Hanifa Boucheneb EPM

Model checking timed linear
properties of time Petri nets
using the state class method

Hanifa Boucheneb
L aboratoire VeriForm

CNAM, March 2008

®)
=t ECOLE
POLYTECHNIQUE

MONTREAL



Hanifafgjcheneb EPM

Model checking of time Petri ne
based on the state class method

A pite transition Syste

¥

operties of i"tep

LTL,CTL, MITL '.
TCTL properties
Blchi automata
O
O
Counter-example ‘ .
<

Property not Property
satisfied satisfied

During or after
the construction
of the
abstraction




Hanifa Boucheneb EPM

Plan

Time Petri Nets (TPN model)

TPN state space abstractions

The state class graph method (SCG)
Contracting the state class graph (CSCG)

Model checking using an interval timed

extension of Buchi Automata (ITBA)

Conclusion



Hanifa Boucheneb EPM

Time Petri Nets

« Extension of Petri Nets by associating timing
constraints with transitions in the form of intervals

(static firing intervals)

PO t0 P1 t1 P2
[2,3] [1,1]

a good compromise between modeling Power and
verification possibilities
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PO P1 P2

O S O O

Two state definitions:

Interval State (M,l) Clock State (M,v)
PO=1, P1=0, P2=1 PO=1, P1=0, P2=1
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TPN state evolves either by time progression or by firing transitions

intervals
decrease
with time

PO t0

P1 t1

[2,3]

O—+—=0

@

Interval State (M,)
P0=1, P1=0, P2=1
“1(t0) = [0, 0.5]

Clock State (M,v)
PO=1, P1=0, P2=1
V(t0) =250 &

Clocks
Increase
with time

Time

2.5

v
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TPN state evolves either by time progression or by firing transitions

PO {0 P1 1 P2
() :
OO =0
[2,3] [1,1]

Clock
reaches the
interval of tO
t0 is fiable

lower bound
reaches O
t0 is firable

Interval State (M,]) Clock State (M,v)
CEbPOzl, P1=0, P2=1 PO=1, P1=0, P2=1

1(t0) = [0, 0.5] v(t0) = 2.5 S

Time

v

2.5
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TPN state evolves either by time progression or by firing transitions

enable /
disable
transitions

P1 t1

PO {0
O
[2,3]

[1,1]

O—+—=0

P2

Firing may

Qo

Interval State (M,)

PO=1, P1=1, P2=1
I(t0) = [2 , 3]
© |(t1) =[1, 1]

Clock State (M,v)
P0=1, P1=1, P2=1

v(tl) =0 ©

v(t0) =0 O

Firing may
enable /
disable

transitions

Time

2.5

v
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TPN state evolves either by time progression or by firing transitions

PO {0 P1 1 P2
() :
O O =)
[2,3] [1,1]

Upper bound chos
eaches 0 Interval State (M,l) | | Clock State (M,v) reaches the
upper bound
tlf-mléSt e PO=1, P1=1, P2=1 PO=1, P1=1, P2=1 Iotlol must be

Ire Ckb 1(t0) = [1, 2] v(t0) =1 O :) fired
I(t1) = [0, O] v(tl) =1
t0
4 Time

v

2.5 1
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TPN state evolves either by time progression or by firing transitions

PO t0 P1 t1

[2,3]

Interval State (M,)
P0=1, P1=0, P2=1
I(t0) =[1, 2]

Clock State (M,v)
P0=1, P1=0, P2=1
v(t0) =1

Time

2.5

v
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Transition system (S, ,s,)

PO=1, P1= 0, P2=1 - - Clock
Tl =0 AL e .---=-¥ Characterization

- T Interval
g Characterization

I(t0) = [1, 2]

' I(t0)=[0.99, 1.99] f ——
PO=1, P1=0, P2=1}—op

Infinite state space with infinite branching
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How to abstract the TPN state space ?
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TPN state space abstractions

o nite transition Syste

Reachability properties
Linear properties
Branching properties

Abstraction  Abstract irrelevant information while preserving properties of
Interest:
Reachability: markings or states of the model.
Linear properties. firing sequences of the mode.
Branching properties. execution trees of the model.
Challenge:
Mor e coar ser finite abstraction preserving properties of interest.
Computed with minor resour ces (time and space).
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TPN state space abstractions
&'me Petri he

<@, Iiw

< o‘,erties of inte,.

. es
Reachability, Branching, Cod
Linear properties

TPN state space abstractions in the literature preserving linear properties:
SCG [Berthomieu & Diaz 1991],
GRG [ Yoneda & Ryuba 199§],
SSCG [Berthomieu & Vernadat 2003],
ZBG [Gardey & Roux 2003],
CSZG [Hadjid] & Boucheneb 2005].
ASCGs

< pite transition syste’b

may differ in:
Characterization of states ( interval state abstractions, clock
state abstractions) ,
Agglomeration criteria of states
Preserved properties.
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TPN state space abstractions

Three levels of abstraction:
1. Time abstraction

o' &'0-0 0 .

0900 D0

_ e =-—

2. States reachable by the same firing sequence independently
of their firing times are agglomerated in the same node.

/ | ] —
1 2 \Q/
@ —@
t t1l
m/f‘ -
2 () t1
N |\0{A. i t2 '
@ @)
N

N

t
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TPN state space abstractions

3. Agglomerated states are then considered modulo some relation of
equivalence:

Firing domain of the SCG [Berthomieu & Diaz 1991],
K-approximation of the ZBG [Gardey & Roux 2003],
Approximation of the SSCG [Berthomieu & Vernadat 2003],
k-normalization of the CSZG [Hadjidj & Boucheneb 2005],
Relation of equivalence of the GRG [ Yoneda & Ryuba 1998].

Finite abstractionsfor bounded TPNs
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TPN state space abstractions

The SCG is the more interesting abstraction. Why?

. The SCG is an interval state abstraction: all others are clock
state abstractions.

« Abstractions based on clocks do not enjoy naturally the
finiteness property for bounded TPNs with unbounded
intervals. The finiteness is enforced using:

k-approximation of the ZBG [ Gardey & Roux 2003],
Approximation of the SSCG [Berthomieu & Vernadat 2003],
k-normalization of the CSZG [Hadjid] & Boucheneb 2005].

may involve some overhead computation.

 Theinterval characterization of states has a more abstracting
power than the clock characterization, and allows to construct
more compact abstractions.



The number of zones
depends on the value
of these bounds (3+1)

>
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PN state space abstractions

z0 = (PO=1,P1=1, ZBG zones for t0*

0 t0=t1 3)
JtO[l,?»]

a0 = (P0=1,P1=1,
1 t0 3U3 tl<p)

t0[[1,3] Firing
v domain
al = (P0=1,P1=1,

1 t0 3U0 tl<p)
% [1.3] SCG state classes for tO*

Many ZBG zones may map
to asingle SCG state class.

z1 = (PO=1,P1=1,
0 t0 3 U1 t1U1l t1-t0 p)

Jtonﬂ Clock
domain

z2 = (P0=1,P1=1,
l 0 t0 3 U2 tlU2 t1t0 p)

t0[1,3]

z3 = (PO=1,P1=1,
/ #0 t0 3 U3 t1U3 t1-t0 u)

// t0[1,3]
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The state class graph method
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The state class graph method

State characterization: interval state (M,l)

Time abstraction:

o @&'0-0 ——©

States reachable by the same firing sequence are agglomerated and
considered modulo some relation of equivalence  firing domain

State classes

&

—

¥ T
tijg .Jtz\\,g/

L {3 t1
\{‘iﬂy\"\ -e
2'\ " T .ll

N s N -

t2

A state class = (marking, set of constraints which characterizes its states)
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The state class graph method

PO P1
O O
3 3

e The initial state class: a0 = (  P0=1,P1=1,
1 t0 3U3 tl<p)

« succ(a0,t0)* A£iff tOis enabled and the following formula is consistent
1 t0 3U3 tl<pUt0 t1

e The firing of tO leads to the state class al = (P0=1,P1=1, F1) where F1 is
computed in four steps:

1.F1 1 t0 3U3 tl<pUt0 t1 ;tlznewtlﬂoj

2. Replace t1 witht1+t0: 1 t0 3 U3 t1+t0<p Ut0 t1+t0
3. Eliminate by substitution tO and conflicting transitions: 0 tl <
4. Add constraints of newly enabled transitions: 0 tl<pu Ul t0O 3
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The state class graph method

F is a conjunction of atomic constraints: t,-t, ¢, t ¢, -t c,
where t;, t/T,c/ Q E{u,-u}, T {= ,%

r - f ry
/\ r—r < Supp(r—zx')

z.r'eEn(M)U{o}

Canonical form of F;

where o represents the value zero and
Supg(x-x") is the least upper bound of x-x" in the domain of F

It can be represented by a Difference Bound Matrix (DBM) D:
“x,x’ I En(M) £ {0}, D,, = Supg(X-x’)

F and all formulae equivalent to F have the same canonical form.

Canonical form of F may be computed using:

— The shortest path Floyd-Warshall's algorithm in O(n3), n being the number of
variables in F, or

— The algorithm, proposed in [Boucheneb & Mullins 2003], in O(n?).
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The state class graph method
Algorithm proposed in [Boucheneb & Mullins 2003]
Let a=(M,D) be a state class in canonical form and t; a transition.

o t; is firable from (M, D)) (ie.: Succla.ty) #= W) i
ty € En(M ) and Min,cgnanyDe e, = 0: Time complexity
O(n)

o Ift; isfirable from (M, D), its firing leads to the state
class Succ(a,ty) = (M', D) computed as follows:
Vpe P, M (p) = M(p) — Pre(p,ty) + Post(p,ts);
Wi e En(dd),

, _ Jtmax(t) if t e New(M’, tg); Time complexity
'DI: o T :
I t g otherwise O(n2)

S {—tminl;a‘j ift & New(M'’, t¢);
ot = Ming,-pniayDue otherwise
F(t, t') = (En(M"))3,
0 iftist’
B =D A= B if tor t' = New{ M, tg);
Min(Dy ¢, Dy o + D7 ., ) otherwise




PO

O—4 O 40
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An example

P1 P2

Prod/cons

A0 {PO,P2}

State Class Graph

| —

Reachable markings:
1. PO=1, P2=1
2. P0=1, P1=1,

P2=1
3. PO=1, P1=2, P2=1

Firing sequences: t0; {t0; t1, t1;t0}*

Path / cycle times of firing sequences
[Boucheneb & Mullins 2003]:
From CO: t0;tl [2,3]

W From C1. t0;tl [1,2]

SCG is finite iff the TPN is bounded

SCG preserves markings and traces of the TPN Linear properties
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Contracting the state class graph



Contracting the state class graph
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Define a relation of equivalence over state classes such that
equivalent classes have the same firing sequences.

Construct a quotient graph w.r.t. the relation of equivalence.

Over-approximation of state classes [Boucheneb & Rakkay;

ACSD 2007]:

D:

- doi £ ti £ dio
-doj £t £djo
-dji £ ti - t] £ dij

__f=dio |
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Over-approximation of state classes

 The idea of this operation comes from:

1- The line and column o of each DBM D are not necessary to
compute successor state classes of (M,D) (they can be
eliminated)

a gain in space

2- The firing of any transition t; from a state class a=(M,D), will
disable all transitions conflicting with t;.

There is no need to compute, for the successor of a by t,
distances between t; and its conflicting transitions,

but we need to know whether t; is firable or not before alll
enabled transitions (including those in conflict with t;).

State classes with lesser constraints
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Over-approximation of state classes

.A . : /;&i
g 11—=dm: /,1'3/;6
I L8
_ti=do | b i /fy/‘V
| p }~
firing domaln”_~
B R A |
fi=do
i
¥ if(izoandjt o)or(j=oandi?! o)
Gij = 0 if(i,j* o) anddij3 0

and (ti and tjin conflict)
dij otherwise
CSCG is the quotient graph of SCG w.r.t »: R
"a,a,l C,a »a,iff a,=a,

Lemma:; » is a bisimulation over the SCG
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Contracting the state class graph

Pr npnaltmu 2 Let o

If Suce(ov, ty) # [f'unn"buul:u te)

t'*-i}'HHmrE‘HL e class (M, D'“l of (M', D)) can be computed

Hsing D as follows:
Wit t') e (En(M"))?
0

fmax(t) — tmin(f')

— con f{ M"), fi'; ot

fm'ﬂr';” + Minye pniv ]-ﬁ-i.u t!

D ty — rmmu i

JLImkDa o, Dy ty + Mmutgm u]D e )
wit, t') € confiM"), D; y
it

Min(0, tmaz(f) — itmin(t'))

o

& Min(0, fma.ml;f,'l +J’Lfiﬂm:-£'n[ﬁ.;f]-ﬁu et )
Min{0, -D., ty — tmin(t'))

(M, D) be a state class,
a = (M, ﬂ'] its equivalence class and t a transition.

Suee(a, ty) #= 0 iff M i-;'u,:;._—mtﬂhﬂu e, =0

if t, t' & New(M’, tg);

kﬁ.-[].ﬂ.ll_lj -D._. e -DI.- |.--' + i'l"-l!-an'i_ll::En[ﬁ..Il'D‘i.l L _-I

(M7, D) then the

if tist’

if t & New({ M’ tg);

if t" = New(M', tg);
otherwise

9

if tist’

if £, t' & Newi|M', t;);
if t = New( M, tg);

if t' & New( M’ t);

otherwise

Classes of
equivalence can
be computed in
O(n?) directly
from
equivalence
classes of their
predecessors
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An example (no conflicting transitions)

PO P1 P2
() ,
O H—0O—F—=0
CO » C3
Prod/cons Y £10 £ ¥
/|
/
Cre=to<=2 {PO,P2} coc3 {Po,P2}

t1 10

C1 {P0,P1,P2} 0 <=10-11 <=1

CSCG
State Class Graph C2 {P0,2P1,P2} 1 <=t0-t1 <=2

CSCG is smaller than CSG.
CSCG preserves markings and traces of the TPN Linear properties




Another example with conflictii§

transitions

C1

2

C4

[0 :

3

PO+ P2

: P14+ P2

Pl + P2

PO+ F3

PO+ P3

: P14 P3

ucheneb EPM

=13 =<2—
—3<tl—-12<1
—3<tl—td4<1
—2<t2—t4 <2
=43 <2

—3<t3—t4 <1
O =<it3I <1

—2<t3—t4 <1
—3<tl—t2<1
—Oo=<itir=<1

—2<tl —-t2<1
— ==

I<i12<3

5 7
=2 13T D
—1<12—13<3

e s L |

o=t =2

O =<12<3

H<t2<9—
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Another example with conflictii§
transitions

t3, t4 are in
conflict

t1, t2 are in
conflict
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Another example with conflicti
transitions

SCG
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Contracting the state class grap
Experimental results
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Contracting the state class grap
Experimental results

\

Ratiol = SCG / CSCG

_

Gain in time and size
grows with the size of
the model
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Model checking of SCG/CSCG
using Buchi Automata method
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Buchi Automata (BA) method

O—=—0O—F—0 (net /)
[1,3] [1,1] Negation of a property
TPN model ‘
{p0,p1} or
{pO,p1,p2} =
{p0,2p1,p2} {p0,p1} Counter-example Property
- > satisfied
SCG or CSCG Prope”yﬁ(ﬂvm C L(BAL £ ]
satisfied
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Interval Timed Buchi Automata
(ITBA)
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Interval Timed Buchi Automata

BA + {interval delays} +
{guards on delays} +
{(re)setting /deactivation of delays}

(P1=0) U, ,(P1>0)

x:[1,2], :P1>0->in X

Guards on delays: { before x, \ P1>0
inx, é"’) > '

beforeExit X, frue
after x, _
true} P1=0, beforeExit x : (P1>0->in x)

beforeExit x
beforeExit x beforeExit x

in X
————— P1=0 »@ »P1=0 =@""—
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Interval Timed Buchi Automata

x:[1,2], :P1>0->In X (P1=0) U[1,2](P1>0)

\
@P1>O . ‘ .

P1=0, beforeExit x : (P1>0->in X)

\' To be satisfied

when the edge is
fired

With each delay x is associated a dynamic interval 1(x).

I(x) can be set to an interval at the beginning or when an edge is fired.

When [(x) is set to an interval, its bounds decrease with time until it is

deactivated.

State: (LA T)




State: (I, A1)
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Interval Timed Buchi Automata

x:[1,2], : P1>0->in x

(P1=0) U, ,(P1>0)

-
@

A, -

P1=0, beforeExit x : (P1>0-> in x)

I0)=1a.b] pefore x  X)=I0,b-al jn ()=[a-b.01" ater x .
B > |« > < Tlme >
0 a b
beforeExit x
before x In X beforeExit x after x
~1(x) >0 1(x) £ 0,-1(x)30 -1(x) 20 -1(x) <0
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nterval Timed Buchi Automata

x:[1,2], : P1>0->in X (P1=0) U[1,2](P1>0)

\
@PDO X ‘ -

P1=0, beforeExit x : (P1>0->in Xx)

State q = (10, A, I), A={x}, I(x)=[1,2]

Time

State g =(0, A, ), A={x}, I(x)=[1,2]

Time

v

v
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Interval Timed Buchi Automata

x:[1,2], : P1>0->in X

(P1=0) U, ,(P1>0)

-
@

true

P1=0, beforeExit x : (P1>0->in Xx)

State q = (10, A, 1),

A={x}, 1(x)=[0,1]

intervals
decrease
with time

Time

State g =(l0, A, I),

A={x}, 1(X)=[-1.5,-0.5]

v

Time

2.5

v
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nterval Timed Buchi Automata

x:[1,2], : P1>0->in X (P1=0) U[1,2](P1>0)

beforeExit x @Ppo .

true
@ P1=0, beforeExit x : (P1>0->in X)
. ©O|o State q = (10, A, 1), A={x}, 1(x)=[0,1]
P1=0 P1=0
1 ]
1
0 ?(t)ate q=(0,A,l), A={x},CI§X)= [0,1]
P1=0 P1>0° <

1 1
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nterval Timed Bilichi Automata

x:[1,2], : P1>0->in X (P1=0) U[1,2](P1>0)

\
@PDO X ‘ -

P1=0, beforeExit x : (P1>0->in X)

State g =(0, A, ), A={x}, I(x)=[-1,0]

10 10
P1=0 P1=0
t | Time
1
State g =(l0, A, ), A={x}, I(x)=[-2,-1]
10 10
P1=0 P10
t t Time

v
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Interval Timed Buchi Automata

x:[1,2], : P1>0->in X (P1=0) U[1,2](P1>0)

\
@PDO X ‘ -

P1=0, beforeExit x : (P1>0->in X)

State g =(0, A, ), A={x}, I(x)=[-1,0]
10 10

[0
P1=0 P1=0 P1>0 O
t | } ° Time

=
A

1

State g=(I1, A, ), A={x}, I(x)=[-2,-1]

10 10 11
P1=0 P1>0 true
f t t Time




10
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Interval Timed Buchi Automata

x:[1,2], : P1>0->in X

(P1=0) U, ,(P1>0)

-
@

>

true

P1=0, beforeExit x : (P1>0->in X)

State g =(I1, A, I), A= {x}, I(x)=[-2,-1]

10 10

11
P1=0 P1=0 P1>0 true
t t 1 t Time
1 1

State q = (11, A, I), A={x}, I(x)=[-2,-1]
[0 10 11
P1=0 P1>0 true
f t t Time |
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Synchronous product TPNAITBA

x:[1,2], : P1>0->In X (PL=0) U[1,2](P1>0)

PO {0 P1 t1 P2

O=H—0—"~4=0

P1>0
113 1PN [1,1] @ A' true

P1=0, beforeExit x : (P1>0->in x)

Accepted
P1=0 el
- P1>0 true
1 | t

Time
10 110l (010)|0 oy 11 S
I(X):[l’Z] I(X):[O’l] I(X):[_l’O] / Non accepted
run
P1=0 P1>0
! t Time
10 3; 10| ? ?_
I(x)={1.2] I(x)=[-2,-1]
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SCG / CSCG of TPNAITBA

x:[1,2], : P1>0->In X (PL=0) U[1.2](P1>0)

PO P1 P2

O=H—0—"F—=0

-
TPN @ A' frue

P1=0, beforeExit x : (P1>0-> in x)

State class of TPNAITBA: M, I, A, F
En(M) E A j

Firing some transition t;:

before x in X beforeExit x after x

before x is
satisfied when
IS fired




TPNAITBA
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PO 1o P1 P2
1131 1PN

x:[1,2], : P1>0->in x

(P1=0) U, ,(P1>0)

({PO,P2},10),{x},

1£x£20
1£10£3

-
@

P1=0, beforeExit x :

4, -

(P1>0->in x)




TPNAITBA
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x:[1,2], : P1>0->in x

(PL=0) U ,(P1>0)

PO t0 Pl t1 P2

OH—0O0—F=0

P1
13 7PN (1] flo\r >0

A, -

(PO, P2},\IO),{x}, P1=0, beforeExit x : (P1>0->in x)
1ExXE2U
y/ 1Ex£2
t0 [1,2] - 1E£t0£3
(IO,Id) ({PO, P1, P2}, 10), {x}, t tO-Xx£0

x=0U .
@ 1£t0£3U

t1=1
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TPNAITBA

(PL=0) U, ,(P1>0)

x:[1,2], : P1>0->in x

PO t0 P1 P2

OH—0O0—F—=0

({PO,P2},10),{x}, o _
1Ex£2U P1=0, beforeExit x : (P1>0->in x)

P1>0
[1,3] 10 >
- @ true

1£t0£3

t0 [1,2]

(10,10) t1 £ t0

({ PO, P, P2}, 10), {x},
x=0U
1£t0£3U

t1=1

t1[1,1]
(10,11)

({PO, P2}, 11), {x},
x=-¥ U
O£tOE1
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TPNAITBA

x:[1,2], : P1>0->In X (PL=0) U[1.2](P1>0)

PO P1 P2

O=H—0—F=0

-
TPN @ *' e

PO, P2},10),{x},
( }.10).{x} P1=0, beforeExit x : (P1>0-> in x)

1£Ex£2U

1£t0£ 3
t0 [1,2] ({PO,P1,P2},10),{x}, L(TPN) C L(ITBA) 1 A
(|O,|0) Xx=0U

1£t0£3U
t1=1
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