
From TA to TdPNs: Read Arcs Properties of RA-TdPNs Applications on TA Conclusion

Timed Petri NetsandTimed Automata

On the DiscriminatingPower of ZenoSequences

Pierre-Alain Reynier
Joint work with Patricia Bouyer and SergeHaddad

R�eunion ACI Cortos, Pers�ee & Versydis

March 14, 2006

Timed Petri Nets and Timed Automata R�eunion ACI Cortos, Pers�ee & Versydis



From TA to TdPNs: Read Arcs Properties of RA-TdPNs Applications on TA Conclusion

Motivations

Later objective: E�ciently verify parallel composition of TA.

Timed Petri Nets and Timed Automata R�eunion ACI Cortos, Pers�ee & Versydis



From TA to TdPNs: Read Arcs Properties of RA-TdPNs Applications on TA Conclusion

Motivations

Later objective: E�ciently verify parallel composition of TA.

Fact: Parallelismis not well treated in classicaltools (Uppaal,
Kronos) for TA: the equivalentTA is entirely computedon-the-
y.

Timed Petri Nets and Timed Automata R�eunion ACI Cortos, Pers�ee & Versydis



From TA to TdPNs: Read Arcs Properties of RA-TdPNs Applications on TA Conclusion

Motivations

Later objective: E�ciently verify parallel composition of TA.

Fact: Parallelismis not well treated in classicaltools (Uppaal,
Kronos) for TA: the equivalentTA is entirely computedon-the-
y.

Idea: Extenda classicalmethod basedon unfoldings.

Ü our choice: Mc Millan's algorithm for Petri Nets
(computesa complete�nite pre�x of the unfoldingof a PN.)

Timed Petri Nets and Timed Automata R�eunion ACI Cortos, Pers�ee & Versydis



From TA to TdPNs: Read Arcs Properties of RA-TdPNs Applications on TA Conclusion

Motivations

Later objective: E�ciently verify parallel composition of TA.

Fact: Parallelismis not well treated in classicaltools (Uppaal,
Kronos) for TA: the equivalentTA is entirely computedon-the-
y.

Idea: Extenda classicalmethod basedon unfoldings.

Ü our choice: Mc Millan's algorithm for Petri Nets
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1 Find a timed extensionof Petri Nets which:
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Why not Time Petri Nets?

We could choosethe model of Time Petri Nets:
Recentworks proposetranslationsfrom Timed Automata to Time
Petri Nets. [Berard et al'05], [BHR'06]

But:

the \urgent" semanticsof TPN is not suitablefor applying
partial order methods.Indeedwe can not let time elapse
locally: the upper bound on time elpasingdependson the
global con�guration [Aura&Lilius-TCS'00],

we only havedecidability resultsfor boundednets.

Ü We will usethe model of Timed Petri Nets (TdPN).
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Timed Petri Nets - Syntax

A TdPN is a Petri Net extendedin the following manner:

eachtoken hasan age,

eacharc hasan interval to add timing constraintson the ages
of the tokenswhich are consumedor produced,

the transitionscarry the labels.

��

�

[2; 2]

[2; 3]

[2; 2]

[0; 0]

p1

p2

t1; a t2; b
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Timed Petri Nets - Semantics

A transition is enabledif it can consumesometokenswhose
agesbelongto the corresponding interval.

When �ring a transition, it producestokenswhoseagesare
chosennondeterministicallyin the corresponding interval.

Time can elapsewithout upper bound and thus producedead
tokens(tokensthat can neverbe usedanymore).

Acceptanceconditions: conjunctionsof formulas
P n

i=1 pi ./ k
wherepi denotesa place,k 2 N and ./ 2 f� ; �g .

Finite words: condition satis�ed by the last marking.

In�nite words: condition satis�ed in�nitely often.

We needgeneralizedB•uchi conditions(�nite set of conditions).
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An example

��

��

[2; 2]

[2; 3]

[2; 2]

[0; 0]

p1

p2

t1; a t2; b

timed word:

p1

p2

0; 0
0; 0
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An example

��

��

[2; 2]

[2; 3]

[2; 2]

[0; 0]

p1

p2

t1; a t2; b

timed word:

p1

p2

0; 0
0; 0

(2)
��!

2; 2
2; 2
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An example

�

��

[2; 2]

[2; 3]

[2; 2]

[0; 0]

p1

p2

t1; a t2; b

timed word:

(a; 2)

p1

p2

0; 0
0; 0

(2)
��!

2; 2
2; 2

a�!
2

0; 2
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An example

�

��

[2; 2]

[2; 3]

[2; 2]

[0; 0]

p1

p2

t1; a t2; b

timed word:

(a; 2)

p1

p2

0; 0
0; 0

(2)
��!

2; 2
2; 2

a�!
2

0; 2
(1)
��!

3
1; 3
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An example

�

�

[2; 2]

[2; 3]

[2; 2]

[0; 0]

p1

p2

t1; a t2; b

timed word:

(a; 2)(b; 3)

p1

p2

0; 0
0; 0

(2)
��!

2; 2
2; 2

a�!
2

0; 2
(1)
��!

3
1; 3

b�!
3
1
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An example

�

�

[2; 2]

[2; 3]

[2; 2]

[0; 0]

p1

p2

t1; a t2; b

timed word:

(a; 2)(b; 3)

p1

p2

0; 0
0; 0

(2)
��!

2; 2
2; 2

a�!
2

0; 2
(1)
��!

3
1; 3

b�!
3
1

(1)
��!

4
2
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An example

�

[2; 2]

[2; 3]

[2; 2]

[0; 0]

p1

p2

t1; a t2; b

timed word:

(a; 2)(b; 3)(b; 4)

p1

p2

0; 0
0; 0

(2)
��!

2; 2
2; 2

a�!
2

0; 2
(1)
��!

3
1; 3

b�!
3
1

(1)
��!

4
2

b�!
4
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Encoding a TA into a TdPN: the favorablecase

We assumeclocks are reseteachtime they are tested.

x � 2; a; x := 0
�

�

[2; + 1 [ [0; 0]

`1 `2 `1 `2

a

x

 

Ü What happensif we do not want to resetclock x?

We add a new kind of arcs: ReadArcs.
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Introductionof ReadArcs

ReadArcs= arcs that checkthe presenceand timing of tokens,but
without consumingthem. (alreadyde�ned in the untimed framework)

�p
a[0; 1]

Acc = true

x � 1; a�

The acceptedlanguagesare
(

L�
1 = f (a; � 1) : : : (a; � n) j 0 � � 1 � : : : � � n � 1g

L!
1 = f (a; � 1) : : : (a; � n) : : : j 0 � � 1 � : : : � � n � : : : � 1g

) This de�nes the model of RA-TdPN.
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TA � boundedRA-TdPN

We �nally get two straightforward translations:

Theorem
Givena TA A, we can build e�ectively a safeRA-TdPN,
equivalentw.r.t. acceptedlanguagesof �nite and in�nite words,
whosesizeis linear in the sizeof A .

and back...

Theorem
Givena safeRA-TdPN N , we can build e�ectively a TA,
equivalentw.r.t. acceptedlanguagesof �nite and in�nite words,
whosesizeis exponential in the sizeof N .
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Decidability of the coverability

De�nition (The coverability Problem)
Givena marking M, is it possibleto reach,from the initial
marking, a marking M 0 suchthat M � M 0 ?

Theorem
The Coverability Problemis decidablefor RA-TdPNs.

Proof: extensionof the proof of Abdulla et al in the caseof
TdPNs. This proof relieson a backward computationof regions.
We can show that the discretePredecessor operator can be
extendedto dealwith ReadArcs.
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Studyof the expressiveness

The resultswe obtain depend heavilyon the timed language
equivalencewe consider.We introducethe following ones:

� -equivalence:�nite words

! -equivalence:in�nite words

! nz-equivalence:non-Zenoin�nite words

We considerthree featuresof (bounded)RA-TdPNs:

ReadArcs,

generalresetsvs 0-resets,

integral nets.
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In�nite timed words: a �rst discriminatinglanguage

�p
a[0; 1]

Acc = true

x � 1; a�

L1 = f (a; � 1) : : : (a; � n) : : : j 0 � � 1 � : : : � � n � : : : � 1g

Lemma
L1 is recognizedby no TdPN (evenunbounded).

Corollary
ReadArcs add expressivepower w.r.t. ! -equivalence.

Remark 1: L1 is a Zeno language.
Remark 2: L1 is acceptedby the TA on the right.
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Finite timed words

�p
a[0; 1]

Acc = true

 �p

""

p2

p1

a

[0; 0]

[0; 0]

[0; 0]
[0; 1]

Acc = p1 + p2 � 0

We can generalizethis constructionand get:

Theorem
Givena (integral, bounded)RA-TdPN, we can build a (integral,
bounded)TdPN equivalentw.r.t. � -equivalence.
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Non-Zenoin�nite timed words

The previousacceptancecondition becomes:
\in�nitely often, the placep is empty." Ü not always true!

0
p

a + 1 2(a + 1) 3(a + 1)

Ü Two copiesof p:

peven for red tokens,

and podd for blue tokens.

Ü with a generalizedB•uchi condition on peven and podd , we get:

Theorem
Givena (integral, bounded)RA-TdPN, we can build a (integral,
bounded)TdPN equivalentw.r.t. ! nz-equivalence.
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Without ReadArcs: caseof TdPNs

 
[1; 2[ [3; 4[

p
[0; 0] ]1; 3[

p

By shifting intervals,we get for TdPNs:

Theorem
Givenan (integral, bounded)TdPN with generalresets,we can
build an (integral, bounded)TdPN with only 0-resets,equivalent
w.r.t. � ; ! ; ! nz-equivalences.

This constructionis not correct with ReadArcs:

 
[1; 2[ [3; 4[

[1; 3]

p
[0; 0] ]1; 3[

[0; 2]

p
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Finite andnon-Zenoin�nite timed words

By previousresultson ReadArcs, we get:

Corollary
Givenan (integral, bounded)RA-TdPN with generalresets,we can
build an (integral, bounded)RA-TdPN with only 0-resets,
equivalentw.r.t. � ; ! nz-equivalences.

Ü the only remainingcaseis:

generalresets,

+ ReadArcs,

+ zenobehaviors.
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In�nite timed words: a seconddiscriminatinglanguage

�
p q

b a[0; 0] ]0; 1[ ]0; 1[

Acc = true

� x = 0; b

x :=]0 ; 1[

x 2]0; 1[; a

L2 = f (b; 0)(a; � 1) : : : (a; � n) : : : j 9� < 1 s.t.

0 � � 1 � : : : � � n � : : : < � g

Lemma
L2 is recognizedby no 0-resetintegral RA-TdPN.

Remark 1: L2 is a Zeno language.
Remark 2: L2 is acceptedby the TA on the right.
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In�nite timed words: losingthe integrality

x = 0; b

x :=]0 ; 1[

x 2]0; 1[; a

 
x = 0; b
x := 0

x < 1
2 ; a

x < 1
2 ; "

x := 0

x < 1
2 ; a

We can generalizethis constructionand get:

Theorem
Givena (bounded)RA-TdPN with generalresets,we can build a
(bounded)RA-TdPN with only 0-resets,equivalentw.r.t.
! -equivalence.This constructiondoesnot preservethe integrality
of the net.
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Summary (1)

Picture for �nite and in�nite non-zenotimed words:

RA-TdPN = TdPN = 0-resetTdPN

Theseequalitiesalsohold for boundednets and for integral nets.
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Summary (2)

Picture for in�nite timed words:

RA-TdPN = 0-resetRA-TdPN

integral RA-TdPN

0-resetintegral RA-TdPN

TdPN = 0-resetTdPN

integral TdPN = 0-resetintegral TdPN

(
integral

( lang. L2

)

lang. L1

)
lang. L1 (

integral
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Comparisonof TA and(bounded)TdPNs

From previousresults,we get:

TA � � ;! nz boundedTdPN

TA > ! boundedTdPN

TA <> ! TdPN

Ü This contradictsthe intuition that a token is aspowerful (for
expressiveness)as a clock.
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Roleof generalresetsin TA

The role of non-deterministicupdatesin TA hasbeenstudiedin
[Bouyer et al'04]. We completetheseresults:

TA � � ;! nz ;! 0 � resetTA

integral TA � � ;! nz 0 � resetintegral TA

integral TA > ! 0 � resetintegral TA

Ü we haveto re�ne the granularity of the net!
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Conclusion

We haveproposeda model which uni�es TA and TdPNs,

We havecompletelystudiedthe relativeexpressivenessof TA
and TdPNs,

We havecompletedthe picture on generalresetsin TA.

As further work, we plan to study the following problems:

extendother decidability resultsfrom TdPNs to RA-TdPNs,

extendMc Millan's algorithm from Petri Nets to RA-TdPNs.
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