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Abstract
Theverificationofa � -stagepulse-drivenIPCMOSpipeline, for

any �	��
 , is presented.Thecomplexity of thesystemis ��
�� tran-
sistors anddelayinformationis providedat thelevel of transistor.
Thecorrectnessof thecircuit highly dependson the timedbehav-
ior of its componentsand the environment. To verify the system,
three techniqueshavebeencombined: (1) relative-timing-based
verification from absolutetiming information [13], (2) assume-
guaranteereasoningto verify untimedabstractionsof timedcom-
ponentsand (3) mathematicalinductionto verify pipelinesof any
length. Eventhoughthecircuit can interact with pulse-drivenen-
vironments,theinternalbehaviorbetweenstagescommitsa hand-
shake protocol that enablesthe useof untimedabstractions. The
verificationnot only reportsa positiveanswerabout the correct-
nessof thesystem,but alsogivesa setof sufficientrelative-timing
constraints that determinedelay slacks under which correctness
canbemaintained.

1. Intr oduction
Verification of concurrentsystemstypically suffers from the

stateexplosionproblem.In systemswith a finite numberof states,
this problemhasbeenalleviatedby usingsymbolictechniquesto
implicitly enumerateall reachablestates[4]. Abstractionhasalso
beena commontechniqueto reducethecomplexity of themodel,
by hiding thoseimplementationdetails that are irrelevant to the
propertiesbegin verified[12].

When time becomesan essentialdimensionin verification,
complexity is drasticallyaffected. Theproblemof reachabilityin
timedautomatais provedto bePSPACE-hard[1], wheretheexpo-
nentialitydependson thenumberof clocksandon theencodingof
the maximumvaluesthat canbe taken by the clocks. This com-
plexity makestheverificationof systemswith a moderateamount
of untimedstatesalmostimpractical.

Severalapproacheshave beendevisedto representtimedstates
in asuccinctform,e.g. [3]. However, theincorporationof thetimed
domainin therepresentationof thestateshampersanefficient rep-
resentationof largestatespaceswith BDDs. Even the discretiza-
tion of time[8] posesseriousproblemswhenthenumberof clocks
or theconstantsof thetiming constraintsarelarge.

An interestingapproachto facethis complexity problemwas
proposedin [2], wheretheclocksusedduringverificationandtheir
accuracy aredetermineddynamicallyupondemand.In this way,
only that timing informationrelevant to thepropertiesbeingveri-
fied emergesduringthecalculationof thereachablestates.

Thispapertacklestheverificationof complex timedsystemsby
combiningthreetechniques:

1. Iterative verification by automaticallyabstractingabsolute
time into relative time [13] andusingpolynomialalgorithms�
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for absolutetiming analysis[10].

2. Assume-guaranteeparadigmto performa hierarchicalverifi-
cationof largesystemsby meansof abstractions.

3. Mathematicalinduction to prove the correctnessof infinite-
statesystems.

Thesetechniqueshavebeenusedto verify theIPCMOScontrol
circuit [15], a controllerfor asynchronouspipelinesthatcanoper-
ateat4GHzandusesa pulse-drivenprotocolto communicatewith
the environment. Its correctnesshighly dependson the delaysof
theinternalgatesandtheenvironment.

Themainfeatureof theusedrelative-time-basedverificationis
thecapabilityof backannotatingthetiming constraintsrequiredfor
thecorrectnessof thecircuit. Theseconstraintsindicatetheslacks
allowablein thedelaysof thecomponentsfor which a correctbe-
havior canstill be guaranteed.This featuredoesnot seemeasily
achievable with the strategies usedso far for the verification of
timedautomata.

Section2 reviews the fundamentalsof relative-timingverifica-
tion [13] andcompositionalverification. Section3 describesthe
IPCMOSarchitectureandtherequiredverificationsteps.Section4
gives the detailsof the abstractionsandstepsto verify IPCMOS
pipelines.Section5 describestheverificationof onestage.

2. Theoretical background
2.1.Formal verification with relative timing

Modeling formalismsandalgorithmsfor the verificationwith
relative timing are describedin detail in [13]. This sectionde-
scribesits fundamentals.

Verification strategy. To verify whethera timed system �
satisfiesa safetyproperty � a languageinclusion test is posed:��� ����� ��� ��� , where

��� ��� is thesetof all possiblebehaviors
of � and

��� ��� is the setof all possiblebehaviors satisfying
property � . Thecalculationof thelanguagegeneratedby atimed
systemis proven to be PSPACE-completeand in practicehighly
complex in mostcontexts [1, 7]. To overcomethis complexity,
[13] avoidscalculatingtheexacttimedstatespaceby building con-
servative approximationsof

��� ��� in aniterative manner. Starting
from theoriginalsystemwithout timing constraints,successiveap-
proximations��� of � areconstructed,satisfying

��� ����� ��� �����
and

��� � �! #" ��� ��� � � � . If the inclusion
��� � � ��� ��� ��� holds,

then
��� ���$� ��� � � ��� ��� ��� andthe verificationsucceeds.If

not, anotherapproximation ���! %" is generatedby addingrelative
timing constraints[16] until the verificationsucceeds,or a coun-
terexampleis found. At eachiterationof the refinementprocess,
relative timing constraintsare generatedfrom an off-line timing
analysis[10] onasetof eventstructuresthatcoversthetracescon-
tainingviolationsof property � .

Systemmodel. Thesystemunderanalysis� ismodeledbymeans
of a timedtransitionsystem(TTS) [7] composedof a non-empty
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Figure 1. (a,b) Timed transition system and delay inter vals. (b,c) LzTS obtained after fir st and second compositions.

setof states& , anon-emptyalphabetof events' , a transitionrela-
tion (*)+&$,�'-,�& , asetof initial states.0/!1 , andtwo functions243 ,265 thatassociateminimalanmaximaldelaysto theevents.Wecall
the subset798;:=<�&#>?'�>0(@>0.0/A1CB the underlyingtransitionsystem
(TS) thatrepresentstheuntimedbehavior of thesystem.

Figures1(a,b)depict the TTS modelinga systemthat will be
usedas introductoryexample. Figure1(a) shows the underlying
TS, while Figure1(b) shows the delayintervals of events D , E , F
and G . Thedelayinterval for therestof eventsis H IJ>LKNM . Thetimed
behavior of the systemis highlightedin gray, i.e. the reachable
stateswhenthespecifieddelaysaretakeninto account.

Assumethatthepropertyto verify specifiesthatevent G mustal-
waysprecedeevent O in any possibletracefrom state.0P . Theprop-
ertyholdsin thetimedstatespacesincein all possibletimedtraces
(thosevisiting thegraystates),G alwaysfiresbefore O . However,
by exploring theuntimedstatespaceof Figure1(a)weseethatthe
propertydoesnothold in state.LQ�P if O firesbeforeG . Whatfollows
is anoverview of themathematicalnotionsinvolvedin proving that
thepropertyactuallyholdswhendelaysareconsidered.

A run of the underlying TS 798 is a sequence RS:
. Q�T QUCV .XW T WUYV[Z\Z]Z , suchthat . Q�^ . /!1 and _a`cb*dfeg. / T /UCV . /!h#Q�^( . Whenconsideringthe timing constraintsin the TTS, not all
runsof 7 8 correspondto feasibleexecutionsequences.R is tim-
ing consistentwith 7 if a sequencei]Q�j+i W j ZkZ\Z of real-valued

time stampscanbe found in which for every . / T /UCV . /!h%Q in R we
have 243mlon\/�Mpjqi0/!h#Q U iorsjt245�lon]/uM . The time stamp i0/!h%Q is as-
signedto state.0/!h#Q andcorrespondsto thefiring timeof event n\/ .
Similarly, ivr correspondsto thetime stampof thestatew?r preced-
ing wk/!h%Q in which n]/ wasfirst enabled(enablingtime). Thus,the
firing time of aneventonly dependson its enablingtime andcer-
tain delayamountwithin thespecifiedbounds.

Lazy transition systems[5] areusedto build the sequenceof
aforementionedapproximationsfor x�lv7�M . Lazinessenablesto
modeltimeby abstractingabsolutetiming informationinto relative
timing information.Thisis accomplishedby explicitly distinguish-
ing betweentheenablingandthefiring of anevent.

Sequencesof eventsleadingto statesin whichpropertiesdonot
hold arespecifiedby meansof traceswith enablinginformation.

Givenanalphabetof events ' , a trace y9:{z Q|T QUYV z�W T WUCV[Z\Z\Z is a
sequencesuchthat _a`}b*d~e�z / )�' and n /�^ z / , wherez / is the
setof eventsenabledwhen n]/ fires. Removing someof theevents
from ' enablesa traceto capturesetsof sequencesthatsharethe
sameenabledness,i.e. it is anenablingcompatiblemapping[13]
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Figure 2. (a,b) Failure traces, (c,d) their corresponding CESs
annotated with timing arcs, and (e,f) State space of the CESs
(shaded states are unreac hable).

betweentraces.Sincethefiring time of aneventonly dependson
its enablingtime and its delay, the timing analysison a trace y��
with a subsetof events 'c� ^ ' canalsobeappliedto theoriginal
trace y with the full set ' ; that is, y is timing consistentif f y � is
timing consistent.

Event structures(CES) are acyclic graphsthat capturethe
causalityrelationsbetweenthe set events in a trace. Taking an
event structure,which partially specifiesthecausalityin theorig-
inal system,timing analysiscan be performedand the resulting
timing constraintsincorporatedinto the specification.The causal
eventstructure��&��|:�<�'�>k��B (where � is a precedencerelation)
generatedfrom trace y is definedasfollows: '�:���n�Q�>]�\�\�\>Xn]1a��>n\/��;n0r���`� f¡�¢¤£¦¥§z�¨ ^ yte©��n\/ª>?n0r6�p){z�¨ . By analyz-
ing themaximalseparation timebetweenpairsof eventsin a CES
[10], it is possibleto determinewhethertwo eventsare ordered
in the time domain. Temporalorderingdueto eventseparationis
incorporatedinto theCES by additionaltemporalrelationswhich
representrelative timing constraints[16]. Theresultis a lazyevent
structureLzCES [13] in whichadditionaltemporalrelationsdelay
thefiring timeof events,but never modify theirenablingtime.

Doing reachabilityanalysison the resulting LzCES, a new
LzTS « is obtained,which containsthe derived relative timing
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constraints.Refiningthe behavior of ­ by the timing constraints
in ® is doneby calculatingtheenabling-compatibleproductof ­
and ® [13]. This productis a particularcaseof TS productunder
therestrictionsof makingsynchronizationby thesametransitions
andthesameenablingconditions.

Verification flow. The proposedverification methodfollows a
fully automatediterative approach(seeFigure 3). The verifica-
tion startsby takingaLzTS equivalentto theunderlyingTS of the
systemunderanalysis.In that casetheenablingandthefiring of
all eventscoincidesinceno timing informationhasbeenconsid-
eredyet. Givena safetyproperty ¯ , a traceis identifiedthat leads
to somestatein which ¯ is violated. If the traceis timing con-
sistentthenthesystemviolatestherequiredpropertyandthetrace
provides a counter-example. However, if the traceis not timing
consistent,it is usedto refinetheuntimedstatespaceandremove
other timing inconsistenttraces. Causalityinformation between
theeventsin thetraceis extractedandaCES is built from it. Tim-
ing analysison the CES is performedby using the algorithm in
[10]. Theextractedtemporalinformationis incorporatedobtaining
a LzCES which is composedwith theoriginal LzTS, thusinclud-
ing the temporalinformationnecessaryto prove that someof the
statesin thesystemareunreachable.Theprocessis repeateduntil
noviolationof ¯ existsor atiming consistentfailuretraceis found.

Goingbackto theexamplein Figures1(a,b),afailuretracefrom°0± to °L²�± followedby thefiring of ³ canbefound(seeFigure2(a)).
From this trace,a CES with the samecausalityrelationsis de-
rived(Figure2(c)). Notethat, in theCES, ´ is triggeredby µ but
not triggeredby ¶ , i.e. only a subsetof the causalityrelationsis
captured. Figure 2(e) depictsthe statespaceof the CES. After
thetiming analysiswe addthetemporalrelationsto theCES, de-
notedasdottedlines in Figure2(c), which make unreachableall
shadowed statesin Figure2(e). Hence,event ´ is preventedto
fire in somestates,whereits firing would be inconsistentwith the
timing analysis.Finally, this informationis incorporatedby com-
posingthe original systemand the event structure. Somestates
in thecomposedsystemaresplit into two instancesdependingon
whetherthey arereachedby tracesmatching(enablingcompatible)
theeventstructureor not(seestates°X· , °0¸ , ° ²0² and ° ²�¹ ). Figure1(c)
shows theresultingLzTS, wherestatesannotatedwith the º sym-
bol arenotenablingcompatibleandthusthetiming analysisonthe
CES doesnotapply. It canbeseenthatthesetof tracesis smaller
thanthat of the original system,but larger thanthat of the actual
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Figure 4. Assume-guarantee verification using abstractions.

statespacein Figure1(a),andthatonly timing inconsistenttraces
have beenremoved.

The first iterationof the algorithm hasremoved somefailure
tracesbut not all of them.Figure2(b,d,f)depictsonemorerefine-
ment,with. the final statespacein Figure1(d). In the resulting
systemall thefailuretraceshave beenremoved,which provesthat
thesystemsatisfiestheproperty. Althoughit is not generallytrue,
in this casethe final statespacecontainsexactly the sametraces
thantheactualstatespace(thegraystates)shown in Figure1(a).

2.2.Compositional verification
Theabstractionmechanism[12] allowsto reducethesizeof the

statespaceby removing detailsirrelevantfor proving agivenprop-
erty. When performingabstraction,information aboutthe exact
behavior of thesystemis lost, thereforethe truth of someproper-
tiescannotbedeterminedby lookingonly at theabstractedsystem.

The assume-guarantee paradigm [14] exploits the modular
structureof systems.It reasonsaboutthecorrectnessof theoverall
systemby checkingonly the local propertiesof the components.
Unfortunately, a componentis designedto operateonly in theen-
vironmentof thatsystem,thusit is unlikely to satisfyany interest-
ing propertyunlessanalyzedtogetherwith suchenvironment.The
assume-guaranteetechniquetacklesthis intimaterelation. In the
systemof Figure 4 (a), sincethe behavior of » dependson the
behavior of ­ , the correctnessof » canbe proved if certainas-
sumptionsaresatisfiedby ­ . Then,onemustguaranteethat ­
actuallymeetssuchassumptions.A similar reasoningcanbedone
in the side of ­ . By combiningappropriatelythe assumedand
guaranteedproperties,it is possibleto establishthecorrectnessof
the entiresystem.without building theglobal statespace.More-
over, oncea guaranteeis proved it canbe usedasan assumption
for a later stagein the verificationprocess.To prevent from er-
roneousconclusionscircularity mustbe avoidedin the reasoning
chain.Finally, theassumptionsoftencomein theform of abstrac-
tionssuchthatbothtechniquesarecombined.Figure4 depictsthe
verificationschemefor the »½¼L­ system,usingassume-guarantee
reasoningwith abstractions:in (b) the local propertiesof » are
verified assuming­�¾ is a valid abstractionof ­ ; in (c) the local
propertiesof ­ areverifiedassuming»¿¾ is a valid abstractionof» ; in (d) ­ ¾ is checked to bea valid abstractionof ­ in orderto
guarantee(b); andin (e) » ¾ is checkedto bea valid abstractionof» in orderto guarantee(c). Each“guarantee”verificationchecks
for languagecontainmentof theimplementationwith respectto the
abstraction.In our framework, this is performed(following [13])
by checkingthat any outputproducedby the implementationcan
alsobeproducedby theabstractionunderthesameinput stimuli.

Induction is usedto prove propertieson systemscomposedof
a numberof similar components,organizedin someinductively
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definablestructurelike a pipeline,a matrix, etc. Thesetechniques
rely ontheconceptof invariant [6] or theso-calledbehavioral fixed
point [17], to reasonaboutthebehavior of systemswith any num-
berof components.

Formal frameworks that supportassume-guaranteereasoning
with abstractions[11] often rely on: a preorder relation À anda
compositionoperator Á for processes,anda logic to specifyprop-
erties. ÂÃÀÄÂ¿Å denotesthat the abstractionÂ¿Å capturesmore
behaviors than Â , i.e. Â refinesor implementsÂ Å . Sincewe ver-
ify safetyproperties,theonly conditionwe have to enforcefor the
abstractionis thatits statespaceis asupersetof thatof theoriginal
system,sothattheobservablepropertiesarepreservedthroughthe
abstractions.This, togetherwith our relative-timing-basedverifi-
cationapproach[13], providesa soundframework for performing
assume-guaranteeverificationwith abstractions.

3. Verification of IPCMOS circuits
3.1. The IPCMOS architecture

The AsynchronousInterlocked PipelinedCMOS circuit archi-
tecture(IPCMOS)[15] is anasynchronousclockingtechniquefor
large devices operatingat GHz clock frequencies.Thanksto its
pulse-basedinterlockingscheme,it canhelpaddressingdesignis-
suessuchaspower consumption,noisereductionandclock syn-
chronization.A singleIPCMOSmoduleis relatively smallandcan
beusedto build scalablearchitectures.Figure5 shows a pipeline
composedof IPCMOSblocksandlatches,with somedetailsonthe
internalstructureof a singlecontrolblock.

The IPCMOS block communicateswith other blocks via re-
questsignals(VALID), acknowledgmentsignals(ACK) andpro-
ducesa local dataclock signal (CLKE). VALID indicatesdata
availability to the receiver(s), while ACK acknowledgesto the
sender(s)thatdatahasbeenreceived. GenerallyIPCMOSblocks
canbefedmultipleACK andVALID signalsto enablesafelypro-
cessingdatafrom multiple sourcesandfeedingtheresultto multi-
pledestinations.

IPCMOScircuitsarepulse-drivenor edge sensitive. Their op-
eration is illustratedby the diagramin Figure 7. It shows how
two dataitemspropagatethroughanIPCMOSpipelinecomposed
of two-stages,S1 and S2. Initially the pipeline is empty: all
VALID signalsarehigh, CLKE signalsarehigh andACK signals
arelow. As soonasnegative pulsesarereceivedat all VALID in-
putsof a stage(only one in caseof a pipeline),a positive pulse
is generatedat the ACK to acknowledgethe datareceipt. Input
datais clockedby a negative pulseon theCLKE signal(produced

ACK OUT

VALID S2

CLKE S2

ACK S2

VALID S1

CLKE S1

ACK S1

VALID IN

Figure 7. Two stage IPCMOS pipeline waveform.

by thestrobemoduleof theIPCMOSarchitecturein thecenterof
Figure5). After somedelaydesignedto matchtheworstcasecom-
putationtimeof thelogic,anegativepulseis generatedby thevalid
moduleat theVALID line indicatingthedataavailability to there-
ceiver. Fromthispointon, theblockwaitsfor positive pulsesto be
received from dataconsumersat all ACK inputs(recordedby the
resetmodule).MeanwhileVALID input pulsesindicatingthenew
inputdataavailability arealso“recorded”.Hence,new datareceipt
at every stageis interlockedwith theacknowledgmentof thedata
by thefollowing stages.Theonly restrictiontheIPCMOSmodules
poseon theenvironmentis thepulselength.

Even thougha pulse-driven environment is acceptedby each
pipelinestage,theinternalcommunicationbetweenadjacentstages
is performedin a partially handshaked protocolbetweentheposi-
tive edgesof thepulses(seeFigure6). Theseadditionalcausality
relationsenableto abstractthebehavior of suchcomponentswhen
interactingamongthem,in sucha way that internaltiming infor-
mationcanbeneglected.Thisphenomenonconsiderablysimplifies
theverificationof thepipeline.

Thedashedboxesin Figure7 show theaffectededgeswhile the
dashedarrows show the restrictingcausaldependenciesthatmust
not exist in theenvironment(IN, OUT) but take placein theIPC-
MOSstages(S1,S2).Onthisdiagramwealsoshow thatall stages
in asequencecannotbefilled with dataat thesametime,but ”bub-
bles” (emptystages)areneededto propagatedatain onedirection
and the acknowledgmentin the other. The causaldependencies
demonstratingthis factaredottedin thediagram.

The complexity of a IPCMOS stagedependson the number
of datasuppliersandreceivers. The numberof transistorscanbe
computedas: Æ|ÇÉÈXÊ\Ë6ÌªÍAÌªÇÉÎ?ÈXÌ�Ï¤ÐÒÑCÓ¿ÔÖÕ�Æ�ÍAË�×\Ø4ÇÉÌÖÓÚÙ%ÕaÆ�ÎLØ�ÇA×\Ø4ÇÉÌ . A
singlestageof a linearpipelinecontains32 transistors.

3.2.Verification steps
The correctoperationof an IPCMOSpipelineinitially empty,

is givenby thefollowing informal specification( Û ):



Every data item sent to the pipeline is acknowledged
onceandonlyonceat everystage.

We verify the correctnessof the IPCMOScontrol circuit, i.e.
the datapath is assumedto be correct. Even thoughthe previ-
ouspropertyinvolvesa livenessandasafenesscondition,bothcan
bemodeledassafetyconditionsduringthecalculationof thestate
space.They canbemodeledby meansof a deadlock-freenessin-
variantin thecontrolcircuitry of thepipeline,suchthatthecontrol
deadlockswheneithersomedatais notacknowledgedor somedata
cannotmove to thenext stage.

Additionally, specificconditionsaboutthe correctbehavior of
CMOS circuits must be also ensured. Theseconditionsare de-
scribedin Section5.1.

In particular, all propertiesrequiredin this work have been
modeledwith very simple temporalexpressionsthat require at
most the analysisof 1-steptransitions. Therefore,it is not nec-
essarya powerful engineto verify branchingtime or linear time
logic for suchtask.

Due to the pulse-driven natureof the architecture,its correct-
nessstronglydependson thedelaymarginsassociatedto thecom-
ponentsof thecontrolstage.Thegoalof theverificationis to check
whetheran IPCMOSpipelinewith any numberof stagesbehaves
correctlyaccordingto Ü , i.e. to check:

IN Ý}Þ6ßcÝ-à\àkàcÝ�Þká9Ý OUT â=Ü (1)

for any valueof ãsäfå , where Þ\æ areidenticalinstancesof thecir-
cuit implementationÞ of astage.Theenvironmentis formedby the
datasenderIN andthedatareceiverOUT, whichareindeedpartof
thespecificationin thesensethat Ü alsospecifiestheinterfacebe-
havior of thepipeline,andIN andOUT canbeobtainedby simply
mirroring suchbehavior. The verificationbecomesexponentially
morecostly as ã increases,speciallybecausethe communication
protocolin both endsof a stageis highly decoupled.Thus,if the
verification is carriedout usingthe level of detail provided by Þ ,
in practiceã cannotgo beyond2 stages.In orderto overcomethe
complexity, theverificationof longerpipelinesmustbecarriedout
usingabstractions.

IN andOUT operateaccordingto thepulse-basedprotocoland
so doesthe left sideof a stage,whereasthe right sideof a stage
operatesaccordingto a two-phasehandshake protocol (seeSec-
tion 3.1). Therefore,the communicationsbetweenstagesÞkç andÞ áJèÖß inside the pipeline usethe handshake scheme(thin arrows
in Figure8), whereasthepulse-basedbehavior only appearsat the
extremesof the pipeline (thick arrows in Figure8). We propose
abstractionsthathidethepulse-basedbehavior in awaythatall the
timing restrictionsrelatedto the correctnessof suchprotocolare
alsoencapsulatedinsidetheabstractions(seeé�æ á and é�ê?ë4ì in Fig-
ure 8). Therefore,since é�æ á and éíêLë�ì communicatethroughthe
handshake protocol,theabstractionscanbeuntimedandassume-
guaranteereasoningcanbeused.Hence,we posetheverification
of (1) in termsof: é�æ á Ý�é�ê?ë�ì©âîÜ (2)
Weproceedasfollows:ï Build abstractionsé�æ á and éíêLë�ì for the componentsshown

in Figure 8. IN and OUT communicateby pulseswith Þ ,
whereasÞ communicatesby handshakeswith thepipeline.ï Prove(2) assumingthat é æ á and é ê?ë�ì arecorrectabstractions
of therespective partsof thepipeline.

IN OUT
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Figure 8. Pipeline verification using abstractions.
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Figure 10. STGs for the abstractions é æ á (a) and é ê?ë4ì (b).

ï Guaranteethe soundnessof the abstractions.Discharge the
assumptionsby proving that é�æ á and éíêLë�ì are correctab-
stractionsof IN ÝíÞ and Þ¿Ý OUT, respectively. Moreover,
prove that é æ á is alsoa goodabstractionof é æ ápÝ}Þ , i.e. é æ á
is a behavioral fixedpoint thatabstractsthesenderIN anda
chainof ã stages.ï Finally, prove thecorrectnessof apipelineformedby asingle
fully detailedimplementation( Þ ) of a stage.Theverification
checksif Þ is a correctCMOS circuit andsatisfiesÜ in the
givenenvironment,thatis IN Ý}Þ�Ý OUT â�Ü .

Section4 coversthefirst threeitems,whereasSection5 shows
in detail theuseof [13] to performtheproof in thelastitem.

4. Verification of IPCMOS pipelines
Theverificationmethodologyof [13] is usedin this sectionto

performtheexperimentsof theassume-guaranteestrategy outlined
in Section3.2.

4.1.Abstractions
Themodelsé æ á and é êLë�ì mustdescribetheobservablebehav-

ior of theabstractedpartsof thepipelineat ahigherlevel (seeFig-
ure 8). The two-phasehandshake protocol in the communication
interfaceof theabstractionsis modeledby the fact that the rising
edgeof ACK to acknowledgea dataportion is alwaysinterlocked
within the falling edgeand the next rising edgeof VALID. The
modelsfor the environment(IN andOUT) usedfor the verifica-
tion areshown in Figure12. Figure10 depictsthemodelsfor the
abstractionsé æ á and é ê?ë�ì . Thesemodelsarerepresentedby Sig-
nal TransitionGraphs(STG), i.e. Petri netsin which transitions
areinterpretedasrising ( ð ) andfalling ( ñ ) signaltransitions.The
underlinedtransitionsrepresentinputsin their respective models.

é æ á : abstraction of IN - Þ6ßòñ¤à\à\àYñ~Þ\áJèóß . é æ á hidesthe pulse-
basedcommunicationbetweenIN andthelaststageof thepipeline.é æ á signalsthedataavailability at theinputof thenext stageof the
pipelineby lowering the outputVALID line. VALID is not raised
againuntil thepipelineacknowledgesthereceiptof thedata.The
two-phasehandshakeprotocol(seeFigure6) is completedby reset-
ting theVALID line independentlyof theresettingof theACK line
by thepipeline.

é ê?ë�ì : abstraction of Þ -OUT. é ê?ë4ì hidesthepulse-basedcom-
municationbetweenthe last stageof the pipeline and the OUT
module. éíê?ë4ì samplesthedataavailableat theendof thepipeline
signaledby the low valueof VALID, andacknowledgesit by pro-
ducinga positive ACK pulse.
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Figure 9. Scheme of the guaranteepar t of the verification, to prove the correctness of the various abstractions.

4.2. Assume-guaranteeverification
We want to prove that the abstractsystembuilt from ô�õAö andô�÷?ø�ù is a goodabstractionof anIPCMOSpipeline,i.e.:

IN ú}û6ü�ú-ý\ý\ýòú}ûkö$ú OUT þ=ô�õAö9úÿô ÷Lø�ù
We useassume-guaranteereasoningin five stepsin orderto carry
outtheproof. Steps3 and4 aretheonesthatuseinductionto prove
thecorrectnessof an � -stagepipeline,for � ��� .

Someof the verificationstepsaregraphicallydepictedin Fig-
ure 9. The symbol � modelsa componentthat checksthat any
eventproducedby therefinementis alsoproducedby theabstrac-
tion (i.e. the languageproducedby the refinementis includedin
theoneproducedby theabstraction).

1. Assume: We must prove that the systemformed by the ab-
stractionsmeetsthespecificationof theIPCMOSpipeline,that is:ô õAö ú�ô�÷?ø�ùtþ�� . The taskis straightforward andcompletes
successfullyin a few secondsof CPUtime.

2. Guaranteecorrectnessof ô ÷?ø�ù : We prove thecorrectnessofô ÷?ø�ù with respectto thesystemformedby a stageû andtheOUT
module,when û communicateswith therestof thepipelineusing
thehandshake protocol.Thatis: ô�õ!ö�ú%û|ú OUT þ ô�õAö�ú%ô ÷?ø�ù .
For this, thesystemshown in Figure9(a) is built. Theverification
consistsin checkingthe languagecontainmentof û ú OUT with
respectto ô ÷Lø�ù , which is reducedto checkingthatany outputpro-
ducedby û�ú OUT canalsobeproducedby ô ÷?ø4ù at thesametime
instant.In thiscase,theonly relevantoutputis signalACK.

3. Guaranteecorrectnessof ô�õAö with onestage: We prove the
correctnessof ô õAö with respectto thesystemformedby thepulse-
basedIN moduleandtheimplementationof astageof thepipelineû , when û communicateswith thenext stagein thepipelineusing
thehandshake protocol.Thatis: IN ú�û$úÿô ÷?ø4ù þ ô�õAöÚúcô ÷?ø�ù .
For this analysis,the systemshown in Figure 9(b) is built. The
verificationconsistsin checkingthatwhenever û is readyto change
thevalueof VALID, ô õAö is alsoreadyfor that, thusguaranteeing
languagecontainmentof IN ú�û with respectto ô�õAö .
4. Guarantee ô�õAö is a behavioralfixedpoint: Thepreviousproof
onlyguaranteesthecorrectnessof ô�õAö asanabstractionof IN anda
singlestage.Thatresultservesastheinductionhypothesisto prove
that ô õAö isacorrectabstractionof IN úÖûgú�ý\ý\ý}ú û ö��Öü , for any � ��
, asshown in Figure8. Namely, ô õAö úóû�ú#ô�÷?ø�ùpþ[ô õAö ú#ôí÷?ø4ù .

For this, the systemshown in Figure9 (c) is built andthe verifi-
cationis donesimilarly to theprevious proofs,but now checking
signalVALID.

Proofs3 and4 provethecorrectnessof an � -stagepipeline. ô�õ!ö
is anabstractionof the IN moduleanda chainof IPCMOSstages

Experiment CPUtime Refinements
1. 	 1 min. –
2. 28 min. 7
3. 9 min. 3
4. 10 min. 3
5. 35 min. 40

Table 1. Summar y of experimental results

andis saidto bea behavioral fixedpoint [17], sincenomatterhow
large � is, ô�õ!ö canbeusedasa correctabstraction.

5. Guarantee correctnessof a 1-stagepipeline: The previous
proofsdemonstratethecorrectnessof IPCMOSpipelineswith 2 or
morestages.It is still neededto prove thecorrectnessof apipeline
with a singlestage,that is IN úòûpú OUT þ
� . This stepis nec-
essaryto considerthe casein which a stageis interactingwith a
pulse-driven environmentat both sides. This is the stepin which
moretiming constraintsarerequiredto guaranteea correctbehav-
ior of the components.Despiteof its complexity, sincethis step
alsorequirestherefinementof themodelat thelevel of transistors,
we describeit in detail in Section5.

Table1 summarizestheresultsof thefiveverificationsteps,us-
ing thetransyt tool implementingtherelative-timing-basedverifi-
cationapproachdescribedin [13]. TheCPUtimes,indicatedin the
secondcolumn,have beenroundedto minutesandcorrespondto
executionsin a 866MhzPIII computerwith 1Gbof RAM running
Linux. Thenumberof refinements,indicatedin the third column,
correspondto the numberof iterationsneededby transyt to suc-
cessively incorporatethe timing constraintsthat help pruningthe
failuretracesfrom thestatespaceof thecorrespondingmodels.

In thefirst experiment,no refinementis requiredsincethever-
ification only consistsin computingtheuntimedstatespaceof the
abstractionsinvolved andrealizingthat no violation of the speci-
fication arises.Notice also,that althoughexperiments2, 3 and4
requirea few refinementsthe CPU timesarecomparatively high
with respectto that of experiment5. This is dueto the complex-
ity of the requiredmodels(seeFigure9) and the resultingBDD
explosionwhendoingreachabilityanalysis.

5. Verification of a 1-stageIPCMOS circuit
This sectionaddressestheverificationof thecircuit implemen-

tationof anIPCMOSpipelinestage( û ), in anenvironmentformed
by a datasenderIN anda datareceiver OUT. We will show the
modelingmechanismsto describethe transistor-level circuit, the
descriptionof environmentandtheverificationresults.

5.1.Modeling CMOS circuits
Thebehavior of thesystemis modeledby a TTS with a setof

eventsthatupdatethevalueof variablesandthereforemodify the
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Figure 11. General structure of the strobe(right) and strobeswitch (left) cir cuits.

stateof thesystem.Weuseabooleanvariableto modeleachcircuit
nodeandseveraleventsthatmodeltherisingandfalling transitions
of thenodevalue. For every eventa transitionrelationis defined,
includinganenablingconditionanda delayinterval � ��
�������� speci-
fying thedelayboundsof thesignalswitchonceenabled.

A nodein the circuit may be driven by stacksof pull-up and
pull-down transistors,andpossiblypass-transistors.Eachstackis
modeledby aneventthatsetsthepropervalueto thevariable(one
for pull-up,zero for pull-down andcopiesthevalueof anothervari-
ablefor a pass-transistor).Note that we do not considerbidirec-
tional pass-transistors.Delay intervalscanbecomputedusingthe
technologyparametersandthe fan-outconditionsfor eachsignal.
The broaderthe delayintervals for which the circuit is proven to
becorrect,themoregeneralis theverification,i.e. themorerobust
is thecircuit.

As anexample,weshow thetransitionrelationsfor signalY in
thestrobeswitch circuit (seeFigure11). Y � , takesplaceif Y is
low andit is pulled up by the � -transistorcontrolledby Z. Thus,
theenablingconditionis givenby ����� Y ����� Y � Z. Theenabling
conditionfor Y  is givenby �!��� Y  "��� Y � ACK becauseY can
only bepulleddown by the � -transistorcontrolledby theACK sig-
nal. No specifictechnologylibrary is used,hencethedelaybounds
for eachstackof transistorsto be in the rangeof [1,2] delay
units. Other appropriatedelay rangesare usedin caseof weak
transistorsor fan-outconsiderations.

Provided this modelingmechanism,correctnessof CMOScir-
cuitscanbeposedin termsof thefollowing properties:

Persistency. Thetemporalbehavior of a gateis describedby the
inertial delaymodel. In this model,input pulsesshorterthanthe
lower delay bound � 
 are not propagatedto the output. Pulses
longerthantheupperdelaybound� � arealwayspropagated.How-
ever, propagationof pulseswith durationbetween� 
 and � � is un-
certainandmayproduceglitches, hencesignalpersistencycondi-
tions areimposed.Persistency implies that every transitionmust
fire onceit is enabledandcannotbe disabledby the firing of an-
othertransition.

Short-circuits. Customdesignsexploit theflexibility of CMOS
technology, relaxingthecomplementaritybetweenthepull-up and
pull-down stacks. This introducesa potential sourceof short-
circuits. Although short-circuitscanbe exploited by considering
thepull-up/pull-down relative impedance,generallythey areunde-
sirablebecausethey mayleave thedrivensignalsundefined.

Thepotentialshort-circuitsin thestrobecircuit of Figure11are
identifiedby thefollowing invariants:

IN OUTCLKE
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ACKACK

VALID

VALID−

VALID+ ACK−

ACK+

VALID+

VALID−

ACK−

ACK+

Figure 12. Scheme of the verification of an IPCMOS stage.

1. Z � ACK: Y is pulleddown by the � -transistorcontrolledby
ACK andpulledupby the � -transistorcontrolledby Z.

2. VALID � Y � CLKE: VALID is pulleddown by theinputand
pulledup by the � -transistorcontrolledby CLKE.

5.2.Modeling the envir onment
Figure12 depictsthecommunicationprotocolimplementedby

the IN (left) andthe OUT (right) partsof the environment,in the
form of SignalTransitionGraphs.Theunderlinedtransitionsrep-
resentthe behavior of the circuit stagesignals. The IN andOUT
modulesoperatein a pulse-basedmanner. Therefore,theenviron-
mentwe usein this experimentis themostgeneralpossibleto en-
surethecorrectoperationof theIPCMOSstage.

The OUT moduleacknowledgesthe dataavailableat the out-
put of the stageby rising the ACK line. Oncethis happens,both
the stageand the OUT module resetthe respective VALID and
ACK lines independently. A restrictionmustbe imposedto OUT
to avoid earlyresettingof ACK. That is, if ACK  arrivestoo fast
afterACK � , thefalling edgeof ACK maynotbeproperlyrecorded
by theresetswitch circuit of thestage.Thereforeaminimumwidth
is requiredto thepositive pulseof ACK.

The IN modulenotifiesnew dataavailability at theinput of the
stageby lowering the VALID line. The stageacknowledgesthe
incomingdataby rising the ACK line. The resetof both lines is
carriedout independentlyand no new datacan be issuedby IN
until thestagehasacknowledgedthepreviousdataportion.

5.3.Verification results
Provided the modelsabove, the verificationsucceedsproving

thattheinvariantscharacterizingthecircuit correctnessconditions
alwayshold, i.e. thecircuit implementingthe IPCMOSstageop-
eratescorrectly in the given IN-OUT environmentandshows no
short-circuits,nopersistency violationsandnodeadlocks.Thever-
ification processfinishesin lessthananhourof CPUtime.

Theverificationsucceedsandalsoprovidesback-annotationin-
dicating a set of sufficient timing relationsbetweenevents that
guaranteethe correctnessof the implementation.Theserelations
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Figure 13. (a) Failure trace and (b) corresponding LzCES. (c)-(f) LzCESs sho wing other relative timing constraints (dotted arcs)
that guarantee correctness.

areprovidedasthe timedeventstructuresobtainedat every itera-
tion of theverification.This informationpermitsto guessaboutthe
delaymarginsallowableto keepthecorrectness.

Figure13 shows someof the timing relationsobtainedduring
theverification,thatguaranteethecorrectnessof thestrobeswitch
module(seeleft side of Figure 11). For example,Figure 13(a)
shows a traceleadingto a failure situationin which the early fir-
ing of ACK # causesa short-circuitat nodeY. Eventstructure(b)
shows theorderingof Z # andACK # in thetime domainproving
that trace(a) is not timing consistent.This situationcorresponds
to thecasewherea falling edgeof VALID occurs,followedby the
fall of signalVint andtheriseof ACK to indicatethedatareceipt.
Z # mustbefasterthanACK # to avoid theshort-circuitat Y cor-
respondingto invariant (1). Event structure(c) shows that after
rising signalACK, thetransitionY $ turnsoff then-transistoriso-
latingVint from VALID remaininglow beforeit is reset(pulledup)
by CLKE $ . This orderingis requiredto guaranteeinvariant (2).
Eventstructure(d) shows thattheeventACK $ is orderedwith Z $
ensuringinvariant (1). Indeedit shows that signalACK always
falls beforeZ thus,avoiding the short-circuit. Eventstructure(e)
shows the orderingrelationbetweenCLKE # andVALID $ . The
delayof VALID $ is setto resetCLKE beforethe falling edgeof
VALID. Thisorderingcontributesto guaranteeinginvariant(2).

6 Conclusions
A complex examplehasbeenpresentedin which the useof

relative-timing-basedverificationhasbeencrucialto provethecor-
rectnessof thesystem.Althoughsomeotherparametrizedsystems
have beenverified in thepast(seee.g. [9]), this is thefirst casein
which delayinformationandrefinementsdown to transistorlevel
have beenprovided.

A relevant featureof the presentedapproachis the report of
relative timing constraintsthat describethe slacksthat guarantee
thecorrectoperationof thesystem.

The abstractionsof different componentsof the systemhave
still beenderivedmanually. Automaticextractionof timedabstrac-
tionsis oneof theimportanttopicsfor futurework in this area.
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