ensurethecompletenessof theveri�cation �o w.
InVerSalso provides an error visualizationinterfaceto simplify error isolationand cor-
rection,therebyreducingveri�cation effort andenablingmoreaggressive optimizationsto
improve designperformance.

Keywords:functionalveri�cation, debugging,equivalencechecking

1 Intr oduction

Thecomplexity growth of digital designsposesincreasingchallengesto the functionalveri�-

cationof a circuit. As a result,digital systemsarecommonlyreleasedwith latentbugs,andthe

numberof suchbugsis growing larger for eachnew design,ascanbeobservedfrom publicly

availableerratadocumentsby any major semiconductorvendor. The veri�cation problemis

furtherexacerbatedby thegrowing dominanceof interconnectin delayandpower of modern

designs,which requirestremendousphysicalsynthesiseffort [11] andevenmorepowerful op-

timizationssuchasretiming [6]. Giventhatbugsstill appearin many EDA tools today[9], it



is importantto verify the correctnessof the performedoptimizations. Traditionaltechniques

addressthis veri�cation problemby checkingtheequivalencebetweentheoriginal designand

theoptimizedversion. This approach,however, only veri�es the equivalenceof two versions

of the designafter a number, or possiblyall, of the transformationsandoptimizationshave

beencompleted.Unfortunately, suchanapproachis not sustainablein thelong termbecauseit

makestheidenti�cation, isolation,andcorrectionof errorsintroducedby suchtransformations

extremelydif�cult andtime-consuming.On theotherhand,performingtraditionalequivalence

checkingaftereachcircuit transformationis toodemanding.Sincefunctionalcorrectnessis the

mostimportantaspectof high-qualitydesigns,a largeamountof effort is currentlydevotedto

veri�cation anddebugging,expendingresourcesthat could have otherwisebeendedicatedto

improveperformance.Becauseof this,veri�cation hasbecomethebottleneckthatlimits which

novel featuresthat canbe includedin a design[3], slowing down the evolution of the overall

qualityof electronicdesigns.

Giventhecurrentpractice,it is crucialto addressthisveri�cation bottleneckto improvede-

signquality. Recentadvancementsto thisendoftenfocuson improving theperformanceof the

veri�cation tool itself. For example,severaltechniquesthatusesimulationto accelerateSAT or

BDD-basedequivalencecheckinghave beenproposed[7]. We advocatenot only investingin

theperformanceof veri�cation algorithmsandtools,but alsorevising thedesignmethodology

to easethe burdenon veri�cation anddebuggingeffort. We proposean IncrementalVeri�ca-

tion System(InVerS)capableof exposingdesignerrorsearlieronduringtheoptimization�o w,

hencefacilitating debugging. The high performanceof our equivalenceveri�cation solution

allows quick evaluationof thecorrectnessof eachdesigntransformation.Whenanerror is de-

tected,InVerSprovidesa counterexampleso that the designercananalyzethe error directly.

Our techniquealsosuggeststhemostprobablelocationandsourceof theerror, pinpointing,in

mostcases,thespeci�c transformationresponsiblefor it. To furtherimprovedesigners'produc-

tivity, InVerSprovidesanintuitiveGraphicalUserInterface(GUI). Our implementationis built

usingthe OpenAccessdatabase[10] andusesthe OpenAccessGear(OAGear)programmer's

toolkit, sothatwecanseamlesslyintegratedesign,veri�cation anddebuggingactivitiesinto the

sameframework. This framework is highly �e xible andcaneasilybeenhancedin thefuture.

Thecontributionsof thiswork include:(1) InVerS,anincrementalveri�cation methodology

that enhancesthe accuracy of error detection;(2) an innovative and scalablemetric, called

thesimilarity factor, thatquickly pinpointspotentialbug locations;and(3) a GUI for InVerS

with datavisualizationthat improves the usability of our tools. Our techniquescan greatly



improvedesignquality because:(1) theresourcesandeffort savedin verifying thecorrectness

of physicaloptimizationscan be redirectedto improve other aspectsof the design,suchas

reliability andperformance;and(2) moreaggressivechangesto thecircuit canbeapplied,such

asretimingoptimizationsanddesign-for-veri�cation (DFV) techniques.

The restof this paperis organizedasfollows. In Section2 we review previous work and

backgroundmaterial. We describeour incrementalveri�cation systemin detail in Section3.

Experimentalresultsareshown in Section4, andSection5 concludesthispaper.

2 Background

InVerSaddressesthe functionalveri�cation of incrementalnetlist transformations.To under-

standtheproblembetter, wedescribetwo commonoptimizationtechniques:physicalsynthesis

and retiming. We then brie�y explain the challengesto veri�cation imposedby thesetech-

niques.

2.1 Physical SynthesisFlows

Post-placementoptimizationshave beenstudiedandusedextensively to improve circuit pa-

rameterssuchaspower andtiming, andthesetechniquesareoften calledphysicalsynthesis.

In addition, it is sometimesnecessaryto changethe layout manuallyin order to �x bugsor

optimizespeci�c objectives;this processis calledEngineeringChangeOrder(ECO).Physical

synthesisis commonlyperformedusingthe following �o w: (1) performaccurateanalysisof

theoptimizationobjective, (2) selectgatesto form a region for optimization,(3) resynthesize

theregion to optimizetheobjective,and(4) performlegalizationto repairthelayout.

Given that subtleand unexpectedbugs still appearin physicalsynthesistools today [9],

veri�cation mustbe performedto ensurethe correctnessof the circuit. However, veri�cation

is typically a time-consumingprocess;therefore,it is often postponeduntil hundredsof opti-

mizationshave beencompleted.Consequently, if anerror is detected,it is dif�cult to pinpoint

thespeci�c circuit modi�cation thatintroducedthebug. In addition,debugginga circuit at this

designstageis oftendif�cult becauseengineersareunfamiliarwith theautomaticallygenerated

netlist. As we show later, InVerS addressestheseproblemsby providing a fast incremental

veri�cation techniqueandanintegratederrorvisualizationtool.



2.2 Retiming

Retimingis a sequentiallogic optimizationtechniquethatrelocatesregistersin a circuit while

leaving thecombinationalcellsunchanged[6]. It is oftenusedto minimizethenumberof regis-

tersin adesignor to reduceacircuit'sdelay. Althoughretimingis apowerful technique,ensur-

ing its correctnessis anevenmorecomplex veri�cation problembecausesequentialequivalence

checkingis muchmoredif�cult thancombinationalequivalencechecking[5]. As a result, if

theanalysisterminates,theruntimeof sequentialveri�cation is oftenmuchlarger thanthatof

combinationalveri�cation. In this paperwe proposenew techniquesthatextendour previous

work [2] to addressthesequentialveri�cation problemfor retiming.

3 Incr ementalVeri�cation

We presentan incrementalveri�cation packagethat is composedof a logic simulator, a SAT-

basedformalequivalencechecker, our innovativesimilarity metricbetweenacircuit andits re-

vision,andnew visualizationtoolsto aidusersof ourproposedincrementalveri�cation method-

ology. In this sectionwede�ne oursimilarity metric,illustratetheerrorvisualizationinterface,

andthendescribeouroverall veri�cation methodology.

3.1 NewMetric: Similarity Factor

Wede�ne anestimateof thesimilarity betweentwo netlists,ckt1 andckt2, thatutilizesfastsim-

ulation,calledthesimilarity factor. This metricis basedon simulationsignaturesof individual

signals,i.e. thek-bit sequencesholdingsignalvaluescomputedby simulationoneachof k input

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

thoseN signals,we distinguishM matching signals— a signalis consideredmatchingif and

only if bothcircuits includesignalswith an identicalsignature.Thesimilarity factorbetween

ckt1 andckt2 is thenM=N. In otherwords:

similarity f actor =
numberof matchingsignals

total numberof signals
(1)

Wealsode�ne theDifferenceFactoras(1� similarity f actor).

Example1 Considerthetwonetlistsshownin Figure1, where thesignaturesareshownabove

the wires. There are 10 signalsin the netlists,and 7 of themare matching. As a result, the

similarity factor is 7/10= 70%,andthedifferencefactor is 1 - 7/10= 30%.



Figure1: Similarity factorexample.Notethatthesignaturesin thefanoutconeof thecorrupted
signalaredifferent.

(a)

(b)
Figure2: Resynthesisexamples:(a) thegatesin therectangleareresynthesizedcorrectly, and
only their signaturesmaybedifferentfrom theoriginal netlist; (b) anerror is introduceddur-
ing resynthesis,leadingto potentialsignaturechangesin the fanoutconeof the resynthesized
region,signi�cantly increasingthedifferencefactor.

Intuitively, the similarity factor of two identical circuits shouldbe 100%. If a circuit is

changedslightly but is still mostlyequivalentto theoriginal version,thenits similarity factor

shoulddroponly slightly. For example,Figure2(a)shows a netlistwherea region of gatesis

resynthesizedcorrectly. Sinceonly thesignaturesin thatregion will beaffected,thesimilarity

factoris still high. However, if thechangegreatlyaffectsthecircuit's function, thesimilarity

factorcandrop signi�cantly, dependingon the numberof signalsaffectedby the change.As

Figure2(b)shows,whenabugis introducedby resynthesis,thesignaturesin theoutputconeof

theresynthesizedregion arealsodifferent,causinga largerdropin similarity factor. However,

two equivalentcircuitsmaybedissimilar, e.g.,a Carry-Look-Aheadadderanda Kogge-Stone

adder. Therefore,the similarity factorshouldbe usedin incrementalveri�cation andcannot



replacetraditionalveri�cation techniques.

Oneissuethatmayaffect theaccuracy of thesimilarity factoris that two differentsignals

mayhave identicalsignaturesby coincidence.To counterthis, a larger numberof simulation

vectorscanbeused,andthevectorscanbeselectedcarefully. For example,inputvectorsgener-

atedby ATPGtoolstypically havebettersignaldistinguishingcapabilitiesthanthosegenerated

by randomsimulation.An orthogonal,but moreeffective techniquehashesnot just signatures

but alsothe input supportsof signals— two signaturesmatchonly whentheir input supports

arealsothesame.Additionally, we couldconsiderthedistancesfrom inputsto thesignalsin

hops(depth).If two signalsarefoundat verydifferentdistancesfrom theinputs,they arecon-

sidereddifferentevenwhentheir signaturesareidentical.On theotherhand,it is importantto

notethat if onesignatureis wrong, its entirefanoutwill usuallybewrong,andthechancesof

theentirefanoutconematchingexisting signaturesby coincidencearelow. This phenomenon

makesthesimilarity factormoreaccurate,evenwithoutextensionsfor supportandsignaldepth,

for circuitswith deeperlogic. Theseextensionswill primarily beusefulfor shallow circuitsor

signaturesthatarecloseto outputs,andalsoin thecaseswhenwe seekto preciselylocatethe

bugat the“tip” of theincorrectfanoutcone.

3.2 SequentialVeri�cation for Retiming

A signaturerepresentsa fractionof a signal's truth table,which in turn describesthe informa-

tion �o w within a circuit. While retimingmaychangetheclock cycle at which a signatureis

generated,thegeneratedsignaturesshouldstill beidentical.Figure3 showsaretimingexample

from [2], where(a) is theoriginal circuit and(b) is theretimedcircuit. A comparisonof signa-

turesbetweenthecircuitsshowsthatthesignaturesin (a)alsoappearin (b), althoughthecycles

in whichthey appearmaybedifferent.For example,thesignaturesof wire w (bold-faced)in the

retimedcircuit appearonecycle earlierthanthosein theoriginal circuit becausethe registers

weremoved later in the circuit. Otherwise,the signaturesof (a) and(b) are identical. This

phenomenonbecomesmoreobviouswhenthecircuit is unrolled,asshown in Figure4. Since

themaximumabsolutelag in this exampleis 1, retimingonly affectsgatesin the �rst andthe

lastcycles,leaving the restof thecircuit unmodi�ed. As a result,signaturesgeneratedby the

unaffectedgatesshouldnotchange.

Basedon theobservationabove, we extendour similarity factorto sequentialveri�cation,

calledsequentialsimilarity factor, as follows. Assumetwo netlists,ckt1 andckt2, wherethe

totalnumberof signals(wires)in bothcircuitsis N. After simulatingC cycles,N� C signatures



(a)

(b)
Figure3: A retiming example: (a) is the original circuit, and(b) is its retimedversion. The
tablesabove thewiresshow their signatures,wherethenth row is for thenth cycle. Four traces
areusedto generatethesignatures,producingfour bitspersignature.Registers,initialized to 0,
arerepresentedby blackrectangles.As wire w shows,retimingmaychangethecycle in which
signaturesappear, but it doesnot changethesignaturesthemselves. Correspondingsignatures
arehighlightedin blue(boldface).

will be generated.Among thosewe countM matching signatures.The sequentialsimilarity

factorbetweenckt1 andckt2 is thenM=(N � C). In otherwords:

sequential similarity f actor =
numberof matchingsignatures f or all cycles

total numberof signatures f or all cycles
(2)

3.3 Err or Visualization

Thecomputationof similarity factorworksby matchingsignalsfrom two revisionsof adesign.

Naturally, this processalso identi�es thosenetswhich areunmatchedto the previous design

version.Thosenetsareresponsiblefor thechangein circuit behavior. We usetwo techniques

to highlight thediffering nets,in bothcaseswe presenttheresultsto theuserusinga familiar

layout format. Our �rst techniqueusesa highlight color for the gateswhoseoutputsignals

have unmatchedsignatures.In presenceof anerror the layout will highlight theentireoutput



(a)

(b)
Figure 4: Circuits in Figure 3 unrolled threetimes. The cycle at which a signal appearsis
denotedusingsubscript“@”. Retimingaffectsgatesin the�rst andthelastcycles(darkgreen),
while theothergatesarestructurallyidentical(light yellow). Therefore,only thesignaturesof
thegreengateswill bedifferent.

coneof logic of theunmatchedsignature.Thesecondtechniqueonly highlightsthesourceof

a problem,by markingonly thosegateswith matchedinput signaturesandunmatchedoutput

signatures.Figure5 shows anexampleof our visualizationtechniques.Notice,however, that

�xing thesebugsmay unmaskotherbugs,for instancein Figure5(b) we could only detect4

of the5 injectedbugs.Thetwo visualizationtechniquesdescribedenabledesignersto quickly

narrow down errorsand�nd their original cause,hopefully simplifying the correlationto the

synthesisoptimizationthatgeneratedthem.

3.4 Overall Veri�cation Methodology

As mentionedin Section1, traditionalveri�cation is typically performedafterabatchof circuit

modi�cations becauseit is very demandingandtime consuming.As a result,oncea bug is

found,it is oftendif�cult to isolatethespeci�c changethatintroducesthebugbecausehundreds

or even thousandsof changeshave beenprocessedsincethe last check. The similarity factor

addressesthis problemby pointing out the changesthat might have corruptedthe circuit. As

describedin the previous subsections,a changethat greatlyaffectsthe circuit's function will

probablycausea steepdropin thesimilarity factor. By monitoringchangesin similarity factor

after eachcircuit modi�cation, engineerscanisolatewhena bug might have beenintroduced

andtriggerfull equivalencecheckingimmediately. Basedon thetechniquesthatwedeveloped,

weproposetheInVerSveri�cation methodologyasfollows(seeFigure6):



(a) (b)

Figure5: Our similarity layout viewer for designSASCwith bug-relateddatashown in red
(darker color): (a) onebug injected;highlightedgatesdriveunmatchedsignals;(b) 5 unrelated
bugsinjected;highlightedgatesdrive unmatchedsignals,but all of their inputsarematched;4
bugsareidenti�ed, andoneis masked.

Figure6: The InVerSveri�cation methodologymonitorseachlayout optimizationto identify
potentialerrorsandcallsequivalencecheckingwhennecessary. A debuggingsupportGUI is
providedwhenveri�cation fails.

1. After eachmodi�cation to thecircuit, thesimilarity factorbetweenthenew andtheorigi-

nalcircuit is calculated.Runningaverageandstandarddeviationof thepast30similarity

factorsareusedto determinewhetherthe most recentsimilarity factor is signi�cantly

lower. Empirically, we have found that if the latestsimilarity factor dropsbelow the

averageby morethantwo standarddeviations,thenit is likely thatthechangehadintro-

duceda bug. This value,however, mayvary amongdifferentbenchmarksandshouldbe

empiricallydetermined.

2. Whenthe similarity factor indicatesa potentialproblem,traditionalveri�cation should

beperformedto verify thecorrectnessof theexecutedcircuit modi�cation.

3. If veri�cation fails,our errorvisualizationtoolscanbeusedto debug theerrorsby high-



lighting thegatesproducingdifferingsignals.

SinceInVerSmonitorsdropsin similarity factors,ratherthanabsolutevaluesof similarity

factors,thestructuresof thenetlistsbecomelessrelevant.ThereforeInVerScanbeappliedto a

varietyof netlists,potentiallywith differenterror-�agging thresholds.As Section4 shows, the

similarity factorexhibitshighaccuracy for variouspracticaldesignsandallowsourveri�cation

methodologyto achievesigni�cant speed-upover traditionaltechniques.

4 Experimental Results

We implementedInVerSusingOpenAccess2.2 andOAGear0.96[10]. Our testcasesarese-

lectedfrom IWLS'05 benchmarksbasedon designsfrom ISCAS'89 and OpenCoressuites,

whosecharacteristicsaresummarizedin Table1. In thetable,theaveragelogic depthis calcu-

latedby averagingthe logic level of 30 randomlyselectedgates.The logic depthcanbeused

asan indicationof the circuit's complexity. We conductedall our experimentson an AMD

Opteron880Linux workstation.Theresynthesispackageusedin ourexperimentsis ABC from

UC Berkeley [8]. In thissectionwereportresultson combinationalandsequentialveri�cation,

respectively.

Benchmark Cell Ave. logic Function
count depth

S1196 483 6.8 ISCAS'89
USB PHY 546 4.7 USB1.1PHY
SASC 549 3.7 Simpleasynchronousserialcontroller
S1494 643 6.5 ISCAS'89
I2C 1142 5.5 I2C mastercontroller
DES AREA 3132 15.1 DEScipher(areaoptimized)
SPI 3227 15.9 SPIIP
TV80 7161 18.7 8-Bit microprocessor
MEM CTRL 11440 10.1 WISHBONEmemorycontroller
PCI BRIDGE32 16816 9.4 PCIbridge
AES CORE 20795 11.0 AEScipher
WB CONMAX 29034 8.9 WISHBONEConmaxIP core
DES PERF 98341 13.9 DEScipher(performanceoptimized)

Table1: Benchmarkcharacteristics.

Veri�cation for combinational optimizations: in our �rst experiment,we performtwo types

of circuit modi�cations to evaluatetheeffectivenessof thesimilarity factorfor combinational

veri�cation. In the�rst type,we randomlyinject anerror into thecircuit accordingto Abadir's

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



thesituationwhereabughasbeenintroducedby anoptimization.In thesecondtype,weextract

a subcircuitfrom thebenchmark,which is composedof 2-20gates,andperformresynthesisof

thesubcircuitusingABC with the “resyn” command[8]. This is similar to the physicalsyn-

thesisor ECO �o w describedin Section2.1, wheregatesin a small region of the circuit are

modi�ed. Wethenuserandomsimulationto generate1024patternsandcalculatethesimilarity

factoraftereachcircuit modi�cation for both types. Thirty sampleswereusedin this experi-

ment,andtheresultsaresummarizedin Table2. Fromtheresults,we observe thatbothtypes

of circuit modi�cations leadto decreasesin similarity factor. However, the decreaseis much

moresigni�cant whenan error is injected. As d1 shows, the standardizeddifferencesin the

meansof mostbenchmarksarelarger than0.5, indicatingthat the differencesarestatistically

signi�cant. Sinceresynthesistestsrepresentthenormanderror-injection testsareanomalies,

we alsocalculated2 usingonly SDr . As d2 shows, for mostbenchmarksthe meansimilarity

factordropsmorethantwo standarddeviationswhenanerroris injected.This resultshowsthat

thesimilarity factoris effectivein predictingwhetherabughasbeenintroducedby anoptimiza-

tion. Nonetheless,in all benchmarks,themaximumsimilarity factorfor error-injectiontestsis

larger thanthe minimum similarity factor for resynthesistests,suggestingthat the similarity

factorcannotreplacetraditionalveri�cation andshouldbeusedasanauxiliary technique.

Benchmark Similarity factor(%)
Resynthesized Oneerrorinjected d1 d2

Meanr Minr Maxr SDr Meane Mine Maxe SDe

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
I2C 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
PCI BRIDGE32 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

Table2: Statisticsof similarity factorsfor differenttypesof circuit modi�cations. In this ex-
perimentwe performthirty testsetsperbenchmarkandshow themean,minimal value(Min),
maximumvalue(Max), andstandarddeviation (SD) in eachrow. The last two columnsshow
thestandardizeddifferencesin themeans:d1 is calculatedusingtheaverageof bothSDe and
SDr , while d2 usesonly SDr .

To evaluatetheeffectivenessof our incrementalveri�cation methodologydescribedin Sec-

tion 3.4,we assumethatthereis 1 bug per100circuit modi�cations,andthenwe calculatethe

accuracy of our methodologyby measuringthefractionof casesin which thesimilarity factor



correctlypredictedequivalence.Wealsoreporttheruntimefor calculatingthesimilarity factor

andtheruntimefor equivalencecheckingof eachbenchmark.Sincemostcircuit modi�cations

do not introducebugs,we reporttheruntimewhenequivalenceis maintained.Theresultsare

summarizedin Table3. Fromtheresults,we observe thatour methodologyhashigh accuracy

for mostbenchmarks.In addition,theresultsshow thatcalculatingthesimilarity factoris signif-

icantly fasterthanperformingequivalencechecking.Take thelargestbenchmark(DES PERF)

for example,calculatingthesimilarity factortakeslessthan1 second,while performingequiv-

alencecheckingtakesabout78 minutes.Dueto thehigh accuracy of thesimilarity factor, our

incrementalveri�cation techniqueidenti�es more than99% of errors,renderingequivalence

checkingunnecessaryin thosecasesandproviding morethan100X speed-up.

Benchmark Cell Accuracy Runtime(sec)
count EC SF

USB PHY 546 92.70% 0.19 < 0.01
SASC 549 89.47% 0.29 < 0.01
I2C 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 BRIDGE32 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
DES PERF 98341 99.73% 4721.77 0.19

Table3: Theaccuracy of our incrementalveri�cation methodology. 1 bugper100circuit mod-
i�cations is assumedin this experiment. Runtimesfor similarity-factor(SF) andequivalence
checking(EC) arealsoshown.

Sequentialveri�cation for retiming: in our secondexperiment,we implementthe retiming

algorithmdescribedin [6] anduseourveri�cation methodologyto checkthecorrectnessof our

implementation.This methodologysuccessfullyidenti�ed severalbugsin our implementation.

In ourexperience,mostbugswerecausedby incorrectnetlistmodi�cationswhenrepositioning

the registers,anda few bugsweredueto erroneousinitial statecalculation. Examplesof the

bugsinclude:(1) incorrectfanoutconnectionwheninsertinga registerto a wire which already

hasaregister;(2) missing/additionalregister;(3) missingwire whena registerdrivesaprimary

output;and(4) incorrectstatecalculationwhentwo or moreregistersareconnectedin a row.

To quantitatively evaluateour veri�cation methodology, we raneachbenchmarkusingthe

correctimplementationandthebuggyversionto calculatetheir respectivesequentialsimilarity

factors,where10 cyclesweresimulated.Theresultsaresummarizedin Table4, which shows

thatthesequentialsimilarity factorsfor retimedcircuitsare100%for mostbenchmarks.As ex-



plainedin Section3.2,only afew signaturesshouldbeaffectedby retiming.Therefore,thedrop

in similarity factorshouldbeverysmall,makingsequentialsimilarity factorespeciallyaccurate

for verifying thecorrectnessof retiming.Thisphenomenoncanalsobeobservedfrom Table5,

wheretheaccuracy of our veri�cation methodologyis higherthan99%for mostbenchmarks.

To compareourmethodologywith formalequivalencechecking,wealsoshow theruntimeof a

sequentialequivalencecheckerbasedonbounded-model-checkingin Table5. Thisresultshows

thatourmethodologyis morebene�cial for sequentialveri�cation thancombinationalbecause

sequentialequivalencecheckingrequiresmuchmore runtimethancombinational. Sincethe

runtimeto computesequentialsimilarity factor remainssmall, our techniquecanstill be ap-

plied after every retiming optimizationthuseliminatingmostunnecessarysequentialequiva-

lencecheckingcalls.

Benchmark Sequentialsimilarity factor(%)
Retimingwithout errors Retimingwith errors

Meanr Minr Maxr SDr Meane Mine Maxe SDe

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
I2C 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 sequentialsimilarity factorsfor retimingwith andwithout errors. In this
experimentweperformthirty testsetsperbenchmarkandshow themean,minimalvalue(Min),
maximumvalue(Max), andstandarddeviation (SD) in eachrow.

Benchmark Cell DFF Accuracy 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
I2C 1142 128 99.27% 2491.01 1.43
DES AREA 3132 64 99.97% 49382.20 14.50

Table5: Runtimeof sequentialsimilarity factorcalculation(SSF)andsequentialequivalence
checking(SEC).The accuracy of our veri�cation methodologyis alsoreported,where1 bug
per100retimingoptimizationsis assumed.



5 Conclusions

In thiswork wedevelopedanovel incrementalveri�cation anddebuggingsystem,InVerS,with

a particularfocuson improving designquality andengineer's productivity. The high perfor-

manceof InVerSallowsdesignersto invoke it frequently, aftereachcircuit transformation,and

therebydetecterrorssooner, whentheseerrorscanbemoreeasilypinpointedandresolved.The

scalabilityof InVerSstemsfrom the useof fastsimulation,which canef�ciently calculatea

“similarity factor” metric to spotpotentialdifferencesbetweentwo versionsof a design.The

areaswherewe detecta low similarity arespotspotentiallyhiding functionalbugsthatcanbe

subjectedto moreexpensive formal techniquesor visually inspected.Therefore,we provide

a userinterfaceto improve the usability of our methodologyandsupportthe designerin the

debuggingtask. Part of this userinterfaceis our error visualizationtool that graphicallyre-

vealsthedifferencebetweentwo circuits,allowing thedesignerto pinpointtherootcauseof the

bugsmoreeasily. Theexperimentalresultsshow that InVerSachievesa hundred-foldruntime

speed-upon largedesignscomparedto traditionaltechniquesfor similarveri�cation goals.Our

methodologyandalgorithmspromiseto decreasethenumberof latentbugsreleasedin future

digital designsandto facilitatemoreaggressiveperformanceoptimizations,thusimproving the

qualityof electronicdesignin severalcategories.
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