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Abstract. Thispaperproposesapartialorderreductionalgorithmfor timedtrace
theoreticveri�cation in order to detectboth safetyfailuresand timing failures
of timed circuitsef�ciently . This algorithmis basedon the framework of timed
tracetheoreticveri�cation accordingto the original untimedtracetheory. Con-
sequently, its conformancecheckingsupportshierarchicalveri�cation. Experi-
mentingwith theSTARI circuits,theproposedapproachshows its effectiveness.

1 Intr oduction

Nowadays,therole of timedcircuitshave rapidlyarisenin integrateddigital circuit de-
sign.Thus,theveri®cationof suchtimedcircuits is imperative.But, thecostof timing
veri®cationis quitehigh.Severalapproacheshavebeenproposedin orderto reducethe
averagecomplexity of veri®cation,i.e. symbolicmethodsbasedon BDDs andpartial
orderreduction.Symbolicmethodsaredif®cultto ef®cientlyapply to timing veri®ca-
tion, yetpartialorderreductionis oneof themostpromisingsolutionto thestateexplo-
sionproblem,e.g.[1–4]. Hence,veri®cationmethodsin which partialorderreduction
is well-suitedarepreferred.

One direction is a timing analysisalgorithm to validatecorrectnessin the level-
ruled Petri net [5]. Anotherdirectionis the simpletimed tracetheorybasedon timed
Petrinet[6]. Thepartialorderreductionis appliedto bothof them,but they areunable
to hierarchicallyperformveri®cationby usingtheconformationrelation.

In addition,[6] hasno ability to verify livenessproperty, i.e. only safetyfailures
aredetected.A framework of timed tracetheoreticveri®cationbasedon pseudofail-
ure is proposedin [7], in which not only safetyfailuresbut also timing failuresare
examined.Thetiming failureis arestrictedform of violationof livenessproperty. Prac-
tically, detectingtiming failure is adequateto verify timed circuits.Moreover, even if
this approachcertainlysupportshierarchicalstructureasthe original tracetheory[8],
it still differsfrom theoriginalonein many points.Eventually, theframework of timed
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tracetheoreticveri®cationin accordancewith theoriginaloneaswell astheconceptof
semimoduleandsemimirrorallowing conformancecheckinghasbeenproposedin [9].

In this paper, we proposea partial order reductionalgorithm for the veri®cation
methodof thelatestframework,andshow its effectivenessthroughexperimentalresults.

2 Timed Trace Theoretic Veri�cation

Sinceour algorithmrelieson the framework of timed tracetheoreticveri®cationpro-
posedin [9], we brie�y recall its ideain this section.Theimportantnotionsarea mod-
ule,a semimodule,anda timedtracestructure.

A moduleis a tuple
���������	�
�

wire � , where
�

is a setof input wires,
�

is a setof
outputwires,

�
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� is a time Petri net,andwire :
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be
a function from a set of transitionsto a set of wires. We say that if wire
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�

,
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is an input transition,andotherwise,
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is an outputtransition.In orderto simplify the
analysisalgorithm,we assumethat for each ()&

�

, thereexists at mostoneoutput
transition

$

suchthat wire
�%$

�

�

( in a module. (
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� is usedto representsucha
transition
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especiallyin the®guresfor simplicity. Ontheotherhand,weallow multiple
input transitionsfor an input wire ( . Thus, (

��,.-

�

� , (

��,.-

�

� , /0/1/ areusedfor suchinput
transitions,while (

��,.-

� is usedin casesthat thereexistsonly onecorrespondinginput
transition.Figure1 shows examplesof modules.A time Petri net is a Petrinetexcept
that eachtransition

$

of a time Petri net hastwo non-negative rationals,the earliest
®ringtime

���2�%$

� andthe latest®ringtime
�3�2�%$

� , andthateachenabledtransitionmust
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5
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$
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�
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�	B
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� is aneventand
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denotesthetime
whenthetransition
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®res.DFEHGJI1K
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� bea setof all timedtracesgeneratedby
�

.
A semimoduleis thesameasa module,but thecorrespondingtimedtracestructure

is distinctively de®ned,which is shown later.
A timedtracestructure of a module L

�M���������	�
�

wire � , denotedby N

�

LO� , is a
tuple

���������QPR�	�

� , where
P

and
�

aresetsof timedtracesde®nedasfollows.
P
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is calledasuccesstraceset, is equalto DFEHGJI1K

���

� .
�

, which is calleda failure traceset,
containsa traceS
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�VU &

P
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BY^[Z�\]�

S
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� , _ `bac` D

�
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�	�

�ed
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A ®rstconditionis easy, i.e. any extensionof a failure traceis alsoa failure trace.
Z�\f�

S

���

� is thelatesttime until whenthe®ringsof all enabledtransitionsin
�

canbe
postponedafter S . For example,in Figure1,

Z�\f�%gh���

�

� is 5 in L

� , and
Zi\f����j+�Qk

�

���

�

�

is 15 in L

� .
The secondconditionabove statesthe casethat the net canreachthe time

B

with
BlXOZi\h�

S

�	�

� , but cannotacceptan input. It is consideredasa failure.Note that if
T

is anoutputin this case,then S

�%T"�	B

� is neithera successnor a failure, i.e. it is called
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Fig.1. Modulesthatcausea timing failure.

notpossible. Thisdifferencecomesfrom thefactthatanetcancontrolproducingor not
producinganoutput,but cannotcontrolaninput.

_ `baV` D

�

S

�	�

� is thesetof wiresthatcorrespondto theenabledtransitionswhichdeter-
mine

Z�\]�

S

�	�

� . In theexampleabove, _ `baV` D

� g]�	�

�
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��� j+�Q���

, because
Z�\f�%g]�	�

�

�

� k

andbothtransitionsdeterminethis time. In thethird condition,
Bl^ Z�\]�

S
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� implies
thatsometransitioncausesa time-outfrom _ `bac` D

�

S

�	�

� d

�

, becausean input cannot
be controlledby the net.Hence,this mustbe a failure.Again, if _ `baV` D

�

S

���

� contains
anoutputwire, then S

�%T"�	B

� is not possible,becauseanoutputis controlledby thenet,
andso,thenetnever reachesthis time point. Theseconsiderationsaresummarizedas
follows,where

�O� P !Y�

is a setof tracesthatarepossible.
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In orderto de®nethecorrectnessbetweenmodules,weusenotionsgivenin [8]. For
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whenit is a failureof onemoduleaswell asit is possiblefor theother. For considering
thesimilarnotionfor moduleswith differentwiresets,thefollowingnotionsareneeded.
For a timedtrace�

�

A

�

A

�

A

�

/0/1/ anda set 
 of wires,

�

K2_

�




�

�+�

���

S ��� A

�

� �%T

�

��B

�

�

��T

�

&�


A

�

S��������

�

de®nesa timed traceobtainedby projectingout the eventsof wires in 
 , where S

�

�

K _

�




�

A

�

A

�

/1/0/ � . If �

���

, then
�

K2_

�




�

�+�

�������

. For aset � of timedtraces,
�

K2_  

�

�




�

�'� is theset
�

�"!

�

K2_

�




�

�+� &��

�

. For � whoseelementsdo not containany wiresin

 ,

�

K2_
 

�

�




�

�'� is thesetof all timedtracesthatcanbegeneratedby insertingany event
of 
 betweenany consecutiveeventsin tracesof � . This is extendedfor a timedtrace
structureN

� ���������QPR�	�

� suchthat
�

K _# 

�

�




�

N �

� ��� !




�Q���

�

K2_# 

�

�




��P

�

�

�

K2_  

�

�




�

3



�

��� . Note that the insertedwires are always consideredto be the inputs.The com-
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Thecorrectnessbetweenmodulesis de®nedasfollows. L

�

�����

�

���

�

�	�

�

�

wire �

�

conformsto L

�

� ���

�

�Q�

�

�	�

�

�

wire �

� , if
�

�

� �

� ,
�

�

� �
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any timedtracestructure�

� �����i����� ��P�� �	�	�

� suchthat
�

�

� �
�

and
�

�

�O���
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� !�! N

�

L

�
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�

L

�

�

4. Thisconformationrelationimpliesthat L

�

behavessimilarly to L

� with any environmentwith respectto failure-freeness.From
this correctnessde®nition,thefollowing propertyis inherited.

Theorem1.
�
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L
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�
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�

L����

�
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�

L

�

�
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�

L
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�

�

L
�

�

L
�

>

�

�

/1/0/

�

L��

�

con-
formsto L � .

Theproof is shown in [8]. This is whatwe call hierarchical veri�cation.
Practically, however, consideringall possibletimed tracestructures� is infeasi-

ble. Instead,themirror of N

�

L

�

� canbeused.Intuitively, it is a maximal � suchthat
� !�! N

�

L

�

� , andformally, for a timed tracestructureN

� ���������QPR�	�

� , its mirror, de-
notedby N�� , is alsoa timedtracestructure

��������������P����	���

� satisfying
����� �

,
���3� �

,
P���� P

, and
���������

�

�

, where
� � �R!c�

and
���

is any timedtraceover
�

. Then,it
canbeshown that L

� conformsto L

� , if f N

�

L

�

� !�! N��

�

L

�

� is failure-free[8], which
wecallmirror property. In theuntimedtracetheory, for amoduleL

� ���=�Q���	� �

wire � ,
N��

�

LO� is coincidentallyequalto N

�

L

�

� suchthat L

�=� �����	���	� �

wire � . Thiscanbe
explainedintuitively asfollows. Supposethat N

�

L

�

�

� �������=�QP����	���

� . First,
P � � P

,
becausethe net is the same.In untimedsystems,every trace S

��T"��B

� satis®es
BMX

Z�\f�

S

���

� becausethereis noupperbound.Thus,for SW&

P��

, if S

��T"��B

�cU &

P �

is afailure,
then

T

mustbeaninput of L

�

, i.e.
T

&

�

. This is animpossibletracefor L , because
T

is anoutputfor L . Hence,
�����!���

�

�

holds,andso N

�

L

�

�

�O�����	����PR�"���

�

�

� ,
which is equalto N��

�

LO� by de®nition.Fromthis fact, it is straightforward to imple-
mentconformancecheckingfor untimedsystems.

Unfortunately, for timedsystems,this constructionof mirror tracestructuresis not
correct(See[9] for details).Note that suchmirroring is only necessaryfor a module
representinga speci®cation.Thus, in order to obtain a timed conformancechecking
algorithmsimilar to theoneof untimedcase,we introducea slightly differentversion
of a modulefor the speci®cation.Sincethis is no longer a moduleof which timed
tracestructureis de®nedby C1, we call it semimodule. A semimoduleis alsoa tuple

���������	�
�

wire � , but its timedtracestructure
����������P �	�

� , denotedby N$#

�

LO� , is de®ned
asfollows.

C2: For
T

&

� ! �

, and
B

&��

>

,
1.

P �

DFE GJI K

���

� ,
2. for SW&

P

and S

�%T"�	B

�VU &

P

,
4 For this de�nition, the composition( %&% ) canbe replacedby the intersection( ' ), becausethe

signal setsare common. (

� is, however, given as a set of modulesin many caseswhere
)�*

(

�,+ is de�ned by the compositionof the timed tracestructuresof the elementsin (

� .
Thus,usingcompositionin theconformancede�nition is useful.
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(a) if
BYX Z�\f�

S

���

� , then
i. if

T

&

�

, then S

�%T"�	B

� &

�

ii. elseS

��T"��B

�cU &

�

(b) elseif _ `baV` D

�

S

�	�

�ed

�

, then S

�%T ��B

� U&

�

(c) elseS

�%T ��B

� &

�

3. for SW&

�

, S

�%T"�	B

� &

�

,
4. for S
U &

�

, S

�%T"�	B

�VU &

�

.

Theideais to modify thecasefor
B ^ Z�\]�

S

���

� suchthat
���3� ���

�

�

holdsfor
�

of amodule
���=�Q���	� �

wire � and
���

of a semimodule
�����	���	�
�

wire � .
For a module L

� ���=�Q���	� �

wire � , we saythat a semimodule
�������=��� �

wire � is
thesemimirror of L , denotedby L

#

� . Consequentlyfor timedsystems,L � conforms
to L

� if f N

�

L

�

� !�! N$#

�

L

#

�

�

� is failure-free[9].

3 Veri�cation Algorithm

In orderto describethealgorithm,we ®rstmakeseveralde®nitionsasfollows.
The statespaceof time Petri nets is in®nite,becauseeachclock function takes

realvalues.Thus,a setof inequalitiesis usedto representa numberof differentclock
functionsin order to obtain the ®niterepresentationsof statespace.That is, a state
of a time Petri net

�
<

is
���

<
�

�

<

� , where
�

<

is a marking of
�

<

, and
�

<

is a set of
inequalitiesover both pastand future variablesof transitions.For a transition

$

, its
pastvariable,denotedalsoby

$

, representsits mostrecent®ringtime, while its future
variable,denotedby �

$

, representsits next ®ringtime. Thevariablesrepresentingolder
®ringsareprojectedout from

�

<

. In theinitial state,a virtual pastvariable � is used.It
canbeconsideredthat � representsthe time whenthenet is initialized, andthatall of
theinitially enabledtransitionsbecomeenabledat thattime.

For � =
�

L

�

�

L

�

�������?�

L
�

 

�

�

with L

<

= (
� <���� <���� <	�

wire
<

) suchthat L

� is asemi-
module,

�

L

�

�

L

�

�

/0/1/

�

L��

 

�

�

is a setof modules,and
�

<
� ���

<
�	�

<
���

<
�	���

<
�����

<
�����

<

� .
Its stateis

P � ��5

�

��5

�

�������?�	5

�

 

�

� , where
5

<

=
���

<
�

�

<

� is astateof
�

<

. For a transition
$

&

��<

, 	

$

denotesthesetof sourceplacesof
$

, i.e.,
�0$

!

��
 �	$

��&

� < �

. Similarly, theset
of destinationplacesof

$

is denotedby
$

	 . enabled(
5f<

) =
�0$

!

$

&

�3<

, 	

$

d

� < �

anden-
abled(

P

) = �

�

 

�

<�


� enabled
��5=<

� denoteasetof enabledtransitionsin
� <

at
5=<

, andin �

at
P

, respectively. A ®rabletransition
$

in � is anenabledtransitionthatcan®reear-
lier thanany otherenabledtransitionsin � , i.e. Solution

�

�rst
��P ��$

�

!

�

�

 

�

<�


�

�

<

� U

� �

holds,whereSolution
�

�

� is a set of feasiblevectorsof
�

and �rst
��PR�	$

�

� �

�

$#X

�

$ �

!

$ �

&#K���G�� _ K

�

��P

�

�

. ��E G�� _ K

��P

� denotesthesetof ®rabletransitionsin � at
P

. For an
enabledtransition

$

, ��� D

��$

� and
\

� D

��$

� are
$���� ���J��$

� and
$����l���J�%$

� , respectively, where
$

�

is thepastvariablefor a trueparentof
$

, which is anoutputtransitionwhose®ring
®nallymade

$

enabledmostrecently. Theseexpressionsrepresentthelower boundand
theupperboundof thenext ®ringtimeof

$

.
Our goal is to decidewhethera set

�

L

�

�

L

�

�

/1/0/

�

L
�

 

�

�

of modulesconforms
to a module L

�

� or not, which is achieved by checkingwhether N

�

� �

�

N
#

�

L

�

��!�!

N

�

L

�

� !�! N

�

L

�

� !�!F/0/1/�!�! N

�

L
�

 

�

� is failure-freeor not, where L

� is thesemimirrorof
L

�

� . For this purpose,the statespaceof � is traversed,and if every reachablestate
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Fig. 2. Modulesthatcausesafetyandtiming failures.

satis®esthefollowing threeconditions,then N$#

�

L

�

� !�! N

�

L

�

� !�! N

�

L

�

� !�!F/0/1/�!�! N

�

L �

 

�

�

is concludedto befailure-free.

Condition 1
For any outputtransition

$

& ��EHG�� _ K

��P

� of a (semi)moduleL

<

with
�

X , X -

��� ,
and for any (semi)moduleL�� with

�

X�� X -

��� suchthat 	�`bE?K

< �%$

� &

� <

,
thereexistsanenabledinput transition

�

in L�� with 	 `bEHK
�

�%�

�

�

	 `bEHK

< ��$

� suchthat
�
�

_�� D�`

�

�

� �

��� D

���

�

^

�

$ � !

�

�

 

�

�




�

�

�

�

� �

holds.

Condition 2
For any input transition

$

& ��E G�� _ K

��P

� of a module L

<

with �

X ,
X -

��� ,
thereexists an output transition

�

& ��EHG�� _ K

��P

� in some(semi)modulesuchthat
Solution(

�

�

�'^ \

� D

��$

�

� !

�

�

 

�

�




�

�

� ) =
�

holds.

Condition 3
For any input transition

$

& ��E G�� _ K

��P

� of thesemimoduleL

� , either
1. thereexistsanoutputtransition

�

& ��E G�� _ K

��P

� in a module L

<

with �

X ,iX

-

��� suchthatSolution(
�

�

�#^

Lft
��$

�

� !

�

�

 

�

�




�

�

� ) =
�

holds,or
2. thereexistsanoutputtransition

�

& ��E G�� _ K

��P

� in thesemimoduleL

� suchthat
Solution(

�

�

���

Lft
��$

�

� !

�

�

 

�

�




�

�

� ) =
�

holds.

Intuitively, anoutputproducedby a (semi)modulemustbeacceptedby someother
(semi)module,otherwisea failureexists.Thecondition1 checksthis kind of failures,
which we call safetyfailures. A statethat causesa safetyfailure is called the safety
failure state. Considertheexampleshown in Figure2(a),where

$

is
�2��*��+$

� of L

� and
�

is
�J�%,.-

� of L

� . Supposethatboth L

� and L

� aremodules.For timedtraceS wherea
transition

$

is enabledin its laststate,let K��

��$F�

Sf� denotetheearliest®ringtimepointof
$

in S , i.e.,thevalueof ��� D

��$

� obtainedbyassigning
$��

to its actual®ringtimein S . _��

�%$F�

Sf�

is de®nedsimilarly. If K��

��$F�

Sf��� K��

��� �

S]� holds,then S

�����	B

��&

�
<

and S

������B

�e&

�

� for
K��

�%$F�

Sf�

X B

� K��

�%� �

Sf� , where
���

wire
<

�%$

�

�

wire �

�%�

� . Hence,S

�����	B

� is a failure
of N

�

L

<

� !�! N

�

L
�

� . In this example, K��

���2��*��+$

�

�Cg

�

���

, K��

���J��,�-

�

�Cg

�

���

, andso, for
example,

���J�
�

��&

�

� and
�������

� &

�

� . Thus,
�������

� is a failure in N

�

L

�

��!�! N

�

L

�

� . In
this case,suchmoduleshave a feasiblesolutionin

�

��� D

�%�

�

^

�

$ ��!

�

�

 

�

�




�

�

� , andso,
condition1 doesnot hold.

On theotherhand,an input expectedby a (semi)modulemustbegiven in time by
someother(semi)module,otherwisea failureoccurs.Thecondition2 andcondition3
checkthis kind of failures,which we call timing failures. A statethatcausesa timing
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failure is called the timing failure state. Consideran exampleshown in Figure 2(b),
where

$

is
�J��,�-

� of L

� and
�

is
j3��*��+$

� of L

� . Supposethat both L

� and L

� are
modules,andso, this is handledby the condition2. For timed trace S , supposethat

_��

��$F�

Sf� � _��

�%� �

Sf� holdsand _��

�%� �

Sf� is thesmallestlatest®ringtime point amongthe
enabledoutput transitions.Then, S

���J��B

�Y&

� <

and S

���J��B

�Y&

�

� for _��

��$F�

Sf� �

B)X

_��

��� �

S]� , where
� �

wire
<��%$

� . The former holdsbecause_ `baV` D

�

S

�	� <

��d

�

holdsfrom
theassumptionandC1.Hence,S

������B

� is a failureof N

�

L

<

� !�! N

�

L � � . In this example,
_��

���J�%,.-

�

��g

�

� k

and _��

��j3��*��+$

�

��g

�

�

�

�

, andso,for
B �

�

,
���J�

�

� &

�

� and
�����

�

� &

�

� .
Thus,

�����

�

� is a failure in N

�

L

�

� !�! N

�

L

�

� . In this case,suchmoduleshave a feasible
solutionin

�

�

� ^ \

� D

��$

�

� !

�

�

 

�

�




�

�

� , andso,condition2 doesnot hold.
Thecondition3.1 is for thecasewhere

$

is aninput transitionof asemimoduleL

�

and
�

is an output transitionof someothermodulesuchthat _��

��� �

Sf� is the smallest
latest®ringtime point amongtheenabledoutputtransitions.This casecanbehandled
in thesamewayasthecondition2.

The condition3.2 is for the casewhereoutput transitionswith the smallestlatest
®ringtime point exist only in L

� . In this case,we further needto considera special
casewheresuchan outputtransition

�

hasthe samelatest®ringtime point as
$

, i.e.,
for timed trace S , _��

�%� �

Sf�

�

_��

�%$F�

S]� holds.Considerthe exampleshown in Figure1
againwhere

$

is
j3�%,.-

� of L

� and
�

is
�2��*��+$

� of L

� , but supposeL

� is a semimodule
this time. Since L

� is a semimoduleand _ `baV` D

�

S

���

�

� containsthe input transition
$

,
S

��j+��B

� &

�

� holdsfrom C2 for _��

�%$F�

Sf� �

B XOB$�

, where
j#�

wire �

�%$

� and
B$�

is the
smallest _��

��� ���

Sf� amongthe enabledoutput transitions
� �

in modulesL

�

�������@�

L
�

 

� .
S

��j+��B

� &

� <

for modulesL

<

with �

X ,WX -

� � from
B X B$�

. Hence,S

��j+�	B

� is
a failure of N

�

� � . In this example, _��

��j3�%,.-

�

�Cg

�

�

_��

���2��*��+$

�

�Cg

�

� k

hold in L

� ,
and _��

��j3��*��+$

�

�Cg

�

�

�

�

. Thus,for
B � �

,
��j+� �

��&

�

� and
��j+� �

��&

�

� , andso
��j+� �

�

is a failure in N

�

L

�

� !�! N

�

L

�

� . Thus,the condition3.2 correctlyhandlesthis caseby
modifying theequalityin

�

�

� ^

Lft
�%$

�

�

of thecondition3.1to
�

�

� �

Lft
�%$

�

�

.

4 Partial Order Reduction for Timed TraceTheoretic Veri�cation

In this section,the ideaof partial orderreductionfor timed tracetheory is proposed.
Also, thedifferencebetweentheproposedideaand[6] is discussed.

The conceptof partial orderreductionis to generatesomesubsetof possiblesuc-
cessorstatesaslong asthecorrectnessis not affected.We call a statespacegenerated
accordingto this principle the reducedstatespace. For timed tracetheoreticveri®ca-
tion, the reducedstatespace��� = (

P

� , ��� ) shouldbeconstructedsuchthat it satis®es
the following conditionswith respectto the full statespace��� = (

P

� , �	� ), where
P

�

and
P

� arethesetsof reachablestatesfor asetof (semi)modules,and �
� and �

� arethe
transitionrelationsbetweenstates( �

�

�

denotesthetransitive closureof �
� ). A transi-

tion relationis asetof tuples( 


�	$F�




�

) suchthat 


�

is obtainedfrom 
 by ®ringanoutput
transition

$

andits correspondinginput transitions.

[PT1]
P

� includestheinitial state,andfor 
�&

P

� , if 
 hassuccessorsin ��� , then 
 has
at leastonesuccessorin ��� .

[PT2] For 
 &

P

� , if
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No timing
failur e
exists.

�

�

�

�

Timing
failur e
exists.

�

�

�

�

�

�

�

�

�

�

	

�

	

���

��� �

�

	

*��

+

*��

+

�

�

�

�

�

�

�

�

�

�

� �

	

Fig. 3. (a)
�

� disables
�

	

. (b)
�

� hidesa timing failure.

– ( 


�	$

�

�




� ) & � � , and
– thereexistsasequence� suchthat( 


�

�

�




� ) & �

�

�

,
�




�

�	$

�

�




� �

� & � � , ( 


�

�

�

�




�

)
& �

�

�

, �

$

� =
$

� . . . (if � is empty, then
$

� =
$

� ), andthe®ringof
$

� is necessary
for the®ringof

$

� , but
–

$

� is not enabledin 


�

(seeFig. 3(a)),
then( 


��$

�

�




� ) & � � implies( 


�	$

�

�




� ) & � � .

[PT3] For 
 &

P

� , if
– ( 


�	$

�

�




� ) & �
� , and

– thereexists a sequence� suchthat ( 


�

�

�




� ) & �

�

�

, � =
$

� . . . , and 


� hasa
timing failure,and

– ( 


�

�

�

�




�

) & �

�

�

, but
– statesfrom 


� to 


�

along � have no timing failure(seeFig. 3(b)),
then( 


��$

�

�




� ) & � � implies( 


�	$

�

�




� ) & � � .

[PT1] is vital, becausea new deadlockstatemustnot be introducedin ��� . [PT2]
is for handlingcon�icting transitions.This is depictedby Figure4(a). In Figure4(a),
sincea ®ringof

$

� immediatelydisables
$

� , if �
� hasonly a successorby

$

� in 
 , then
we missthe®ringof

$

� . Thus,[PT2] ®res
$

� which is equalto
$

� in this case
�

�

� g

� .
Moreover, a con�ict may occurindirectly asshown in Figure4(b). Supposethat

$

� is
in con�ict with

$

� , but
$

� is not enabledin 
 . In this case,the ®ringof
$

� doesnot
disable

$

� directly. However, the ®ringof
$

� , which will becomepossiblewhen®ring
$

� earlierthan
$

� , maybemissed,if �
� containsonly the®ringof

$

� in 
 . Thus,it must
alsocontainthe®ringof

$

� in orderto retainthepossiblitythat the®ringof
$

� occurs.
[PT3] is for handlingtransitionshiding timing failures.Sucha transitionis anenabled
outputtransitionthathasthelargerlatest®ringtimepoint thantheothers.For example,
considerthemodulesillustratedin Figure5. If

�J��*���$

� ®resat 10, thena timing failure
occursin theresultantstate,because

j3��*��+$

� can®relater than _��

��j3�%,.-

�

� �����

�

�

�	�

�
	

�

.
On the otherhand,the currentstateis not a failure state,because

�2��*��+$

� always®res
earlierthan _��

��j3�%,.-

�

�Cg

�

��	

�

. Also notethat
j3��*���$

� is ®rablein this state.Therefore,
if

j+��*���$

� is ®redin thisstate,theabove timing failureis neverdetected.In otherwords,
j+��*���$

� hidesthe timing failure,andit correspondsto
$

� of Figure3(b). Hence,[PT3]
forces

�2��*��+$

� to ®re,if
j3��*��+$

� is chosenfor ®ring.
Dueto the ignoringproblem[1], we requirethat time certainlypassesin any loop

structurein any timePetrinetin themodulesetandthelatest®ringtimeof eachoutput
transitionis bounded.This is necessaryto prove the correctnessof the partial order
reductionalgorithm.
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t
[1,5] [2,10]

1 t3

(a)
t

[1,5] [1,5]
1 t3

(b)

[1,2]
t2

Fig. 4.
�

� disables
�

	

.

[0,20]

M

a(in)

I={a} O={b}
1 MI={b} O={a}

2

[0,10]
b(out)

[0,40]
a(out)

[0,100]
b(in)

Fig. 5.
� *����

�

+ hidesa timing failure.

5 StateEnumeration

Thissectionbrie�y describeshow to traversethereducedstatespaceof asetof (semi)-
modules.The main idea is similar to that of [6]. Recall that we de®neda stateof a
set of (semi)modulesby

P � ��5

�

��5

�

� �����?�	5

�

 

�

� , where
5�<

=
�%� <	�

�

<

� is a stateof
� <

. Here,we modify this de®nitiona little for easierpresentation.Let
� �

�

�������?�	�

�

 

�

�

denotea set of time Petri netsthat composethe set of (semi)modules,where
� < �

��� <��	�3<��	� <������F<������F<C�	���

<

� . We de®nethestateof
� �

�

� �����@���

�

 

�

�

by
��� � �

�

� , where
��

d

�

�

 

�

<�


�

�
<

is a markingof all thenetsand
�

is asetof inequalities.
Theinitial stateof

� �

�

�������@���

�

 

�

�

is
��� �

�

�

�

�

� , where

–
��

�

�

�

�

 

�

<�


�

���

<

,
–

�

� =
�

”
���J��$

�

X

�

$

� �

X'���J��$

� ” !

$

is anoutputtransitionsuchthat
$

& enabled(
��

� )
�

Recall that �

$

in
�

� is the future variableusedto representthe next ®ring time
of an output transition

$

, and � is a virtual variable to synchronizethe nets at the
initial state.Note that we only considerthe output transitionvariablesfor the state
spaceenumeration,becausean input transition

$

of L
�

� ���

�

���

�

�	�

�

�

wire�
� syn-

chronizeswith out trans
�%$

� , whereout trans
�%$

� is the output transition that corre-
spondsto

$

, i.e., out trans
�%$

�

� $ �

suchthat wire
<

��$ �

�

�

wire�

�%$

� ,
$ �

&

�
<

,
�

<
�

���
<

�	�
<

�	�
<

�����
<

�����
<

�	���

<

� , wire
<

��$ �

�Y&

�
<

, and L

<
� ���

<
�Q�

<
�	�

<
�

wire
<

� . Furthermore,
we extendthis notationby de®ningout trans

��$

�

� $

for an output transition
$

. en-
abled is extendedfor

��

, thatis, enabled
��� �

�

�

�

�

 

�

<�


� enabled
�%� <

� .
Then,the setof successorstatesis obtainedfrom a state 


� ��� � �

�

� by ®ringan
outputtransition

$

. Theoutputtransition
$

is chosenfrom a set E?K G

���

�


 � . The E?K G

���

�


 �

is the possiblysmallestsetof ®rabletransitionsthat satis®es[PT1],[PT2] and[PT3].
Thereadysetconstructionis describedin thenext section.

Sometimesmorethanonesuccessorstate 


�i� ��� �����

�

�

� canbe producedfrom a
state
 andanoutputtransition

$

& ready
�


�� . Thosesuccessorshave thesamemarking
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part
����

satisfying
������

�

�

 

�

<�


�

���

<

suchthat

�

�

<

� �

�%� <

� 	

$ �

�

! $ �

	 if
� <

has
$ �

& sync trans
�




�	$

�

�

� <

otherwise
�

where �

�

�JI DFE G����

�




��$

� be thesetof enabledtransitionsthat®resynchronouslywith
$

,
i.e.,

� $ �

!

$ �

& K �JG�� _ K

�

��� �

�

�

�

�0D DFE G����

�%$ �

�

� $ �

.
To obtaintheinequalitypart

�

�

of eachsuccessor, we®rstde®ne
�

� asfollows.

�

�

�

�

! �

�

$eX

�

$

�

!

$

�

&lE?K G

���

�


��

�e!�� $ �

�

$ �

This expressestheconstraintthat the®ringtime of
$

is smallerthanthoseof any other
transitionsin ready(s).Since

$

®res,its futurevariable �

$

is copiedto its pastvariable
$

.
Let I

�

���+` I D

���

� bethesetof transitionscon�icting with
�

, i.e.,
�0� �

! 	

�

�

	

� �

U

� � �

.
Furthermore,for a set � of variablesanda set

�

of inequalities,
�

�R�

�

K2_ K1DCK

�

�

�

�"�

is a uniqueset of inequalitiesover �JG2E

�

�

�
��� , suchthat the solution set of
�

�

is
equalto the solutionsetof

�

, projectedon �JG E

�

�

� �	� , where �JG E

�

�

� denotesthe
setof variablesappearingin

�

. Sincethetransitions
�

in �

�

�JI DFE G����

�




�	$

� also®redat
the®ringof

$

, theenabledoutputtransitions
$ �

&7I

�

���+` IFD

�%�

� for
�

&
�

�

�JI DFE G����

�




�	$

�

aredisabledby the®ringof
$

. Thus,thevariablesfor thosedisabledtransitionsareno
longernecessary, andthe following

�

� is obtainedby deletingthosevariablesfor the
disabledtransitions.

�

�

�

�

K _ K DCK

�

�

�

� �

�

$

�

!

$

�

is anoutputtransitionin K �JG�� _ K

�

��� �

�

�

I

�

���+` I D

���

�

for
�

&��

�

�JI DFEHG����

�




��$

�

�

�

Next, thetrueparentsof newly enabledtransitionsaredetermined.Let �

�




�




�

��$

�

�

�%$

�

��$

�

� �����?��$

�

� denotethe setof newly enabledoutputtransitionsin a successor

�

of

 by

$

. Note that it includesthetransitionsthatbecomeenabledby the®ringsof input
transitionsin �

�

��I DFEHG����

�




�	$

� . Considera transition
$C<

& �

�




�




���	$

� . If
$C<

hasmore
thanonesourceplace,i.e. ! 	

$C<

!

^

� , we needto decideamongthecandidates�

�%$C<

�

of the true parentof
$C<

which transitionreally enables
$C<

, where �

��$C<

�

� �

� ! � &

�

� D DFE G����

�

	 	

$
<

�

�

��G E

�

�

�

�

�

. Sincewe have choicesof a true parentfor eachnewly
enabledtransitionin �

�




�




���	$

� , we have successorswhich correspondto the possible
combinationsof trueparents.Here,consideroneof suchcombinations

�%�

�

�	�

�

�������?���

�

�

for �

�




�




����$

�

�M��$

�

��$

�

�������?��$

�

� , where
�+<

& �

��$C<

� is thetrueparentof
$C<

. Thetiming
constraintneededfor it is that

�+<

can®relater than the other true parentcandidates.
Thatis,

�

�

�

�

�

! �

��


<




�

�

�

X7�
<

! �
&��

��$
<

�

�

Finally,
���

�

�

�

!
�

��


<




�

� ���J�%$C<

�

X

�

$C<

�

�3<RX7���J�%$C<

�

�

decidesthe®ringtiming of
$

<

basedon
�

<

,
���J�%$

<

� , and
���J�%$

<

� . This
�

�

hasall necessary
informationfor the inequalitypart of 


�

. It, however, still containssomeunnecessary
pastvariables,and deletingthem is necessaryto make the statespace®nite.A past
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variable
�

is necessary, if the transition
�

hassomechanceto becomea trueparentof
somecurrentlydisabledtransition

$

suchthat
�

	

�

	

$

U

� �

, or the transition
�

is a
true parentof someenabledtransition.The former conditionis consideredin [6], but
the latter is a new conditionneededin our methodbecausea transitionwhich is a true
parentof someenabledtransitionmustbekept5 in orderto detectthesafetyandtiming
failuresasmentionedbeforeandconstructthereadysetwhich is describedin thenext
section.Therefore,theset 
 of unnecessarypastvariablescanbede®nedasfollows.




���

� ! for every
�

&��

�

�h� and �
&��

�%�

�

�

either(1)
�

	

�

	 � Ud

��

�

�

or

(2) � U& K���G�� _ K

�

��� �

�

� and �

�

��G E?K��0D

��� �

�

� ��

�

�

���

�

�

or

(3) �
& K���G�� _ K

�

��� �

�

� and
�3�2�

�+�

���

and �

�

�	G �%K D

�

��G `b_�� EHK

�

�

� ��

�

�

���

�

� �

�

�

�]�

� � �

! �

�

�

� D DFEHG����

���

�

� �

�

�%�

�

� �

� ! � is anoutputtransitionssuchthat
�

	

�

	 � U

� � � �

where �

�

�JG2EHK � D

�%� �

�

� �� �

�

� is a predicaterepresentingthat
�

�0D DFE G����

�%�

� canneverbe-
comea trueparentof the transition � under

��

and
�

. Formally, it is true, if f for some



& 	 � �

�

	 �

��

, and for every pair
�

S

��T

� with
T

& 	




and S�& enabled
��� �

� ,
Solution(

�

�

�0D DFE G����

�%�

�

�

�

S

�

diff
�

S

��T

�

� !

�

) =
�

, wherediff
�%$

�

�	$

�

� representsthe
minimal valuesof sumof earliest®ringtimesin all paths(input transitionsarelinked
to their correspondingoutputtransitionsandthe earliest®ringtimesof outputtransi-
tionsareused.)from anoutputtransition

$

� to anotheroutputtransition
$

� , with
���J�%$

�

�

not included.And, �

�

��G �%K D

�

��G `b_�� EHK

�

�

� �� �

�

� is a predicaterepresentingthat a safety
failure canno longerbe occurredby an input transition � , andso, it is not necessary
to keepthe trueparentof � in orderto checkthe safetyfailure.Formally, it is true iff
�

$

&7K �JG�� _ K

�

��� �

�

�

�

,
�
�

_��0D�`

�

�

� �

��� D

�

�3�

^

�

$ �i!

�

�

� �

holds.Hence,the inequality
part

�

�

of a successorstateof 
 by
$

is obtainedas
�

�
�

�

K2_ K DCK

�

���

�


W� .
The statespaceis traversedin the depth®rstsearchmannercheckingsafetyand

timing failuresaslongasanew successorstatethatis notcoveredby any otherreached
statesis obtained,whereastate


� ��� � �

�

� is coveredby state


��� ��� �����

�

�

� , if
��
� ����

andthesolutionsetof
�

is a subsetof thatof
�

�

.

6 ReadySetConstruction

A readysetmustbeconstructedaccordingto theideaof thepartialorderreductionfor
timed tracetheorymentionedin Section4. Thus,all transitionsin the readysetmust
satisfy[PT1], [PT2], and[PT3]. For [PT1], some®rableoutputtransitionis includedin
thereadyset,if it exists.Supposethat

$

�

&'E?K G

���

�


�� . If
$

hasnocon�icting transitions,
i.e., I

�

���+` IFD

�%$

�

�

� �0$

�

�

, then
� $

�

�

canbea readyset.Otherwise,for example,if there
existsa disabledtransition

$

� which is in con�ict with
$

� , thenin orderto satisfy[PT2]
thereadysetmustincludea®rableoutputtransitionwhose®ringis necessaryto enable

$

� in the future. In the exampleshown in Figure4(b),
$

� is sucha transition.Further-
more,if

j3��*���$

� is in thereadysetin Figure5, then
�J��*��+$

� mustbeincludedin theready
5 In theactualimplementation,in orderto reducethenumberof variables,input transitionswith

� �
	���


arehandledin thesamewayas[6] insteadof keepingtheir trueparents.
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Fig.6. No �rable outputtransitionsarechosenby � ����� �����	�

*

�

+ .

setfrom [PT3]. We call such
�J��*���$

� a limiting transition. That is, a limiting transition
is a ®rableoutputtransitionsuchthat its latest®ringtime point is smallestamongthe
®ribleoutputtransitionof all (semi)modules.

Thereadysetconstructionstartsfrom ®ndinga limiting transition.First,consider

_ `baV` D�` ��


�


��

���0$

!

�

�

& ��EHG�� _ K

�


 ���

� $ � �

Solution
� �

�

$e^

Lft
�

�

� D DFE G����

�%�

���

�e!

�

 

�

�

<�


�

�

<

�

� � ���

The transitionsin _ `bac` D�` ��


�


�� have certainlysmallerlatest®ringtime points thanthe
other®rabletransitions.In the exampleof Figure5, _ `bac` D�` ��


�




�

�

� �J�J��*��+$

�

�

. If it is
nonempty, any singletonsubsetof _ `baV` D�` ��


�


�� canbe usedasa seedof the readyset,
because®ringsucha transitiondoesnot hidethetiming failureanyway. Thiscondition
is, however, sometimestoo strong.For example,in the netshown in Figure6, neither

j+��*���$

� nor 


��*��+$

� satis®esthis condition, i.e., _ `baV` D�` ��


�


��

� �

. This is becausethe
state
 doesnotdistinguishsituationsobtainedby different®ringtimesof

�2��*��+$

� , i.e.,if
�J��*��+$

� ®resbeforetime 5, then 


��*���$

� hassmallerlatest®ringtime point than
j+��*���$

� ,
andotherwise,

j3��*��+$

� hassmallerlatest®ringtime point than 


��*���$

� . We solve this
problemin a conservative way suchthat if _ `baV` D�` ��


�


�� is empty, then the set of all
®rableoutputtransitionsis usedasaseedof thereadyset.

The seedof the readysetobtainedin this way satis®es[PT1] and[PT3]. In order
to satisfy[PT2], the seedshouldbe extendedsuchthat for any transition

$

in the set,
thesetincludesthedependentsetof

$

, wherethedependentsetis de®nedbelow. Note
thatthisprocessis thesameastheonepresentedin [6], andso,only its intuitive ideais
describedhere.Thedetailsareshown in [6].

The necessarysetfor a transition
$

is
�0$ �

, if
$

is enabled.Otherwise,it is a setof
enabledtransitionssuchthat

$

canneverbeenabledif noneof thosetransitionsis ®red.
For example,thenecessarysetfor

$

� is
�0$

�

�

for Figure4(a),and
�0$

�

�

for Figure4(b).
Thedependentset

�

K��2K �

�

K��0D

�




�	$

� for atransition
$

in 
 is asetof transitionthatsatis®es
(1)

$

&

�

K��2K��

�

K � D

�




�	$

� , and(2) if
�

&

�

K��2K��

�

K � D

�




�	$

� , thenthenecessarysetsfor all
the transitionsthatcon�ict with both

�

andthosesynchronizedwith
�

areincludedin
�

K��2K �

�

K��0D

�




�	$

� . This setcontainstransitionsthat shouldbe ®redwhen
$

is ®redin 
 .
For example,thedependentsetfor

$

� is
�0$

�

�

for Figure4(a),and
� $

�

�

for Figure4(b).
In the latter case,if the path from

$

� to
$

� takesa long time, and
$

� cannotactually
con�ict with

$

� , then
$

� doesnot have to bein thedependentset.Thus,thesumof the
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- "(n)" indicates that n is the intial value.
- "!" indicates "output", and "?" indicates "input".
- Transitions that no bound is annotated to have [0,    ].
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Fig. 7. Speci�cationandenvironmentof STARI circuit.

earliest®ringtimesof transitionsin sucha pathcanbeusedto decidethis possibility.
Also notethat

�

K��2K��

�

K � D

�




��$

� may containnon®rabletransitions.In sucha case,all
®rableoutputtransitionsareusedfor

�

K��2K �

�

K��0D

�




�	$

� againconservatively.
Moreover, if some(semi)modulecontainsindependentloopstructure,ouralgorithm

maynot terminate[6]. This is becausethetimedifferencesof concurrenttransitionsin-
creasewithout converging. This situationcan be detectedby checkingthat the time
differencesexceedsomeconstantvalue.In sucha case,againthesetof all ®rabletran-
sitionsis usedfor the readyset,meaningthat the algorithmtemporallyrevertsto the
full statespaceenumeration.

7 Experimental Results

To show the performanceof the proposedmethod,we have implementedit basedon
a tool VINAS-P [6]. This sectiondemonstratesthe proposedmethodwith the STARI
circuits[10,11].

The STARI circuit is composedof a numberof FIFO stages.A two-stageSTARI
circuit is shown in Figure 7(a). Thesegatesaremodeledby the timed Petri nets.In
[11], the veri®cationof this circuit with respectto the following threepropertiesis
demonstrated:(1)

j


1( � goeslow (i.e. the currentdata is moved to the next stage.)
earlierthantheseparatoris given in

�

�

�

$F�

�

���

� , (2) a new datais readyin
�

�

	J$F�

�

	

�

�

earlierthan
j


1(�� goeslow (i.e. thereceiversamplesthedata.),and(3) nohazardoccurs
at any gate.In additionto thesepropertiesrelatedto theeventordering,we verify the
following timing propertiesfor

-

-stageSTARI circuitswith
-��

� in this experiment:
(4) ack1goeslow within 4 timeunitsafteranew datais sentfrom thesenderandatleast
7 time unit beforethenext separatoris sent,(5) a new datais readyin (x2t,x2f) within
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Fig. 8. Sub-circuitandits speci�cationfor hierarchicalveri�cation.
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Fig. 9. CPUtimesfor veri�cations of STARI circuits.

2 timeunitsafterack3goeshighandat least9 timeunit beforeack3goeslow again.To
expressthesewholeproperties,we usethetime Petrinetshown in Figure7(e).

Here,the experimentshave beendoneon a 2.8 GHz Pentium4 workstationwith
4 gigabytesof memory. We have veri®edthe STARI circuits by usingthe total order
methodandthe partial ordermethodto comparetheir performances,wherein the to-
tal order method,the readyset containsall ®rableoutput transitions.Moreover, we
have hierarchicallyveri®edthesecircuitswith thepartialordermethodaswell. In this
experiment,we ®rstverify a one-stageSTARI circuit with its speci®cationshown in
Figure8. Notethat this speci®cationis obtainedby analyzingthebehavior of theone-
stageSTARI circuit. Theveri®cationof sucha sub-circuitandits speci®cationshould
bedonefor stageswith differentinitial markings.Oncethoseveri®cationssucceed,ev-
ery stage-circuitis replacedby its correspondingspeci®cation,which is muchsmaller
thanthecircuit model,andit is veri®edthatthesetof thosesub-speci®cationsconforms
to theoriginal speci®cation(Figure7(e)).

Figure9 showstheCPUtimesfor veri®cationsof
-

-stageSTARI circuitswherethe
x-axisshows

-

. Notethat”Partial(hierarchical)”includestheveri®cationrunsfor sub-
circuits.Theseresultsshow that the performanceimproved by partialorderreduction
is signi®cant,andthe hierarchicalveri®cationis muchmorepowerful. Onedisadvan-
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tageof the hierarchicalveri®cationis that the suf®cientsub-speci®cationsshouldbe
preparedby users.

In additionto theseexperiments,we have run the XOR chainexamplein [12] to
comparetheproposedmethodwith Minea'swork.Accordingto ourresults,theexample
is very sensitive with the delay boundsof the XOR gates,which is not speci®edin
his thesis.Thus, fair comparisonis not easy. One fact is that the total ordermethod
outperformsour partialordermethodin this example,althoughit hassomeamountof
concurrency. This is probablybecausethis examplecontainsmany almostindependent
loops,which makesthevisitedstatecheckingdif®cultin thepartialordermethod(the
detailscanbefoundin [6]).

8 Conclusion

In this paper, we have proposeda partial orderreductionalgorithmfor a timed trace
theoreticveri®cation.Our algorithmcanhierarchicallyverify timedcircuitsanddetect
a kind of livenessfailures (i.e. timing failures).Experimentalresultsobtainedfrom
the STARI circuits by using the partial order reductionshow the effectivenessof the
proposedmethod.

We are planing to do a casestudy to verify a practicalsystemfor showing the
usefulnessof theproposedmethod.
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