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Abstract. This paper proposes an original approach to the schedula-
bility analysis of real-time systems specified by Time Petri Nets (TPNs).
The focus is on sequence patterns of transition firings (execution tasks).
A TPN model is first translated in the Timed Automata terms of the
popular UPPAAL tool. Then schedulability properties of tasks are verified
through reachability analysis. The approach is efficient and scalable. The
paper demonstrates the concrete application of the approach through
examples. Finally, conclusions are drawn together with an indication of
on-going and future work.
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1 Introduction

Time Petri Nets (TPNs) [16] have been proven to be a very convenient tool
for specifying timing constraints in time-dependent systems [6, 22, 10]. TPNs as-
sociate time pairs with transitions instead of a single delay as in timed Petri
nets [18], thus TPNs are more general than timed Petri nets [4]. TPNs support
formal analysis through an adaptation [4, 6] of the well-known reachability anal-
ysis technique of Petri nets [17]. A reachability graph represents the complete
dynamic behaviour of a TPN based on the interleaving semantics. Each node
of the graph is a state class. Edges are labelled by transition firings. A state
class holds a marking and a firing domain reflecting timing constraints about
when the state class is possibly reached in the time domain. Examples of con-
crete tools permitting the enumeration of the state classes of TPNs and enabling
reachability analysis are TINA [5,20] and RoMEO [12,19].

As pointed out in [22], although schedulability is closely related to reachabil-
ity, it has more specific concerns with transition sequences rather than markings
or states. In particular, an end-to-end delay of a task execution, that is an im-
portant issue in time critical systems, cannot directly be derived from firing
domains and state classes.
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In [22] a method is proposed for making schedulability analysis for a subclass
of TPNs referred to as “well-structured” (WS) TPNs. In a WS TPN any firing
sequence leading from the initial marking My to a given reachable marking M,,,
can be built by composing firing sequences taken from a finite set of elementary
sequences including basic loops (see later in this paper for an example).

This paper proposes an original approach to schedulability analysis of se-
quence patterns of real-time systems abstracted by TPNs. First a TPN model
is translated into Timed Automata (TA) [2] in the context of the UPPAAL
tool [3,21]. Then TCTL model checking on the achieved TA product system
is used, possibly with the help of decoration means [15]. Translation is assisted
by a customization of the TPN DESIGNER toolbox [7] which supports various
kind of time-extended Petri nets, e.g. GSPN-like. TPN DESIGNER allows one to
(i) graphically draw a TPN model (ii) simulate the model for preliminary be-
havioural /timing checking (iii) generate an equivalent TA representation of the
model to be used for exhaustive verification in UPPAAL. The translation rests on
a single TA template associated with generic TPN transition. The translation
is similar to that described in [8] but was independently achieved. Motivations
for choosing UPPAAL instead of existing special-case TPN tools are related to
the desire of exploiting a popular tool which ensures an efficient and scalable
approach.

The paper is structured as follows. Section 2 introduces TPN modelling con-
cepts and describes a real-time model example together with its firing sequences
(execution tasks) schedulability aspects. Section 3 summarises the translation
process from TPNs to TA/UPPAAL and applies it to the chosen model example.
A decorator automaton is proposed which enables task schedulability analysis.
More general handling of sequence patterns in which the first transition can oc-
cur multiple times is then discussed. Section 4 gives some information about the
effectiveness of the proposed approach and translation tool. Finally, conclusions
are presented along with an out look to on-going and future work.

2 TPN Modelling and Schedulability Concerns

2.1 TPN Concepts

In this work Time Petri Nets are assumed augmented by inhibitor arcs. A TPN
is a tuple TPN = (P,T, B, F, I,,, My, I) where P and T are non empty finite
disjoint sets respectively of places and transitions of the underlying Petri net
[17]; B is the backward incidence function: B : T'x P — Z, with Z the set of
integers; F' is the forward incidence function: F' : T X P — Z; I, is a set of
inhibitor arcs: I, € P x T; My is the initial marking: My : P — N, i.e. the
non negative number of tokens assigned to places; I is the static firing interval
function, I : T'— Nx (NU{oo}). B(t,p) = w > 0 if there is an arc with weight w
from input place p to transition ¢. B(¢,p) = 0 for a non existing input arc (¢, p)
or for an inhibitor arc (p,t) € I,,5. An inhibitor arc is graphically represented by
a dot terminated line. F(t,p) = w > 0 if there exists an arc from transition ¢ to
output place p with positive weight w. F'(¢,p) = 0 for a non existing output arc
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(t,p). The set of input and inhibitor places of ¢ is said its preset (denoted °t). The
set of output places constitutes the transition postset (denoted t*). I associates
with each transition ¢ a dense firing interval whose bounds are supposed to be
specified by non negative integers: I(t) = [a,b] with 0 < a < b, b can be oco.
Bound a is said the (static) earliest firing time (EFT) of ¢, b the (static) latest
firing time of t (LFT).

A transition ¢ is said to be enabled in marking M, denoted by M|t >, iff:
Vp € P M(p) > B(t,p) if (p,t) & Inn, M(p) = 0 if (p,t) € L. Let 7 be an
instant in time when transition ¢ is enabled. Provided ¢ is continuously enabled,
t cannot fire before 7 4+ a but must fire (strong firing model) before or at T+ b,
unless it is disabled by the firing of another (conflicting) transition. Transition
firing semantics is best understood by using the server analogy and by thinking
about of an hidden timer (clock) associated with the transition. As soon as
the transition gets enabled, the timer is reset and the underlying server starts
working (transition under firing). Let 6 be the elapsed time since the enabling.
A time-strict transition (b < 0o) can complete its firing when a < 6 < b, whereas
for a non time-strict transition a < # < b. Whether a transition can complete its
own firing depends in general on the firing condition of all the other transitions
in the model.

When the transition completes its firing, tokens are removed from *¢t and new
tokens are generated into ¢* as in classical Petri nets. Let Mpyefore be the net
marking when ¢ fires. The firing of ¢ transforms Mpctore in Mg fter, denoted by
Mpefore[t > Mafter, by an instantaneous and atomic process in two phases:

1. token withdrawal

Vp S Pv M/(p) = Mbefore(p) - B(t,p)
2. token deposit

Vp € P, Mafter(p) = M'(p) + F(t, p)

M’ represents the intermediate marking generated after token withdrawal. A
transition ¢, is said persistent to the firing completion of transition ¢ if ¢, is
enabled in Mpefore, and maintains its enabling condition also in M’ and in
Magter- A non persistent transition can lose its enabling either at M’ or at
Mg fter. Following the token deposit phase one or more transitions can become
enabled. They are said newly enabled transitions. After its own firing, if ¢ is still
enabled, it is considered a newly enabled transition (single server semantics).

2.2 A Modelling Example

In the following an assembly subsystem of a flexible manufacturing system
(FMS), adapted from [22], is modelled and its schedulability concerns high-
lighted. An FMS is a real-time system composed of a number of computer con-
trolled tools and automated material handling, assembly and storage systems
that operate in an integrated way under the control of host computers. FMS
design is challenging in terms of control and scheduling, due to growing demand
for high performance and flexibility despite the presence of interlocking factors
of concurrency, deadline-driven activities and real-time decision making.
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Fig. 1. An FMS assembly subsystem

In the chosen example (see Fig. 1) there are three processors, one assembler,
one inspector and two disassemblers. The system receives two type of raw parts
(A and B) in input. After processing the input parts, A-part and B-part are as-
sembled in a final product. A-parts are processed in sequence by processor 1 and
processor 2. B-parts are processed by processor 3. The inspector is responsible
for quality control assessment of assembled products. If an assembled product
satisfies quality requirements, it is delivered as a finished product. Otherwise
the product is disassembled either by disassembler 1 or 2, depending upon their
status. Disassembler 1 extracts A-parts which are sent back to processors 1 and
2, while B-parts are instead sent directly to the assembler. Disassembler 2 gen-
erates A-parts which are sent back to processors 1 and 2 and B-parts which are
input to processor 3. All components in Fig. 1 have certain timing constraints
imposed upon them. According to timing constraints, it is necessary to check
different assembling schedules. Whether an A-part and B-part are assembled
within a given time, mostly depend on the analysis of the following three cases:

1. neither A-part nor B-part has any quality problem

2. there is no problem with B-part, but A-part cannot pass quality control for
m times (m > 0)

3. A-part and B-part cannot pass quality control respectively for m and n times
(m>0,n>0).

Fig. 2 shows a TPN model of the assembly subsystem along with the as-
sumed timing constraints. Transition ¢y models the reception of both A-part
and B-part. Transitions ¢;, t3 and t3 model respectively processor 1, 2 and 3.
Transition t4 represents the assembler, whereas t5 denotes the inspector. Tran-
sition tg expresses unloading of a finished product, which can go in input to
another subsystem etc. Transition ¢; models the disassembler 1, whereas tran-
sition tg models the disassembler 2. The initial marking of the model in Fig. 2
mirrors A-part and B-part are already available for processing. Analysis of case
1 above, means checking the following transition sequences: tyotststs where o,
due to the concurrent paths tito and t3, can be: 0 = titats or titsts or tstito.
Checking case 2 requires analysing the following transition sequences:

t00t4t50’1nt6, where g1 = t7ﬁ1t2t4t5.

Finally, checking case 3 means analysing sequences (roughly) expressed by:

tootatso o5 ts, where oo = tgotyts.
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It is worth noting that repetitions of subsequences (loops) o1 or o2 can be
interleaved. Places p1g and p;; serve the purposes of controlling respectively the
occurrences of loops o1 and os. Setting the marking of p;9 and p1; to 0, forces
straight sequences tootytsts to occur. In the general case, p1g will have m tokens
as its initial marking, whereas p11 n tokens.

Fig. 2. TPN model of system in Fig. 1

Model in Fig. 2 is an example of a well-structured TPN. Any transition
sequence leading to final marking M,, = {pg} can be composed by concate-
nating basic subsequences as mentioned above. Schedulability analysis of task
executions involves both behavioural and timing verification. Behavioural anal-
ysis concerns assessing the functional requirement that each task is effectively
schedulable, i.e. it can occur. Timing analysis means determining the time span
of the entire task and of each belonging transition firing event.

3 Uppaal Translation and Schedulability Analysis

3.1 Mapping TPNs on to Uppaal

UPPAAL [3,21] makes it possible to verify systems modelled as networks of timed
automata (TA) [2] extended with integer variables, structured data types (e.g.
arrays) and channel synchronization (CSP-like rendezvous).

In the approach advocated in this work the use of TPN DESIGNER [7,9] is
combined with that of UPPAAL. In particular, first a TPN model is graphically
drawn in TPN DESIGNER, then it is pre-checked in simulation; finally, the model
is translated in UPPAAL as a product of as many TA as there are transitions in
the TPN model. Fig. 3 shows the unique proposed template automaton which
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reproduces semantics of a TPN transition. The automaton purposely exploits
features of latest UPPAAL 4.0.6 version, in particular C data structures, function
declarations and loop constructs.

Transition automaton has three parameters: transition unique ID, clock x
and a broadcast fire channel for signalling completion of transition firing. Let
T and P denote respectively the set of transitions and the set of places in a
model, PRE and POST the (maximal) set of input places and output places
of any transition. The translation generates a compact representation of the
backward B|r|x|prE| and forward F|x | post| incidence matrices (realized as
constant data structures) of a TPN model, its marking vector Mp and the
time interval vector Ijp|x2 (constant data structure). An Info struct is defined
which contains an index in M to select a place, and the weight of an arc linking
the place to a transition or vice versa. An index value of -1 is used for a non
existing arc. Each element of B or F' is an Info value. A non strict time interval
like [a,o0] is represented in I as [a,—1]. Global functions bool enabled(const
int ID), void withdraw(const int ID) and void deposit(const int ID) respectively
check transition enabling, withdraw tokens from input places and generate tokens
to output places; they refer to a particular transition by its ID received as a
parameter.

Model bootstrapping is achieved by a first synchronization through the broad-
cast end_fire channel, which is launched by the Starter automaton shown in Fig.
4. The synchronization allows transitions enabled in the initial marking of the
TPN model to move to Firing/U_Firing location. Not enabled transitions remain
in their Disabled initial location. After model bootstrapping, Starter will take no
part in the subsequent evolution of the model.

An enabled transition starts firing by resetting its clock x and moving to
Firing if its time interval is strict, or to U_Firing if its latest firing time is co. An
enabled transition can complete its firing as soon as its clock goes beyond its
earliest firing time. A time strict transition is obliged to complete its firing at
its latest firing time, provided it is still enabled, by the invariant x <= I[ID][1]
attached to Firing. Transition firing, though, is non deterministic among transi-
tions which can complete their firing at current time. Firing completion follows
exactly the instantaneous and atomic process in two steps described in sec-
tion 2.1, which involves committed locations Withdraw and Deposit in which
time is not allowed to pass. The transition first removes tokens from its input
places and signals firing completion through the fire broadcast channel. Then it
moves to the Withdraw location where it sends (first step) a broadcast synchro-
nization signal over the end_fire broadcast channel. This signal forces all other
transitions, disabled or under firing, to re-evaluate their enabling status. This
is crucial for proper management of conflicts. A no longer enabled transition
moves from Firing/U_Firing to Disabled and resets its clock. The firing process
continues by generating tokens in the output places and then by sending (see
Deposit outgoing edges in Fig. 3) a second broadcast synchronization through
end_fire (second step) which permits detection of newly enabled transitions and
non persistent transitions which lose their enabling due to inhibitor arcs. The
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Fig. 3. Transition automaton

end_fire!

Fig. 4. Starter automaton

Transition automaton follows the single server firing policy: after its own fir-
ing, a still enabled transition is regarded as a newly enabled one and its clock
reset.

A TPN model is transformed into the parallel composition of |T'| instances
of the automaton in Fig. 3 corresponding to the |T'| transitions of the source
model, and one instance of the Starter automaton. Some decoration [15] pro-
cesses can possibly be added to help schedulability analysis (see later in this
paper). Translation correctness can be formally proved by showing that the se-
mantics of the translated UPPAAL model is timed bisimilar to that of the original
TPN model, by preliminarily mapping both representations on timed transition
systems. The formal proof is similar to the one described in [8]. The equivalence
of a TPN model and its corresponding UPPAAL model, enables TCTL model
checking activities [1] which can directly be interpreted at the TPN level. As for
the approach of [8], actually only bounded TPN models can be efficiently veri-
fied (checking both safety and bounded liveness properties) using the proposed
translation process.

3.2 Schedulability analysis of the FMS model

Being well-structured, the TPN model of Fig. 2 can be analyzed in UPPAAL with
the assistance of the Decorator automaton shown in Fig. 5. The Decorator has
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paths corresponding to the various transition sequences admitted by the model.
The Decorator has distinct locations for each transition firing of a task execution.
Loops in Fig. 5 directly correspond to sequence loops in Fig. 2. The Decorator
relies on the global fire array of |T'| broadcast channels. At system configuration
time, each element of the fire vector is associated with a distinct transition.

fire[7]?
fire[7]?
fire[7]?
dsy ds1 ds12 d3124 d3122§ d312456
O "rem fire[2) e: O fire[4] e’ reBIRS O fire[6] ?
do fire[3]?
d ﬁre[(;]? - di3 d132 d1324 W13 6 d132456
i etsr ©-Ox, OOzt © O @'. o7 O
©0 ,
irel2 d1234 iz d123456
O2@, fire[3 e: O fire[4 e’ O fire]5 "',’ O fire[6 ?
fire[B]?
fire[8]?
fire[8]?

Fig. 5. Decorator automaton for the TPN model in Fig. 2

Verification experiments were separately carried out by checking the three
cases in section 2.2. For case 1, the initial marking of places pi1g and p1; (ac-
tually the values of M[10] and MJ[11], M being the marking vector) was set
to 0. Behavioural analysis was accomplished by issuing to the UPPAAL verifier
“existential” queries like the following:

E<> Decorator.d312456

which checks that effectively a state of the state graph exists in which the location
d312456 of the Decorator is reached. Similar queries can be used for locations
d132456 and d123456 which mark other tasks termination. All these queries
were found satisfied, which in turn ensured each involved transition is effectively
schedulable, i.e. it can fires according to its assigned time interval during task
execution. The query

Decorator.d ——> Decorator.d312456 || Decorator.d132456
|| Decorator.d123456 (1)

checks that one of three tasks is always terminated, i.e. that from the initial
location Decorator.d it always follows that the Decorator ends in one of its final
locations.
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After behavioural tests, attention was focussed on the timing aspects of tasks.
To this purposes, a global clock z (another decoration feature) was introduced
and separately checked on the committed locations of the various transition
sequences. For example, the time span of the sequence tgtstitatststs was deter-
mined by using the two invariantly queries (to be verified in every state of the
state graph):

A[] Decorator.d312456 imply z >= lower_bound (2)
A[] Decorator.d312456 imply z <= upper-bound (3)

where lower_bound is actually the maximum integer which makes true query
(1), and the upper_bound is the minimum integer which satisfies query (2). The
time span of the chosen task which was found to be [4,11]. In a similar way,
it was possible to establish the time span of each transition firing (see Table
1). Values in Table 1 fix a few wrong calculations reported in [22]. It should be
noted that timing information are relative to the time horizon (z=0) when the
initial marking of py and p; is established.

Similar queries were used for checking cases 2. and 3. of section 2.2. For
demonstration purposes, the time span of the model tasks was determined when
m = 3 (initial marking of M[10] = 3) and n = 2 (initial marking of M[11] = 2).
For brevity, only the time span of the three tasks, i.e. the possible firing times
of locations d312456, d132456 and d123456 of Fig. 5, are reported in Table 2.
They serve the purposes of answering questions about deadline fulfilment of
the manufacturing/production system under loop repetitions. For example, the
firing time interval of task totitatstststs was checked by the two queries:

A[] Decorator.d123456 imply z <= 55 (4)

A[] Decorator.d123456 && M[10]==0 && M[11]==0 imply z >= 18 (5)

which were found true only for the shown values. Query (4) which determines

the lower bound of task termination, ensures that loop repetitions effectively
exhausted.

Obviously, verification can also answer querying the time span of individ-

ual transition firings, e.g. when the marking M[10] and M[11] become 0, or in
intermediate scenarios.

3.3 Sequence patterns and schedulability analysis

In a more general case, the first transition can occur multiple times in the se-
quence pattern o whose schedulability has to be investigated. The decorator may

Table 1. Firing times of straight task executions

|task/transition|| to [ t1 [ t2 [ ts [ ta [ ts [ t6 |
totstrtatatsts N0,1][12,4]13,6]][2,4]|[4,8]][4,9][[4,11
totitstatatsts ||0,1][[1,4][[2,6][[2.5]][3,8][[3,9][[3, 11
totitetstatste |||0,1]]]1,4]((2,5]|(2,5]|[3,7]||3,8]|[3,10
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Table 2. Time span of tasks when m = 3 and n = 2

[task/termination|| ts |
totstitatatste 18,56
tot1tstatatste 18,56
totitatstatste 18,55

find itself in a situation where it has already recognized a prefix of the sequence
and now detects an unexpected transition. It may happen that the concatenation
of this prefix with the unexpected transition constitutes a sequence that has a
suffix which is a prefix of o. For example, suppose that o = tgt1tgtats and that
the following sequence w = tgt1tgt1totats occurs. When the decorator automaton
meets the second occurrence of t1, it knows that the partial sequence tot1tot1 is
not a prefix of o, however it must not restart the recognition of ¢ from scratch
because tgt1, which is a suffix of the encountered part of w, is also a prefix of
o. In this situation the decorator must restart its operation from the point it
met the first occurrence of ¢;. This is a common issue in pattern matching prob-
lems and efficient algorithms for dealing with these situations are well-known in
the literature, e.g. the Knuth-Morris-Pratt algorithm [13]. The decorator may be
easily adapted so as to be able to recognize such type of sequences, thus enabling
schedulability analysis and the evaluation of the time span of sequences (tasks).
When the first transition of a sequence pattern may appear n > 1 times, the
usage of one clock, which is reset each time the decorator detects the start transi-
tion, is not enough for the correct computation of the time span of the sequence.
In these cases it is necessary to resort to a clock queue. Each time an occurrence
of the first transition is detected, a clock must be reset and put at the end of
the queue. When an unexpected transition is encountered, a number of clocks,
which is equal to the discarded occurrences of the first transition, must be re-
moved from the head of the queue. At the time the last transition gets matched,
the duration of the sequence pattern corresponds to the value of the clock at
the head of the queue. Obviously, the maximum length of the queue is equal to
n. For this reason the queue can be easily implemented as a circular array of
n clocks. From the sequence pattern it is possible to design a non deterministic
automaton (NDA) for accepting sequences containing the pattern, which has a
number of states equal to the length of the pattern plus one. For example, the
NDA depicted in Fig. 6 corresponds to the sequence pattern o = tgtitotats.
Although the construction of a deterministic automaton corresponding to a
non deterministic one is always possible, in the general case the number of states
of the resulting automaton is exponential in the number of states of the origi-
nal automaton. In the case of NDA arising in sequence-matching, though, the
construction of the equivalent deterministic automaton can be done efficiently
and the resulting automaton has the same number of states as the original one
[14]. Fig. 7 is a TPN model of an assembly subsystem where two raw parts A
and B are concurrently processed by Processor 1 and Processor 2, respectively
modelled by transitions ¢y and t2. The processing of part A is simpler than that
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of part B and usually terminates before. After Processor 1 completes its job, the
production system waits for a certain amount of time for the part B to be ready.
If the processing of part B delays too much, part A is sent again to Processor
1 for a refinement. Part A may be refined a maximum number of times before
part B is ready. When both parts are ready, they get assembled together (firing
of transition t3). The timing constraint which governs the refinement of part A
is modelled by transition t;. Token generation in place ps corresponds to the
maximum allowed number of refinements of part A.

Fig. 6. Non deterministic automaton accepting o = totitotats

[1.2] [2,3]
O——0 ®
Po J P2 P5

to tq

[5,15] [0,1]
OO0
P1 1J2 p3 i P4

Fig.7. A FMS/TPN model which admits sequence pattern o = tot1totats

A firing sequence that contains the pattern o = tgt1totats happens when the
refinement of part A occurs at least once before the two parts are assembled and
the last refinement completes before part B is ready. In order to evaluate the
time span of such a sequence, a decorator automaton based on the deterministic
automaton corresponding to the NDA of Fig. 6 has to built. Fig. 8 shows in a
simplified way the decorator TA for the problem at hand. Since the first transi-
tion (tp) occurs twice in o, an array of two clocks must be introduced. As one
can see from Fig. 8, an integer variable s is used to store the index corresponding
to the head of the clock queue. When transition ¢; is detected and the decorator
finds itself in location d010, only one clock must be discarded and this is imple-
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mented by modular increment of variable s. In all the other locations when the
sequence restarts, all the clocks must be discarded.

a8 “
o~ ZI(5+1)%2]=0
bl

Fig. 8. Decorator for handling sequence o = totitotats

According to the timing constraints reported in Fig. 7, the sequence pattern
o = totitotats may not occur. This is witnessed by the fact that the following
property is found not satisfied by the model checker:

A[] M[4]==1 imply (Decorator.d01023||Decorator.de).
However, the following query
E<> M[4]==1 && (Decorator.d01023||Decorator.de)

returns true mirroring the fact that the pattern o can really occur. The time
span of ¢ can be computed by respectively finding the maximum value of k1
and the minimum value of k2 which satisfy the following properties:

A[l (M[4]==1 && Decorator.d01023) imply z[s] >= kil
A[l (M[4]==1 && Decorator.d01023) imply z[s] <= k2

For the TPN model in Fig. 7 the time span of ¢ is the interval [3, 8].

4 About the Approach

The approach described in this paper is capable of exploiting the compact data
structures and efficient algorithms of UPPAAL. A critical factor is the number
of clocks required by a translated TPN model. Indeed, the verification process
is exponential in the number of clocks. However, although each transition is
associated with a clock, it is the number of simultaneously active clocks which
concretely affects space/time complexity of the model checker. In other words,
it is the concurrency degree of the TPN model, i.e. the number of simultaneous
enabled transitions, which dictates the number of active clocks and then the
efficiency of model verification.
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The tool combination TPN DESIGNER-UPPAAL was compared to similar
combination ROMEO-UPPAAL proposed in [8], so as to figure out some perfor-
mance index when the tools are applied to “large” models. The same models
used in [8] for comparing ROMEO-UPPAAL with the direct use of TINA and
ROMEO alone, were experimented with TPN DESIGNER-UPPAAL. Grosl, Gros2
and Gros3 in Table 3 are benchmark models contained in ROMEO distribution
v2.6.3.

Particularly for the large models, the approach of this paper outperformed
considerably that based on ROMEO-UPPAAL. After an analysis of unexpected
not so good behaviour of ROMEO-UPPAAL it soon emerged that a poor man-
agement of partial order, i.e. of non determinism during the disabling process of
transitions, was the cause of bad performance and not scalability of translation
from ROMEO to UPPAAL.

Table 3 reports wall clock time and memory requirements of a few experi-
ments for the three cases: ROMEO-UPPAAL original, ROMEO-UPPAAL modified
(partial-order problem fixed by us), TPN DESIGNER-UPPAAL. Performance in-
dexes rely on the memtime facility. All the experiments were carried out on a
Linux platform running kernel 2.6.20, on a Pentium IV 3.4GHz, 1GB RAM. For
each model, verifyta was launched with the query A[] !deadlock whose satis-
faction forces the generation of the whole state graph. The production cell model
[10] was also chosen because it exhibits a good concurrency degree. The model
was simply scaled by replicating the base model.

Table 3. Tools comparison experimental data (UPPAAL version 4.0.6)

( I ROMEO-UPPAAL I ROMEO-UPPAAL-mod I TPN DESIGNER-UPPAAL ]
[ [[Time (sec)] Memory (kB)||Time (sec.) [Memory (kB)|| Time (sec.)[Memory (kB)|
Grosl 363.44 168520 18.89 40848 17.41 40344
Gros2 2297.33 798488 31.96 42016 27.85 41212
Gros3 -|[out of memory 46.43 42992 39.70 43040
ProdCell 1 instance 1.98 48460 0.11 2608 0.10 2608
ProdCell 2 instances -[out of memory 5.48 39448 6.70 39448
ProdCell 3 instances -|lout of memory 1618.92 335108 1579.53 197776

The experiments confirmed that the approach based on TPN DESIGNER-
UPPAAL is of practical use. The tool behaves similarly to ROMEO-UPPAAL mod-
ified but seems to scale up a little bit better. All of this can depend on the
fact that broadcast synchronizations during completion of a transition firing are
embedded in the automaton in Fig. 3 whereas they are part of a separate Su-
PERVISOR automaton in [8]. Scenarios where both tools are difficult to apply are
in any case out of scope of both TINA and ROMEO which rest on “off-line” gener-
ation of the time reachability graph. For very complex models, where exhaustive
verification is almost impossible, simulation techniques like those described in
[10] can be applied to estimate timing properties.
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5 Conclusions

This paper proposes an original approach to schedulability analysis of real-time
systems specified by Time Petri Nets (TPNs). The approach is based on a trans-
lation of a TPN model on to the popular UPPAAL tool, assisted by the TPN
DESIGNER toolbox [7]. The approach, similarly to the method described in [22],
permits one to investigate behavioural and timing properties of transition se-
quences (execution tasks). In addition, this paper shows how the approach can
be generalized to the handling of sequence patterns in which the first transition
can occur multiple times and where (possibly) the recognition process requires
to be restarted while ensuring timing analysis. On-going work is geared at

— extending TPN DESIGNER so as to offer TCTL queries directly at the TPN
level, thus allowing the modeller to reason in TPN terms and hiding the
underlying use of the UPPAAL model checker engine

— applying the approach to the timing analysis of event scenarios in real-time
actor systems, e.g. [11]. The idea is to model message exchanges of an actor
computation by TPNs and then to investigate event timing constraints so
as to guide the runtime behaviour of the scheduler.
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