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Abstract. In this paper we study how it is possible to control Petri net behavior using time
constrains. Controlling here means forcing a process to behave in a stable way by associating
time intervals to transitions and hence transforming a classic Petri net into a Time Petri
net.

For Petri net models stability is often ensured by liveness and boundedness. These properties
are crucial in many application areas, e.g. workflow modeling, embedded systems design,
and bioinformatics. This paper deals with the problem of transforming a given live, but
unbounded Petri net into a live and bounded one by adding time constraints. We specify
necessary conditions for the solvability of this problem and present an algorithm for adding
time intervals to net transitions in such a way that the resulting net becomes bounded while
staying live.

1 Introduction

Distributed systems range in almost all areas: from technical systems to biological systems or to
systems of business processes. Although such systems are very different in their subject matter
they all have common properties, such as reiteration of all subprocesses or returning to some
initialization in the system, or containing finitely or infinitely many different states etc. Petri nets
are widely used for modeling and analysis of distributed systems. The first two properties concern
the liveness of the model, the second two are the subject of boundedness studies. In most of the
practical systems the infiniteness of all reachable states is an undesired property.

A typical example is a business process model, represented by a workflow net — a special kind of
a Petri net. The essential property for workflow nets is soundness, also called proper termination
[1]. Soundness is intensively studied in the literature [1,2,7,11,13,16]. Checking soundness of
workflow nets can be reduced to checking liveness and boundedness for the extended net obtained
by connecting the source place with the sink place through a new transition in the initial workflow
net. Thus ensuring liveness and boundedness of a model can be applied for asserting soundness
of workflow nets. In biological systems liveness and boundedness ensure system stability [8,9]. In
embedded systems scheduling is often necessary due to the resource limitations [10].

In practice it may often happen that a given live Petri net is not bounded. Then it would be
helpful to "repair” the model by adding priorities or time to transitions so, that the net becomes
bounded staying live. In other words, the question is whether we can "repair” the model with the
help of priority or time constrains. In [5] J. Desel proposed an approach for a brute-force-scheduling
to ensure bounded behavior, employing transitions of a given subset infinitely often. Here we study
when and how time constraints can ensure boundedness of a given live Petri net, retaining its
liveness. In contrast to brute-force approach, time constraints allow local and more flexible control
— not just forcing one ’good’ execution.

In [12] we have considered a way to add priorities in order to transform a live and unbounded
model, represented by a Petri nets, into a live and bounded one. For this reason we have defined
a sub-tree of the reachability tree, the so-called ”spine tree”. The spine tree contains all minimal
cyclic runs together with prefixes leading to the cycles. In this paper we use the spine-based
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coverability tree, derived from the spine tree, in order to add time intervals to the transitions in
such a way that the resulting Time Petri net is live and bounded. Of course, this is not always
possible.

Priority scheduling is an appropriate solution for workflow systems. For biological systems
it is not so good, since there is no mechanism to assign priorities to events in biological systems.
Scheduling biological systems with the help of time constraints would provide a much more natural
solution [18].

In this work we show how to associate time constrains to a given live and unbounded Petri net
in such a way that the resulting time-dependent net is live and bounded. Thereby we want to fully
preserve the structure of the given net. For that we use the spine tree and the spine-coverability
tree, introduced in [12] and compute a parametrical state space for a Time Petri net, for which the
underlying timeless Petri net is the given one.

The paper is organized as follows. In Section 2 we first give a more detailed motivation for
this work and then recall some basic definitions in the theory of Petri nets. Section 3 presents the
main contributions of the paper: a sufficient condition for transforming a live and unbounded Petri
net into a live and bounded one by adding time intervals and an algorithm for computing these
intervals, as well as, an example illustrating the algorithm. Section 5 contains some conclusions.

2 Preliminaries

2.1 Motivation

Liveness in bounded Petri nets is considered in numerous works. In [19] Ridder and Lautenbach
considered the relationship between liveness in bounded nets and T-invariants. For marked graph
Petri nets characterization of liveness and boundedness in terms of reachability graphs was done
in [3]. Scedulability analysis of Petri nets, aimed at ensuring infinitely repeated firing sequences
within a bounded stated space, was studied in [10].

In [9] and [8] M. Heiner considered the problem of transforming live and unbounded Petri nets
into live and bounded nets by adding time durations to transitions. It is shown in these works, that
when a Petri net is covered by T-invariants (i.e. each transition enters into at least one T-invariant
with a non-zero component), T-invariants can be used for computing time durations for transitions,
making the net bounded. In other words, this method allows to transform a live and unbounded
Petri net, covered by T-invariants, into a live and bounded Timed Petri net [18] with the same
structure. Unfortunately this method does not always work, as it was shown in [9].

Furthermore, as it is shown in [12], a possibility to transform a live and unbounded net into a
bounded one can depend not only on T-invariants, but on initial markings as well. So, the algorithm
for making a live Petri net also unbounded with the help of transition priorities, which we presented
in [12], essentially takes into account initial states. This is the case also for the algorithm assigning
time intervals to the transitions and represented in this article.

Live and unbounded Petri nets were considered also in [6]. The notion of weak boundedness
was introduced there. A Petri net A is called weakly bounded, iff it is unbounded, but for every
reachable marking m in N a bounded run is enabled in m, i.e. from every reachable marking we
can find a way to continue the execution in such a way, that the number of tokens in each place
will be not greater that some fixed value. The distinction between bounded, weakly bounded and
not weakly bounded Petri nets is very important for applications. However, till now, there is no
algorithm for distinguishing weakly bounded and not weakly bounded Petri nets. There is a reason
to believe that these notions are connected with a possibility to transform an unbounded Petri net
into a bounded one by adding some time, or priority constraints.

2.2 Basics

Let N denote the set of natural numbers (including zero) and let Q be the set of all non-negative
rational numbers including zero. All notions and notations used here are generally known and can
be found in [4].



Let P and T be disjoint sets of places and transitions with PUT # () and let F C (P x T) U
(T x P) = N be a flow relation. Then N = (P, T, F) is a (unmarked) Petri net. A marking in a
Petri net is a function m : P — N, mapping each place to some natural number (possibly zero). A
(marked) Petri net (N, mg) is an unmarked Petri net N with its initial marking mg. Further we
call marked Petri nets just Petri nets and use vector notation for marking by fixing some ordering
of places in a Petri net.

Pictorially, P-elements are represented by circles, T-elements by boxes, and the flow relation
F by directed arcs. Places may carry tokens represented by filled circles. A current marking m is
designated by putting m(p) tokens into each place p € P.

For a transition ¢t € T an arc (x,t) is called an input arc, and an arc (¢, x) — an output arc.

A transition t € T is enabled in a marking m iff Vp € P m(p) > F(p,t). An enabled transition
t may fire yielding a new marking m/, such that m’(p) = m(p) — F(p,t) + F(¢,p) for each p € P
(denoted m Lom!, or just m — m’). Then we say that a marking m/’ is directly reachable from a
marking m.

A marking m is called dead iff it enables no transition.

A run in NV is a finite or infinite sequence of firings my 2 my 3. An initial run in (N, mo)
is a run, starting from the initial marking mg. A cyclic run is a finite run starting and ending at
the same marking. A maximal run is either infinite, or ends with a dead marking.

We say that a marking m is reachable from a marking m' in N iff there is a run m’ = m; —
me — -+ — m, = m; m is reachable in (N, mg) iff m is reachable from the initial marking. By
R(N,m) we denote the set of all markings reachable in A from the marking m. A run ¢ in (N, m)
is called feasible iff o starts from a reachable marking.

A T-invariant in a Petri net with n transition ¢y,...,%, is an n-dimensional vector a =
(a1, ,ap) with «; € Nat such that after firing of every transition sequence containing ex-
actly «; occurrences of each transition ¢; in an arbitrary marking m (if possible) leads to the same
marking m.

A reachability graph of a Petri net (N, mg) presents detailed information about the net behavior.
It is a labeled directed graph, where vertices are reachable markings in (N, mg), and an arc labeled
by a transition ¢ leads from a vertex v, corresponding to a marking m, to a vertex v’, corresponding
to a marking m’ iff m % m’ in N

A reachability graph may be also represented in the form of a reachability tree, which can be
defined in a constructive form. We start from the initial marking as a root. If for a current leaf v
labeled with a marking m, there is already a node v’ # v lying on the path from the root to v and
labeled with the same marking m, we notify v to be a leaf in the reachability tree. If not, nodes
directly reachable from m and the corresponding arcs are added. Note, that in a reachability tree
run cycles are represented by finite paths from nodes to leafs.

A place p in a Petri net is called bounded iff for every reachable marking the number of tokens
residing in p does not exceed some fixed bound k¥ € N. A marked Petri net is bounded iff all its
places are bounded.

It is easy to see, that a Petri net (N, mg) is bounded iff its reachability set R(N,my), and
hence its reachability graph, are finite.

A marking m’ covers a marking m (denoted m’ > m) iff for each place p € P, m/(p) > m(p).
The relation > is a partial ordering on markings in V. By the firing rule for Petri net, if a sequence
of transitions is enabled in a marking m, and m’ > m, then this sequence of transitions is also
enabled also in m’. A marking m’ strictly covers a marking m (denoted m’ > m) iff m’ > m and
m # m. redundantly For an unbounded Petri net, a coverability tree gives a partial information
about the net behavior. It uses the notion of a generalized marking, where the special symbol w
designates an arbitrary number of tokens in a place. Formally, a generalized marking is a mapping
m: P — NU{w}. A coverability tree is defined constructively. It is started from the initial marking
and is successively constructed as a reachability tree. The difference is that when a marking m’
of a current leaf v’ in a reachability tree strictly covers a marking m of a node v, lying on the
path from the root to v/, then in a coverability tree the node v’ obtains a marking m,,, where
me(p) = w, if m'(p) > m(p), and my,(p) = m/(p), if m/(p) = m(p). For generalized markings
enabling of a transition and a firing rule is defined as for usual markings except that w-marked



places are ignored. Each place p, which was marked by w, remains w-marked for all possible run
continuations.

Let N' = (P, T, F) be an unmarked Petri net and let I : T — QF x (Qf U {oc}) be a function
such that for each ¢t € T holds: I(t) = (at,b:) and a; < b;. Thus, the function I associates an
interval [as, b;] with each transition ¢ in T. We notate a; with efé(t) (earliest firing time for ¢) and
b, with Ift(t) (latest firing time for t).

Here a; and b; are relative to the time, when ¢ was enabled last. When ¢ becomes enabled,
it can not fire before a; time units have elapsed, and it has to fire not later than b; time units,
unless ¢t got disabled in between by the firing of another transition. The firing itself of a transi-
tion takes no time. The time interval is designed by real numbers, but the interval bounds are
nonnegative rational numbers. It is easy to see (cf. [18]) that w.l.o.g. the interval bounds can
be considered as integers only. Thus, the interval bounds a; and b; of any transition ¢ are natural
numbers, including zero and a; < by or by = co. A comprehensive introduction can be found in [18].

Z = (N, mg, I) is called Time Petri net (TPN) and it was first introduced by Merlin [14]. The
marked Petri net (A, mg) := S(Z) is called the skeleton and I - the interval function of Z.

P

P> P3

Fig. 1. The Time Petri net Z

Every possible situation in a given TPN can be described completely by a state z = (m, h),
consisting of a (place) marking m and a transition marking h. The (place) marking, which is a place
vector (i.e. the vector has as many components as places in the considered TPN), is defined as the
marking notion in classic Petri nets. The time marking, which is a transition vector (i.e. the vector
has as many components as transitions in the considered TPN), describes the time circumstances
in the considered situation. In general, each TPN has infinite number of states.

The state space of a TPN can be characterized parametrically and it is shown that knowledge
of the integer-states, i.e. states whose time markings are (nonnegative) integers, is sufficient to
determine the entire behavior of the net at any point in time (cf. [17] and [18]. Thus, a reachability
graph for a TPN can be defined so that the nodes of the graph are the reachable integer-states
and a directed edge connects two nodes, from z; to zo if there is possible to change from z; to zo,
considered as states in the TPN. And finally, a reachability tree can be then also defined for TPN
considering the reachable p-markings.

In this paper we use the parametric states in order to restrict the behavior of a live and
unbounded PN to a live and bounded one. The notions parametric state and parametric run can be
easily defined by recursion. Let Z = (P, T, F,V, mq, I) be a Time Petri net and let 0 =¢; --- ¢, be a
firing sequence in Z. Then, the parametric run (o(z), B, ) of 0 in Z with o(z) = zot121 - - - Tp—1tn Ty
and the parametric state (z,, B,) in Z are recursively defined as follows:

Basis: 0 = ¢, i.e., o(x) = xo.
Then z, = (m,, hy) and B, are defined as follows:

1. my :=m,,

o if t7 <mg,
2. ho(t) = {jj otherwise

3. By i={0<ho(t) <Ift(t) | teT At~ <my }



Step: Assume that z, and B, are already defined for the sequence o =t - - - t,.
Foro= t;---t, th41 = wi,41 we set
~——

=w
1. my :=my + Atpy1,
i if t— L mg,
) h(t) + Tt if t7<my AtT <my A
2. ha’(t) T .tn+1 nN®t= @ ’
T+t otherwise

3. By =By U { eft(tni1) < huw(tny1) } U {0<ho(t) <Ift(t) | te TAt™ <mg, }.

The state z, together with the set B, forms the parametric state (z, B, ). Such a parametric
state also represents the set of all states which can be reached by firing a feasible run of o. These
states are obtained by combining ¢ with all possible solutions x of B,. Each such solution yields
a feasible run of 0. We denote the set of all states by {z, | B,}, i.e.,

{26 | Bs} = {25(3(x)) | B(x) is a solution of B, }.

A short example should illustrate the calculation of parametric states. We use K, as a shorthand
for {2z, | B, }-

Let us consider the Time Petri net Z in Fig. 1.

It is easy to see that

Ke ={((0,1,1), (w0, #, 8, 0) ) | {0 <o < 3}}.

me he B:.

After firing the sequence o = t4 the net Z, is in a state belonging to K, = Ky,.

Kt4 :{( (1,1,0),(1’0+$1,ﬂ,$1,ﬁ) ) | {QSZO §3,$0+(£1 §5,0§(£1 §4}}
——

My, hiy By,

The set of conditions By, is the union of the three sets

Bev (ef(ta) < he(t)) = (2. 0} and 0. A (0) < 1) | - <) = {507 21 50

By repeatedly firing the transitions ¢3 and ¢4 we obtain the parametric states z;,+, and zy,1,1,
and Kt4t3 and Kt4t3t4:
2<xo <3, zo+tz1 <5,
Kt4t3 = {((07 1, 1)a (xO + 1+ x27ﬂvﬁ’x2)) | 2<m <4, xotartae< 57}
0 S X9 S 3
2§l‘0§3, 2S*’L‘1S4a 2S5€2S37
Kiytot, = {((1,1,0), (w0 + x1 + 22 + 3,8, 23,8)) | 0 <23 <4, zo+21 <5, xo+z1+22 <5}
1’0+£L’1 +£E’2+£L’3 §5

Obviously, some of the inequalities are redundant. For instance, the inequalities of the set By,,+,
can be reduced to the set

ZSZ‘OSS) ZSx1§47 2S£2S37
0<z3<4, otz +m2+23<5 '

In general, the number of inequalities in B, is at most min{2- (n - |T|+1),(n+ 1) - (% +2)} (cf.
15]).

Liveness can be defined in several ways for Petri nets [15]. We will use the standard “L4-live”
variant, which states that every transition in a PN is potentially enabled in any reachable marking.
More exactly, a transition ¢ in a Petri net (N, mg) is called live in (N, my) iff for every reachable
marking m in (A, mg) there exists a sequence of firings starting from m, which includes ¢.



3 Time Constrains for Boundedness

Let (A, mo) be a live and unbounded Petri net. We would like to check, whether it is possible to
make this net bounded, not losing its liveness, by transforming it into a Time Petri net (with the
same skeleton), i.e. by adding intervals to its transitions. To solve this problem we will associate
transition intervals (if possible), which would exclude runs leading to unboundedness.

We start by recalling some properties of live and bounded Petri nets considered in our article
[12]. Then, instead to assign priorities to the transitions we add intervals. We will show that this
time solution is more precise than the solution with priorities. In this connection ”more precise”
means that the set of reachable markings in the time-dependent net (sometimes properly) covers
the set of reachable markings in the net with priorities.

It is clear that if a live PN is bounded then there exists a feasible cyclic run, including all
transitions of the PN. Furthermore, a TPN is obtained from a PN by a adding time interval to
each transition. Then the reachability tree is a subgraph of the reachability tree of the PN. Hence,
it is obvious that if for some interval function I the TPN Z = (N, myg, I) is live and bounded, then
there exists a feasible cyclic run in (N, mg) which includes all transitions of A.

Proposition 1. Let (N, mg) be a live and unbounded Petri net. If there exists an interval function
I such that the TPN (N, I,mq) is live and bounded, then there exists a T-invariant without zero
components for N, i.e. all transitions in N are covered by some T-invariant.

As we already set in [12], given a live and unbounded Petri net (N, mg), before looking for
times, which would transform the net into a bounded (and still live) Petri net, it makes sense first
to check necessary conditions. First one could compute T-invariants for the net N. If there is no
T-invariant, covering all transitions in A/, then the net cannot be recovered, i.e., the net cannot
become live due to adding time, priorities etc.

If there is such a T-invariant, then a more strong necessary condition can be checked: whether
there exists a feasible cyclic run in (A, mg), which includes all transitions in N, i.e. a cyclic run
realizing one of T-invariants with non-zero components. To do this check the algorithm, proposed
in [5] by J. Desel, can be used. This algorithm is based on constructing a coverability net — a
special extension of a coverability graph, and can take an exponential time. However, if a net does
not have too much concurrency and a small number of unbounded places, this method can be
acceptable.

Now let (N, mg) be a live and unbounded Petri net, and let the above necessary conditions are
satisfied. We would like to find time intervals for the transition that will make the net bounded,
keeping its liveness. The procedure will be illustrated by the net (N*,mg) in Fig. 2.
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Fig. 2. An example of a live and unbounded marked Petri net (N*, m{).
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The following algorithm is a modification of the algorithm given in [12]. Here reason we use the
stages 1,2 and 3 of the ’old’ algorithm and add new stages 4 and 5.

Stage 1. Find all minimal feasible cycles, which include all transitions. As already
mentioned, this can be done by the technique described by J. Desel in [5]. Moreover, following
this technique for each minimal feasible cyclic run ¢ we can simultaneously find a finite initial run
7, such that T7o* is an initial run in (A, mo).



If (N, mg) does not have such cycles, then the problem does not have a solution. So, let

C(N,mg) := {70 |70* is an initial run in (N, my),
7 does not include o and
o includes all transitions in N }

be a set of all minimal feasible cyclic runs together with prefixes leading to the cycles.
Thus, for example, the net (M*,mf) in Fig. 2 has five minimal cyclic runs with all transitions.
Three of them have empty prefixes, and two have prefixes 71 = b and 75 = ba, respectively:

T1=

babceda ~=
b abacbd
babcad and .
ba bacbad
babacd ~~

T2=

Stage 2. Construct a spine tree. A spine tree is a subgraph of a reachability tree, containing
exactly all runs from C(N, mg).

1,0,0,1,0)

b

0,1,1,1,0
a

(1,000, (01,019
d a

1,0,0,1,9 1,0,0,1,0

(10101 (01,119
d

Fig. 3. The spine tree for the net (N*, mg).

The spine tree for Petri net (AN, mg) from our example is shown in Fig. 3.
Note, that a spine tree contains the behavior that should be saved to keep a Petri net live.

Stage 3. Construct a spine-based coverability tree. A spine-based coverability tree is a
special kind of a coverability tree, that includes a spine tree as a backbone. Leaves in a spine-based
coverability tree will be additionally colored with green or red. This coloring will be used then for
computing transition priorities.

The spine-based coverability tree for a Petri net (N, myg) is defined constructively by the fol-
lowing algorithm:

Step 1. Start with the spine tree for (N, mg). Color all leaves in the spine tree in green.

Step 2. Repeat until all nodes are colored:

For each uncolored node v labeled with a marking m:

1. check whether there is a marking m’, directly reachable from m and not included in the current
tree. For each such marking m’, where m - m’:



(a) Add a node v’ labeled with m' as well as the corresponding arc from v to v’ labeled with ¢.
(b) If the marking m’ strictly covers a marking in some node on the path from the root to v’,
then v’ becomes a leaf and gets the red color.
(¢) Otherwise, if the marking m’ coincides with a marking labeling some node on the path
from the root to v/, then v’ becomes a leaf and gets the green color.
(d) Otherwise, leave v" uncolored.
2. Color the node v in yellow.

The spine-based coverability tree for our example net (N*, mf) is shown in Fig. 4. Here node colors
are used to illustrate the tree construction. A leaf and some inner node have the same color, if they
have the same markings, or the leaf marking strictly covers the marking of its ancestor. Strictly
covering leaves are marked with the w-symbol, they are 'red’ leaves. All other leaves are ’green’
leaves.

b b
0,1,1,1, 0,1,1,1,
a a
1,0,1,1,0 1,0,1,1,0
b b

(1,000,  (0,1,01,9
b d a

(1,000,  (0,1,0,1,9
b d b d a

(0,1,1,0,1 01501 (10019 (10010 (01101 (1,009 10010 (1,009
d

a

(10101 (@111
d

b

O
o

d

b

@1z (10119 @0 (10119

Fig. 4. The spine-based coverability tree for (N*,m{): Left: A leaf and some inner node have the same
color, if they have the same markings, or the leaf marking strictly covers the marking of its ancestor. Strictly
covering leaves are marked with the w-symbol. Right: The spine-based coverability tree for (N*, mg) after
finishing stage 3.

Stage 4. Compute a parametric state space. Let 7 be a spine-based coverability tree.
Consider the TPN (AN, mg, ) with time interval [as, b;] for each transition ¢ € T. All ay, b, are
unknown and have to be calculated in stage 5. By the construction of 7T, all its leaves are colored
either in green, or red. In this stage we construct an interval function I : T — QF x Q. For this
we consider every path from the root to a green leaf as a parametric run. Additionally, we forbid
a branching to a red leaf using strict inequality.

(1) Let vy be a green leaf and let o be the path from the root to this leaf. Consider the
parametric run (o(z), By ).

(2) Let v, be a red leaf. Consider the path o from the root to this leaf. Let v* be the youngest
ancestor of v, such that at least one run goes from v* to a green leaf v4. The initial node vq is
labeled with the marking mg. Let the node v* be labeled with m*, v, with m, and v, with m,.
Finally, let o* be the path from the root to the node v*, o, the path from the node v* to v, and
t.o, the path from the node v* to v,. That means, we have the situation

o *

mo — m

"o

= v., 0=0"t0,

*

g o t
Ug, mo — m



and there is not a path from a node in ¢, to a green one. Hence, using time, we will forbid the
firing of the transition ¢, in m*. For this reason we add to By« the constrain (strong inequality)
hg* (tr) < ag,. .

Stage 5. Compute a parametric state space. Let

B = U{BU | o is an initial run to a green node}U

U{h ) < ay, | w.rt.Staged}.

B is the set of all constrains which have to be fulfilled in order to keep the live behavior of the net
and to forbid all transition sequences leading to unboundedness. Clearly, B is a system of linear
inequalities and it can be solved in Qar . Actually, we are interested in finding solutions for all a;’s
and by’s such that the resulting system of inequalities is solvable. Of course, when we can find
rational values for solutions for all a;’s and b;’s then we can find also integer values for them.

At this point we would like to notice that instead of the full parametric space of the spine-
based coverability tree we can use only a part of them, consisting of paths including together
all transitions of the net. In this case it is possible that some markings which does not lead to
unboundedness in the PN will be not reachable in the TPN.

Applying the procedure of the stages 4 and 5 to the spine-based coverability tree for our ex-
ample net (N*,m) (cf. Fig. 4) we sequentially obtain the following parametric state space and
eventually the following inequality system B:

( 1 0 071a0 )(ﬂax07ﬁ7ﬂ)) |0 S Zo S bb}a
( 0 1 1 7(x17ﬁ7ﬁaﬂ)) |G;b§$0§bb, OSxISba}v
{((1 07 P )7(ﬂax27ﬁau))|a’ng0§bby aanISbaongSbb}a

angogbba aagxlgbaa abeQSbba
0§x3§ba7x3§bc ’

Kyap = {( (0,1,2,1,0), (x3, 4, x3,1) )

Kpabe = {((O 1,0,0, 1) (m3+x4aﬁ7ﬁax4))

abéxoﬁbb,aa§x1§ba7ab§x2§bb,}
ae < w3 < bey 3+ 24 <o, 0 <24 < by ’
ap < xg < by, ag < w1 < by, ap < a2 < by,
Kpapea = 4 ((0,1,0,1,0), (23 + 4 + 25,8, 8, 1) ) | ac < 23 < be, ag < x4 < bg, 0 < x5 )
T3+ T4 + x5 < by,
ap < xg < by, ag < w1 < by, ap < w2 < by,
Kpabeda = 4 ((1,0,0,1,0), (8, 26,8, 1) ) |ac < @3 < be, ag < x4 < bg, 0 < x5 ;
g S 23+ x4+ x5 < bay 0 < g < by
ap < xg < by, ag < w1 < by, ap < a2 < by,
Kpavea = { ((1,0,0,0,1), (8, 27,8, 27) ) |ac < 23 < be, ag < a3+ 34 < be, 0 < 2y < bg g,
0 < a7 < by, wr<ay

Here we have add the strong inequality x7<ay in order to forbid the firing of the transition b in
the marking (1,0,0,0,1).

ap < xo < by, ag < a1 < bay ap < w2 < by,
Kbabcad: ( (1a0507170)’(h7'x7+x87ﬂaﬁ)) Q¢ §$3 Sbca Qg §$3+.’£4 Sbaa 0§£L’4 de 5

aqg < x7 < by, xr<ap, 0 < xg, 7+ x5 < by

ap < xo < by, ag < w1 < boy ap < T2 < by,
Kbaba = ( (170u27170)7 (ﬁ7.’179,$3 +{1797ﬂ) ) Qg S x3 S baa T3 + X9 S bCa 0 S Z9 S bba )

Tg<ap
ap < xg < by, ag <1 < by, ap < w2 < by,
Kbabac = ( (17030307 1)7 (ﬁva + $10,ﬁ71’10) ) Aq S T3 S baa Q¢ S x3 + T9 S b07 0 S T9 S bb» )

Tg < ap, 0 <219 < by, g+ 210 < by



ap < xg < by, aq <21 < b, ap < < by,
aa§$3§ba7 ac§$3+$9§bca

0 <9 < by, 29 < ap, ag < x10 < by, ’
29+ x10+ 211 <bp, 0 < 2y

ay < xg < by, ag < 21 < by, ap < 2 < by,

aqg <3 < by, ac < a3+ 29 < bey, 0 < w9 < by,
9 < ap, 0 <219 < by, T9 + 210+ 711 < by ’
0 <219 < by, T10+ 712 < by

Kbabacd == ( (130;0,170)a(ﬁ7x9+x10+$117ﬁ7ﬂ) )

Kbabacb = ( (07171307 1),($12,ﬁ,ﬁ7$10+$12) )

ap < x9 < by, ag < w1 < by,

ap < x2 < by, ag < x3 < by,

ac <x3+ 29 < bey, 0 < 29 < by

zg9 < ap, 0 < x109 < gy ’
ap < xg + 210 < by, aq < 12 < b,
10 +T12 + 713 < bg, T13 < ap

ap <z < by, ag < 1 < by,

ap < w3 < by, aq < w3 < by,
CLC§333+IE9§Z)C, 0§$9§bba
Kpapacbad = ((1,0, 1, 170)’ (ﬂvxl?) =+ x147ﬁ7ﬂ)) z9 < ap, 0 < x10 < by, )
ap < w9 + 210 < bpy aq < 12 < b,
ag < w1o + 112 + 713 < by, w13<0p
0 < x4, 13+ 714 < by

ap <o < by, ag <11 < by, ap < x2 < by,

aqg <23 < by, ac < a3+ 29 < bey, 0 < w9 < by,
Kyabacha = { ((0,1,1,1,0), (z12 + 215, 1, 1, 1)) | 29 < ap, 0 < @19 < ba, ap < g + 210 < by

0 <219 <bg, ag < x10 + 712 < by

0 <15, 712 + 715 < by

Kbabacba = ( (1707 17 Oa 1)7 (ﬁaxl37 ﬁaxlo + x12 + 'T13) )

Hence, we obtain for B the following inequality system, excluding redundant inequalities:

ap <xo <by ag<wg<bg 08 0<miz<ap ag<z3+7z4+x5=< 04

ag <w1 <by 0< 5 T9 < ap 0< w4 a. <23+ 19 < b

ap <xp <by 0<w<by, aqg<x0 0< 25 Tg + 210 + 711 < by
B=qa,<x3<b, 0<27<by 0< 2z ap <Tg+ 10 aqg < xTio+ 212 + 713 < by

ac < x3 T7 < ap aq <212 <by Tz +T14 < by 27T+ 28 < by

0<a, 0<ap 0<ac ag < x10+T12 T12 + 215 < by

0<aq

Subsequently, with respect to the properties of a interval function (cf. [18]) it has to be true:
0<a; <b forallte{a,b,cd}, ap>1, bp>1.

Thus, a solution (with minimal values) for the interval function I* is, e.g., aq = b, = 0,a, =
by =1,a. = b. = 0,aq = 0 and by = 1. All possible integer solutions for x1, ... , x15 are the base
for constructing the reachability graph and the reachability tree of the TPN. Actually, having all
interval bounds we construct the reachability graph/tree successively and without calculating any
inequality systems, cf. [18]. The reachability graph of the TPN has 11 states and is was calculated
with INA or tina (cf. [20], [21]). An analyzing protocol is included as an appendix.

Proposition 2. Let (N, mg) be a live and unbounded Petri net, for which there exists a feasible
cyclic run, which includes all transitions in N. Let then I be an interval function calculated for
(N, mg) according to the algorithm described above. Then the TPN (N, I,mg) is live and bounded.

Proof. (Idea) Note, that if a node in a spine-based coverability tree has a descendant leaf, colored
in red, then the marking of this node can enable an unbounded run, leading to an w-marking. If



it has a descendant leaf, colored in green, then the marking of this node can enable a cycle, which
includes all transitions in A

At each step at the stage 4 the parametric run forces initial runs to the markings labeling green
leaves in the spine-based coverability tree of the Petri net and forbid the branching of each initial
run ending into a marking which labels read leaf.

The set B of inequalities defined in stage 5 obtains all constains successively calculated in stage
4 and the conditions for interval bounds.

The resulting Time Petri net (N, I,mg) is live, because it retains all initial cycles with all
transitions.

The net (N, I, mg) is bounded, because all unbounded branches in (N,mg) are cut by time
constrains. O

The above algorithm allows to calculate an interval function needed for the net boundedness,
only in the case, when such function exist.

In order to calculate minimal values for the interval bounds a; and b; we can consider the Linear
Programming

min { Y (a; +b) | B}.

teT

Note also, that in the above algorithm we keep all feasible cycles, containing all transitions.
The algorithm can be modified to keep at least one such cycle.

Let us compare both algorithms for controlling the behavior of a Petri net: By using priorities,
cf. [12], and by using time constrains as represented here. Both algorithms can ”repair” a live
and unbounded Petri net into a live and bounded. But, the second algorithm works also in some
cases when the first one does not work and it works always when the first one does it. The reason
for that is the statical use of the priority relation. The time intervals introduce also a kind of
priority relation between the transitions, but this priority is a dynamic one. For example, for the
net (N*,mg) it is not possible to find a priority relation such that the firing of the transition d is
prioritized to transition b but once, at the marking (1,0,0,0,1) — where both transitions b and
d may fire — b should fire. This is possible assigning time intervals, as we have seen. Thus, when
the spine-based coverability tree would consist only of the left main branch, cf. Fig. 4, then there
would not be a priority solution but a solution with time constrains.

4 Conclusion

In this paper we have studied the possibility for obtaining a live and bounded Petri net from a
live and unbounded one by adding time constrains as time intervals associated to each transition.
We have presented necessary conditions for existence of such priorities. These conditions are not
sufficient, but help to exclude unsolvable cases. Furthermore, we have represented an algorithm for
computing (minimal) time intervals for transforming a live and unbounded Petri net into live and
bounded and live net. The resulting net is a Time Petri net with the prior skeleton (underlying
timeless net).

This algorithm converts a live and unbounded Petri net into a live and bounded Time Petri net
even in some cases, when our previous algorithm for finding a priority relation for retaining the
liveness does not work. Thus, the algorithm represented here is more powerful than the priority
algorithm.
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5 Appendix

Integrated Net Analyzer [v2.2p6-Mar 23 2001-linux] session report:

Current

token type: black

net options are:

time option: intervals

elements : transitions

firing rule: normal

priorities : not to be used
strategy : single transitions
line length: 80

Net read from irina_mit_int.pnt
Information on elementary structural properties:

Current

name options are:

transition names to be written
place names to be written

The net
The net
The net
The net
The net
The net
The net
The net
The net
The net
The net
The net
The net
The net
The net
The net
The net
The net
The net
The net
Maximal
The net
The net

is statically conflict-free.

is dynamically conflict-free.

is pure.

is not ordinary.

is not conservative.

is not subconservative.

is not a state machine.

is free choice.

is extended free choice.

is extended simple.

is marked.

is not marked with exactly one token.
is a marked graph.

is homogenous.

has not a non-blocking multiplicity.
has no nonempty clean trap.

has no transitions without pre-place.
has no transitions without post-place.
has no places without pre-transition.
has no places without post-transition.
in/out-degree: 2

is connected.

is not strongly connected.

ORD HOM NBM PUR CSV SCF CON SC Ft@ tFO Fp@ pF@ MG SM

N Y
CPI CTI
? ?
Current
no
no
do

N Y N Y Y N N N N N Y N
B SB REV DSt BSt DTr DCF L LV L&S

? 0?2 0?2 2?2 7?2 1?2 Y 1?1 7 7
analysis options are:

symmetrical reduction
depth restriction

not use a 'bad' predicate

Computation of the reachability graph
States generated: 11

Markings: 10 Clock positions: 9
Arcs generated: 16

Capacities needed:

Place 1
Cap: 1

2345
1211

(for Place/Transition nets)

FC EFC ES

Y

Y

Y



The

net has no dead transitions at the initial marking.

The net has no dead reachable states.

The net is bounded.

The net is not safe.

The net is not live and safe.

Livenesstest:

Computing the strongly connected components

The net is live.

The net is live, if dead transitions are ignored.
The net is covered by semipositive T-invariants.
The computed graph is strongly connected.

The net is reversible (resetable).

State nr. 1 Marking nr. 1 Clocks nr.
P.nr: 12345

toks: 10010

T.nr: 1 2 3 4

time: - 0 - -

==[1,t2]=> s2

State nr. 2 Marking nr. 2 Clocks nr.
P.nr: 12345

toks: 011180

T.nr: 1 2 3 4

time: 0 - - -

==[0,t1l]=> s3

State nr. 3 Marking nr. 3 Clocks nr.
P.nr: 12345

toks: 101180

T.nr: 1 2 3 4

time: - 0 - -

==[1,12]=> s4

State nr. 4 Marking nr. 4 Clocks nr.
P.nr: 12345

toks: 012180

T.nr: 1 2 3 4

time: 0 - 0 -

==[0,t1l]=> s5

==[0,t3]=> s10

State nr. 5 Marking nr. 5 Clocks nr.
P.nr: 12345

toks: 102180

T.nr: 1 2 3 4

time: - 0 0 -

==[0,t3]=> s6

State nr. 6 Marking nr. 6 Clocks nr.
P.nr: 12345

toks: 10001

T.nr: 1 2 3 4

time: - 0 - 0

==[1,1t2]=> s7

==[0,t4]=> s1

==[1,t4]=> s9

State nr. 7 Marking nr. 7 Clocks nr.



P.nr:
toks:
T.nr:
time:
==[0,t1l]=> s8
==[0,t4]=> s2
State nr. 8
P.nr:
toks:
T.nr:
time:
==[0,t4]=> s
State nr. 9
P.nr: 1
toks: 1
T.nr: 1
time: -
==[0,t2]=> s
State nr.
P.nr: 12 3
toks: 0 1 0
123

SrRrOor
I NERL N
|l WKk W
[l > S I S

= O

Marking nr. 8
5
1

| PR
OSNON
| WKk W

4
0
4
1
3

Marking nr. 1

R NON
| Wo w
(SN, ]

<s.h<s.h:;|v I A D

Marking nr. 9

= U

T.nr:

time: 0
==[0,tl]=> s6
==[0,t4]=> sl11
State nr.
P.nr:
toks:
T.nr:
time:
==[0,t1l]=> sl

Marking nr. 10

SrRrOor

I NP N

| Woeo W
[ e
=

S Ul

Clocks

Clocks

Clocks

Clocks

nr.

nr.

nr.

nr.

ORD HOM NBM PUR CSV SCF CON SC Fto@ tF@ Fpo pF@ MG SM

[ ?7 Y N ? N Y

N Y N Y N Y Y N N
CPI CTI e SB REV DSt BSt DTr DCF
Current options written to options.ina

End of Analyzer session.

N N
LV L&S
Y N

Y

N

FC EFC ES

Y

Y

Y



