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Abstract

Theverificationof an-stage pulse-drivedPCMOSpipeling for
anyn > 0, is presentedThecompleity of the systenis 32n tran-
sistors and delayinformationis providedat the level of transistor
Thecorrectnesf the circuit highly dependon the timedbehav-
ior of its componentsand the environment. To verify the system,
three techniqueshave beencombined: (1) relative-timing-based
verification from absolutetiming information [13], (2) assume-
guaranteereasoningo verify untimedabstractionsof timedcom-
ponentsand (3) mathematicalnductionto verify pipelinesof any
length. Eventhoughthe circuit caninteract with pulse-driveren-
vironmentstheinternal behaviorbetweerstagescommitsa hand-
shale protocol that enablesthe useof untimedabstractions. The
verificationnot only reportsa positiveansweraboutthe correct-
nessof the systembput also givesa setof suficientrelative-timing
constaints that determinedelay sladks under which correctness
canbemaintained.

1. Intr oduction

Verification of concurrentsystemstypically suffers from the
stateexplosionproblem.In systemswith afinite numberof states,
this problemhasbeenalleviated by using symbolictechniquego
implicitly enumeratell reachablestateg4]. Abstractionhasalso
beena commontechniqueto reducethe compleity of the model,
by hiding thoseimplementationdetailsthat are irrelevant to the
propertieshegin verified[12].

When time becomesan essentialdimensionin verification,
compleity is drasticallyaffected. The problemof reachabilityin
timedautomatais provedto be PSRACE-hard[1], wherethe expo-
nentialitydepend®n thenumberof clocksandon the encodingof
the maximumvaluesthat can be taken by the clocks. This com-
plexity makesthe verificationof systemswith a moderateamount
of untimedstatesalmostimpractical.

Severalapproachebave beendevisedto representimedstates
in asuccinctform, e.g. [3]. However, theincorporatiorof thetimed
domainin therepresentationf the stateshampersanefficientrep-
resentatiorof large statespaceswith BDDs. Eventhe discretiza-
tion of time [8] posesseriougproblemsvhenthe numberof clocks
or the constant®f thetiming constraintsarelarge.

An interestingapproachto facethis compleity problemwas
proposedn [2], wheretheclocksusedduringverificationandtheir
accurayg are determineddynamicallyupondemand.in this way,
only thattiming informationrelevantto the propertiesbeingveri-
fied emegesduringthe calculationof thereachablestates.

This papertacklestheverificationof complex timedsystemsy
combiningthreetechniques:

1. Iterative verification by automatically abstractingabsolute
time into relative time [13] andusingpolynomialalgorithms

*Thiswork hasbeenpartially fundedby a grantfrom Intel Corporation,
ACID-WG (IST-1999-29119)andthe Ministry of ScienceandTechnology
of SpainundercontractTIC 2001-2476.

i Departmenbf Software
TechnicalUniversity of Catalonia
08034BarcelonaSpain
{jordic, alexs} @Isi.upc.es

for absolutetiming analysig10].

2. Assume-guarantgearadigmto performa hierarchicalverifi-
cationof large systemdy meanof abstractions.

3. Mathematicalinductionto prove the correctnes®f infinite-
statesystems.

Theseechniquehave beenusedto verify theIPCMOScontrol
circuit [15], a controllerfor asynchronougipelinesthatcanoper
ateat4GHzandusesa pulse-drvenprotocolto communicatevith
the ervironment. Its correctnessighly dependsn the delaysof
theinternalgatesandthe ervironment.

Themainfeatureof the usedrelative-time-basederificationis
thecapabilityof backannotatinghetiming constraintgequiredfor
the correctnessf the circuit. Theseconstraintsndicatethe slacks
allowablein the delaysof the componentdor which a correctbe-
havior canstill be guaranteed This featuredoesnot seemeasily
achievable with the stratgjies usedso far for the verification of
timedautomata.

Section2 reviews the fundamental®f relative-timing verifica-
tion [13] and compositionalverification. Section3 describeghe
IPCMOSarchitectureandtherequiredverificationsteps.Sectiord
givesthe detailsof the abstractionsand stepsto verify IPCMOS
pipelines.Section5 describeghe verificationof onestage.

2. Theoretical background
2.1.Formal verification with relative timing

Modeling formalismsand algorithmsfor the verification with
relative timing are describedin detail in [13]. This sectionde-
scribests fundamentals.

Verification strategy. To verify whethera timed systemY

satisfiesa safety property P a languageinclusion testis posed:
L(Y) C L(P), where L(Y) is thesetof all possiblebehaiors
of Y and L(P) is thesetof all possiblebehaiors satisfying
property P . Thecalculationof thelanguagegeneratedyy atimed
systemis proven to be PSFRACE-completeandin practicehighly

complex in mostcontexts [1, 7]. To overcomethis compleity,

[13] avoidscalculatingthe exacttimedstatespacedy building con-
senative approximation®f £(Y") in aniterative manner Starting
from the original systemwithouttiming constraintssuccessie ap-
proximationsY; of Y areconstructedsatisfying £(Y) C L(Y;)

and L£(Y;+1) C L(Y;). If theinclusion £(Y;) C L£(P) holds,
then £(Y) C L(Y;) C L(P) andthe verificationsucceeds|f

not, anotherapproximationY; 4 is generatedy addingrelative

timing constraintg16] until the verification succeedsopr a coun-
terexampleis found. At eachiterationof the refinementprocess,
relative timing constraintsare generatedrom an off-line timing

analysig10] on asetof eventstructureshatcoversthetracescon-
tainingviolationsof propertyP.

Systemmodel. ThesystenunderanalysisY” is modelecby means
of atimedtransitionsystem(TTS) [7] composedf a non-empty
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Figure 1. (a,b) Timed transition system and delay inter vals.
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setof statesS, anon-emptyalphabebf eventsY, atransitionrela-
tionT C Sx X x S, asetofinitial statess;,,, andtwo functionss’,
6" thatassociateninimalanmaximaldelaysto theevents.We call
thesubsetY’ ™ = (S, %, T,s;») the underlyingtransition system
(TS) thatrepresenttheuntimedbehaior of the system.

Figuresl(a,b)depictthe TTS modelinga systemthatwill be
usedas introductoryexample. Figure 1(a) shavs the underlying
TS, while Figure 1(b) shavs the delayintervals of eventsa, b, ¢
andg. Thedelayinterval for therestof eventsis [0, co). Thetimed
behaior of the systemis highlightedin gray, i.e. the reachable
statesvhenthe specifieddelaysaretakeninto account.

Assumethatthepropertyto verify specifieghateventg mustal-
waysprecedeventd in ary possibletracefrom stateso. Theprop-
erty holdsin thetimedstatespacesincein all possibletimedtraces
(thosevisiting the gray states) g alwaysfires befored. However,
by exploring theuntimedstatespaceof Figure1(a)we seethatthe
propertydoesnotholdin states; if d firesbeforeg. Whatfollows
is anoverview of themathematicahotionsinvolvedin proving that
the propertyactuallyholdswhendelaysareconsidered.

A run of the underlying TS Y~ is a sequence o
511)522> ---,suchthat s; € s;, andVi > 1 : Sii)SH_l €
T. When consideringthe timing constraintsin the TTS, not all
runsof Y~ correspondo feasibleexecutionsequencess is tim-
ing consistentvith Y if asequencet; <ty < --- of real~valued

time stampscanbe found in which for every Sii)SH-l in o we
have 6'(e;) < tip1 —t; < §%(e;). Thetime stampt;i1 is as-
signedto states;+1 andcorrespondso thefiring time of evente;.
Similarly, t; correspondso thetime stampof the states; preced-
ing s;+1 in which e; wasfirst enabled(enablingtime). Thus,the
firing time of an eventonly depend®n its enablingtime andcer
tain delayamountwithin the specifiedbounds.

Lazy transition systemg5] are usedto build the sequencef
aforementionedapproximationsfor £(Y'). Lazinessenablesto
modeltime by abstractingbsolutdiming informationinto relative
timing information. Thisis accomplishedy explicitly distinguish-
ing betweerthe enablingandthefiring of anevent.

Sequencesf eventsleadingto statesn which propertiesdo not
hold are specifiedby meansof traceswith enablinginformation.
Givenanalphabebf eventsy, atraced = E; LE, 2. isa
sequencsuchthatVi > 1 : E; C X ande; € E;, whereE; isthe
setof eventsenabledvhene; fires. Remaing someof the events
from X enablesa traceto capturesetsof sequencethatsharethe
sameenabledness,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 dependon
its enablingtime andits delay the timing analysison a trace’
with a subsebf eventsX’ € 3 canalsobe appliedto the original
traced with thefull setX; thatis, 6 is timing consisteniff 8’ is
timing consistent.

Event structures(CES) are agyclic graphsthat capturethe
causalityrelationsbetweenthe seteventsin a trace. Taking an
eventstructure which partially specifiesthe causalityin the orig-
inal system,timing analysiscan be performedand the resulting
timing constraintsncorporatednto the specification. The causal
eventstructureC'Sy = (3, <) (where< is a precedenceelation)
generatedrom tracef is definedasfollows: ¥ = {ei,...,en},
e <e ©i<jANAE, €0 : {ee;} C E . By analyz-
ing the maximalsepaation time betweerpairsof eventsin a CES
[10Q], it is possibleto determinewhethertwo eventsare ordered
in the time domain. Temporalorderingdueto event separatioris
incorporatednto the CES by additionaltemporalrelationswhich
representelative timing constraint§16]. Theresultis alazyevent
structue LzCES [13] in whichadditionaltemporalrelationsdelay
thefiring time of events,but never modify their enablingtime.

Doing reachability analysison the resulting LzCES, a nen
LzTS G is obtained,which containsthe derived relative timing
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Figure 3. Flow of the verification methodology .

constraints.Refiningthe behaior of Y by the timing constraints
in G is doneby calculatingthe enabling-compatibl@roductof Y
and@ [13]. This productis a particularcaseof TS productunder
therestrictionsof makingsynchronizatiorby the sametransitions
andthe sameenablingconditions

Verification flow. The proposedverification methodfollows a
fully automatedterative approach(seeFigure 3). The verifica-
tion startsby takinga LzTS equvalentto theunderlyingTS of the
systemunderanalysis. In that casethe enablingandthe firing of
all eventscoincidesinceno timing information hasbeenconsid-
eredyet. Givena safetyproperty P, atraceis identifiedthatleads
to somestatein which P is violated. If the traceis timing con-
sistentthenthe systemviolatesthe requiredpropertyandthetrace
provides a counterexample. However, if the traceis not timing
consistentijt is usedto refinethe untimedstatespaceandremove
othertiming inconsistentraces. Causalityinformation between
theeventsin thetraceis extractedanda CES is built from it. Tim-
ing analysison the CES is performedby usingthe algorithmin
[10]. Theextractedtemporalinformationis incorporatedbtaining
aLzCES whichis composedwith the original LzTS, thusinclud-
ing the temporalinformation necessaryo prove that someof the
statesn the systemareunreachableThe processs repeatedintil
noviolationof P existsor atiming consistenfailuretraceis found.
Goingbackto theexamplein Figuresl(a,b),afailuretracefrom
so t0 s19 followedby thefiring of d canbefound(seeFigure2(a)).
From this trace,a CES with the samecausalityrelationsis de-
rived (Figure2(c)). Notethat, in the CES, c is triggeredby a but
not triggeredby b, i.e. only a subsewf the causalityrelationsis
captured. Figure 2(e) depictsthe statespaceof the CES. After
thetiming analysiswe addthetemporalrelationsto the CES, de-
notedasdottedlines in Figure 2(c), which make unreachablall
shadwed statesin Figure2(e). Hence,event ¢ is preventedto
fire in somestateswhereits firing would be inconsistentvith the
timing analysis.Finally, this informationis incorporatecby com-
posingthe original systemand the event structure. Somestates
in the composedystemaresplit into two instanceslependingon
whethetthey arereachedy tracesnatching(enablingcompatiblg
theeventstructureor not(seestatess, s¢, s11 andsiz). Figurel(c)
shavstheresultingLzTS, wherestatesannotatedvith the L sym-
bol arenotenablingcompatibleandthusthetiming analysisonthe
CES doesnotapply It canbeseerthatthe setof tracess smaller
thanthat of the original system,but larger thanthat of the actual
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Figure 4. Assume-guarantee verification using abstractions.

statespacen Figurel(a), andthatonly timing inconsistentraces
have beenremoved.

The first iteration of the algorithm hasremoved somefailure
tracesbut notall of them. Figure2(b,d,f) depictsonemorerefine-
ment, with. the final statespacein Figure1(d). In the resulting
systemall the failuretraceshave beenremoved, which provesthat
the systemsatisfieghe property Althoughit is not generallytrue,
in this casethe final statespacecontainsexactly the sametraces
thanthe actualstatespacgthe gray statesshavn in Figurel(a).

2.2.Compositional verification

Theabstactionmechanisnjl2] allowsto reducethesizeof the
statespaceby remaoving detailsirrelevantfor proving agivenprop-
erty. When performingabstractionjnformation aboutthe exact
behaior of the systemis lost, thereforethe truth of someproper
tiescannotbedeterminedy looking only attheabstractedystem.

The assume-guantee paradigm[14] exploits the modular
structureof systemslt reasonsboutthe correctnessf theoverall
systemby checkingonly the local propertiesof the components.
Unfortunately a componenis designedo operateonly in the en-
vironmentof thatsystemthusit is unlikely to satisfyary interest-
ing propertyunlessanalyzedogethemwith suchervironment.The
assume-guanteetechniquetacklesthis intimaterelation. In the
systemof Figure 4 (a), sincethe behaior of X dependson the
behaior of Y, the correctnes®f X canbe provedif certainas-
sumptionsare satisfiedby Y. Then, one mustguaranteethat Y’
actuallymeetssuchassumptionsA similarreasoningcanbedone
in the sideof Y. By combiningappropriatelythe assumecdand
guaranteegbropertiesjt is possibleto establisithe correctnessf
the entire system. without building the global statespace.More-
over, oncea guaranteas proved it canbe usedasan assumption
for a later stagein the verification process. To prevent from er-
roneousconclusionscircularity mustbe avoidedin the reasoning
chain. Finally, the assumptionsften comein the form of abstrac-
tionssuchthatbothtechniquesrecombined.Figure4 depictsthe
verificationschemefor the X||Y system,usingassume-guarantee
reasoningwith abstractions:in (b) the local propertiesof X are
verified assumingY” is a valid abstractionof Y'; in (c) the local
propertiesof Y areverified assumingX’ is a valid abstractiorof
X;in (d) Y’ is checled to be a valid abstractiorof Y in orderto
guarantegb); andin (e) X’ is checledto beavalid abstractiorof
X in orderto guarantedc). Each“guarantee’verificationchecks
for languagecontainmenbf theimplementatiorwith respecto the
abstraction.In our frameawork, this is performed(following [13])
by checkingthat ary outputproducedby the implementatiorcan
alsobe produceddy the abstractiorunderthe sameinput stimuli.

Inductionis usedto prove propertieson systemscomposedf
a numberof similar componentsprganizedin someinductively
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definablestructurelik e a pipeline,a matrix, etc. Thesetechniques
rely ontheconcepbf invariant[6] or theso-calledbehavioal fixed
point[17], to reasoraboutthe behaior of systemswith ary num-
berof components.

Formal framevorks that supportassume-guaranteeasoning
with abstractiong11] oftenrely on: a preorder relation < anda
compositioropeator || for processesanda logic to specifyprop-
erties. X < X' denotesthatthe abstractionX’ capturesmore
behaiorsthan X, i.e. X refinesor implementsX’. Sincewe ver-
ify safetypropertiesthe only conditionwe have to enforcefor the
abstractions thatits statespaces a supersebf thatof the original
systemsothattheobsenablepropertiesarepreseredthroughthe
abstractions.This, togetherwith our relative-timing-basedverifi-
cationapproact13], providesa soundframework for performing
assume-guaranteerificationwith abstractions.

3. Verification of IPCMOS circuits
3.1 The IPCMOS architecture

The Asynchronoudnterlocked PipelinedCMOS circuit archi-
tecture(IPCMOS)[15] is anasynchronouslocking techniquefor
large devices operatingat GHz clock frequencies. Thanksto its
pulse-basethterlockingschemeit canhelp addressinglesignis-
suessuchas power consumptionnoisereductionand clock syn-
chronization A singlelPCMOSmoduleis relatively smallandcan
be usedto build scalablearchitecturesFigure5 shavs a pipeline
composeaf IPCMOSblocksandlatcheswith somedetailsonthe
internalstructureof a singlecontrolblock.

The IPCMOS block communicatesvith other blocks via re-
questsignals(VALID), acknavledgmentsignals(ACK) and pro-
ducesa local dataclock signal (CLKE). VALID indicatesdata
availability to the recever(s), while ACK acknavledgesto the
sender(shatdatahasbeenreceved. GenerallylPCMOSblocks
canbefed multiple ACK andVALID signalsto enablesafelypro-
cessingdatafrom multiple sourcesaandfeedingtheresultto multi-
ple destinations.

IPCMOScircuits arepulse-driveror edg sensitive Their op-
erationis illustrated by the diagramin Figure 7. It shavs how
two dataitemspropagatehroughan IPCMOS pipelinecomposed
of two-stages,S1 and S2. Initially the pipeline is empty: all
VALID signalsarehigh, CLKE signalsare high and ACK signals
arelow. As soonasnegative pulsesarereceized at all VALID in-
putsof a stage(only onein caseof a pipeline), a positive pulse
is generatedat the ACK to acknavledgethe datareceipt. Input
datais clocked by a negative pulseon the CLKE signal(produced

VALID IN

ACK S1

CLKE S1

VALID S1

ACK S2

CLKE S2

VALID S2

ACK OUT

Figure 7. Two stage IPCMOS pipeline waveform.

by the stobemoduleof the IPCMOSarchitecturan the centerof

Figureb). After somedelaydesignedo matchtheworstcasecom-
putationtime of thelogic, anegative pulseis generatedby thevalid

moduleatthe VALID line indicatingthe dataavailability to there-

ceiver. Fromthis pointon, the block waitsfor positive pulsesto be
receved from dataconsumerst all ACK inputs(recordedby the
resetmodule). MeanwhileVALID input pulsesindicatingthe nex

inputdataavailability arealso“recorded”.Hence hew datareceipt
at every stageis interlocked with the acknavledgmentof the data
by thefollowing stagesTheonly restrictiontheIPCMOSmodules
poseontheervironmentis the pulselength.

Even thougha pulse-drven environmentis acceptedby each
pipelinestagetheinternalcommunicatiorbetweeradjacenstages
is performedin a partially handsha&d protocolbetweerthe posi-
tive edgesof the pulses(seeFigure6). Theseadditionalcausality
relationsenableto abstracthe behaior of suchcomponentsvhen
interactingamongthem,in sucha way thatinternaltiming infor-
mationcanbeneglected.Thisphenomenoronsiderablgimplifies
theverificationof the pipeline.

Thedashedoxesin Figure7 shav theaffectededgeswhile the
dashedarravs shav the restrictingcausaldependenciethat must
not exist in the ervironment(IN, OUT) but take placein the IPC-
MOS stagegS1,S2). Onthis diagramwe alsoshav thatall stages
in asequenceannotbefilled with dataatthe sametime, but "bub-
bles” (emptystageshreneededo propagatalatain onedirection
and the acknavledgmentin the other The causaldependencies
demonstratinghis factaredottedin the diagram.

The compleity of a IPCMOS stagedependson the number
of datasuppliersandrecevers. The numberof transistorscanbe
CompUtemS:Ntransistors =21 + 7*Ninputs +4* Noutputs A
singlestageof alinearpipelinecontains32 transistors.

3.2.Verification steps

The correctoperationof an IPCMOS pipelineinitially empty
is given by thefollowing informal specification(.S):



Every data item sentto the pipeline is acknowledgd
onceandonly onceat every stage.

We verify the correctnes®f the IPCMOS control circuit, i.e.
the datapath is assumedo be correct. Even thoughthe previ-
ouspropertyinvolvesallivenessanda safenessondition,bothcan
be modeledassafetyconditionsduringthe calculationof the state
space.They canbe modeledby meansof a deadlock-freeness-
variantin thecontrolcircuitry of the pipeline,suchthatthe control
deadlocksvheneithersomedatais notacknavledgedor somedata
cannotmove to the next stage.

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

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

Due to the pulse-drven natureof the architecturejts correct-
nessstronglydepend®n the delaymaginsassociatedio the com-
ponentof thecontrolstage Thegoalof theverificationis to check
whetheran IPCMOS pipelinewith any numberof stagesbehaes
correctlyaccordingto S, i.e. to check:

IN|| I || -+ || In ||OUT < S 1)
for ary valueof n > 0, wherelI; areidenticalinstance®f thecir-
cuitimplementatiorf of astage.Theenvironmentis formedby the
datasendetN andthedatareceiver OUT, which areindeedpartof
the specificationin the sensehat S alsospecifiesheinterfacebe-
havior of the pipeline,andIN andOUT canbe obtainedby simply
mirroring suchbehaior. The verificationbecomesxponentially
morecostly asn increasesspeciallybecausehe communication
protocolin both endsof a stageis highly decoupled.Thus, if the
verificationis carriedout using the level of detail provided by I,
in practicen cannotgo beyond 2 stages.n orderto overcomethe
compleity, theverificationof longerpipelinesmustbe carriedout
usingabstractions.

IN andOUT operateaccordingo the pulse-baseg@rotocoland
sodoesthe left side of a stage,whereagheright side of a stage
operatesaccordingto a two-phasehandshag protocol (seeSec-
tion 3.1). Therefore the communicationdetweenstagesl> and
I,,—1 insidethe pipeline usethe handsha& scheme(thin arrovs
in Figure8), whereaghe pulse-basetiehaior only appearstthe
extremesof the pipeline (thick arrows in Figure 8). We propose
abstractionshathidethepulse-basebtiehaior in awaythatall the
timing restrictionsrelatedto the correctnes®f suchprotocolare
alsoencapsulatethsidetheabstractiongseeA;, andA,.: in Fig-
ure 8). Therefore,sinceA;, and A,,: communicate¢hroughthe
handsha& protocol,the abstractionganbe untimedandassume-
guaranteereasoningcanbe used.Hence ,we posethe verification
of (1) in termsof:

Ain || Aout S S (2)
We proceedasfollows:

e Build abstractionsd;, and A,.: for the componentshavn
in Figure 8. IN and OUT communicateby pulseswith T,
wheread communicateby handshagswith the pipeline.

e Prove(2)assuminghatA;, andA,,: arecorrectabstractions
of therespectie partsof thepipeline.

VALID VALID | VALID |
! T !
I
ACK h £ Tn-1 | ot ACK ouT)
ACK ACK | ACK
1 <_ ] E !
|
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Ain Aout

Figure 8. Pipeline verification using abstractions.
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Figure 10. STGs for the abstractions A;, (a) and A,y (b).

e Guaranteethe soundnessf the abstractions.Dischage the
assumptionsy proving that A;, and A,,: are correctab-
stractionsof IN || I and I || OUT, respectiely. Moreover,
provethat A;, is alsoagoodabstractiorof A;,, || I,i.e. A;p
is a behavioal fixedpoint thatabstractshe sendedN anda
chainof n stages.

o Finally, prove thecorrectnessf apipelineformedby asingle
fully detailedimplementatior(I) of a stage.The verification
checksif I is a correctCMOS circuit and satisfiesS in the
givenervironment,thatis IN || I || OUT< S.

Section4 coversthefirst threeitems,whereasSection5 shavs
in detailtheuseof [13] to performtheproofin thelastitem.

4. Verification of IPCMOS pipelines

The verificationmethodologyof [13] is usedin this sectionto
performtheexperimentof theassume-guanteestratgy outlined
in Section3.2.

4.1.Abstractions

ThemodelsA4;,, andA,.; mustdescribeheobserablebeha-
ior of theabstractegbartsof the pipelineat a higherlevel (seeFig-
ure 8). The two-phasehandsha protocolin the communication
interfaceof the abstractionss modeledby the factthatthe rising
edgeof ACK to acknavledgea dataportionis alwaysinterlocked
within the falling edgeandthe next rising edgeof VALID. The
modelsfor the ervironment(IN and OUT) usedfor the verifica-
tion areshavn in Figure12. Figure 10 depictsthe modelsfor the
abstractionsd;,, and A,.:. Thesemodelsarerepresentethy Sig-
nal TransitionGraphs(STG), i.e. Petrinetsin which transitions
areinterpretedasrising (+) andfalling (—) signaltransitions.The
underlinedtransitionsrepreseninputsin their respectie models.

A;pn: abstraction of IN-I; —--- — I,_1. A;, hidesthe pulse-
baseccommunicatiorbetweernN andthelaststageof thepipeline.
A;y, signalsthedataavailability attheinput of thenext stageof the
pipeline by lowering the outputVALID line. VALID is not raised
againuntil the pipelineacknavledgesthe receiptof the data. The
two-phasénandsha&protocol(seeFigure6) is completedy reset-
ting the VALID line independentypf theresettingof the ACK line
by the pipeline.

Aoyt: abstraction of I-OUT. A,,: hidesthe pulse-basedom-
municationbetweenthe last stageof the pipeline and the OUT
module. A,,: sampleghe dataavailableatthe endof the pipeline
signaledby the low valueof VALID, andacknavledgesit by pro-
ducinga positive ACK pulse.
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Figure 9. Scheme of the guaranteepart of the verification, to prove the correctness of the various abstractions.

4.2 Assume-guaranteeverification

We wantto prove thatthe abstractsystembuilt from A;, and
Aoyt IS agoodabstractiorof anIPCMOSpipeline,i.e.:

INJ[ L[] - (| Tn || OUT < Asn || Aous

We useassume-guanteereasoningn five stepsin orderto carry
outtheproof. Steps3 and4 aretheonesthatuseinductionto prove
the correctnessf ann-stagepipeline,for n > 2.

Someof the verification stepsare graphicallydepictedin Fig-
ure 9. The symbol ¢ modelsa componentthat checksthat ary
event produceddy therefinemenis alsoproducedoy the abstrac
tion (i.e. the languageproducedby the refinements includedin
theoneproducedoy theabstraction).

1. Assume: We must prove that the systemformed by the ab-
stractionameetsthe specificationof the IPCMOSpipeline, thatis:
Ain || Aowt < S . Thetaskis straightforvard and completes
successfullyn afew secondof CPUtime.

2. Guaranteecorrectnessof A,,:: We prove the correctnessf
Aoyt With respecto the systemformedby a stagel andthe OUT
module,whenI communicatesvith the restof the pipelineusing
thehandshagprotocol. Thatis: Ay, || I || OUT < Ay || Aout -
For this, the systemshavn in Figure9(a)is built. The verification
consistsin checkingthe languagecontainmenif I || OUT with
respecto A,.:, whichis reducedo checkingthatary outputpro-
ducedby I || OUT canalsobeproducedby A, atthe sametime
instant.In this casetheonly relevantoutputis signalACK.

3. Guaranteecorrectnessof A4;, with one stage: We prove the
correctnessf A;, with respecto thesystemformedby thepulse-
basedN moduleandtheimplementatiorof a stageof the pipeline
I, whenI communicatesvith the next stagein the pipelineusing
the handsha protocol. Thatis: IN || I || Aout < Ain || Aout -
For this analysis,the systemshavn in Figure 9(b) is built. The
verificationconsistsn checkingthatwheneer I is readyto change
thevalueof VALID, A;, is alsoreadyfor that, thusguaranteeing
languagecontainmendf IN || I with respecto A;y,.

4. Guarantee A;, is abehavioralfixedpoint. Thepreviousproof
only guaranteethecorrectnessf A;,, asanabstractiorof IN anda
singlestage.Thatresultsenesastheinductionhypothesito prove
thatA;, isacorrectabstractiof IN|| I || --- || I,—1,forary n >
2, asshavnin Figure8. Namely Ain || I || Aout < Ain || Aout -
For this, the systemshavn in Figure9 (c) is built andthe verifi-
cationis donesimilarly to the previous proofs, but now checking
signalVALID.

Proofs3 and4 prove thecorrectnessf ann-stagepipeline. A;,,
is anabstractiorof the IN moduleanda chainof IPCMOSstages

Experiment|| CPUtime | Refinements
1. < 1min. -
2. 28 min. 7
3. 9 min. 3
4, 10 min. 3
5. 35min. 40

Table 1. Summary of experimental results

andis saidto beabehaioral fixedpoint[17], sinceno matterhow
largen is, A;, canbeusedasa correctabstraction.

5. Guarantee correctnessof a 1-stagepipeline: The previous

proofsdemonstratéhecorrectnessf IPCMOSpipelineswith 2 or

morestageslt is still neededo prove the correctnessf apipeline
with a singlestagethatis IN || I || OUT < S. This stepis nec-
essaryto considerthe casein which a stageis interactingwith a

pulse-drven ervironmentat both sides. This is the stepin which

moretiming constraintsarerequiredto guarantee correctbeha-

ior of the components.Despiteof its compleity, sincethis step
alsorequiregherefinemenof themodelatthelevel of transistors,
we describéit in detailin Section5.

Tablel summarizesheresultsof thefive verificationstepsus-
ing thetransyt tool implementingthe relative-timing-basederifi-
cationapproachdescribedn [13]. The CPUtimes,indicatedin the
secondcolumn, have beenroundedto minutesand correspondo
executionsin a866MhzPlll computemwith 1Gbof RAM running
Linux. The numberof refinementsindicatedin the third column,
correspondo the numberof iterationsneededby transyt to suc-
cessvely incorporatethe timing constraintshat help pruningthe
failuretracesfrom the statespaceof the correspondingnodels.

In the first experiment,no refinementis requiredsincethe ver-
ification only consistan computingthe untimedstatespaceof the
abstractionsnvolved andrealizingthat no violation of the speci-
fication arises. Notice also, that althoughexperiments2, 3 and4
requirea few refinementghe CPU times are comparatiely high
with respectto that of experiment5. This is dueto the comple-
ity of the requiredmodels(seeFigure 9) andthe resultingBDD
explosionwhendoingreachabilityanalysis.

5. Verification of a 1-stagelPCMOS circuit

This sectionaddressethe verificationof the circuitimplemen-
tationof anIPCMOSpipelinestage(Z), in anervironmentformed
by a datasenderlN anda datarecever OUT. We will shav the
modelingmechanismgo describethe transistotlevel circuit, the
descriptionof ervironmentandthe verificationresults.

5.1.Modeling CMOS circuits

The behaior of the systemis modeledby a TTS with a setof
eventsthat updatethe value of variablesandthereforemodify the
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Figure 11. General structure of the strobe(right) and strobeswitch (left) cir cuits.

stateof thesystem We useaboolearvariableto modeleachcircuit
nodeandsereraleventsthatmodeltherising andfalling transitions
of the nodevalue. For every eventa transitionrelationis defined,
includinganenablingconditionanda delayintenal [§°, §*] speci-
fying the delayboundsof the signalswitchonceenabled.

A nodein the circuit may be driven by stacksof pull-up and
pull-down transistorsand possiblypass-transistor€Eachstackis
modeledby aneventthatsetsthe propervalueto thevariable(one
for pull-up, zeo for pull-down andcopiesthevalueof anothewari-
ablefor a pass-transistor)Note that we do not considerbidirec-
tional pass-transistordelay intervals canbe computedusingthe
technologyparameterandthe fan-outconditionsfor eachsignal.
The broaderthe delayintervals for which the circuit is proven to
becorrect,themoregenerals the verification,i.e. themorerobust
is thecircuit.

As anexample,we shav thetransitionrelationsfor signalY in
the strobe switch circuit (seeFigure1l). Y+, takesplaceif Y is
low andit is pulled up by the p-transistorcontrolledby Z. Thus,
theenablingconditionis givenby En(Y+) = Y AZ. Theenabling
conditionfor Y— is givenby En(Y—) = Y A ACK becausé& can
only bepulleddown by then-transistorcontrolledby the ACK 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 modelingmechanismgorrectnes®f CMOS cir-
cuitscanbeposedn termsof thefollowing properties:

Persistency Thetemporalbehaior of a gateis describedy the
inertial delaymodel. In this model,input pulsesshorterthanthe
lower delay boundé' are not propagatedo the output. Pulses
longerthantheupperdelaybounds* arealwayspropagatedHow-

ever, propagatiorof pulseswith durationbetweers’ andé® is un-

certainandmay produceglitches hencesignalpersistencycondi-
tions areimposed. Persisteng implies that every transitionmust
fire onceit is enabledand cannotbe disabledby the firing of an-
othertransition.

Short-circuits. Customdesignsexploit the flexibility of CMOS
technologyrelaxingthe complementarityoetweerthe pull-up and
pull-down stacks. This introducesa potential sourceof short-
circuits. Although short-circuitscan be exploited by considering
thepull-up/pull-davn relative impedancegenerallythey areunde-
sirablebecausehey mayleave thedrivensignalsundefined.

Thepotentialshort-circuitdn thestrobecircuit of Figurellare
identifiedby thefollowing invariants:

VALID

CLKEi

IN ouTt

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

1. Z A ACK: Y is pulleddown by the n-transistorcontrolledby
ACK andpulledup by the p-transistorcontrolledby Z.

2. VALID A Y A CLKE: VALID is pulleddown by theinputand
pulledup by thep-transistorcontrolledby CLKE.

5.2.Modeling the ernvironment

Figure12 depictsthe communicatiorprotocolimplementedy
theIN (left) andthe OUT (right) partsof the ervironment,in the
form of SignalTransitionGraphs.The underlinedtransitionsrep-
resentthe behaior of the circuit stagesignals. The IN andOUT
modulesoperaten a pulse-basednanner Therefore the erviron-
mentwe usein this experimentis the mostgeneralpossibleto en-
surethe correctoperationof theIPCMOSstage.

The OUT moduleacknavledgesthe dataavailable at the out-
put of the stageby rising the ACK line. Oncethis happenspoth
the stageand the OUT moduleresetthe respectie VALID and
ACK linesindependently A restrictionmustbe imposedto OUT
to avoid earlyresettingof ACK. Thatis, if ACK— arrivestoo fast
afterACK+, thefalling edgeof ACK maynotbeproperlyrecorded
by theresetswitd circuit of thestage.Thereforeaminimumwidth
is requiredto the positive pulseof ACK.

TheIN modulenotifiesnew dataavailability attheinput of the
stageby lowering the VALID line. The stageacknavledgesthe
incoming databy rising the ACK line. The resetof bothlinesis
carried out independentlyand no nev datacan be issuedby IN
until the stagehasacknavledgedthe previousdataportion.

5.3.Verification results

Provided the modelsabove, the verification succeedproving
thattheinvariantscharacterizinghe circuit correctnessonditions
alwayshold, i.e. the circuit implementingthe IPCMOS stageop-
eratescorrectlyin the given IN-OUT ernvironmentand shawvs no
short-circuitsnopersisteng violationsandnodeadlocks Thever
ification procesdinishesin lessthananhourof CPUtime.

Theverificationsucceedandalsoprovidesback-annotatioim-
dicating a set of sufficient timing relationsbetweenevents that
guaranteeahe correctnes®f the implementation.Theserelations
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Figure 13. (a) Failure trace and (b) corresponding LzCES. (c)-(f) LzZCESs showing other relative timing constraints (dotted arcs)

that guarantee correctness.

areprovided asthe timed event structuresobtainedat every itera-
tion of theverification. Thisinformationpermitsto guessaboutthe
delaymaminsallowableto keepthe correctness.

Figure 13 shavs someof the timing relationsobtainedduring
theverification,thatguarante¢he correctnessf the strobeswitch
module (seeleft side of Figure 11). For example, Figure 13(a)
shaws a traceleadingto a failure situationin which the early fir-
ing of ACK+ causes short-circuitat nodeY. Eventstructure(b)
shaws the orderingof Z+ and ACK+ in thetime domainproving
thattrace(a) is not timing consistent. This situationcorresponds
to the casewhereafalling edgeof VALID occurs followedby the
fall of signalVint andtherise of ACK to indicatethe datareceipt.
Z+ mustbefasterthan ACK+ to avoid the short-circuitat Y cor
respondingto invariant (1). Event structure(c) shavs that after
rising signal ACK, thetransitionY — turnsoff the n-transistoliso-
lating Vint from VALID remaininglow beforeit is reset(pulledup)
by CLKE—. This orderingis requiredto guaranteenvariant(2).
Eventstructure(d) shavs thattheeventACK— is orderedwith Z—
ensuringinvariant(1). Indeedit shavs thatsignal ACK always
falls beforeZ thus,avoiding the short-circuit. Event structure(e)
shaws the orderingrelationbetweenCLKE+ andVALID—. The
delayof VALID— is setto resetCLKE beforethe falling edgeof
VALID. This orderingcontritutesto guaranteeingnvariant(2).

6 Conclusions

A complex example hasbeenpresentedn which the use of
relative-timing-basederificationhasbeencrucialto prove thecor
rectnes®f the system Althoughsomeotherparametrizedystems
have beenverifiedin the past(seee.g. [9]), thisis thefirst casein
which delayinformationandrefinementslowvn to transistorlevel
have beenprovided.

A relevant featureof the presentedapproachis the report of
relative timing constraintshat describethe slacksthat guarantee
the correctoperationof the system.

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