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Introduction

In this paper we propose a Petri net based representation for
planning problems. The motivation for this is that Petri nets
are a formal tool useful to model and analyse domains in-
volving true parallelism, concurrency, conflicts, and causal
relations which are beyond the scope of classical planning.

In (Silva, Castilho, & Kiinzle 2000) we presented a way
to translate the plan graph into an acyclic Petri net. This
would already serve as a basis for our desired analysis on
non-classical planning. However, that translation kept the
same redundancies of the plan graph. It just translate propo-
sitions and actions in the plan graph to places and transitions
in the Petri net.

In this first translation we didn’t explore the dynamics of
Petri nets. In the approach proposed in this paper we show
the construction of the Petri net directly from the description
of the problem. In this new structure, we give another view
about the mutex relation and maintenance actions. We give
details about this in section .

In Petri nets, a planning problem corresponds to a
submarking reachability problem. This is known to be
EXPspace-hard (Lipton 1976; Esparza & Nielsen 1994) in
the general case. Fortunately, our net is an acyclic one and
in this case we are in the NP-complete case (Stewart 1995),
which is what we expected. Anyway, to solve the reachabil-
ity problem is not straightforward and due to lack of space
we refer the reader to (Rauhamaa 1990). In this paper we
focus on the structure of our model.

In the next section we recall the basis of Petri nets. Then
we present the construction of a Petri net directly from the
description of the planning problem. Finally we present
some concluding remarks.

Petri Nets, Reachability and the Petriplan
algorithm

A Petri net (Murata 1989) is a 4-tuple N =
(P, T, Pre, Post) where P = {p1,p2,...,pn} is a fi-
nite set of places, T' = {t1,ta,...,t,} is a finite set of
transitions, Pre : P x T' — N is the input incidence
function and Post : P x T — N is the output incidence
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function. A Petri net with a given initial marking is denoted
by (N, My) where My : P — N is the initial marking.

The Petri net dynamics is given by firing enabled tran-
sitions, whose occurrence corresponds to a state change of
the system modelled by the net. A transition ¢ of a Petri
net N is enabled for a marking M iff M > Pre(.,t). This
enabling condition, expressed under the form of an inequal-
ity between two vectors, is equivalent to Vp € P, M(p) >
Pre(p,t).

Only enabled transitions can be fired. If M is a marking
of NV enabling a transition ¢, and M’ the marking derived
by the firing of ¢ from M, then M’ = M + Post(.,t) —
Pre(.,t). Note that the firing of a transition ¢ from a marking

M derives a marking M": M 4 M.

We can generalise this formula to calculate a new mark-
ing after firing a sequence s of transitions. Let us consider a
matrix C' = Post — Pre, called Petri net incidence matrix,
and a vector s, called characteristic vector of a firing se-
quence s (s : T — N, such that 5(¢) is the number of times
that transition ¢ appears in the sequence s). The number of
transitions in T" defines the dimension of the vector 5. Then,
firing a sequence s of transitions from AZ, a new marking
M, is calculated by the fundamental equation of NV:

My, =M +C5. 1)

We can use the fundamental equation to determine a vec-
tor 5 for a given net IV and two markings M and M,. The
satisfying solution must be a nonnegative integer vector, and
it is only a necessary condition for A, to be reachable from
M. This condition becomes necessary and sufficient for
acyclic Petri nets, a subclass of Petri nets that have no di-
rected circuits (Murata 1989).

The reachability relation between markings of a firing
transition can be extended, by transitivity, to the reacha-
bility of the firings of a transition sequence. Thus, in a
Petri net IV, it is said that the marking M, is reachable
from the marking M iff there exists a sequence of transi-
tions s such that: M % M,. The reachability set of a
marked Petri net (I, My) is the set R(N, M) such that
(M € R(N, My)) & (IsMy > M).

We call the reachability problem for Petri nets the prob-
lem of determining if a given marking M, is reachable from
My. The sub-marking reachability problem for a given



sub-marking M, consists of determining if exists a mark-
ing M, that is reachable from M, and M, C Mg, where
M, € R(N,My). In (Rauhamaa 1990) we have several
different techniques to solve it.

The Petriplan algorithm consists in two steps: first, the
construction of a Petri net from the description of the plan-
ning problem; then find a sequence of transitions firings that
solves the reachability problem. In the next sections we ex-
plore the construction of the net directly from the description
of the problem, taking profit of the representational power of
a Petri net.

The plan net

In this section we modify the structure of our Petri net de-
fined in (Silva, Castilho, & Kiinzle 2000) and define what
we call the plan net, which is simply a Petri net obtained
directly from the description of the problem exploring the
representational power of Petri nets. We need however to
explain two important points before showing the construc-
tion technique.

First of all, let’s consider the representation of proposi-
tions. In the beginning of the construction of the net a place
represents a proposition. During the process when it is found
that a proposition is a precondition of more then one action,
we just copy the place. It may happen that a place will be
copied several times.

Now let’s consider the possible inconsistencies between
actions. In the plan graph this means to look for the mutex
relation between action in some layer. When this is found
the actions are marked as mutex, i.e., these two actions can-
not be executed at the same time. This forces the copy of
the entire layer to a new one using maintenance actions. In a
certain sense the conflict is not completely solved, just in the
“search for a solution” phase the two actions are ordered.

In our case the proposal is to have no maintenance actions.
What we do is to refine the mutex relation. We relate two
actions in five different ways, not only two (mutex and not
mutex). Let = and y be two actions. We define the following:

e (x 1 y): they are totally independent, that is, they may
happen even in parallel. This is the “not mutex” in the
plan graph sense. It may be possible to have only z, only
vy, = followed (or preceded) by y and x and y in parallel;

e (x » y): x has as effect the negation of some effect of
y. This way x and y may occur in any order, but not in
parallel;

e (x A y): z hasas effect the negation of some precondition
of . So x could not occur before or in parallel with y;

e (z % y): y hasas effect the negation of some precondition
of z. So y could not occur before or in parallel with z;

e (xoy): x Ayandz ¥ y. The given actions may occur
just each one alone or with a third action between them.

This is an important difference between the graph and the
plan net. The price for this is that we need to find out the
correct kind of relation between two actions. The algorithm
is based on a graph structure called graph of static inconsis-
tencies, which is a graph whose nodes are actions and there

Figure 1: Graph of static inconsistencies for the first layer.

is an edge of type ¢ linking = and y if x is related with y with
respect with relation ¢. Observe that (x ¢ y) is the stronger
case. The process of construction of this graph has the same
computational cost of finding all the static mutex relations
in the plan graph.

Now we are in condition to show the algorithm to con-
struct the plan net. This process follows the idea of the con-
struction of the plan graph. It begins with marked places
representing the initial state.

We enter then in a loop looking for the places represent-
ing the final state. This loop has three phases, which are
described in details below.

Phase 1: we add transitions representing all possible ac-
tions whose preconditions are already in the net. If some
place is already a precondition of some other transition cre-
ate a copy of this place. This copy is not needed only in the
case whether the consequence of the action is the negation of
that precondition been copied. This copy will be linked with
the transition been added. This phase will define a layer, i.e.,
all possible actions that may be fired simultaneously.

Phase 2: we construct the graph of static inconsistencies
for the transitions in the last generated layer (figure 1). Itis
constructed as we explained above. This graph will guide
the construction of the control structure of the net. This is a
Petri net containing all possible sequences of non inconsis-
tent actions present in the last generated layer. The places
here are not associated with propositions, they are just con-
trol places. We merge this structure in the net. The merge
process is to include copies of the actions appearing in the
control structure that are not in the original net. But we do
not need to copy the places representing preconditions of
the actions been copied. For example in figure 2 the ac-
tion mft(b, c)° was copied to m ft(b, ¢)!, but both share the
same preconditions £(b)!, f(c)" and ot(b)°. At the end of
this phase we have a Petri net containing all possible ways
of executing the actions without any conflict in this layer.
Figure 2 shows the resulting net.

We must say that the notion of layer in the Petri net is dif-
ferent from that in the plan graph. Here, a layer may contain
actions happening in more than one instant of time, whereas
in the plan graph each layer is associated with only one in-
stant of time. Due to the process of construction based on
the graph of static inconsistencies we can warrant that there
is no static inconsistent sequences of actions in each branch
of the net in this layer.

Phase 3: if the net contains places representing the goal
state we enter phase 3, i.e., we will look for a solution. That



Figure 2: The first layer for Sussman anomaly with control
structure.

means to find a flow in the net which puts tokens in the
places representing the goal state. This is the reachability
problem in Petri nets. As said, we refer to (Rauhamaa 1990)
for the complexity of this problem. If such a flow exists, then
it is a (possibly parallel) plan. In the other case, we return to
phase 1. In our example there is no such a flow. So we must
return one more time to phase 1 and 2. For lack of space we
will not show the figures. Now in phase 3 the flow exists.
Figure 3 the final Petri net for the Sussman anomaly. This
net is a simplified version containing just the paths which
reach some goal state place.

Figure 3: Final Petri net for the Sussman anomaly.

Discussion

Relations between Petri nets and planning problems were
former investigated by (Murata & Nelson 1991) and (Mieller
& Fabiani 2000). The first use a general cyclic predicate-
transition Petri net. The problem is that the necessary and
sufficient condition of equation 1 is broken, and the only
way to solve the reachability problem is to use the reach-
ability graph, which leads to an enumerative search for a
solution.

The second approach defines a cyclic coloured Petri net,

in which each place corresponds to a logical predicate de-
scribing actions preconditions or effects. The operators in-
stantiation is made by token colours. The theoretical model
obtained for the resulting planning problem is in fact more
compact than ours, but it presents the same problem of ex-
haustive search, as in (Murata & Nelson 1991).

In our approach, however, we have a simpler acyclic
place-transition Petri net, with necessary and sufficient con-
ditions to use the equation 1 to find a solution to the plan-
ning problem. This paper modifies our first presentation of
the Petriplan algorithm (Silva, Castilho, & Kiinzle 2000) by
taking profit of the dynamics of the Petri net thus reducing
the structure.

Finally, the method proposed in this paper permits to con-
struct a Petri net representation of the planning problem. As
others methods, we can find a solution to the planning prob-
lem, in our case using reachability algorithms. The classical
way is to start an exhaustive search, just as Graphplan does.
However, as we have an acyclic Petri net, the matrix rep-
resentation of the fundamental equation can be viewed as a
constraint satisfaction problem, which can be solved using
several methods, as integer programming, SAT, among oth-
ers.
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