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Abstract. This work proposesa techniqueto automaticallyobtaintiming con-
straintsfor agiventimedcircuit to operatecorrectly. A designatedsetof delaypa-
rametersof acircuit are�rst setto suf�ciently largebounds,andveri�cation runs
followed by failure analysisarerepeated.Eachveri�cation run performstimed
statespaceenumerationunderthe given delay bounds,and producesa failure
traceif it exists.Thefailuretraceis analyzed,andsuf�cient timing constraintsto
preventthefailureis obtained.Then,thedelayboundsaretightenedaccordingto
thetiming constraintsby usinganILP (IntegerLinearProgramming)solver. This
processterminateswheneithersomedelayboundsunderwhich no failureis de-
tectedarefoundor no new delayboundsto prevent thefailurescanbeobtained.
The experimentalresultsusinga naive implementationshow that the proposed
methodcan ef�ciently handleasynchronousbenchmarkcircuits and nontrivial
GasPcircuits.
Keywords: Tracetheoreticveri�cation, Failureanalysis,Timedcircuits,Timing
constraints.

1 Introduction

In order to obtain high performancesystems,it is necessaryto designcircuits with
aggressiveandcomplex setsof timing constraints.GasPcircuits[1] areaprimeexample
of suchhighly timed circuits, i.e., circuits that don't work as expected,unlessstrict
timing constraintson delay parametersare satis�ed. In particular, the correctnessof
GasPcircuits dependson the fact that (1) no hazardsoccur, (2) hold time constraints
aresatis�ed for somesignaltransitions,and(3) shortcircuitscausedby turningon all
transistorsin thepathbetweenthepowersupplyandgroundeitherneveroccuror occur
only for a very short time. It is, however, not easyto checkif the circuit satis�es all
theseconstraintsby simulationor static timing analysisdueto the complexity of the
timing constraints.Therefore,formal veri�cation is essential.

This work usesa formal veri�cation tool VINAS-P [2]. VINAS-P is basedon a
timedversionof tracetheoreticveri�cation [3], andtime Petrinetsareusedfor mod-
eling bothspeci�cationsandcircuits.VINAS-Pcheckssafetyproperties.Badbehavior
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suchasa hazard,hold time violation,anda shortcircuit canbedetectedassafetyfail-
ures.VINAS-Pusespartialorderreductionwhich exploresonly a reducedstatespace
that is suf�cient to detectfailures,which enablesusto verify muchlargercircuits than
a traditionaltotalordermethod.

Althougha formal veri�er is very effective to prove a givencircuit is correctwith
respectto thespeci�cation,for an incorrectcircuit, it simply generatesa failure trace.
In the caseof VINAS-P, it shows for a failure tracea waveform of selectedsignals.
This is usefulto understandwhat is goingon in a circuit, but, it is not easyto seewhy
the failure occurs,or how the failure canbe eliminated.Whenwe tried to verify the
GasPcircuits, failure traceswereactuallyproducedagainandagain.Althoughalmost
all thesefailuresarecausedby incorrectdelaysettings,obtainingtheappropriatedelays
or conditionsfor themis a dif�cult problem.This motivatesthis work, which proposes
a way to obtain suf�cient timing conditionson delaysfor correctbehavior of timed
circuitsby analyzingfailuretracesproducedby theveri�er.

In theproposedmethod,severaldelayparametersareselectedto beexamined,and
initially, somelarge integer boundsareset to them.Then,the model is veri�ed. If a
failure traceis providedby theveri�er , thenour algorithmanalyzesit, andsuggestsa
setof candidatesfor additionaltiming constraints.Thosetiming constraintsaresorted
usingheuristics,andthemostappropriateoneis chosenby thealgorithm.Therestof the
constraintsareusedwhenbacktrackingoccurs.Theselectedtiming constraintis added
to theinitial timing constraints,meaningthedelayboundsaretightened.Then,anILP
(IntegerLinearProgramming)solver is invoked to updatethedelaybounds.This new
setof delayboundsareusedfor thenext veri�cation run. This processof veri�cation,
analysisof failure tracesto obtain timing constraints,andupdatingthe delaybounds
arefully automatic,andit is repeateduntil veri�cation succeedsor noconsistenttiming
constraintsarefound.IntegerdelayboundsandILP areusedin orderto guaranteethe
terminationof thisprocess.

The rest of this paperis organizedas follows. Section2 refersto relatedworks.
Section3 brie�y introducesthe veri�cation method.Section4 shows an exampleto
explaintheproposedmethodintuitively. In Section5, thealgorithmsto analyzeafailure
traceandobtaintiming constraintsto eliminatethefailureareproposed.Theheuristics
usedfor performanceimprovementarealsoshown there.Section6 showsexperimental
resultsusinga naive implementation.Finally, Section7 summarizesthediscussion.

2 Related works

The sameproblemdiscussedin this paperis solved by two differentbut similar ap-
proaches.In [4], Negulescuproposesa methodwherea timedcircuit is representedby
anuntimedmodel,calledaprocess,anduntimedstatespaceenumerationis done.When
a failureis detected,they analyzeit by handandconstructa new modelthatavoidsthe
failure.Thisprocessof untimedveri�cation andreconstructionof themodelis repeated
until no failure is detectedor modelreconstructionfails dueto inconsistency. Another
approachis proposedin [5,6]. This approachalsousesuntimedmodelsanduntimed
veri�cation. In thisapproach,all possiblefailuresof acircuit aregeneratedby onestate
enumeration,andthentiming constraintsareobtainedautomaticallyby analyzingthe
stategraph.Theconstraintsobtainedby thisapproacharenot thoseondelaysbut those
on orderingof signaltransitions.Thus,their goalis slightly differentfrom ours.



Another work that we needto mention is a veri�cation of timed systemsusing
relative timing method,which is proposedin [7]. Its goal is to verify timed circuits,
not to obtaintiming constraints.But, in their method,a detectedfailure is checked if
it is legal with respectto thegivendelaybounds,andif so,a new modelthatexcludes
the failure is reconstructed.Veri�cation and reconstructionare repeatedsimilarly to
Negulescu'smethod,but automatically. While it maybepossibleto combinethis work
andNegulescu's work to achieve the sameresultasours,it is not clearhow effective
this wouldbesinceit hasnot beenattempted.

Thebiggestdifferencebetweentheseworksandour work is thatonly our method
usestimed statespaceenumeration.The authorsof the above works claim that the
advantageof theirworksis thattheveri�cation of timedsystemscanbereducedto that
of untimedsystems.It is apparentthat thecomplexity of untimedveri�cation is much
smallerthanthat of timed veri�cation. Our claim is, however, that a hugenumberof
failuresmaybedetectedif a timedcircuit is analyzedasanuntimedcircuit, i.e.,many
but unrealisticfailure tracescanbeproducedby theuntimedanalysis.This makesthe
costto obtaintiming constraintsfairly large.If theinitial delayboundscanbesuitably
reducedto realistic ones,our methodmay work moreef�ciently . Probably, the only
way to compareboth approachesis to implementour ideaandto comparethe results
for many examples.This is oneof thegoalsof thispaper.

Anotherdifferenceis in addingtiming constraints.Our methodusesupdateddelay
bounds.Thus,thecostof eachveri�cation run is almostthesame.Ontheotherhand,in
themethodproposedin [4] and[7], anadditionaltiming constraintis representedby a
processor a transitionsystem,andthecompositionof theoriginalmodelandthemodel
for theadditionaltiming constraintis veri�ed in thenext run.It is possiblethatthismore
complicatedmodelmayrequiremoreBDD nodesandincreasetheveri�cation cost.The
methodin [5] doesnot suffer from this problem,becauseno modelreconstructionis
done.However, theirmethoddoesnotobtainconstraintsondelaysbutorderingof signal
transitions,andhence,it seemsdif�cult to verify, for example,hold time violation. In
orderto obtainconstraintson delays,modelreconstructionor a re-veri�cation step(in
our case)is necessaryin eachiteration,becausetherearepotentiallymany constraints
thateliminateaparticularfailure,andsearchingappropriatecombinationsof constraints
to eliminateall possiblefailuresstepby stepwith backtrackingis much easierthan
obtainingall possiblecombinationson the�rst try. For this reason,ourproblemcannot
bemodeledby auniform ILP problem.

It' salsonecessaryto mentionthattherearemany works[8–10,andothers]to verify
timedsystemsusingtimedautomata.Althoughthis work usestime Petrinetsto model
timed circuits, becausea tool basedon them is available for us, we believe that the
techniqueproposedin this papercanbeeasilyappliedto timedautomatonbasedtools.
Furthermore,althoughour tool usestheDBM analysisto handlereal-timeconstraints,
theproposedtechniquecanalsobeappliedto discrete-timeanalysismethods.

3 Verification Method

Theunderlyingveri�cation methodusedin thiswork is thetimedextensionof tracethe-
oreticveri�cation [3]. In ourmethod,eachcircuit element,calledamodule,is modeled
by a time Petrinet.

A time Petri net consistsof transitions (thick bars),places (circles),andarcs be-
tweentransitionsandplaces.A token (largedot) canoccupy a place,andwhenevery



sourceplaceof a transitionis occupied,the transitionbecomesenabled. Eachtransi-
tion hastwo times,theearliest firing time andthe latest firing time. In this work, it is
assumedthatthesetimesareintegers.An enabledtransitionbecomesreadyto �re (i.e.,
firable) whenit hasbeencontinuouslyenabledfor its earliest�ring time, andcannot
be continuouslyenabledfor morethanthe latest�ring time, i.e., it must�re unlessit
is disabled.The�ring of a transitionoccursinstantly. It consumestokensin its source
placesandproducestokensinto its destinationplaces.

A moduleis de�ned as
���������	��


, where
�

and
�

aresetsof inputandoutputwires,
respectively, and

�
is a time Petri net.A �ring of a transitionchangesthe valueof a

wire that is relatedto the transition,andthedirectionof change( ��
�� or ��
�� ) is
representedby � or � in its name.A transitionthat is relatedto anoutputwire of the
moduleis calledanoutput transition. An input transition is de�ned similarly.

A timedcircuit is modeledby a setof modules.In a setof modules,aninput tran-
sition �res only in synchronizationwith the correspondingoutput transitionin some
differentmodule.Thus,theearliestandlatest�ring timesof aninput transitionis con-
sideredto be � � �����

. If an output transitionis �rable andevery correspondinginput
transitionis disabledin a module,thestateis calleda failure state, andtheveri�er re-
portsa failure trace, which is asequenceof all transitions�red betweentheinitial state
andthefailurestate.

A speci�cationis alsomodeledasamodule.If acircuit behavesdifferentlyfrom its
speci�cation,anoutputfrom a circuit modulecannotbeacceptedby thespeci�cation,
and it is detectedasa failure. In addition,badbehavior suchasa hazard,hold time
violation,anda shortcircuit canbedetectedasfailuresinsidecircuit modules.

4 A small example

Let'sconsideracircuit shown in Figure1(a),wherethedelayboundsof theinverterand
OR gateare � ����� � �"! ��� � � and � �$#&% �	! #	% � . Theinitial stateof this circuit is

�(')��*+�	,-� � 
/.� � � � � � � � 
 , andits behavior is expectedasfollows (SeeFigure1(b)): When
,

is raised,� goesup. Then,
'

and
,

are loweredin this order. During theseinput changes,the
circuit keeps� high.Finally, when

'
is raisedagain,� goesdown, andthecircuit goes

back to the initial state.Hence,the environmentof this circuit can be expressedby�10 ��2 �304')�	, 2 �	��5	

, where

�65
is atimePetrinetshown in Figure1(c)4. Thedelaybounds

for
, � and

' � are[10,10],while thosefor
, � and

' � are[25,25]and[80,80],respec-
tively. Note that � is an input of this environmentandit �res in synchronizationwith
thecircuit output.

Assumethatthefollowing initial constraintsfor thecircuit delayboundsaregiven.
768 � ��� � 897 � � 7�8 ! �:� � 8;7 � � 7�8 � #&% 8;7 � � 7�8 ! #	% 8<7 � �� ��� � �>= 8 ! ��� � 8 � �:�?� �>@?� � � #	% �A= 8 ! #	% 8 � #&% �>@?� (1)

Theconstraintsof theform � ��� � �A= 8 ! ��� � areusedto avoid tight delaybounds,and
thoseof theform

! ��� � 8 � �:�?� �6@�� arefor reducingthestatespace.Theseandthelower
boundsarealsoimportantto avoid imbalanceddelayassignmentsuchasassigningtotal
delayto onegateandzeroto theothers.Actually, theseinitial delayboundsshouldbe
determineddependingon the device technologyusedto implementthe circuits.Now,

4 More precisely, this is de�ned asa mirror of a speci�cation,wheretheir input set(outputset)
is equalto theoutputset(input set)of thecircuit.
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Fig. 1. A circuit andits environment.
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Fig. 2. Two possiblecasesto preventthefailure.

theproblemto besolvedis to �nd somedelaybounds,satisfyingtheaboveconstraints,
underwhich thecircuit behavescorrectlywith its environment.Although it is desired
thatmaximalpossibledelayboundsarefound,it is beyondthescopeof this paper.

The�rst stepof ouralgorithmis to obtaininitial delayboundsfrom (1) usinga ILP
solver. In thiscase,they are

� �:�?� . 7 � ! �:�?� . @ 7 � �$#	% . 7 � ! #	% . @ 7��
ThedetailsabouttheILP solver andtheobjective functionusedarementionedin Sec-
tion 6. Using thesedelaybounds,the �rst veri�cation run is done,andthe following
failureis detected:5 , ��� � ��� ' � � , � � * �
This failuremeansthatafter

, � , theORgatetriesto lower its output � because
*

is low
at that time. But, beforeits outputchange,

* � occurs.This violatesa propertycalled
semi-modularity, andis consideredto producea hazard.This failurecanbeprevented,
if (a)

* � occurslater than the output change� � , or (b)
* � occursbeforethe input

change
, � (SeeFigure 2(a) and (b)). Note that the failure is preventedin case(b),

becausethe outputof the OR gateis stableduring theseinput changes.Supposethat
our algorithm�rst triescase(a). In orderto obtaintheconstraintfor (a), thealgorithm
examinesthecasualsof

* � and ��� .
* � is causedby

' � , while ��� is causedby
, � and, � is causedby

' � in the environment.Hence,to make
* � occurlater than ��� , the

5 Everygateis modeledby a timePetrinet[3], andit containsinternaltransitionsotherthanin-
putor outputtransitions.A failuretraceincludesinternaltransitions,but here,they areomitted
for simplicity.



following constraintis necessary.

= 7 � ! #	%�� � ��� � (2)

Notethat thelargestdelayis usedfor theOR gate,while thesmallestdelayis usedfor
theinverter. Thisensurestheaboveordering( � � � * � ) evenin theworstcase.

For constraints(1) and(2), theILP solvergivesthedelaybounds

� �:�?� . @?@ � ! ��� � . 7 � � � #	% . 7 � ! #	% .�� �
andthesecondveri�cation runwith thesedelayboundsproducesthefollowing failure.

, ��� � ��� ' � � , � � ���
This failureoccurs,becausethecircuit produces� � althoughit is not expectedin the
environment(i.e., � � is not enabledafter

, � ). In otherwords,to prevent this failure,��� shouldbeprevented.This is possibleif
* � occursbefore

, � . Again, thealgorithm
checkstheir casuals,and �nds that both

* � and
, � are causedby

' � . Hence,the
following constraintis obtained. ! ��� � � = 7 (3)

For constraints(1), (2), and(3), however, theILP solvergivesnosolutiondueto incon-
sistency.

Now, thealgorithmbacktracksto themostrecentselectionpoint,andchoosescase
(b) instead.This constraintis actuallythesameastheabove one,andconstraint(3) is
obtained.For constraints(1) and(3), theILP solvergives

� �:�?� . 7 � ! �:�?� . =�� � � #	% . 7 � ! #	% . @ 7 �
andthethird veri�cation run reportsno failure.Hence,theabove delayboundsarethe
solutionof our problem.

The main technicalissueof our algorithmis to automaticallyobtaina constraint
to prevent thegivenfailureby analyzingthefailure traceandthestructureof thePetri
nets.Anotherissueis thatthecorrectnessof thealgorithmdependsonthebacktracking.
In theaboveexample,onebacktrackoccurs.Many backtrackings,of course,decreases
the performanceof the algorithm.Our algorithmusesa heuristicto chooseappropri-
ateconstraints,which is simple,but very effective. Theseissuesarediscussedin the
following section.

5 Failure Analysis

This sectionpresentsthealgorithmthat is usedto performanalysisto derive suf�cient
timing constraintsto avoid failures.

5.1 Finding A and B events

Whena failure traceis given,our algorithm�rst �nds two events,calledevent � and
event � , suchthatthefailureis causedbecauseevent � occursbeforeevent � , andthat
thefailuremaybepreventedby �ring event � beforeevent � . For a failuretrace,there
canexist severalevent � 'sand � 's.In theaboveexample,for case(a), � is

* � and � is



��� , andfor case(b), � is
, � and � is

* � . In orderto handlecaseswhereevent � may
not beevenenabled,event � and � areextendedso that they have an offset.That is,
an � � -candidate with respectto a failuretrace

�
is a threetuple ����� � ��� �	��

���

, where� � is a transitionthat �res in
�

, � � is a transitionthat is enabledin thestatewhere � �
�res, suchthat �ring � � certainly

��

time unitsearlierthan � � maybeableto prevent�

.
�

is omittedfrom this notationif thereis no confusion.
Let's considermodules � �

� � � shown in Figure 3 and their failure trace
� .' ������� ��� � ��� � � * � ����� � 
 . This failuretracestartswhenanoutputtransition

' � ����� � 

of � � �res in its initial marking ��� . 0�� � ����� 2 aswell as the correspondinginput
transition

' � �� "! 

of � � . Thefailureoccursin a marking � � . 0��

�
��� � ����# 2 because* � ����� � 
 of � � �res beforeits input transition

* � �� "! 

of � � becomesenabled.Thus,

onewayto preventthis failureis to �re ��$ before
* � ����� � 
 . Notethataninput transition

is assumedto have � � �����
bound,andso it becomesreadyto �re immediatelywhenit

is enabled.In this example,however, � $ is not yet enabledwhen
* � ����� � 
 of � � �res.

Thus,thenet is traversedupward,andanenabledtransition � � is found.Since ��$ takes! $ time unitsto �re in a worstcase,it is necessaryto �re � � ! $ time unitsearlierthan* � ����� � 
 . Hence, � * � ����� � 
�� � � �	! $ � is obtained.This � � -candidateis computedby%�&('*),+ -�'*+ ��* � �� "! 
��"* � ����� � 
 � � � � � �/.?
 , where
%�&('0)1+ -�'2+ � � � ��� ����
 � � ��3 � 
 obtainsa set

of � � -candidatesin a marking � to force � to �re certainly
��


time unitsearlierthan� � without �ring transitionsin
3 � , andit is de�ned asfollows.

1. If �54 3 � , then
%�&('0)1+ -�'*+ � � � � � �	��
 � � ��3 � 
 .6.

.
3 � is usedto terminatelooping.

2. Otherwise,if � is enabledin � , then

%�&('*),+ -�'*+ � � � ��� �	��
 � � ��3 � 
 . 0 ����� � � ����

� 2 �
3. Otherwise,for someemptyplace

� 487�� �9� ,

%�&('0)1+ -�'*+ � � � � � �	��
 � � ��3 � 
 .:<;�=0>@?�A %�&('0)1+ -�'2+ � &CB	D DE'*FHG�I � ��J 
�� ��� ����
 �LK %0D � � 
�� � ��3 �NM 0 ��2 
��

where
&CB	D DE'*FHG�I � ��J 
 is theoutputtransitionthatcorrespondsto ��J (if ��J is anoutput

transition,then
&CB	D DE'0FHG�I � ��J 
 . ��J ), and K %0D � � 
 is thelatest�ring timeof � . Notethat

it is suf�cient to checksomeemptysourceplace
�

of � becauseat least
�

needsa
token in orderto enable� . On theotherhand,all sourcetransitionsof

�
shouldbe

checked,becauseit is unknown which sourcetransitionproducesa tokento
�
.

Thereare,however, otherwaysto preventtheabove failure.For example,if � � �res
before� � , this failureis prevented,becausetheoutputtransition

* � ����� � 
 is no longer
enabled.Furthermore,if � # �res before � � and

* � ����� � 
 , this failure is prevented.The
methodusedin our work to cover all thesecasesis to try every transition � � that lost
thechanceto �re in thefailure trace,i.e., our methodobtainsevery � � -candidatefor
�ring transition � � suchthat � � 4 ),&CG	OQP )ED � � 
 where � is a transitionthat �red in the
failure traceand

)1&RGSOQP )1D � � 
 is a setof transitionsthatarein con�ict with � . Sincethis
methodmay produceunnecessary� � -candidates,removing themis probablyneces-
sary in order to improve the performance,but this is left as future work. Hence,the
following

&RTSD�FUPVG WYX � � 

obtainsasetof all � � -candidatesfor afailuretrace

�
, wherePVG DE'0FHG	I � � � � 


is asetof input transitionsof module � thatcorrespondto outputtran-
sition � , � ��� is themodulewhoseinput transitioncausesafailure, Z .\[ � [

, � � is the
 
-th



;��
��� ( ��� )

; �
; �

� � ( #�� ; )
��� ( #�� ; ) ; �

� � ( ��� )

; �

	 ��

� ��� 	 � � � 	�� ���

	 � 

� � � 	 � ��� 	�� � �
;��

Boundsfor

; �
are
� ����	�� � 


,
boundsfor � � 
 #�� ; �
are
� ����� 	�������


,
andsoon.

;��

A��

A �

A �
A��

A �
A��

A � A � A�� A��

Fig. 3. An exampleof a moduleset.

transitionin
�

(i.e., �! � � is thefailure transition),and � � is themarkingwhere � � �res
(i.e., � � is theinitial marking).

&CT	D�FUPVG WYX � � 
 . ";�=�>$# % &�' (�%!) 
 ;+*-, � 	 	 ��� �
%�&('0)1+ -�'*+ � � J � �  � � � � � �  � � �/.?
 M

 � �"
�-. �

/ "; = >10+2�%43�# 0+& 
 ; � �
%�&('0)1+ -�'*+ � &CB	D DE'*FHG�I � � J 
 � � � � � � � � �/.?
�5

5.2 Obtaining Constraints

Once� � -candidatesarefound,thenext stepis to constructtiming constraintsfor each
� � -candidate.This is donebasedon thetiming relationsimplied by thegivenfailure
trace.A failure tracegives two kinds of timing relations,called causal relation and
preceding relation.

If transition
�

is theuniqueparentof transition� , i.e., the�ring of
�

causes� to be-
comeenabled,the�ring timeof � , denotedby

3 � � 
 , mustsatisfythefollowing relation.
6 %0D � � 
 8 36� � 
 � 3 ��� 
 8 K %0D � � 


This is a causalrelation.If � hastwo or moreparents
�
�
���

�
��7�787

, the veri�cation al-
gorithmchoosesoneparent,say

� A
, thatdecidesthe �ring time of � . Sucha parentis

calleda true parent. Sincea true parentmust�re later thanthe otherparentsin order
to actuallycauseits child transition,thefollowing relationis alsonecessarybesidesthe
abovecausalrelation.

36���
�

 8 36��� A 
�� 3 ���

�

 8 3 ��� A 
��97�787

Thesearecalledprecedingrelations.Furthermore,if two or moretransitions� � � � � �87�7�7
arein con�ict, and ��: wins thecon�ict, thenthe following relationis necessaryto ex-
pressthat � : �res earlierthanany othercon�icting transitions.

3 � � : 
 8 3 � � � 
�� 3 � � : 
 8 36� � � 
 �9787�7
Thesearealsoprecedingrelations.Precisely, thisrelationis necessaryfor all transitions
in a readyset[3], which is a setof transitionsthatshouldbeinterleavedin thestate.
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Fig. 4. Timing relationsimpliedby thefailuretrace� .

Consideragainthemodulesshown in Figure3 andthefailuretrace
� . ' ��� � � ��� � �� � � * � ����� � 
 . The timing relationsimplied by this failure tracecanbe illustratedas

shown in Figure4. In this �gure, which is calleda failure graph, a noderepresentsa
transitionthat �res or getsenabledin the failure trace.A normal arrow from

�
to �

indicatesthecausalrelation(i.e.,
6 %0D � � 
 8 36� � 
 � 3 ��� 
 8 K %0D � � 
 ), while adottedarrow

indicatestheprecedingrelation(i.e.,
3 ��� 
 8 36� � 
 ).

Now, consideran � � -candidate� * � ����� � 
 � � ���	! $ � to constructits timing con-
straintsfor �ring � $ certainlyearlier than

* � ����� � 
 . The �rst stepto obtainthe con-
straintsis to �nd the commonancestorof � � and

* � ����� � 
 in the failure graph.In
this example,it' s

' � ����� � 
 . This meansthat
' � ����� � 
 determinesthe �ring timesof

both � � and
* � ����� � 
 , andso the constraintsshouldbe relatedto the delaysbetween' � ����� � 
 andthosetwo events.Next, in orderto guaranteetheabove relationbetween� $ and

* � ����� � 
 , themaximaldelayfrom
' � ����� � 
 to � � plus

! $ mustbesmallerthan
theminimal delayfrom

' � ����� � 
 to
* � ����� � 
 . Fromthecausalrelationof

�
, this is

expressedasfollows. ! � � ! � � ! $ � � � � � � �
Notethatboundsfor � � aredenotedby � � � �"! � � , boundsfor

' � ����� � 
 are � � �
� �	! ��� � , and
soon.In additionto theaboveconstraint,theeffect of theprecedingrelationshouldbe
considered.Whencomputingminimal delayup to � , supposethat thereis a preceding
relation

3 ��� 
 8 3 � � 
 asshown in Figure5(a). Due to this constraint,if
�

�res late
enough,the earliest�ring time of � is not decidedby

3 ���)
 � 6 %0D � � 
 , but decidedby3 ��� 
 � 6 %0D ��� 

. Thismeansthatthepathshown by thedottedarrow in the�gure should

alsobeconsideredfor theminimaldelaypath.Sinceit is dif�cult to checkif
�

certainly
�res late enough,both paths(i.e.,

� 
 � and
� 
 � 
 � ) needto be considered.

Similarly, for the maximaldelaycomputation,the dottedarrow in Figure5(b) should
beconsidered.Hence,anotherconstraintlike! # � ! � � ! $ � � � � � � �
is alsonecessary.

5.3 Heuristics to select constraints

Sincethealgorithmsshown in theprevioussectionsobtainconstraintsfor considering
all possibilitiesto preventthegivenfailure,many constraintsareoftengenerated,Thus,
it is very important to selectan appropriateone from them. This subsectionshows
simpleheuristicsfor thispurpose.

Let � � � 
 be a value assignedto a delay � by the ILP solver for the most recent
veri�cation run,andfor anexpression� . � � � � � � 7�787

, let � � � 

be � � � � 
 ��� � � � 
 � 787�7

.
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Fig. 5. Pathsby precedingrelation.

A weight of a constraint� ��� is � � � 
 ��� � � 

, where � and � areexpressions.The

ideais that the weight of a constraintimplies how mucheffort is necessaryto satisfy
theconstraintbasedonthecurrentdelayassignment.For example,for thecurrentdelay
assignmentsuchas � � � � 
 . � � , � � � � 
 . 7 � , and � �(! �


 .�� � , it may be easierto
satisfy a constraint

!
� � � � ratherthan to satisfy

!
� � � � , because� � shouldbe

increasedby morethan10 for the former, while � � shouldbe increasedby morethan
50 for the latter. This is representedby the weights10 and50, respectively. Note that
a constraintwith negative weight is illegal, becausesucha constraintis supposedto
bealreadysatis�edunderthecurrentdelayassignment,andit cannotpreventthegiven
failure.

If a constraintthat is too strongis selected,aninconsistency maybedetectedafter
several veri�cation runs,andbacktrackingoccurs.On the otherhand,even if a con-
straintthat is too weakis selected,a strongerconstraintcanbeaddedlater to obtaina
suitableconstraintset.Hence,our heuristicsselecta constraintwith thesmallestnon-
negativeweight.For theexampleshown in Section4, theweightof constraint(2) is 55,
andthat of (3) is 10. Hence,if this heuristicis used,case(b) is selected�rst, andno
backtrackingoccurs.

5.4 Overall procedure

The whole procedurethat repeatsthe veri�cation runs and addsnew constraintsis
shown in Figure6. Thisproceduretakestwo inputs, � and

,1��! ��� � . � is asetof time
Petrinetsrepresentingthecircuit andits speci�cation.Whentheprocedureis calledfor
the�rst time, theinitial constraintsfor thecircuit delayboundslike (1) in Section4 is
setto

,1��! ��� � . Thisprocedure�rst callsanILP solver (line 3). Currently, weuseapub-
lic domainILP solver called lp solve (ver 3.1a,ftp://ftp.ics.ele.tue.nl/pub/lpsolve/).
An ILP solver computesanoptimal integerassignmentto variablesfor maximizingor
minimizinganobjectivefunctionunderagivensetof constraints.For delays� � �"! �

� � � �!
�
��787�7

where��� is a lowerboundof thedelayand
! � is anupperbound,ouralgorithm

usesthefollowing objective function � andtriesto maximizeit.

� . �(!
� � = � � 
 � ��!

� � = � � 
 � 787�7
Fromourexperience,themostsuitablesolutionssuchthatthedifferencebetweenlower
boundsandupperboundsarelargeandthatlower boundsarefairly smallareobtained
by this objective function. stat in line 3 indicates“infeasible”, if the constraintset is
inconsistent.In thiscase,theprocedurereturnswith “impossible”for backtracking(line
4). Otherwise,bounds containsan optimal assignmentto the delaybounds.In line 5,



1: obtain timing constraints(� , con set)
2 : begin
3: (stat, bounds) � ILP(con set);
4 : if (stat ��� infeasible)then return(impossible);
5 : ����� modify bounds(� , bounds);
6 : (stat, failure) � verify( � � );
7 : if (stat ��� success)then exit(success);
8 : new con � analyzefailure(failure);
9 : new con' � sort(new con);

10: foreach con � new con'
11: if weight(con) � 0 then obtain timing constraints(� , con set �
	 con� );
12: return(impossible);
13: end

Fig. 6. Overall procedure.

theboundsof � aremodi�ed accordingto this delayassignment,and � J is obtained.
This � J is usedfor theveri�cation in line 6. If theveri�er returns“success”,thismeans
thata setof timing constraintsunderwhich thecircuit worksasexpectedareobtained,
and so, the procedureterminates(line 7). Otherwise,the veri�er producesa failure
tracefailure. In line 8, this failure is analyzedasmentionedin theprevioussubsections,
anda setof new timing constraintsareobtained.Thosetiming constraintsaresorted
basedon their weights(line 9), andeachconstraintcon with a nonnegative weight is
addedto con set in this orderfor therecursive call of “obtain timing constraints”(line
11). If it returns,it meansthatno solutionis obtainedundercon set M 0

con 2 , andso,
the next constraintin the new con’ is tried by the foreachloop (line 10 andline 11).
If every constraintcausesinconsistency, the procedurereturnswith “impossible” for
backtracking(line 12).

By selectinga constraintwith a nonnegative weight, it is guaranteedthat thecon-
straintcertainlyreducesthespaceof thedelaybounds.Therefore,sincetheearliestand
latest�ring timesareinteger, this procedurealwaysterminates.

On the otherhand,when the procedureterminateswith “impossible”, is it really
impossibleto eliminatethe failure?If so, the procedureis called complete. In order
to prove its completeness,it is necessaryto show that the algorithm to �nd an � � -
candidatecoversall casesto eliminatefailures,andthattheconstraintsobtainedarenot
unnecessarilystrict.This is notyetprovenformally. Theselectionof objectivefunction
aswell aserrorsin theILP solutionscertainlyaffect theperformance(i.e., thenumber
of backtrackings)andthequalityof theresults(i.e., thewidth of thedelaybounds),but
we donot believe thatthecompletenessis affectedby them.

6 Experimental Results

In orderto demonstratetheproposedmethod,theVINAS-Pveri�er hasbeenmodi�ed
sothatit producesa setof timing constraintsfor a detectedfailuretrace.This program
correspondsto lines6

7�7�7
8 in Figure6.Then,aPerlscripthasbeendevelopedto naively

implementtherestof theprocedure.
In this section,two setsof experimentalresultsareshown. The �rst setof exper-

imentshave beendoneusing someasynchronousbenchmarkcircuits from [6]. The



Table 1. Experimentalresults(1).

name #signals#gates#timedstates#verify #backtracksCPU CPU-[6]
alloc-outbound 15 11 85 4 0 1.36 13.08
mp-forward-pkt 13 10 57 3 0 0.93 0.89
dff 8 6 67 6 0 1.48 27.17
sbuf-send-pkt2 17 13 113 7 0 2.69 69.97
converta 14 12 98 7 0 2.36 113.12
ram-read-sbuf 22 16 161 7 0 3.08 127.98

Table 2. Experimentalresults(2).

name #signals#gates#timedstates#verify #backtracks CPUCPU(last)
gasp4 27 32 817 9 0 2.07 0.11
gasp8 51 64 65147 10 0 752.17 717.77
square9 82 81 3017 11 2 21.26 2.04

secondand third columnsof Table1 show the numberof signalsand the numberof
gatesin eachcircuit. “#timed states”shows the numberof timed statesin the circuits
with the �nal bounds(i.e., the circuits that passveri�cation). The next two columns
show thenumberof veri�cation runsandthenumberof backtracksneededto obtainthe
�nal constraintsets.TheCPUtimesfor theoverall procedureareshown in thecolumn
“CPU”(all CPU timesareshown in seconds).The column“CPU-[6]” is quotedfrom
[6], wheretheexperimentsweredoneona450MHz1GBUltra SPARC60machine.Ac-
cordingto theauthorsof thatpaper, thedatacomesfrom a proof-of-conceptprototype
thatis notyetoptimizedfor run-timeandthusdoesnot incorporatemany of theknown
speed-uptechniquesandoptimizationsfor untimedanalysis.In addition,the majority
of the the run-time is taken up in the processfor optimizing constraintsetsthat can
be mademuchmoreef�cient. Our experimentshave beenperformedon a PentiumII
333MHz,128MBLinux machine,andasmentioned,ourcurrentimplementationis also
very naive. Thus,we considerthat thesedatademonstratethat theperformanceof our
methodbasedon timeanalysisis at leastcomparableto thoseof theirmethodbasedon
untimedanalysis.

If thesortingby theconstraints'weights(line 9 of Figure6) is turnedoff, 10veri�-
cationrunsand5 backtrackingsareneededfor the“alloc-outbound”circuit.Thisshows
theeffectivenessof theheuristicsshown in Section5.3.

The secondsetof experiments6 useseveral GasPcircuits shown in [1] and[11].
Thesecircuitshave fairly largestatespaces,but our methodcanhandlethemasshown
in Table2.Almostall CPUtimesarespentfor the�nal veri�cation of thecorrectcircuits
asshown in thelastcolumn(CPU(last)),andtheprocessto obtainthetiming constraint
setsis performedwithin a rathershort time. Theseexperimentshave beenperformed
on a PentiumIII 1GHz, 2MB Linux machine.In theseexperiments,the CPU times
for ILP is negligible comparedwith thosefor statespaceenumeration.Thus,from a
performancepoint of view, usingILP insteadof LP is not toocostly.

6 Thesource�les andresultsof theseexperimentscanbedownloadedfrom
http://yoneda-www.cs.titech.ac.jp/ � yoneda/tcs-data/data.tar.gz.



7 Conclusion

Thispaperdescribesanew methodfor thederivationof timing constraintsthatguaran-
teethecorrectnessof timedcircuit implementations.This approachusesanautomatic
techniquein which a failure traceis analyzedto �nd pairs of eventsand obtain as-
sociatednew timing constraintsthat caneliminatethe failure trace.This methodhas
beenautomatedaroundthe VINAS-P tool, andour initial veri�cation resultsarevery
promising.

In the future,we planto developbetterheuristicsto avoid generatinguseless� � -
candidates.We alsoplanto performa formalanalysisto show thatour methodis com-
pletein thatwhenno constraintscanbefound,no solutioncanexist.
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