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Abstract

Thispaperdevelopsa framework to supporttracetheo-
reticverificationof timedcircuitsandsystems.A theoretical
foundationfor classifyingtimedtracesas either successes
or failuresis developed.Theconceptof the semimirror is
introducedto allow conformancechecking thussupporting
hierarchical verificationof timedcircuits andsystems.Fi-
nally, werelateour frameworkto thosepreviouslyproposed
for timing verification.

1 Intr oduction

For the formal verification of asynchronouscircuits, a
methodcalled tracetheoreticverification is proposed[1].
In this method,both specificationandimplementationare
given by automata,Petri nets, or similar formal models.
The advantagesof this methodare (1) its decisionproce-
dureis simpleandefficient, (2) performanceimprovement
by partialorderreductioncanbequite large[2, 3], and(3)
verificationcanbedonehierarchically.

Recently, designersoften usetimed circuits in order to
implementfastandcompactcircuits [4, andothers].Thus,
for the formal verificationof suchtimedasynchronouscir-
cuits,it is desiredto extendtheverificationmethodssothat
they canhandletimed circuits. Sinceit is not easyto ap-
ply symbolicmethodsbasedon BDDs to timing verifica-
tion, partial order reductionis oneof the most promising
solutionsto thestateexplosionproblem.Thus,methodsin
which partial order reductionis well-suitedare preferred.
Onedirectionis modelcheckingbasedon real-timelogics
andtimedtransitionsystems[5, 6, andothers].Thepartial
orderreductionis appliedto the timed LTL modelcheck-
ing in [7, 8], but it seemsthat the cost to handleLTL can
be quite high. The seconddirection is the languagecon-
tainmentcheckingbasedon timed automata[9]. In order
to usethis methodfor circuit verification,input generators
areoften requiredon the circuit sidewhich makeshierar-
chicalverificationdifficult. Furthermore,to ourknowledge,�
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partialorderreductionhasnot yet beenappliedto it in the
timed domain. As the third direction, we have proposed
a framework of timed tracetheoreticverificationbasedon
time Petrinets[10, 11, 12]. Theworksmostrelatedto ours
are [13, 14] and [15]. However, in the former work, the
modelsarerestrictedsuchthata singletransitionhasonly
onebehavioral place,andin the latter work, the notion of
mirrorsis not discussed.

In [12, 16], safety failuresand timing failuresare de-
fined,andthenotionof pseudofailuresis introduced.And
then, the decisionprocedurebasedon pseudofailures is
shown. Although this approachis certainlyoneextension
of thetracetheoreticverification,it differsfrom theoriginal
tracetheoreticmethodin thefollowing two points.

1. Failuresaredefinedbetweenmodules,i.e.,amoduleis
definedwithout thefailuretraceset.

2. In timed trace theory, a mirror module obtainedby
swapping the inputs and the outputsof the original
moduleis not equivalent to maximalenvironmentof
the original module. Hence,the decisionprocedure
basedon mirroring cannotbe usedfor conformance
checking.

In this paper, we reformalizethe framework of the timed
trace theoreticverification in accordancewith the origi-
nal untimed trace theory, and introduce the conceptsof
the semimoduleandthe semimirrorto allow conformance
checking.

2 Trace theoretic verification

We briefly recall the ideaof the tracetheoreticverifica-
tion from [1] for thediscussionof thenext section.

A Petri net � is four-tuple, �����
	���
������������ , where	 is a finite nonemptyset of places, 
 is a finite set of
transitions( 	���
���� ), � � �
	���
��! "�#
$�%	&� is
theflow relation, and � � ��	 is the initial markingof the
net. For any transition ' , (�')�+*�,"-"	/.0�1,2��'3�4-5�46 and'�(7�8*9,:-;	<.=�#'>�?,@�A-B�46 denotethesourceplacesandthe
destinationplacesof ' , respectively. For a place, , (C, and,D( aredefinedsimilarly.



A marking � of � is any subsetof 	 . A transition ' is
enabledin a marking � if (�'E�5� (all its sourceplaceshave
tokensin � ); otherwise,it is disabled. Let FHGJILKNM FPOQ�
�2� be
thesetof transitionsenabledin � . In marking � , transition'3R%-SFHGJILKNM FPOT�#�2� canfire, anda new marking �VU����
��W(�' R �X Y' R ( is obtained.

A run Z%�[� �]\?^_ �a` \#b_ �Vc \#d_fegege of � is a finite or
infinite sequenceof markingsandtransitionssuchthat ��� is
the initial marking,and �Vhji ` is obtainedfrom �Vh by firing
transition'khji ` . We assumethateveryprefixof a run is also
a run. A Petri net is one-safe, if in any marking � h of any

run Zl�]���B\ ^_ � ` \ b_ � c \ d_menege , �#�Vh2Wo(�'khji ` �a�p'khji ` (&�q� .
In thesequel,a net is alwaysa one-safePetrinet.

A trace is a finite or infinite sequenceof transitions.A

run Z"�r���8\ ^_ � ` \ b_segene generatesa trace ' ` ' c egege . Lett>u IJvgFN�
�w� bea setof all the tracesgeneratedby a Petri net� . Note that the set
t>u IJvxFN�?�y� is prefix-closedandalways

includesanemptytrace.
A moduleis a tuple �
zQ�9{4�9�y� , where z is a setof input

wires, { is a setof outputwires, and �|�}�?	��3
��9���3���J�
is a net, satisfying z4 �{~��
 . Note that we may call a
transitiona wire, sincethefiring of a transition' represents
thechangeof valueonawire. We useamoduleasa formal
modelfor a circuit element(e.g.,a gate)or a specification.
In therestof thissection,weuse� (or ��c�� egene ) to representz� %{ (or zgc� �{�cH� egege ). A (canonical)tracestructure of
a module � �m�
zQ�9{4�9�y� , denotedby �l����� , is a tuple�
zQ�9{4�9�0���&� , where � is thesetof successtraces,and � is
thesetof failuretraces,satisfying

1. ��� t>u IJvxFN�?�y� , and

2. �8�8*n�Q�:.J�;-��k*n���E.��X-B������-Bz�6�W��!�x�3�p-;�7��6 .
The above definition of failure tracescan be interpreted
suchthatif a traceobtainedby appendinganinput to asuc-
cesstraceis not a success,then the traceis consideredto
bea failure. That is, aninput which cannotbeacceptedal-
wayscausesa failure. Thus,for �w-�� , ��-�z , �X-%{ , and	q�S�: :� ,

�����-;� � ���!-;��� (1)

�=�l�-;� � �=�l�-B	 (2)

hold. A tracein 	 is calledpossible. Furthermore,a trace
extendedfromafailureis alsoafailure,andatraceextended
from animpossibletraceis alsoimpossible.Hence,for �l-� , we have

�p-B� � �=��-;��� (3)

���-B	 � �=�B�-;	�� (4)

A tracestructureis called failure-free if its failure set is
empty.

Weusethefollowing definitionsin thispaper. For atrace�X�]� ` � c �P� enege andaset � of wires,

ONFHM1�?�;�3�D���
� � �1��� ` -;�� ` � �g ¢¡3�N�

where �£� O�F�M1�
�;�9� c ��� egene � . For a set ¤ of traces,O�F�M ¥ ` �
�;��¤w� is theset *P��.HONFHM1�?�;�3�D��-;¤%6 . For ¤ whose
elementsdo not containany wires in � , O�F�M ¥ ` �?�;�3¤�� is
thesetof all tracesthatcanbegeneratedby insertingmem-
bersof �X� betweenany consecutive wires in tracesof ¤ .
This is extendedfor a tracestructure
]���?zT�C{4�9���9�&� such
that ONFHM ¥ ` �?�;�3
��0�¦�
z� 7�;�9{4�9O�F�M§¥ ` �
�;�C�!�>�9O�F�M§¥ ` �?�;���&��� .
Note that the insertedwires are always consideredto be
the inputs. The intersectionof two tracestructures
V`y��
zn`H�9{7`��C�2`��9��`n� and 
�c¨�$�
zgc��C{�cN�9��c����©cn� suchthat �7`)�� c and { ` �B{ c �S� is a tracestructure


 ` ��
 c ���
z ` �ªz c �C{ `  �{ c �C� ` ��� c �P�
� ` �ª	 c �n &�
	 ` �ª� c �3�x�
Thecompositionof 
 ` and 
 c suchthat { ` ��{ c �«� is a
tracestructure


2`H.j. 
�c��]O�F�M§¥ ` �?��cªW¬��`H�3
2`>�2�XONFHM§¥ ` �?��`AW¬��cN�3
�cg�x�
Now, we show the core notionsof the trace theoretic

verification. For two modules � ` �­�
z ` �9{ ` �9� ` � and� c ���?z c �9{ c �9� c � , wesay � ` conformsto � c , if z ` �"z c ,{�`w®�{�c , andfor any (composable)tracestructurē~��
zx°��9{�°ª�9�V°ª���©°�� suchthat zxc±�}{�° and {�cS®²zx° , if¯p.j. �l��� c � is failure-free,so is ¯p.j. �l�?� ` � . This is thecor-
rectnesscriterionof tracetheoreticverification.Thatis, we
considerthata circuit ��³ is correctwith respectto a spec-
ification �%´ , if � ³ conformsto �%´ . For a tracestruc-
ture 
Y�+�
zQ�9{4�9�0���&� , its maximumenvironmentis called
a mirror of 
 , denotedby 
�µ , which is alsoa tracestruc-
ture �?z U �9{ U �9� U �9� U � satisfying z U �r{ , { U ��z , � U �r� ,
and � U �]� � W¬	 . Thefollowing lemmaholds.

Lemma 1 Supposethat �o`]�¶�
zP`J�C{�`H���·`x� and ��cq��
zxcN�9{�cH�9�¨cP� aremodulessuchthat zn`·�Szxc and {7`�®q{�c .� ` conformsto � c if f �l�?� ` �g.j. �X�?� c � µ is failurefree.

Lemma1 is very important, becausewe can checkcon-
formancewithoutconsideringall possibleenvironments̄ .
But, it is usefulonly whenthemirror of a tracestructureis
easilyobtained.Thisis guaranteedby thefollowing lemma.

Lemma 2 For a module � � �?zT�C{4���y� , �l����� µ is�l�?�8U¢� , where �8UQ����{4��zQ���y� .
We saythat a module ��{4��zQ���y� is the mirror of a module� �¸�
zQ�9{4�9�y� , denotedby � µ . Note that � µ is sim-
ply obtainedby swappinginputsandoutputsof � . These
two lemmasstraightforwardly derive the following theo-
rem, which actually allows us to implementthe decision
procedurefor conformancechecking.

Theorem1 Supposethat � ` �¹�
z ` �C{ ` ��� ` � and � c ��
z c �9{ c �9� c � aremodulessuchthat z ` �Sz c and { ` ®q{ c .�o` conformsto �%c if f �l�?�o`g�g.j. �X�?� µc � is failurefree.



3 Timed trace theoretic verification

3.1 Definitions

Let º i be thedomainof nonnegative rationalnumbers
for time-points. For a transition ' and »/-~º i , �#'>��»T�
is called a timed event. » representsthe time when the
transition ' fires, or the correspondingwire changes. A
timedtrace � is a finite or infinite sequenceof timedevents�Y�~�P�n� ` enege where �Php�¼�#'kh��3»gh½� suchthat monotonicity
(i.e., »ghA¾]»nh¿i ` for all �ªÀ±Á ) andprogress(i.e., if � is infi-
nite,thenfor any »B-�º i thereexistsan � suchthat »gh0ÂÃ» )
aresatisfied.

A time Petri net � is a six-tuple, �Ä�Å�
	���
������PÆLÇ t �È Ç t �3���P� , where 	 , 
 , � , and ��� arethesameasaPetrinet,
and ÆLÇ t�É 
 _ º i � È Ç t�É 
 _ º i  ¨*JÊË6 arefunctionsfor
theearliestand latestfiring timesof transitions,satisfyingÆLÇ t �#'3�A¾ È Ç t �#'3� for all 'A-X
 .

A stateÌ of a timePetrinetis a pair �
�0��vHM Í�vHÎP� , where�
is a markingand vJM Í=vJÎ is a function 
 _ º i . The initial
state ÌT� is �
���N�9vJM Í=vJÎx��� , where vJM Í=vJÎx�L�#'3�ª�qÁ for all '�-y
 .
Thestatesof a time Petrinetchange,if time passesor if a
transitionfires. In stateÌÃ�+�
�0��vHM Í�vHÎn� , time »5-Ãº i can
pass,if for all 'A-:FHGJILKLM FnOT�
�2� , vHM Í�vHÎ��#'3�JÏ·»B¾ È Ç t �#'3� . In this
case,stateÌ�U��[�#�VU?��vHM Í=vJÎ U � is obtainedfrom Ì by passing» , if �VU)��� , and for all ';-�
 , vJM Í=vJÎ U �#'3�B�/vJM Í=vJÎ��
'3�AÏ» . In state Ì¦�}�#�0��vHM Í=vJÎn� , transition '3RË-8
 canfire, if' R -¦FHGJILKLM FnOT�
�2� and vJM Í=vJÎ��
' R �wÀ}ÆLÇ t �
' R � . In this case,
state Ì U �}�#� U ��vHM Í=vJÎ U � is obtainedfrom Ì by firing ' R , if�VUQ���
�BW�(J' R �X ¦' R ( , andfor all 'A-B
 , vJM Í=vHÎ U �
'3���]Á for
newly enabledtransitions' and vJM Í=vHÎ U �
'3���]vHM Í=vJÎ��#'3� for the
others.

A run Z4�±Ì��:\ ^_ Ì ` \ b_ Ì c \ d_Ðegene of � is a finite or infi-
nitesequenceof statesandtransitionssuchthat Ì�� is theini-
tial state,andÌQh¿i ` isobtainedfrom ÌQh bypassingsometime
and thenfiring transition ' hji ` . t9Ñ1Ò F h �#Z=� is the sumof all
timespassedbetweenÌ � �#Z=� and Ì h �
Z�� ; that is,

t9Ñ1Ò F � �
Z����Á and
t9Ñ1Ò Fnhji ` �#Z=�!� t9Ñ1Ò Fnh3�
Z���Ï¬vHM Í=vJÎghji ` �
'3�aWyvJM Í=vJÎgh9�#'3� for

some' which is not newly enabledin �Vh¿i ` . 1 Thus,a run Z
generatesatimedtrace �
'�`J� t9Ñ1Ò F�`H�#Z=�3�g�#'kcN� t9Ñ1Ò FPc��#Z=�3� egege . Lett>u IJvgFN�
�w� be a setof all timed tracesgeneratedby a time
Petri net � . In orderto satisfythe progresscondition,we
assumethat time certainlypassesin any loop structurethat� contains.In the sequel,a time net is alwaysa one-safe
timePetrinetsatisfyingtheaboverestriction.

Supposethata timedtrace � is anelementof
t>u IJvgFN�
�w� .

Let F�G�ILKLM FnOQ�#�D���y� denotea setof transitions(of � ) which
are enabledin the stateobtainedby � . For a transition'�-$F�G�ILKLM FnOQ�#�D���w� , Æ�Ó t9Ñ1Ò F��
'>�3�D���w� is the time when '
got newly enabledin � mostrecently. Ô È �#�D�9�y�¨�ÖÕX�½×�*Æ�Ó t9Ñ1Ò FL�#'>���@�9�y�aÏ È Ç t �#'3�¨.�'7-�F�G�ILKLM FnOQ�#�D���w�C6 is the lat-
esttime until whenthefirings of all enabledtransitionscan
be postponed.If F�G�ILKLM FnOQ�#�D���w� is empty, we assumethat

1In orderto define Ø?Ù Ú�Û3Ü½ÝjÞnß precisely, we may consideran auxiliary
transitionà aux whichnever becomesenabled.

Ô È �#�D�9�y� is Ê . M Ñ1Ò7Ñ t �
�@�9�y�B�}*n'w.�'�-�F�G�ILKLM FnO@�#�D���w�>�Æ�Ó t9Ñ1Ò FN�#'>���D���y�VÏ È Ç t �#'3�E�]Ô È �#�D���y�>6 is a setof enabled
transitionswhich determineÔ È �#�D�9�y� . We saythata timed
trace���#á¨�3»T� is overstepped, if it satisfies»:Â"Ô È �
�@�9�y� .
3.2 Timed trace structur es

A moduleis definedsimilarly except that � is a time
net.A timedtracestructurefor amodule �?zT�C{4���y� is alsoa
tuple �
zQ�9{4�9�0���&� , but � and � arenow setsof timedtraces.
We classifynon-oversteppedtimedtracesinto � , � , or nei-
ther of themin the sameway as the untimedcases.That
is, � alwaysincludesanemptytimedtrace,andfor a timed
trace���#á¨�3»T� suchthat �X- t>u IJvgFN�
�w� and »B¾"Ô È �#�D���w� ,
( if ���#á¨�3»T�ª- t>u IJvxFN�?�y� , then �D�
á&�3»T��-B� ,

( elseif á�-Bz , then �D�
á&�3»T�ª-B� (from property(1)),

( else(i.e., á�-;{ ), �D�
á&�3»T�)�-:	 (from property(2)).

On the otherhand,it hasnever beenconsideredwhich set
an oversteppedtimed tracebelongsto. Actually, � and �
cannotbe determinedas simply as in the untimedcases,
becausesometimedeventscannotoccurafteracertaintime
point dueto thetiming constraintson thetransitions.Thus,
beforeclassifyingoversteppedtimed traces,we intuitively
discusswhenfailuresshouldandshouldnot occur.

Webasicallyconsiderthatmodulesinteractingwith each
otherhavesomekind of failure,if eitheranoutputproduced
by amodulecannotbeacceptedby someothermoduleor an
inputexpectedby amoduleis notgivenin timeby any other
module. In the exampleshown in Figure1, the outputof�o` is safelyacceptedby ��c , andtheinput of �o` is given
in time. Note that input transitionsfire in synchronization
with the correspondingoutput transitions. In the example
shown in Figure 2, the output á of � c can be accepted
by � ` , if it occursbefore â , and otherwise,the firing ofá is disabledby thatof â . Sincethesepropertieshold for
theothertransitions,it is naturalto considerthatthereexist
no failures in theseexamples. On the other hand, in the
modulesshown in Figure3(a),(b),theinputexpectedby � `
is never givenby � c , becausethecorrespondingoutputis
disabled. Neitherdoesthe input â of ��c in Figure 3(a).
This is a situationcalleddeadlock,andso,theremustexist
somekind of failurebetweenthem.In Figure4, �#á&�9ãN� , for
example,canbeproducedby � c , but it cannotbeaccepted
by �o` dueto its latestfiring time. Thus,afailureexistsalso
in this case.

Thekey criterionto classifyoversteppedtimedtracesis
whether M Ñ1Ò7Ñ t �#�D�9�y� includesanoutputor not. If anoutput
is includedin M Ñ1Ò)Ñ t �#�D���y� , then � itself doesnotallow time
to passafter Ô È �
�@�9�y� without firing any transitions. It is
underthecontrol of � . Thus,we shouldconsiderthat the
oversteppedtimed tracesarenot in 	 . On the otherhand,
if everywire in M Ñ1Ò7Ñ t �#�D�9�y� is aninput, � canonly wait for
theothermodulesto producetheexpectedoutputs.In other
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words, if no outputsareproduced,the only actionthat �
cando is to fail. Thus, it is naturalto considerthat those
oversteppedtimedtracesarein � .

Considerthe modules �o` and ��c shown in Figure 1.
We have Ô È �#ä��9�4`g�å� æ and Ô È �çä=����cn�å� èPÁ , andM Ñ1Ò7Ñ t �çä=��� ` � hasan output á and M Ñ1Ò7Ñ t �#ä��9� c � hasan out-
put â . Thus,for »�ÂSæ , either �#á&��»T� or �#â©�3»T� is not in 	 ` ,
andfor »ÃÂéènÁ , either �#á&��»T� or �#â©�3»T� is not in 	 c . From
this, theoversteppedtimedtracesof �o` and ��c cannotbe
in the failuresetof �p�?�o`g�g.j. �X�?��cP� . Thenon-overstepped
timedtracescannotbe,either. Hence,wecanconcludethat�l�?� ` �g.j. �X�?� c � is failure-free.Thus,theabovecriterionis
consistentto our intuition. A similar discussionholds for
the examplein Figure2. Note that �D�
á&�3»T� is not in 	 in-
dependentof theattribute(i.e., inputor output)of á , if it is
oversteppedand M Ñ1Ò7Ñ t �#�D���y���B{Ö��S� .

In themodulesshown in Figure3(a),on theotherhand,M Ñ1Ò7Ñ t �çä=���·`x� containsonly an input á . According to the
above criterion, we considerthat �#á¨�3»T�:-S� ` for »SÂ[æ .
However, if �#á¨�3»T�¬�-�	 c holds,we cannotput this timed
traceinto thefailuresetof �l�?� ` �g.j. �X�?� c � . Thus,we pro-
poseto considerthat �
á&�3»T�%-<�©c , even if á is disabled
in ��c . Note that this is consistentto the above criterion,
becauseM Ñ1Ò7Ñ t �çä=��� c � containsonly an input, and �#á&��»T� is
oversteppedin � c . Then,we have �l�?� ` �g.j. �X�?� c � whose
failure set contains �#á&��»T� for »«Â²æ . The samediscus-
sion holdsfor �#â©�3»T� . Unfortunately, we still have a prob-
lem in the exampleshown in Figure3(b) wheresomefail-
ure mustexist too. Sincethereareno enabledtransitions
in � c , which implies Ô È �#�D��� c �·��Ê , it’s impossibleto
put sometimedtraceexceptfor ä into 	©c , andso,it’s diffi-
cult to force �l�?�o`g�g.j. �X�?��cP� to have a failure. In orderto
overcomethis problem,we further proposeto assumethat
everymodulehasavirtual outputwhich is alwaysdisabled,
andthat every othermodulehasthe correspondingvirtual
input which is alsoalwaysdisabled.In theexampleof Fig-
ure 3(b), we assumethat �o` hasa disabledvirtual outputê ` and � c hasa disabledvirtual input ê ` asshown in Fig-
ure5. Similarly, ê c is thedisabledvirtual outputof � c and
the disabledvirtual input of � ` . Then, accordingto the
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above criteria, we have � ê `J��»T�l-]�0` with »]ÂÖæ because
this is overstepped,andwe have � ê ` �3»T�)-�� c becausethis
is neitheroversteppednor in

t>u IJvxF��
� c � .
In Figure 4, M Ñ1Ò7Ñ t �çä=��� ` � includesonly an input, whileM Ñ1Ò7Ñ t �çä=����cn� hasan output. Thus, we have �
á&�3»T�Ã-Ö�0`

for »ëÂìæ and �
á&�3»�U#�[�-ë	©c for »�U±Â­èPÁ . Our in-
tuition is satisfiedalso in this case,because�#á&��»�U U#� foræ�íË»�U U©¾�ènÁ is includedin � ` and � c , andis in thefailure
setof �p�?� ` �g.j. �X�?� c � .

Finally, criteriaC1canbeusedfor bothnon-overstepped
andoversteppedtimedtraces.2(b) and(c) arefor theover-
steppedtimed traces.2(b) is for the casethat the limit set
consistsof only inputs,andhandlesthe failuresexplained
for Figure3 andFigure4. 3 and4 below arefrom proper-
ties(3) and(4) of Section2.

C1: 1. ��� t>u IJvgFN�?�y�
2. for �p-;� and ���
á&�3»T�)�-B� ,

(a) if »B¾ÃÔ È �
��� , then
i. if á�-;z , then ���
á&�3»T��-;�
ii. else���#á&��»T���-;	

(b) elseif M Ñ1Ò7Ñ t �#�D�9�y�A�5z , then ���#á&��»T�ª-B�
(c) else�D�
á&�3»T�7�-B	

3. for �p-B� , ���
á&�3»T��-;�
4. for ���-B	 , ���
á&�3»T���-;	

whereá�-Bz� :{ , and »:-�º i .

3.3 Mirr oring

For untimedsystems,Theorem1 allows usto decidethe
conformancebetweenacircuit andaspecificationveryeas-
ily by usinga mirror module. Here,we presenta similar
approachfor timedsystems.
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Figure 5. Virtual transitions for Example 3(b).

Also for a timedtracestructure�?zT�C{4�9���9�&� , its mirror is
definedasa timedtracestructure�?{4��zQ�9�0������W�	&� , where	q�S�� �� , �±��*L�#á¨�3»T��.�á�-Bz� 4{4�3»B-yº i 6 , and �7� is
a setof all timedtracesover � . Thus,Lemma1 holdsalso
in timedcases.However, Lemma2doesnotholdin general.
Supposethat � ` �¦�î*Pá)6N�g*nâa6N�9� ` � is themoduleshown in
Figure2,and �l�?� ` �����k*ná)6L�x*Pâ26L�9� ` �9� ` � with 	 ` �S� `  ��` . Accordingto C1above,wehave,for example, �#á&�9ïN���-	�` . If we consider�8U` �å�î*Pâ26L�x*ná&6N���·`C� , and �p���8U` �&��î*nâa6N�g*ná)6L�9�0U` �9�)U` � with 	)U` �S�0U`  ��)U` . wehave �#á¨��ïN���-;	)U`
againfrom C1. This derives �#á&�9ïN�]�-é�)U` and so �)U` �����` Wp	 ` , andthat �l�?�8U` � is notamirror of �l�?� ` � . Hence,
Lemma2 doesnot hold in this case. Actually, theredoes
not exist a modulewhosetimed tracestructureis exactly
thesameasthemirror of this �p�?� ` � .

However, we canstill constructan algorithmto decide
theconformanceof timedsystemsasfollows. We first de-
fine a semimodule�?zT�C{4���y� , which is the sameasa mod-
ule except that its timed tracestructureis defineddiffer-
ently from that of a module. The timed trace structure�
zQ�9{4�9�0���&� , denotedby ��ðJ����� , of a semimodule� ��
zQ�9{4���w� is definedasfollows.

C2: 1. ��� t>u IJvgFN�
�w�
2. for �p-;� and ���#á¨�3»T�7�-;� ,

(a) if »:¾ÃÔ È �
�=� , then
i. if á�-:z , then ���#á¨�3»T��-;�
ii. else�D�
á&�3»T�7�-B	

(b) elseif M Ñ1Ò7Ñ t �#�D���y�A�Ë{ , then ���#á¨�3»T���-;	
(c) else���#á¨�3»T�ª-B�

3. for �p-B� , ���#á&��»T�ª-B�
4. for ���-B	 , ���#á&��»T�7�-B	

whereá�-Bz� B{ , and »:-yº i .

Notethatonly 2(b),(c)aredifferentfrom C1. If weconsider
a semimodule�k*nâa6N�x*Pá)6N�9�4`>� in the previousexample,its
timed tracestructureis exactly a mirror of �p���o`x� . Actu-
ally, we have thefollowing lemma.

Lemma 3 For amodule�ñ���?zT�C{4���y� andasemimodule�8UQ����{4��zQ���y� , �p����� µ �±��ð��?�8Uç� holds.
Proof: Let �l�?���4�¸�
zQ�9{4�9�0���&� and ��ð����8Uç���/�
zLU
�C{7U���0U
�9�)Uj� , where zNU·�²{ and {7U��}z . Then, �p����� µ ��?{4��zQ�9�0�����=W)	&� . From ��� t>u IJvgFN�
�w� and �0UQ� t>u IJvgFN�
�w� ,
wehave �0UQ�S� . Thus,weonly haveto show �)U@�Ë�7�QW�	 ,

that is, both �[-é�)U·�ò�Ö-é�7�4W±	 and �å�-é�)U���±�-5����Wo	 . If � is non-overstepped,theproof is similar
to that of Lemma2. Thus,we only considerthe casethat� is overstepped.This canbe proven by inductionon the
length of � , denotedby . ��. , where �«�}��� and � is the
longestprefix of � suchthat �:-��0U . First,suppose�y-;�)U .
We show that ��-8���)WË	 holds. If . �V.��~è , thenfrom
2(b) and2(c) of C2, M Ñ1Ò)Ñ t �
�D���y�y��+{7U7�rz musthold in��ðJ�?�8U¢� . Thus, in �p�?��� , from 2(c) of C1, �«�-±	 holds,
andit implies that �5-o�7��Wo	 holds. If . �V.aÂ$è , let �%������±�=U¿� with �X-�� . From4 of C2 and �L�B-;�)U , we have�=U&-��)U . From the inductionhypothesis,we canassume
that � U -¬� � W%	 . This implies that � U �-�	 . Thus,from 4
of C1, � U �o�-%	 , which derives � U �w-%� � Wo	 . Hence,we
haveshown �;-;� U �¸��-B� � W�	 . Similarly, wesuppose�Ë�-¬� U andshow that �"�-�� � W%	 holds. If . �V.Q�éè , then
from 2(b) and2(c) of C2, M Ñ1Ò7Ñ t �#�D���y���S{7UV�8z musthold
in ��ðJ���8Uj� . Thus,in �l�?��� , from 2(b) of C1, ��-�� holds,
andit implies that �±�-o�7��Wo	 holds. If . �V.aÂ$è , let �%������±�=U¿� with �X-�� . From3 of C2 and �L���-;�)U , we have�=U��-��)U . From the inductionhypothesis,we canassume
that �=U!�-��7��W�	 . This impliesthat �=U2-�	 andso �=U2-�� .
Thus,from 3 of C1, �=Uj�l-B� , whichderives ��Uj�;�-;�7�!W�	 .
Hence,we have shown ���-B�)UQ�¸���-B���ªW�	 . Q.E.D.

We saythata semimodule�?{4�9zT�9�y� is thesemimirror of a
module �Å�¦�
zQ�9{4�9�y� , denotedby � ð µ . FromLemma3
andthe timed versionof Lemma1, we have the following
theorem.

Theorem2 Supposethat � ` �¹�
z ` �C{ ` ��� ` � and � c ��
z c �9{ c �9� c � aremodulessuchthat z ` �Sz c and { ` ®q{ c .�o` conformsto �%c if f �l�?�o`g�g.j. ��ðH�?� ð µc � is failurefree.

Fromthis theorem,thedecisionprocedureof conformance
betweentimedsystemscanbeactuallyimplemented,if the
failure trace sets of modulesand semimodulesare con-
structeddifferently.

4 Comparison with the previous framework

In this section,we comparethe above framework with
the onewe proposedin [11]. The relatedworks are pre-
sentedin [12, 16]. In [11], whenasetof modulesaregiven,
the safety failuresand timing failuresare definedamong
thosemodules.Then,theconformanceis definedsimilarly.
Let Ç
I Ñ M§ó u FL�?�o`J�9��cP� denoteall safetyand timing failures
between� ` and � c . In order to distinguishthe confor-
mancedefinedin this paperand the one definedin [11],
we call the latter p-conformance. That is, for two mod-
ules �o`:���?zn`J�C{�`H���·`x� and ��c;�~�
zgc��C{�c����¨cP� , we say
that �o` p-conformsto ��c , if zn`]�²zxc , {�`]®}{�c , and
for any (composable)module ¯����?z ° �C{ ° �9� ° � suchthatz c �é{ ° and { c ®$z ° , if Ç
I Ñ M§ó u FN�?¯��9� c � is empty, so isÇ
I Ñ M§ó u FN�?¯��9� ` � .



According to [11], if an input â with
È Ç t �#â��w�ëÊ is

enabledin � ` , and � c hasno enabledtransitions,thenÇ
I Ñ M§ó u FN��� ` �C� c � hasa timing failure. On the otherhand,�l�?�o`g�g.j. �X�?��cP� is failure-freefrom C1. Whethera failure
shouldexist in this caseor not dependson the purposeof
verification. Sincewe want to compareboth frameworks
independentof this situation,we assumebelow that every
transitionhasa finite latestfiring time. This doesnot mean
that thoseframeworksareinsufficient to handletransitions
with infinite latestfiring times.

Underthis restriction,Ç
I Ñ M§ó u FL�?� ` �9� c � is still not equal
to thefailuretracesetof �p�?� ` �g.j. �X�?� c � . However, wecan
prove thefollowing lemma.

Lemma 4 Let 
2`¬�¼�?zn`H�9{7`J�C�2`��9��`g� and 
Dco�ô�
zgc��C{�c��� c �9� c � bethetimedtracestructuresof � ` �Y�
z ` �C{ ` ��� ` �
and � c �å�?z c �9{ c ��� c � suchthat z ` �${ c and z c �${ c .
V`H.¿. 
�c is failure-free,if f Ç
I Ñ M§ó u FN���o`��C��cn�!�S� .
Theproof of this lemmacanbefoundin [17]. This lemma
directly derives the following theorem,which shows the
equivalencebetweenthetwo frameworks.

Theorem3 �o` conformsto �%c , if f �o` p-conformsto ��c .

5 Conclusion

In this paper, we have proposeda framework to support
tracetheoreticverificationof timedcircuits. First, we have
developeda criteria to classify timed tracesof time Petri
netsas successes,failures,or impossible,and then intro-
ducedthe notionsof semimodulesandsemimirrorswhich
allow us to implementconformancecheckingprocedures.
This framework is simplerandmorecomprehensiblethan
whatweproposedpreviously, but thetheoremshown in this
papershowsthatthesetwo frameworksareequivalentin the
final decisions.

Thedirectimplementationof theconformancechecking
procedureshown in this paperis not difficult, but we know
that it is easilyfacedwith the stateexplosionproblem. In
orderto overcomethis problem,we arenow developinga
partialorderreductionalgorithmfor conformancechecking
usingthis framework, andwe will implementit in our tool
VINAS-P[18] in thefuture.

References

[1] D. L. Dill. Trace Theory for AutomaticHierarchi-
cal Verification of Speed-IndependentCircuits. MIT
press,1988.

[2] T. Yonedaand T. Yoshikawa. Using partial orders
for trace theoreticverification of asynchronouscir-
cuits. Proc. of SecondInternational Symposiumon
AdvancedResearch in AsynchronousCircuitsandSys-
tems, pages152–163,1996.

[3] T. YonedaandH. Ryu. Timedtracetheoreticverifica-
tion usingpartialorderreduction.Proc.of Fifth Inter-
national Symposiumon AdvancedResearch in Asyn-
chronousCircuitsandSystems, pages108–121,1999.

[4] K. Stevens,S.Rotem,R.Ginosar, P. Beerel,C.Myers,
K. Yun, R. Kol, C. Dike, andM. Roncken. An asyn-
chronousinstructionlengthdecoder. IEEE Journal of
Solid-StateCircuits, 35(2):217–228,February2001.

[5] R. Alur, C. Courcoubetis,and D. Dill. Model-
checkingfor real-timesystems. Proc. of 5th IEEE
LICS, 1990.

[6] R. Alur andT. A. Henzinger. A really temporallogic.
Proc.of 30thIEEEFOCS, 1989.

[7] T. YonedaandH. Schlingloff. Efficientverificationof
parallelreal–timesystems.Formal Methodin System
Design, pages187–215,1997.

[8] M. Minea. Partial order reductionfor verificationof
timedsystems. PhD thesis,Carnegie Mellon Univer-
sity, 1999.

[9] R. Alur andD. Dill. The theoryof timed automata.
LNCS443(17thICALP), pages322–335,1990.

[10] T. Yoneda,B. Zhou,andH. Schlingloff. Verification
of boundeddelay asynchronouscircuits with timed
traces.LNCS1548AMAST’98, pages59–73,1999.

[11] B. ZhouandT. Yoneda.Verificationof asynchronous
circuitswith boundeddelaymodel. IEICE Trans.(in
Japanese)Vol.J82-D-I,No.7, pages819–833,1999.

[12] B. Zhou,T. Yoneda,andH. Schlingloff. Conformance
andmirroring for timedasynchronouscircuits. Proc.
of ASP-DAC’01, pages341–346,2001.

[13] T. Rokicki. Representingandmodelingcircuits. PhD
thesis,StanfordUniversity, 1993.

[14] T. Rokicki andC. Myers. Automaticverificationof
timed circuits. LNCS818 ComputerAidedVerifica-
tion, pages468–480,1994.

[15] J. R. Burch. Trace Algebra for AutomaticVerifica-
tion of Real-Time Concurrent Systems. PhD thesis,
CarnegieMellon University, 1992.

[16] B. Zhou,T. Yoneda,andH. Schlingloff. Conformance
andmirroringfor timedasynchronouscircuits.TIT CS
TechnicalReport, TR01-0001,2001.

[17] B. Zhou, T. Yoneda,and C. Myers. Framework of
timed trace theoreticverification revisited. TIT CS
TechnicalReport, TR01-0015,2001.

[18] T. Yoneda. VINAS-P: A tool for tracetheoreticver-
ification of timed asynchronouscircuits. LNCS1855
ComputerAidedVerification, pages572–575,2000.


