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Abstract. Petri nets provide a simple yet very intuitive graphical model
for processes such as concurrency, parallelism and synchronization. Fur-
thermore, they have a solid mathematical foundation and a number of
analysis methods available. Due to these reasons, Petri nets are espe-
cially suited for the analysis of large and complex systems. In this paper
we apply the Petri nets formalism to represent and analyze a power dis-
tribution system. To this aim, we report briefly a Mathematica package
developed by the authors to deal with Petri nets. The package is sub-
sequently applied to determine the possible scenarios of a failure of the
system and some associated behaviors.

1 Introduction

The analysis of large and complex systems is still a challenge from the compu-
tational point of view. Many different approaches have been described during
the last few years to tackle this issue. Among them, those based on Petri nets
(PN) are gaining more and more popularity. Most of the PN interest lies on
their ability to represent a number of events and states in a distributed, paral-
lel, nondeterministic or stochastic system and to simulate accurately processes
such as concurrency, sequentiality or asynchronous control 2,13, 12]. In addition,
they have a solid mathematical foundation and a number of analysis methods
available: linear algebraic techniques to verify properties such as place invari-
ants, transition invariants and reachability; graph analysis and state equations
to analyze their dynamic behavior; simulation and Markov-chain analysis for
performance evaluation, etc. As a consequence, Petri nets have been successfully
applied to many interesting problems including finite-state machines, concur-
rent systems, multiprocessors, parallel and distributed computation, formal lan-
guages, communication protocols, software verification and validation and many
others [4-6, 18, [11].

In this paper we apply the Petri nets formalism to analyze the behavior and
all possible scenarios of a failure of a power distribution system. As it will be
shown later on, the PN scheme allows us not only to characterize all situations
leading to system failures but also to answer many related questions such as
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Table 1. Mathematical definition of a Petri net

A Petri net (PN) is a 5-tuple PN = (P, T, A, W, M) comprised of:

e a finite set of places, P = {P1,..., Pn},
e a finite set of transitions, T = {t1,...,txn},

e a set of arcs, A C (P xT)|J(T x P)

e a weight function: W : A — IN? (¢ = #(A))
e an initial marking: My : P — IN™

If PN is a finite capacity net, it also contains:
e a set of capacities, C: P — IN™
e a finite collection of markings M; : P — IN™

the number of steps required to achieve a specific system state or the actions
involved in such a process. All these questions are properly addressed by using
a Mathematica package briefly reported in this paper.

The structure of this paper is as follows: firstly, some basic concepts and def-
initions about Petri nets (mainly intended for those unfamiliar with this kind
of methodology) are given in Section 2l Section [B] describes briefly a Mathe-
matica package to deal with some specific classes of Petri nets. The package is
subsequently applied in Section [ to the representation and failure analysis of
the power distribution system. Some conclusions and further remarks close the

paper.
2 Basic Concepts and Definitions

A Petri net (PN) is a special kind of directed graph, together with an initial
state called the initial marking (see Table [I] for the mathematical details). The
graph of a PN is a bipartite graph containing places { Py, ..., Py, } and transitions
{t1,...,tn}. Figure [l shows an example of a Petri net comprised of three places
and six transitions. In graphical representation, places are usually displayed as
circles while transitions appear as rectangular boxes. The graph also contains
arcs either from a place P; to a transition ¢; (input arcs for t;) or from a transition
to a place (output arcs for ¢;). These arcs are labeled with their weights (positive
integers), with the meaning that an arc of weight w can be understood as a set
of w parallel arcs of unity weight (whose labels are usually omitted). In Fig. [l
the input arcs from P; to t3 and P; to t4 and the output arc from t; to P; have
weight 2, the rest having unity weight.

A marking (state) assigns to each place P; a nonnegative integer, k;. In this
case, we say that P; is marked with k; tokens. Graphically, this idea is represented
by k; small black circles (tokens) in place P;. In other words, places hold tokens
to represent predicates about the world state or internal state. The presence or
absence of a token in a place can indicate whether a condition associated with
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Fig. 1. Example of a Petri net

this place is true or false, for instance. For a place representing the availability
of resources, the number of tokens in this place indicates the number of available
resources. At any given time instance, the distribution of tokens on places, called
Petri net marking, defines the current state of the modeled system. All markings
are denoted by vectors M of length m (the total number of places in the net)
such that the i-th component of M indicates the number of tokens in place P;.
From now on the initial marking will be denoted as M. For instance, the initial
marking (state) for the net in Figure[dlis {2, 1, 0}.

The pre- and post-sets of nodes are specified in this paper by a dot notation,
where ou = {v € P|JT/(v,u) € A} is called the pre-set of u, and ue = {v €
PUT/(u,v) € A} is called the post-set of u. The pre-set of a place (transition)
is the set of input transitions (places). The post-set of a place (transition) is
the set of output transitions (places). The dynamical behavior of many systems
can be expressed in terms of the system states of their Petri net. Such states
are adequately described by the changes of markings of a PN according to a
firing rule for the transitions: a transition ¢; is said to be enabled in a marking
M when all places in et; are marked. For instance, transitions g, t3 and 5 in
Figure [Tl are enabled, while transitions t4 and tg are not. Note, for example, that
transition ¢4 has weight 2 while place P; has only 1 token, so arc from P» to t4
is disabled. If transition ¢; is enabled, it may or may not be fired (depending on
whether or not the event represented by such a transition occurs). A firing of
transition ¢; removes w; ; tokens from each input place P; of ¢; and adds wj
tokens to each output place Py of ¢;, w; ; being the weight of the arc from ¢; to
Py,. The fireability property of a transition ¢; is denoted by M(t; > while the
creation of a new marking M’ from M by firing ¢; is denoted by M[t; > M’.

A marking M is reachable from any arbitrary marking M iff there ex-
ists a sequence of transitions o = tjtats...t, such that M[t; > Mt >
My ... M, _1[t, > M. For short, we denote that the marking M is reachable
from M by M[o > M, where o is called the firing sequence. The set of all mark-
ings reachable from M for a Petri net PN is denoted by H[(PA, M) >. Given a
Petri net PN, an initial marking My and any other marking M, the problem of
determining whether M € W[(PN, My) > is known as the reachability problem
for Petri nets. It has been shown that this problem is decidable [9] but it is
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also EXP-time and EXP-space hard in the general case [10]. In many practical
applications it is interesting to know not only if a marking is reachable, but also
what are the corresponding firing sequences leading to this marking. This can
be done by using the so-called reachability graph, a graph consisting of the set
of nodes of the original Petri net and a set of arcs connecting markings M; and
Mj iff It € T/Mz[t > Mj.

A transition without any input place is called a source transition. Note that
source transitions are always enabled. In Figure[Il there is only one source transi-
tion, namely ¢1. A transition without any output place is called a sink transition.
The reader will notice that the firing of a sink transition removes tokens but does
not generate new tokens in the net. Sink transitions in Figure [ are t5, t4 and
te. A couple (P;,t;) is said to be a self-loop if P; € (et; (t;e) (i.e., if P; is both
an input and an output place for transition ¢;). A Petri net free of self-loops is
called a pure net. In this paper, we will restrict exclusively to pure nets.

Some PN do not put any restriction on the number of tokens each place can
hold. Such nets are usually referred to as unfinite capacity net. However, in most
practical cases it is more reasonable to consider an upper limit to the number of
tokens for a given place. That number is called the capacity of the place. If all
places of a net have finite capacity, the net itself is referred to as a finite capacity
net. All nets in this paper will belong to this later category. In such case, there is
another condition to be fulfilled for any transition ¢; to be enabled: the number
of tokens at each output place of ¢; must not exceed its capacity after firing t;.
For instance, transition ¢; in Figure [ is initially disabled because place P; has
already two tokens. If transitions t5 and/or t3 are applied more than once, the
two tokens of place P; will be removed, so t; becomes enabled. Note also that
transition t3 cannot be fired initially more than once, as capacity of Ps is 2.

3 A Mathematica Package for Petri Nets

In this section a Mathematica package to deal with Petri nets is briefly reported
(the reader is referred to |7] for a more detailed information about this software).
We start our discussion by loading the package:

In[1]:= <<PetrilNets®

According to Table[I] a Petri net (like that in Figure [l and denoted onwards
as net1) is described as a collection of lists. In our representation, net1 consists
of three elements: a list of couples {place, capacity}, a list of transitions and a
list of arcs from places to transitions along with its weights:

In[2]:= net1={{{p1,2},{p2,2},{p3,1}},{t1,t2,t3,t4,t5,t6},{{p1,t1,2},
{p1,t2,-1},{p1,t3,-2},{p2,t3,1},{p2,t4,-2},{p2,t5,-1},{p3,t5,1},
{p3,t6,-1}}};

Note that the arcs are represented by triplets {place,transition,weight},
where positive value for the weights mean output arcs and negative values de-
note input arcs. This notation is consistent with the fact that output arcs add
tokens to the places while input arcs remove them. Now, given the initial mark-
ing {2,1,0} and any transition, the FireTransition command returns the new
marking obtained by firing such a transition:
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Fig. 2. Reachability graph for the Petri net in Figure 1

In[3]:= FireTransition[net1,{2,1,0},t2];
Out/3]:= {1,1,0}

Given a net and its initial marking, an interesting question is to determine
whether or not a transition can be fired. The EnabledTransitions command
returns the list of all enabled transitions for the given input:

In[4] := EnabledTransitions[net1,{2,1,0}];
Out[4]:= {t2,t3,t5}

The FireTransition command allows us to compute the resulting markings
obtained by applying these transitions onto the initial marking:
In[5]:=FireTransition[net1,{2,1,0},#1& /@ %;

Outf5]:= {{1,1,0},{0,2,0} {2,0,1}}

Note that, since transition 1 cannot be fired, an error message is returned:
In[6]:= FireTransition[net1,{2,1,0},t1];

Out[6]:= FireTransition: Disabled transition: t1 cannot be fired for the given net
and the {2,1,0} marking.

From Outf}] and Out[5], the reader can easily realize that successive appli-
cations of the EnabledTransitions and FireTransition commands allows us to
obtain all possible markings and all possible firings at each marking. However,
this is a tedious and time-consuming task to be done by hand. Usually, such
markings and firings are graphically displayed in the reachability graph (see de-
scription above). The next input returns the reachability graph for our Petri net
and its initial markin:

! For an arbitrary PN the reachability graph may be of infinite size. This is not the
case in this paper, as we restrict ourselves to finite PN.
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Fig. 3. Power distribution system diagram

In[7]:= ReachabilityGraph[net1,{2,1,0}1;
Out[7]:= See Figure[2

Figure [2 can be interpreted as follows: the outer column on the left provides
the list of all possible markings for the net. Their components are sorted in
increasing order from the top to the bottom, according to the standard lexi-
cographic order. For any marking, the row in front gives the collection of its
enabled transitions. For instance, the enabled transitions for the initial marking
{2,1,0} are {t2,t3,t5} (as expected from Out[4]), while they are {¢1,t4,t6} for
{0,2,1}. Given a marking and one of its enabled transitions, we can determine
the output marking of firing such transition by simply moving up/down in the
transition column until reaching the star symbol: the marking in that row is the
desired output. By this simple procedure, results such as Out[5] can readily be
obtained.

4 Applying Petri Nets to a Power Distribution System

Petri nets have been successfully used as a formal method for the representa-
tion and analysis of large and complex dynamical systems during the last two
decades. The reason is the large amount of mathematical tools available to anal-
yse normal Petri nets [1, [12]. This allows us to perform a formal check of the
properties related to the behavior of the underlying system, e.g., precedence
relations amongst events, concurrent operations, appropriate synchronization,
freedom from deadlock, repetitive activities, and mutual exclusion of shared
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Table 2. Definition of variables

EMF applied to Motor 2 for ¢ > 60 seconds

M relay contacts remain closed for ¢ > 60 seconds

I relay contacts fail to open when M contacts have

been closed to ¢t > 60 seconds

EMF remains on M coil for ¢ > 60 seconds

G relay contacts fail to open when M contacts have

been closed for ¢t > 60 seconds

E G relay contacts fail to open when K contacts have
been closed for ¢t > 60 seconds

D EMF not removed from G relay coil when K contacts
have been closed for ¢ > 60 seconds

A, B, C Primary failure of timer A, B, C (resp.)

~z20

vl

F Primary failure of pushbutton F'
G, I, M Primary failure of relays G, I, M (resp.)
K Primary failure of test signal K

resources, to mention just a few. The ability of PN to verify the model formally
is especially important for realtime safety-critical systems, such as air-traffic
control systems, rail-traffic control systems, nuclear reactor control systems and
so on. In this section, we apply Petri nets’ formalism to failure detection of the
system described in the next paragraphs.

4.1 Description of the System

Figure Bl shows a power distribution system with three motors, 1, 2 and 3, and
three timers, A, B and C, which are normally closed. A momentary depression of
pushbutton F' applies power from a battery to the coils of cutthroat relays G and
I. Thereupon G and I close and remain electrically latched. To check whether
the three motors are operating properly, a 60-second test signal is impressed
through K. Once K has been closed, power from battery 1 is applied to the coils
of relays R and M. The closure of R starts motor 1. The closure of T applies
power from battery 1 to coil S. The closure of S starts motor 3.

After an interval of 60 seconds, K is supposed to open, shutting down the
operation of all three motors. Should K fail to be closed after the expiration of
60 seconds, all three timers A, B and C open, de-energizing the coil of G, thus
shutting down the system. Suppose K open to de-energize G, and motor 1 stops.
B and C act similarly to stop motor 2 or motor 3 should either M or S fail to
be closed. For the sake of simplicity and brevity, in the following only the effect
of motor 2 is analyzed.
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Fig. 4. Failure tree of the system

4.2 Failure Tree

To do so, let us consider @ to represent the event of failure of motor 2. We use the
notation Q = ¢ to denote the failure of motor 2. Similarly, a,b,c,... represent
the failures of the respective components A, B,C,.... Based on the previous
description of the system, we can derive the following logical expression for the
failure of motor 2:

g=mVEANGVEA(@NbDAC))V((EANIAEVgVDLV )

where the symbols V and A denote the logical operators or and and, respectively.
This expression is obtained by combining all possible partial failures of the com-
ponents of the system that eventually produce a failure of motor 2. This equation
can be expressed in a more intuitive way using the so-called failure tree. In this
representation, the failures of timers A, B and C' are combined into an interme-
diate cause of failure, D; then D is combined with G and F' to define another
intermediate cause of failure, E and so on. The resulting tree, depicted in Figure
[ includes the initial variables {A, B,C, F,G, I, K, M} along with the interme-
diate failures {D, E, H, J, L, N} that imply the failure of the motor. The final set
of variables used in this example is {A, B,C,D,E, F,G,H,I,J,K,L, M,N,Q}.
Their meaning is given in Table 2
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Fig. 5. Petri net of the power distribution system

4.3 Petri Net Representation

This system can be represented in Mathematica as:
In[8] :=motor={{{A,1},{C,1},{B,1},{D,3},{F,1},{c,1},{K,1},{E,3},{H,3},{I,1},
{M,1},{L,2},{J,2},{N,2},{Q,2}},{t1,t2,t3,t4,t5,t6,t7,t8,t9,t10,t11,t12,t13,
t14},{{t1,4,-1},{¢1,D,1},{t2,C,-1},{t2,D,1},{¢3,B,-1},{t3,D,1},{t3,H,1},
{t4,D,-3},{t4,E,1},{t5,F,-1},{t5,E,1},{t5,H,1},{t6,G,-1},{t6,E,1},{t6,H,1},
{t7,K,-1},{¢t7,L,1},{t8,E,-1},{t8,L,1},{t9,H,-1},{t9,J,1},{t10,I,-1},
{t10,3,1},{t11,M,-1},{t11,N,1},{t12,L,-2},{t12,N,1},{t13,7,-1},{t13,Q,1},
{t14,N,-1},{t14,Q,1}}};
leading to the Petri net displayed in Figure Bl

For illustrative purposes, the net is represented along with an initial marking
represented by tokens in some places. In particular, the net in Figure 5 does
represent the situation where all system components fail simultaneously (thus
leading to a general failure of the system), given by the marking:
In[9] :=imk={1,1,1,0,1,1,1,0,0,1,1,0,0,0,0};

4.4 System Analysis

Identification of primary variables. From Fig. [l it seems that the failure of
the motor, @, is a consequence of the failures of {4, B,C, D, E, F,G,H,1,J, K, L,
M, N,Q}. However, some of these variables are intermediate variables, meaning
that their failures are consequence of other primary variables (associated with
the real components of the system). According to the description of the problem
in terms of Petri nets, this means that () is reached iff:
(t14 Vti1 Viie V (t7 A\ (tg VigVisVigV (t1 Nty /\tg))))/\ (t13 VitigVigV (t6 Vis \/t5))
Note however that t14 is initially disabled because it requires either t1; or
t12 to be fired. Note also that similar arguments can be applied to t13, tg and
tg. At its turn, tio is initially disabled because it requires both ¢g and ¢7 to
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Fig. 6. Reachability graph of the power distribution system for failures of components
B and M

be previously fired and the same applies to t4. So, previous expression can be
simplified to:

(t11 V (t7 A (te Vs V (81 Ata At3)))) A (1o V (te V Es V t5))

that identifies the primary transitions of the system. This process can more easily
be done by using the EnabledTransitions command:

In[10] :=EnabledTransitions [motor,imk]

Out[10]:= {t1,2,t3,t5,t6,t7,t10,t11}

Reachable states of the system. This input returns the list of reachable
markings (states) for the initial marking in Fig. 5:
In[11] :=1m=ListReachableMarkings [motor,%];

The output (stored in variable 1m) is too large to be displayed here, as it
includes 7074 possible stated?:
In[12] :=Length[1m]
Out[12]:= 707/

However, the situation in which all system components fail at the same time is
very rare. A more usual scenario is the failure of a specific component and then
the discussion of the resulting cases simplifies greatly, as it reduces to a change

2 Note that temporary states are also included in our analysis. Although they are
associated with transient states of the system, they are often helpful in order to
determine the sequences leading to system steady states.
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in the initial marking, leading to different token locations (and hence, different
states for the system) while the net topology no longer changes. In the following
we will use several initial markings to account for failures of different system
components. For instance, the failure of G and M yield 21 different states in the
system:

In[13] :=fgm=ListReachableMarkings [motor,{0,0,0,0,0,1,0,0,0,0,1,0,0,0,0}1;
Length[%]

Out[13]:= 21

of which only two lead to a failure of motor 2, represented by the condition
@ = 2 (meaning that @ has two tokens):

In[14] :=Select [fgm,MatchQ[#,{ ,2}1&]

out[14]:= {{0,0,0,0,0,0,0,0,0,0,0,1,0,0,2} ,{0,0,0,0,0,0,0,1,0,0,0,0,0,0,2} }

while that the additional failure of B and M leads to the following reachability
graph:

In[15] :=ReachabilityGraph [motor,{0,0,1,0,0,0,0,0,0,0,1,0,0,0,0}1;
Out[15]:= See Figure[fl

Analyzing transition sequences. One of the most interesting features of our
approach is that it allows us to compute sequences of transitions leading to
different states. For instance, we can determine the minimum number of transi-
tions required for a given state to be reached. Because the Petri net is a planar
graph, we implemented a modification of the minimal spanning tree algorithm.
The command MinimalTransitionSequence admits three arguments: the Petri
net, the initial marking and the target state and returns the list of transitions
of minimal length yielding such target:

In[16] :=MinTransitionSequence [motor,imk,Q->2]

Out[16]:={t10,t11}

The obtained output means that there is only one possibility for the failure
of motor 2 involving the minimum number of transitions. Note that ¢12 is not
included in this solution, as it requires the prior firing of both ¢7 and ts, thus
leading to larger sequences of transitions. Similarly, t9 is not part of the solution
to this problem because it requires the firing of either t3, t5 or tg. This output
means that the scenario of a system failure involving the minimum number of
processes is that of a primary failure of relay M and the simultaneous occurrence
of event J.

The target state in the previous command can be either a single condition
(such as @ = 2) or a collection of multiple conditions involving Boolean opera-
tors. They are given in the form [hs — rhs, according to the standard program-
ming syntax in Mathematica for replacement rules. Thus:
In[17]:=MinimalTransitionSequence [motor,{0,0,1,0,0,0,0,0,0,0,1,0,0,0,0},
{I->0,0->2}]

Out[17]:={{t3,t9,t11,t13,t14} ,{t3,t9,t11,t14,t13} ,{¢3,t9,t13,t11,t14},
{t5,t11,t9,t13,¢14} {t3,t11,t9,t14,t158},{t3,¢11,t14,89,t13} ,{t11,t53,89,t13,t14},
{t11,t3,t9,t14,¢13} {t11,t3,t14,t9,t18},{t11,t14,t3,t9,t15}}
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Fig. 7. Hierarchical tree of the sequences in Out[17]

returns the shortest sequences from the given marking that produces the failure
of @ while the relay I is working properly. Such states are related to the failures
of the following components:

In[18] :=PNComponents [motor,{0,0,1,0,0,0,0,0,0,0,1,0,0,0,0},#1& /@ %
Out[18]:={{H,I} {E,I} { G, I} { F,I} }

Note that the initial marking already states that B and M fail simultaneously.
The following input returns the same result graphically:

In[19] :=HierarchicalTree[%,Sort->Descending,ChildOrdering->LeftRight,
LayerOffset->Automatic,BoundingBox->Rectangle,TextAlign->{Middle,
Center}]

Out[19]:=See Figure[7]

The information stored in the hierarchical tree of Figure [0 can also be ex-
pressed in terms of the processes executed during the runtime. The input:
In[20] :=DirectedGraph[%},Field->Linear,BoundingBox->0val,
Configuration->Polygonal,TextAlign->{Middle,Center},LocalStates->Truel
Out[20]:=See Figure
returns the directed graph of the processes being executed according to the
sequences in Figure[Zl In this graph, failures of intermediate variables are denoted
as LF (for local failures) and that the value Q = 2 yields the failure of the system
(motor 2 in this example).

The interpretation of this directed graph is as follows: each node of the graph
corresponds to a specific process denoted by a variable according to Table[2l The
arrows indicate the flow of execution of such processes, as depicted in Figure [
Note that some arrows are bidirectional, as some processes can be executed
in reverse order as shown in Figure [l By this simple procedure, all sequences
described in the two hierarchical trees of Figure[can be embedded into the single
graph of Figure Bl Note also that some other processes cannot be executed in
reverse order, as they rely on previous steps. For instance, execution of transition
tg does require the prior execution of transition ts; this means that the processes
associated with these transitions, namely, H = 1 and J = 1 respectively, must
always be executed in that order and hence, reverse order is never allowed. This
fact is represented by the directed arrow from H = 1 to J = 1. Similarly, the
process Q = 2 (general failure of the system) always require the prior process
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Fig. 8. Directed graph of the hierarchical tree of Figure [1

Q@ = 1 (failure of either N or J, the ultimate system components of @}) and thus,
the arrow connecting both processes is undirectional. Therefore, this directed
graph allows us to detect this kind of directional behavior at a glance. This
feature is especially valuable for large systems, whose behavior is hard to be
explained without the assistance of specialized tools.

5 Conclusions and Further Remarks

In this paper we have applied the Petri nets formalism to analyze the behavior
of a power distribution system and obtain all possible situations of a failure of
the system. To this aim, a Mathematica package developed by the authors has
been successfully used. Our approach is very general in the sense that it can also
be applied to the analysis of a bulk of larger and more complex examples not
mentioned here because of limitations of space.

Regarding the implementation, it has been done in the computer algebra sys-
tem Mathematica version 5.2. This software is available for all major operating
systems (Windows, Macintosh, UNIX, Linux, etc.) on a variety of platforms and
hardware configurations. All computations in this paper have been done on a
Pentium IV, 3 GHz. with 1 GB. of RAM. Minimal requirements in terms of mem-
ory and storage capacity for our package do not exceed those commonly specified
to install Mathematica thus facilitating the use of our package. Furthermore, all
executions in our trials have been obtained in fractions of a second, making the
package especially well suited for real-time applications and web services.

Future work includes the extension of our scheme to probabilistic systems
and the inclusion of the system state equations in our analysis. In particular,
the symbolic manipulation of the system state equations might lead to poten-
tial advantages for some problems such as the reachability, liveness and others.



98

A. Iglesias and A. Gélvez

This research has been supported by the Spanish Ministry of Education and
Science, National Program in Computer Science (Project #TIN2006-13615) and
the University of Cantabria.

References

10.

11.

12.

. Bourdeaud’huy, T., Hanafi, S., Yim, P.: Mathematical programming approach to

the Petri nets reachability problem. European Journal of Operational Research 177,
176-197 (2007)

Galvez, A., Iglesias, A., Corcuera, P.: Representation and Analysis of a Dynamical
System with Petri Nets. In: Proc. International Conference on Convergence Infor-
mation Technology-ICCIT 2007, Gyeongju, Korea, pp. 2009-2015. IEEE Computer
Society Press, Los Alamitos (2007)

German, R.: Performance Analysis of Communication Systems with Non-
Markovian Stochastic Petri Nets. John Wiley and Sons, Inc., New York (2000)

. Iglesias, A.: A New Framework for Intelligent Semantic Web Services Based on

GAIVAs. International Journal of Information Technology and Web Engineering,
IJITWE 3(4), 30-58 (2008)

Iglesias, A.: Software Verification and Validation of Graphical Web Services in
Digital 3D Worlds. In: Communications in Computer and Information Science.
CCIS, vol. 56, pp. 293-300 (2009)

Iglesias, A.: Pure Petri Nets for Software Verification and Validation of Semantic
Web Services in Graphical Worlds. International Journal of Future Generation
Communication and Networking 3(1), 33-46 (2010)

Iglesias, A., Kapcak, S.: Symbolic computation of Petri nets. In: Shi, Y., van Al-
bada, G.D., Dongarra, J., Sloot, P.M.A. (eds.) ICCS 2007. LNCS, vol. 4488, pp.
235-242. Springer, Heidelberg (2007)

Iglesias, A., Luengo, F.: New Goal Selection Scheme for Behavioral Animation
of Intelligent Virtual Agents. IEICE Transactions on Information and Systems,
Special Issue on CyberWorlds E88-D(5), 865-871 (2005)

Kosaraju, S.R.: Decidability of reachability in vector addition systems. In: Proc.
14th Annual ACM Symp. Theory Computing, pp. 267-281 (1982)

Lipton, R.: The reachability problem requires exponential space.Technical report,
Computer Science Department, Yale University (1976)

Luengo, F., Iglesias, A.: Designing an Action Selection Engine for Behavioral An-
imation of Intelligent Virtual Agents. In: Gervasi, O., Gavrilova, M.L., Kumar,
V., Lagand, A., Lee, H.P., Mun, Y., Taniar, D., Tan, C.J.K. (eds.) ICCSA 2005.
LNCS, vol. 3482, pp. 1157-1166. Springer, Heidelberg (2005)

Murata, T.: Petri nets: Properties, analysis and applications. Proceedings of the
IEEE 77(4), 541-580 (1989)



	Computational Analysis of a Power Distribution System with Petri Nets
	Introduction
	Basic Concepts and Definitions
	A $Mathematica$ Package for Petri Nets
	Applying Petri Nets to a Power Distribution System
	Description of the System
	Failure Tree
	Petri Net Representation
	System Analysis

	Conclusions and Further Remarks
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




