XIV - Congresso Brasileiro de Automatica
Natal - RN, 2 a 5 de Setembro de 2002

PETRI-NETS AND OBJECT-ORIENTED APPROACH FOR THE ANALYSISOF HYBRID SYSTEMS

EMILIA VILLANI, PAULO BGI MIYAGI

Escola Politecnica da Universidade de Sao Paulo
Av. Prof. Mello Moraes, 2231 Sao Paulo, Brasil
E-mails: evi | | ani @Qusp. br, pem yagi @sp. br

ROBERT VALETTE

Laboratoire d’ Analyse et d’ Architecture des Systémes - CNRS
7, Avenue du Colonel Roche, 31077 Toulouse Cedex 4, France
E-mail: r obert @ aas. fr

Abstract¥s The behaviour analysis of industrial processes represented by hybrid models is still an unsolved problem
when simulation can not be used. In this context, this paper presents a new approach for the verification of behaviour
properties of hybrid systems. By using Petri nets and object oriented concepts the verification of a system property is
reduced from a complex proof involving the overall model to a set of simpler proofs involving the model of one or a
few objects. Each proof may generate a list of other local proof obligations to be carried out in other object nets. The
internal evolution of each object is considered independently from the other object evolutions and the linear logic is
used as a formalism to determine the partial order of transition firing. In order to illustrate the proposed approach, a

sugar production process is used as an example.
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1 Introduction

In accordance to recent works (Antsaklis &
Koutsoukos, 1998), the use of hybrid models (where
discrete events and continuous dynamics are both
present) for representing industrial process is
becoming more and more frequent. The devel opment
of techniques for studying system hybrid behaviour
has been a constant topic of research. The most
general approach for is simulation. However,
simulation shows just one of the possible system
evolutions. If the initial condition is not completely
known or if the model is not deterministic, simulation
can not be used for guaranteeing the absence of
errors in system behaviour. Regarding formal
approaches, most of the proposed solutions for the
verification of system behaviour properties are based
on automatas (Gueguen & Zaytoon, 2001). For
complex hybrid system based on Petri nets, these
approaches can lead to an explosion of the number of
states, making impracticableits use.

The main problem related to the verification of
behaviour properties for hybrid system is the non
decidability, i.e., the non-guarantee that, with a finite
number of steps the property can be proved. The
decidability problem was first considered for discrete
event models associated with time-dense clocks,
where time is a continuous variable. In (Alur & Dill,
1994) it was shown that for the timed-automata the
properties are still decidable. In the same work, the
region graphs were introduced as an analysis tool
associating discrete states with intervals for the
continuous variables representing the system clocks.

The accessible states are then represented by a finite
number of regions, allowing property verifications.

On the other hand, it was also poved that if
continuous variables with different growing rates
(different derivatives) are included in the model, then
the number of regions may become infinite. Generally,
thisisthe case of hybrid systems.

Although decidability can not be guaranteed for
hybrid system, some properties can still be verified
according to the system characteristics. In this sense,
thiswork investigates possible techniques to simplify
the analysis problem of large complex hybrid systems.
By the use of Petri nets, object oriented concepts and
linear logic, the verification of a system property
which would otherwise involves the overall model is
divided into a set of local analysis problemsinvolving
the model of one or afew objects.

This paper is organised as following. Section 2
presents a brief summary about the association of
object-oriented concepts with Differential Predicate
Transition Petri net (DPTP net). Section 3 introduces
the main points of the analysis approach. The
approach is then illustrated in Section 4 using as an
example a sugar cane production process. Finally,
Section 5 draws some conclusions.

2 Hybrid System Moddlling

Briefly, a DPTP net defines an interface between

differential equation systems and Petri net elements.

Its main features are (Champagnat et a, 1998):

- A set of formal variables (V) is defined for the net;

- Each token is associated with a tuple of formal
variables (Xi), which isasubset of V.
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- Each place (P) is associated with a differential
equation system (Fi) that defines the value of the
Xi associated to the tokens in R, according to the
time (Q):
ef, 1(X.X5,0) = ou
Fi(Xi,Xi,Q)=g ) o Ld
gfifn(xi 1Xi1Q):0g
- Each transition (Ti) is associated with an enabling
function (e) that enables the transition firing
according to the value of the X attached to the
token of theinput places (Xinputi).
(S] (X| nput_i ,q) =0
- Each transition (Ti) is associated with a junction
function (ji) that defines the value Xi attached to
the token of the output places (Xoupu i) after the
transition firing:
Xoutput_i(q +) = ] i(Xi nput_i (q))

The introduction of the object-oriented concepts
istreated in detail in (Villani et al, 2001). The following
statements are defined based on class and object
concepts of (Booch, 1994):

- The behaviour of aclass A is modelled by aDPTP
net (Na).

- The attributes of the class A is modelled as the set
of variables of the DPTP net (Va).

- The first variable of atoken tuple of variablesin a
class net isthe identity of an object.

- An object is represented by a token in the class
net, or by a set of tokens with the same identity.

The communication among objects can be
discrete or continuous. The discrete interactions are
represented by method calls (Paludetto, 1991). The
continuous interactions are modelled by sharing
continuous variables among objects. The value of the
shared variablesis determined by an object and could
be used in the junction function, the equation
systems or the enabling function of other objects.

3 Analysis

3.1 Overview of the proposed approach

One of the advantages of the DPTP net is that the
discrete part of the model and the continuous one are
clearly identified. This meansthat it is still possible to
analyse each part independently from the other. The
Petri net analysis tools could then be used for the
discrete part as well as any differential equation
analysistool for the continuous one.

As most of the Petri net analysis tools are
developed for ordinary Petri nets, it is necessary to
double the class net the number of times of the class
objects, in order to not consider any kind of identity
for the tokens. Each copy is assigned to an object.

The proposed approach is based on the division
of a property verification problem (a proof from the
logical point of view) into a set of loca analysis
problems (set of proofs) including only one or a few
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objects. Each proof (1* level proof) can then result in
the obligation of a new set of proofs (2" level proofs)
in other objects. This means that the property will be
true in the first object if new proofs (2™ level proofs)
are also true in the other objects. The process goes
on until it remains no other proof to be done.

In some cases the proof could not be divided
into a set of proofs each one in asingle object. If this
is the case, the net of the set of objectsimplied in the
proof are merged and the resulted net is analysed as a
single object. An example of a proof that cannot be
divided isthat of liveness of a set of objects.

Proof obligation could be the result of the
following situations:

- the proof includes shared variables in the enabling
function, junction function or equation system;

- the proof includes transitions that are methods of
the object interface (the method should be called
by other objects in order to fire the transition or
the other object must answer the method call in
order to firethe transition).

Another important point is how to interleaves the
discrete and continuous analysis. A first proposal
would be to find all possible solutions considering
only the discrete part of the system and then, for each
solution verify if it is still valid when considering the
continuous part. Nevertheless, this kind of approach
could result in an impracticable number of discrete
solutions to be analysed. In order to avoid it each
discrete state evolution takes into account the
correspondent continuous variables evolution.

3.2 Linear Logic asan aid for Petri net analysis.

The equivalence between Petri net reachability and
the proof of a set of sequents in linear logic can be
used in two different cases. In thefirst case, theinitial
marking (Mo) and finad marking (Ms) is known. By
solving the equation M=M + C*s, the possible sets
of transition firings ‘s’ that lead to M: from Mo are
found. Then by using linear logic it is possible to
determineif the solution is a feasible one and what is
the partial order of transition firings. This is the
classical reachability issue. The benefit of linear logic
is that instead of a firing sequence a partial order is
derived. The partial order highlights the causality
among the transition firings. For example, in wo
parallel process, the partial order shows the order of
an internal event of the first process in respect to the
order events of that process without considering the
order in respect to the internal events of the second
process (global or temporal sequence). When two
transition firings are concurrent, they are logically
independent and when they belong to two different
objects, it is possible to exploit object autonomy.

In the second case, only the fina marking is
known and the scope is to determine a st of initial
markings and transition firing partial order that could
give rise to the final marking. This could be useful for
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safety properties. In both cases, the analysis of the

continuous part is then interleaved with the use of

linear logic in order to provide an hybrid approach.
The equivalence between linear logic and Petri
nets is defined based on the following statements

(detailed introductions and examples could be found

in (Girault et d., 1997)):

- An atomic proposition “p” is associated with
each place “P’ of the net and it represents the
presence of onetoken in this place.

- Any marking is represented by a conjunctive
formula (using the connector A) involving the
marked places. Example: pApAp: means one
token in Prand two tokensin Pa.

- An implicative formula is defined for each
transition (using the connector —o), expressing
causality between two marking formulas. The left
side of —o indicates the tokens that are
consumed during the transition firing and the
right side indicates the tokens that are produced:

tApi(l Pre®Y) —0Apl Post(RH) ()

In linear logic, a sequent is logic expression
represented as‘? +- G and it means that the second
part of the sequent is alogic consequence of the first
part. The sequent M, t;,.t, +- M expresses the
reachability of M ; from M, by means of the transition
firing of ty,..., t,. The proof of the sequent isthe proof
of the reachability for apartia order over t,,....t,. This
is done using the following rules, where F, G, H, G
and D are formulas or set of formulas:

G 2F—0G+ N )

Each rule means that if the upper part of the rule
(the sequents over the line) is true, the lower part is
true. The rules should be applied in order to obtain
identity sequents (A+- A) in the upper part, which is
anidentity sequent (- - 1d) and istrue by definition.
The application of the rule ‘—o L’ corresponds to the
firing of a transition. The application of the rule ‘A L’
corresponds to the transformation of a marking into a
list of independent atoms (tokens which are not
necessarily simultaneously present at the same time
point). In a sequent, the exponential connector “!ti”
means that t; can be fired from zero to infinite times.

4 Example

4.1 The system

The example used to illustrate the proposed approach
is part of the sugar production process (Figure 1).
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vacuum pan .
syrup centrifugal
E—

—-=-p cycle 1: sugar
production

--------- » cycle 2: seed
production

Figure 1. Sugar production process.

The syrup resulting from the evaporation
process goes to the vacuum pan, where it could be
used to produce sugar (cycle 1 of the vacuum pan) or
to produce seeds (cycle 2 of the vacuum pan).

During cycle 1 the syrup is further concentrated
by boiling. It is then seeded with small sugar crystals,
which are grown to the required size by adding more
syrup while boiling continues. When the crystals
reach the required size, the mixture of syrup and
crystals, called massecuite, is discharged from the
pan and sent to the centrifugal. In cycle 2 the syrupis
left in the vacuum pan for a longer time, until it gives
riseto small sugar crystals. Asin cycle 1, the resulted
massecuite is then sent to the centrifugal, originating
seeds that are sent to the Seeds Tank.

This system can be modelled by a set of 4
classes. Seed Tank, Vacuum_Pan, Centrifugal and
Sugar_Sac_Filler. As a general rule al the method
calls are considered as synchronous and are modelled
as a transition merging (Paludetto, 1991). The DPTP
net model of each classis presented as following.

The graphical elements of Figure 2 are adopted to
represent an internal transition of the class, an
interface transition (that represents a method offered
by the class) and amethod call (i.e. atransition that is
merged with an interface transition of another class).

Interface |:| Internal| Method call:
transition: transition:

Figure 2. Graphical representation of the transitions.

Class Seed Tank

In the model of the class Seed_Tank (Figure 3),
the volume of the tank (Ve) is changed continuously
by the -equation associated with P, or
instantaneously by the junction function of t,. The
method associated with t; is used by the class
Centrifugal to deliver the seeds resulting from
centrifugation (a discrete event). K is the amount of
seed resulting after the centrifugation. The methods
associated to ts and ts are used by the Vacuum_Pan
to get the seeds during the sugar production cycle (a
continuous activity).

receive seeds

P1

volume
constant

supply seeds

Figure 3. DPTP net for the class Seed Tank
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Class Vacuum pan - I's e Mo —are the density of the syrup and

In the Vacuum_pan class (Figure 4), during the
‘Loading syrup’ phase the syrup enters in the pan
with a fixed rate o,. After that, if there is enough
seeds on the Seed Tank, then sugar production is
enabled, else the seed production begins. During the
‘Concentration’ phase, the syrup is boiled. The water
evaporated is replaced by more syrup, maintaining
the syrup level in the pan constant. ‘ Concentration’
stops when the Brix (100*kg of sucrose/kg of syrup)
of the syrup reaches a fixed value. During the
‘Seeding’, seeds and water are added to the pan. The
‘Evaporation’ phase is similar to the ‘ Concentration’,
but with no syrup loading. The massecuite, is sent to

the Centrifugal.
to (_ui) f 9 tg ;E 8

Concentration Evaporation

te P (_;

Concentration Seeding tg(_t‘;)

t7

Loading syrup

e (V=Kp) and (V® Ky) e:B=Ks
e V=K, &:V =Ks e B=K;
en: (V=K and (Ve<Ks) e B=Kg
js:r :rSle:BSyquy:KQ
JorJorJ 11+ Osy = = Qoo = Kyo
j7: Qsy= 0, gse = K11, Grzo= K12
j8: Ge=0, gnzo= K13
j10, j2:V=B=T =0y =fH20=0
B=f =0 V=-ty
Fs V= Fe: {F =-to, IV*(r +r 50)
_qw 5 =Bt Mo
V*r
/=0

Fo, Fo, Fo: § =(Ngy = I2o) *te 1V
ty *[By *ry *-B*(r
V*r

sy r Hzo)]

V=0q
Fz f :(rsa*qse +rH20*qH20- r *(qf +qH20)/V

B:rse*qse*(Bse' B)-ri,0*du,*B
V*r

Figure 4. DPTP net for the class Vacuum Pan

In the equations of Figure 4:

-V, B, r arethe volume, brix and density of the
mixture(classvariables)

- Qe Oy, Quo — are the flow of seeds, syrup and
water into/out of the pan (class variabl es)

- Vgisthe Seed_Tank volume (externa variable)

- By, Be — are the brix of the syrup and seed
supplied to the pan (constants)

seed supplied to the pan (constants)
- KZ! K3| K4v KB! K61 K7v K8! K9| KlO! Kllv K121 K13 are
process parameters (constants)
Class Centrifugal
The model of the class Centrifugal is presented
in Figure 5. The massecuite stays in the centrifugal
for a fixed time @y, Or ds) and then is delivered to the
Sugar_Sac_Filler or to the Seed_Tank. The
receiving of massecuite and the delivering of sugar or
seeds are modelled as discrete events.
Class Sugar_Sac Filler

The model of the class Sugar_Sac_Filler is
presented in Figure 6. Each time the centrifugal
delivers sugar, asac is filled of about 50%. When the
sac is full it is automatically delivered and a new sac
coming in (tw) No continuous dynamic is associated

with thisclass. o
draining
tiz  Sugar t14(_tz)o)

j14, j16: Oax =0
Fio Ft 2, =1

taux

(t) €15 q aux 8 qs.l

t .
draining ¥ ep Oax® Je

seeds
Figure 5. DPTP net for the class Centrifugal.

/ |change the sac
17 fls tis %

100% full

0% full

k receive sugar J

Figure 6. DPTP net for the class Sugar_Sac Filler.

4.2 Analysis of the example

The property that must be verified is the
reachability of the state B, Pig (100% full sugar sac)
from the initial state R,;, Ps (empty sugar sac). The
following considerations are made:

- The Seed Tank is in the state P, and the tank
level is unknown;

- TheVacuum_Pan and theCentrifugal are ‘ Off’;

- K;=6, K=10, K=3, K,=16, K=12, K;=80, K=90,

Kg=90, Ky=25, K;1, Ky;=05, Kip=1, Ki3=1;

Bs=65, B, Ig=2, 571, I 325, 0y=5;

Js=4;

Asthe property concerns only the state of object
Sugar_Sac_Filler, itisthefirst to be analysed.
Analysisof Sugar_Sac Filler

By solving the equation M = Mo + C*s the
possible sets of transition firings that lead toM ¢ (P,
Pis) from Mo (Pu, Rs) could be found. The result is
the following set of equations, where s means the
number of firings of transition i:
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S18=S17

S=Spt+1l

Spn=2%S;

It is supposed that the final marking is not part of
the intermediate markings and, therefore, s15=0. As a
consequence S = S17= 1 eSx=2.

The linear logic is then used in order to find the
transition firing sequence, which corresponds to
proving the sequent Pia, P1g t17 tis, tn, to* - Pies Prs

The following formulas are related to the
Sugar_Sac_Filler classnet:

- 117 pus A P17 —0 P15 A P1s
- tig pis A P17 —0 P16 A Pis
- t19. P16 —0 Pusa
- to0 P80 pu7

From the initid marking, the first enabled
transition is ty,. Its firing corresponds to the
application of therule—o L:

@;} f _'E’E-S!d_ _ PePololielot - Pebe
(o) o

The next transition to be fired isty7:
PulBot: Pl PoPololat Puobs )

n.n..t._f..t.+-n..n..
In order to eliminate the sequent on the left side,
the ruleA Lisapplied:
---------- Id

P14, P17t - P14, P17 -
------------ AL

PA Pt - Pig Py

The reasoning continues until al the transitions
are fired and the sequent is proved. The partial order
of transition firing resulted is “ty; ti7. too, tig” (in this
case it is also atotal order). Ast,, is associated to a
method call, it results in a proof obligation for the
object Centrifugal, which firest,, by its transition t,.
Analyss of Centrifugal

The property to be verified is the viability of
firing tis twice from the initial state (P.1). The same
approach is applied for this object. In this case, the
final state is the state resulted from the second firing
of transition ti4 (also Puy).

By solving the equation ‘Mf = Mo + C*s' and
considering sw=2, the sequent to be proved is
determined: Piy, tas, tu, Ui, tis,!(tastie)t - P u-

During the sequent proof, when two transitions
could be fired, two different scenarios should be
defined. Furthermore, the evolution of continuous
variables should be calculated in order to verify the
enabling functions and define the time interval
constrains between the transition firings.

From the initial sequent two transitions could be
fired: t13 and t1s. When tis isfired, the next transition is
tia. In order to satisfy the enabling function of tw, the
evolution of Jax should be calculated, resulting in the
time interval constrain g(t14) = q(tis)+ds, (Where q(t)) is
the firing time of §. Similarly, the other scenario
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results in the firing of t;s and tg, and in the time
interval constrain q(tye) =0(ts)+de

The order of transition firing resulted from the
sequent proof is: “n *(tys te); tis tis No* (tis; tae); tas;
ty", wheren, and n, could be any number from zero to
infinite. The infinite number of scenarios is a
consequence of the fact that thereis no restriction for
the number of seed centrifugation cycles before and
between the two sugar centrifugation cycles. These
scenarios generate proof obligations for two objects:
the Vacuum_Pan, which call the methods associated
to t3; and ts, and the Seed_Tank, which has the
method called by tg. Asit isimpossible to analyse
infinite scenarios, the following ones are considered:
Scenario 1: tyg; tia; tis; tis
Scenario 2: tis; tie; tis; tag tis; tu
Scenario 3: tiz; tig; tis; tae tis; tu
Scenario 4: tis; tis; tis; tae tis; tu; tiztig

Particularly, the analysis of Scenario 1 is
illustrated in the following.

Analyss of Vacuum_Pan

For Scenario 1 the property to be verified is if
transition tyo (associated with t13) could befired twice
with a minimum interval of qs, and without firing the
transition ti> (associated with tis). Theinitial stateis
P.. As for the Centrifugal, the final state is the state
after the second firing of t 15 (Pa).

In this case the sequent to be proved is: p,,ts, ts,
te te th 17, ta, tg, to, Lo, tag, igh - Pu. The proof results
in the following order for the transition firing: ts; tg; t7;
tg to ti; ts; te; t7 tg tg ty. Asfor the Centrifugal, the
calculus of the continuous variable evolution should
also be interleaved with the transition firing in the
linear logic proof. The result is presented in Figure7.
It is possible to verify that the interval between the
two firings of tyyislarger than the minimum interval of

Csu-
16 “ " Volume (m3)
L FA ----density (kg/m3) H
14 i |- Brix/10
L g | — Seed suply - gse*10 (m3/s) |
12 - H
10 ‘ N
| . T : o T
8 i _’.--"'J. e i ;. . e T
6 ; i firingoftyg T
4 -.’; o amram =T S :: T |
2 g ]
0p 5 10 15 20 25 30 35 40 45 50

time (s)
Figure 7. Continuous variable evolution for Scenario 1

The analysis of this object results in the
following proof obligationsin the object Seed_Tank:

- V&> K;ing=4and q=28.32,

- Firing of the transition associated with t; ing=10
and 0g=34.32, and of that associated with g in
0=14 and q=38.32.

Similarly, the same approach is carried out for the
others scenarios under analysis.

Analyssof Seed Tank
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For Scenario 1, the property to be verified is the
viability of the transition firing sequence of t5 t4 ts; t4
with the following time constraints (where @, ; is the
time of thei"firing of transition t;:

- Oui=Osit4
- Ogp=04,+2032

Furthermore, the constraint Ve > Kz should be
verifiedin Q=( 1 - 6 and at =0z » —6.

Theinitial and the final stateis p, resulting in the
following sequent: py, tsfa,ts,ta* - p1.

By calculating the evolution of Vg the following
constrainsare found (V« o istheinitial value of Vs):

Vee(Ghz_16) = Veo(Chz 1) =V 03 3
Ve Ghz_2-6) = Veo(Ohiz 2) = VedOia 1) = Ve 0—23 3

Asaconsequence, the Scenario 1 isavalid if and
only if ‘Ve 0% 5.

Similarly, the analysis of Scenario 2 leads to the
constrains ‘Veo < 3, ‘Vee 0+ 63 3 and Ve 0 +6-23
3. As the level of seeds in the tank could not be
negative, the resulting in the constraint is ‘0 < Veo <
3'. The analysis of Scenario 3 leads to the set of
constrains of ‘Veo ? 3','Ve0—2<3 and‘Vgo+6-2
3 3", resulting in the constraint is*3 £ Ve 0<5'.

On the other hand, the Scenario 4 leads to a set
of constrains with no possible solution and is
eliminated from the set of possible scenarios. The
same happens with all the other scenarios of the
infinite set defined during the analysis of Centrifugal.

4.3 Overview of the analysis procedure

The UML Collaboration Diagram illustrates the
interactions among objects for a specific scenario and
gives an overview of the proof obligations for this
example. Basically, each proof obligation is
represented by an arrow of discreteinteraction (—)
or by an arrow of continuous variable sharing ().
The Collaboration Diagram of Scenario 1 is presented
in Figure 8 as an exanple.

- SA:taaltzn M S S
Centrifugal 10Atdtn ) u?:?ll[erac
5:»[10“13“ A lO:t10{_t13 1Vee

Seed Tank

Vacuum pan

Figure8. Collaboration Diagram for Scenario 1.

The most important advantage of this approach
is that, by using the linear logic and the object
oriented concepts, the analysisis performed based on
the partial order of the events, i.e. the causality
among them. The internal evolution of each object is
analysed independently of the internal evolution of
other objects. Comparing with the approach of
building a global reachability tree (i.e.,, analysng a
large number of sequences), in the proposed
approach the analysis is based on the parallel
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composition of a small number of causally short
sequences. For example, to build a global reachability
tree it would be necessary, after the event 5 (firing of
to/ts), to consider four different sequences,
according to the fact that the transition t,, (internal
event of object Centrifugal) is fired before, after or
between the transitions t;, tg and t; (internal events of
object Vacuum_Pan). Using the proposed approach,
combinatorial explosion of the number of possible
states is avoided in the modelling (by using Petri
nets) and in the analysis (by using linear logic).

It is important to highlight that the proof of a
sequent (local analysis of an object) is valid
independently of the behaviour of the other objects,
excepted for time intervas where there are
interactions among other objects. If the sequent of an
Object 1 ‘pa, Pes ta, ts +- Pc istrue and the sequent
of an Object 2 ‘pp, pg, t= + - P istrue, then the global
behaviour of the system is also true (the sequent ‘ pa,
Pe: Po» Ps tn & t=t- po R is obtained by the
application of the linear logic rule AR (Girault et 4.,
1997)). The restrictions imposed by the object
interactions are considered by the proof obligation. If
al the proof obligations are true, the property is
guaranteed during the time intervals of interaction.

5 Conclusion

This paper presents an approach for hybrid system
analysis based on the use of Petri nets and object-
oriented concepts. By exploiting the object
independence a global analysis problem s
decomposed into a set of local object proofs. For the
analysis of reachability problems, the linear logic
proofs show the causality constraints between the
transitions, avoiding the enumeration of all
seguences of transition firingsin a global time. As a
result, the number of analysed scenarios between two
states are considerably reduced.
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