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1 Introduction
The article \Putting Petri Nets to Work"
([9]), written by Agerwala, appeared in 1979.
In this article Agerwala argues that: \Today's
modeling tools, appropriate for conventional
sequential systems, will be inadequate for the
complex concurrent systems of the 80's. Petri
nets may o er a solution.". Since then Petri
nets have become a popular tool for describing and studying concurrent systems. Nevertheless, we believe that the classical Petri
net model described in [9] will be inadequate
for the complex industrial systems of the 90's.
Therefore, we propose a Petri net model extended with `colour', `time' and `hierarchy'.
Automated systems encountered in the
elds of logistics, manufacturing, communication and administration have become
more complex in the last decade. Hardware
and software developments allow for systems
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Petri nets exist for over 30 years. Especially
in the last decade Petri nets have been put into
practice extensively. Thanks to several useful extensions and the availability of computer tools,
Petri nets have become a mature tool for modelling and analysing industrial systems. This paper
describes an approach based on a high-level Petri
net model, i.e. an extended version of the classical Petri net model. This approach has been used
to model and analyse a variety of systems in application domains ranging from logistics to oce
automation.
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which are more complex. Moreover, today's
systems are often distributed and have to
satisfy temporal constraints. Classical Petri
nets describing these systems tend to be complex and extremely large. To solve this problem, we have extended the classical Petri net
model. First of all, tokens are `coloured'
which facilitates the modelling of objects having attributes. Secondly, we added `time' to
be able to model the temporal behaviour of a
system. Finally, we provide a `hierarchy construct' to decompose complex systems. Petri
nets extended with these three features are
called high-level Petri nets.
In our opinion, high-level Petri nets are
suitable for the representation and study of
the the complex industrial systems of the 90's.
The high-level Petri net inherits all the advantages of the classical Petri net, such as
the graphical and precise nature, the rm
mathematical foundation and the abundance
of analysis methods. However, the practical
use of high-level Petri nets and related analysis methods highly depends upon the availability of adequate computer tools. Fortunately, some tools, based on high-level Petri
nets, have been put on the market. These
tools support the modelling and analysis process. Thanks to these tools high-level Petri
nets have been put into practice successfully.
This paper provides an introduction to
high-level Petri nets, i.e. the concepts, tools
and analysis methods. It also reports experiences gained from a large number of practical
applications.
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Figure 1: A classical Petri net which represents a machine
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Figure 2: The state after ring start

2 High-level Petri nets
In this paper we use high-level Petri nets
to model industrial systems. A high-level
Petri net is a Petri net extended with `colour',
`time' and `hierarchy'. We start with an informal introduction to the classical Petri net,
followed by a short description of each of the
extensions.

2.1 The classical Petri net model

Historically speaking, Petri nets originate
from the early work of Carl Adam Petri ([18]).
Since then the use and study of Petri nets has
increased considerably. For a review of the
history of Petri nets and an extensive bibliography the reader is referred to Murata [17].
The classical Petri net is a directed bipartite graph with two node types called called
places and transitions. The nodes are connected via directed arcs. Connections between two nodes of the same type are not allowed. Places are represented by circles and
transitions by rectangles with a marked corner. (In literature transitions are often dis-

played as bars.) Places may contain zero or
more tokens, drawn as black dots. The number of tokens may change during the execution of the net. A place is called an input
place of a transition if there exists a directed
arc from to , is called an output place of
if there exists a directed arc from to .
We will use the net shown in gure 1 to
illustrate the classical Petri net model. This
gure models a machine which processes jobs
and has two states (free and busy). There are
four places (cin, free, busy and cout) and
two transitions (start and finish). In the
state shown in gure 1 there are four tokens;
three in place cin and one in place free. The
tokens in place cin represent jobs to be processed by the machine. The token in place
free indicates that the machine is free and
ready to process a job. If the machine is processing a job, then there are no tokens in free
and there is one token in busy. The tokens
in place cout represent jobs which have been
processed by the machine. Transition start
has two input places (cin and free) and one
output place (busy). Transition finish has
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two tokens in red. If rr res, then two tokens are consumed from red and one token is
produced for black.
The Petri net shown in gure 3 models the
following game. The tokens in the places red
and black represent red and black balls in
an urn respectively. As long as there are at
least two balls in the urn, a person takes two
balls from the urn. If the balls are of the
same colour, then a black ball is returned,
otherwise a red ball is returned. Transition
rb res if the person takes two balls having
di erent colours. Transition rr res if two red
balls are taken, transition bb res if two black
balls are taken. It can be veri ed that given
an initial state there is precisely one terminal
state, i.e. eventually a state is reached where
no transitions are enabled.
The classical Petri net model has been
used in many application areas, e.g. communication protocols, exible manufacturing
systems and distributed information systems
(see Murata [17]). However, Petri nets describing real systems tend to be complex and
extremely large. To solve these problems,
many authors propose extensions of the basic Petri net model. We propose three extensions; `colour', `time' and `hierarchy'. Such
extensions are a necessity for the successful
application of Petri nets to the modelling of
large and complex systems.
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Figure 3: A Petri net which represents a ball-game
one input place (busy) and two output places
(cout and free).
A transition is called enabled if each of its
input places contains `enough' tokens. An
enabled transition can re. Firing a transition means consuming tokens from the input
places and producing tokens for the output
places, i.e. `occurs'.
Transition start is enabled in the state
shown in gure 1, because each of the input
places (cin and free) contains a token. Transition finish is not enabled because there are
no tokens in place busy. Therefore, transition start is the only transition that can re.
Firing transition start means consuming two
tokens, one from cin and one from free, and
producing one token for busy. The resulting
state is shown in gure 2. In this state only
transition finish is enabled. Hence, transition finish res and the token in place busy
is consumed and two tokens are produced,
one for cout and one for free. Now transition start is enabled, etc. Note that as long
as there are jobs waiting to be processed, the
two transitions re alternately, i.e. the machine modelled by this net can only process
one job at a time.
Sometimes there are multiple arcs between
a place and a transition indicating that multiple tokens need to be consumed/produced.
Consider for example the net shown in gure 3. There are two arcs connecting transition rr and input place red, this means that
rr is enabled if and only if there are at least
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Figure 4: Adding colour

2.2 Adding colour
Tokens often represent objects (e.g. resources,
goods, humans) in the modelled system.
Therefore, we often want to represent attributes of these objects. If a truck is modelled by a token in the Petri net, then we
may want to represent the capacity, registration number, location, etc. of the truck. Since
these attributes are not easily represented by
a token in a classical Petri net, we extend the
Petri net model with coloured or typed tokens.
In a coloured Petri net each token has a value
often referred to as `colour'. Many coloured
Petri net models have been proposed in literature ([2, 12, 14, 15]). One of the main
reasons for such an extension is the fact that
uncoloured nets tend to become too large to
handle.
We will use the machine modelled in gure 1 to clarify this concept. Tokens in the
places cin and cout represent jobs. These
jobs may have attributes like an identi cation
number, a description and a due-date. We
can model this by giving the tokens in cin
and cout a value (colour) which corresponds
to these attributes. In gure 4 we see that the
job in cin has an identi cation number 3241
and a due-date 29-01-94. The token in place
free represents a machine and its value contains information about this machine (type
and mode).
Transitions determine the values of the

produced tokens on the basis of the values
of the consumed tokens, i.e. a transition describes the relation between the values of the
`input tokens' and the values of the `output
tokens'. It is also possible to specify `preconditions', e.g. transition start may have a
precondition which speci es that jobs require
a machine of a speci c type.

2.3 Adding time

For real systems it is often important to describe the temporal behaviour of the system,
i.e. we need to model durations and delays.
Since the classical Petri net is not capable of
handling quantitative time, we add a timing
concept. There are many ways to introduce
time into the classical Petri net ([2]). We use
a timing mechanism where time is associated
with tokens and transition determine delays.
Consider the net shown in gure 5. Each
token has a timestamp which models the time
the token becomes available for consumption
The token in free has timestamp 0, the tokens in cin have timestamps ranging from 1
to 9. Since these timestamps indicate when
tokens become available, transition start becomes enabled at time 1. (Time 1 is the earliest moment for which each of the input places
contains a token which is available.) Therefore, transition start res at time 1, thereby
producing a token for busy with delay 3. The
timestamp of this token is equal to 1+3=4.
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Figure 5: Adding time

2.4 Adding hierarchy
Although timed coloured Petri nets allow for
a succinct description of many industrial processes, precise speci cations for real systems
have a tendency to become large and complex. This is the reason we provide a hierarchy construct, called system. A system is an
aggregate of places, transitions and (possibly)
subsystems.
Figure 6 shows the de nition of the
machine system. This system is composed
of two places (free and busy) and two transitions (start and finish) and two connectors (cin and cout). These connectors provide an interface with the environment of the
machine system. The cin connector is an input connector (i.e. tokens may enter the system via this connector), cout is an output
connector (i.e. tokens may leave the system
via this connector). If a system is used then
the connectors are connected to places at a
`higher level'. Consider for example the net
shown in gure 7. In this net the same de nition is `installed' three times. In this case,
for each of these `installations' the cin connector is connected to the place arrive and
the cout connector is connected to the place
leave, i.e. the connectors inside the machine
system are `glued' on top of places at a higher

o
cout

busy

busy

Transition finish will be the next to re (at
time 4), etc. The delay of a produced token
can be described by a xed value, an interval
or a probability distribution ([2, 10, 16, 17]).
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level.
The system concept allows for hierarchical modelling, i.e. it is possible to decompose complex systems into smaller subsystems. (Note that it is possible to have an
arbitrary number of levels.) For practical applications of Petri nets, the system concept is
of the utmost importance. The system concept can be used to structure large speci cations. At one level we want to give a simple
description of the system (without having to
consider all the details). At another level we
want to specify a more detailed behaviour.
For a more elaborate discussion on hierarchy constructs, the reader is referred to
Jensen [14], van der Aalst [2, 8] and van Hee
[12].

2.5 Language and tools
In the remainder of this paper we will refer to
Petri nets extended with `colour', `time' and
`hierarchy' as high-level Petri nets.
Only a few high-level Petri net models (i.e.
hierarchical timed coloured Petri net models) have been proposed in literature. Even
fewer high-level Petri net models are supported by software tools. Nevertheless, there
are at least two software products, ExSpect
([8, 7, 13]) and Design/CPN ([14]), that
are being distributed on a commercial basis.
Both software products provide a graphical
interface to create, modify and simulate highlevel Petri nets. Moreover, they provide analysis tools and reporting facilities.

Figure 6: The de nition of the machine system
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Figure 7: Three parallel machines modelled in terms of the machine system
To specify the behaviour of each transition
(i.e. the number of tokens produced and the
value and delay of each produced token), Design/CPN provides an `inscription language'
(expressions on the input and output arcs of
a transition). ExSpect (Executable Speci cation Tool) uses a speci cation language to describe the behaviour of a transition. Both languages originate from `pure' functional languages.
The approach described in this paper uses
the software package ExSpect. ExSpect has
been developed by the information systems
department of Eindhoven University of Technology and is being marketed by Bakkenist1 .

1 Bakkenist Management Consultants, Wisselwerking 46, 1112 XR, Diemen, The Netherlands.

2.6 Analysis

The complexity of the design and control
problems encountered in modern industrial
systems is increasing. Therefore, we need
methods and techniques to support both
the modelling and analysis of these systems
High-level Petri nets allow for a representation which is close to the problem situation,
i.e. it is possible to model the system in a natural manner. This representation can be used
as a starting point for various kinds of analysis. In a sense, the Petri net representation
serves as an interface between the problem
situation and the method(s) of analysis. In
fact, high-level Petri nets provide a `solverindependent' medium that can be used to
make a concise `blue-print' of the industrial
system we want a analyse. This blue-print
may be used at di erent levels of decision
making and can be used as a starting point for

High-level Petri nets have been used for
the speci cation of software, ranging from
operating systems to decision support systems. Petri nets are able to represent the
ow of control in a program in a straightforward manner. Moreover, Petri nets can
clearly and explicitly represent the interaction between concurrent processes (see Agerwala [9]). By specifying a piece of software
in terms of a high-level Petri net, it is possible to analyse the corresponding speci cation

3.1 Prototyping of software

High-level Petri nets have been used in many
application areas, e.g. communication protocols, exible manufacturing systems, computer systems, production systems, logistic
systems, administrative systems, real-time
systems, work- ow systems, and distributed
information systems. In the Netherlands, the
Petri net based tool ExSpect has been applied
to the modelling and analysis of a variety of
systems. This section brie y discusses some
of these applications.

3 Applications

various means of analysis. Compared to the
usual algorithmic approaches (where the emphasis is on the analysis process rather than
the modelling process), our approach is characterized by the fact that during the modelling process the user is not shackled by the
techniques which are going to be used to analyse the model.
For an overview of the many analysis
methods developed for Petri nets the reader
is referred to Jensen [15], Murata [17], Silva
and Vallette [19] and [3, 2]. These methods
can be used to prove properties (safety properties, invariance properties, deadlock, etc.)
and to calculate performance measures (response times, waiting times, occupation rates,
etc.). This way it is possible to evaluate alternative designs.
si
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by means of Petri net based analysis techniques. High-level Petri nets are `executable',
i.e. a computer can generate a sequence of
states 0 1
such that 0 is the initial
state and +1 is the reachable from by ring a transition. This way it is possible to
simulate the system modelled by the highlevel Petri. Many Petri net based tools (e.g.
ExSpect) allow for the user to interact with
a running simulation. The user is allowed
to add and remove tokens, change values of
tokens, etc. Therefore, it is possible to obtain a rudimentary prototype by specifying a
program in terms of a high-level Petri net.
ExSpect also allows for the de nition of a customized user-interface, this way it is possible
to tailor the prototype for a speci c application. Such a prototype can be used to validate the speci cation by future users of the
program.
In the Esprit project PROOFS (EP 5342),
high-level Petri nets have been used to prototype distributed applications for companies
such as Alcatel, Eritel, Prisma and Telesystems. Typical application prototyped in
PROOFS are trac control systems, banking
systems and conferencing systems. One of the
main results of this project was the `PROOFS
method' ([5]), a coherent set of guidelines and
techniques to support the development of distributed applications by means of high-level
Petri nets.
PROOFS pointed out a major problem;
at the moment there is no smooth transition
possible from the speci cation phase to the
implementation phase. The process of transforming formal speci cations into ecient
machine code is done mainly by hand. Therefore, automatic code generation would be desirable. In PROOFS some experience with
code generation has been acquired. Since
code generation would surpass the need for
a separate coding phase (at least to a large
extend), future research and developments
should focus on this aspect.
There are many similarities between logistic
and administrative processes. A logistic system manages the ow of goods, an admin-

3.3 (Re)design of administrative
organizations

ExSpect has been used to model many logistic systems. The TASTE project ([6]) resulted in the development a comprehensive
set of logistic building blocks. These building blocks have been used to model distribution processes of Dutch companies like Ahold,
Unilever, DAF, Buhrmann-Tetterode, etc.

Over the last decade, logistics has become an
important issue in many organizations. This
is a direct consequence of the fact that modern organizations are required to o er a wide
variety of products, in less time and at reduced prices. To support the (re)design of
parts of these organizations, there is a need
for an integrated framework for the modelling and analysis of logistic and manufacturing systems. The Petri nets described in this
paper provide such a framework. High-level
Petri nets can be used to represent logistic
and manufacturing systems in a very natural manner; goods and capacity resources are
represented by tokens, bu ers, storage space
and media are represented by places, and operations are represented by transitions. Petri
nets are well suited to model ows of goods,
resources and information in a unifying way.
Modelling these ows by tokens seems very
natural. A place either represents a medium
through which something is sent or some storage space (i.e. a bu er). The fact that ows
are represented graphically is a very important quality, since it makes the overall structure comprehensible and supports the communication between people having di erent
backgrounds. For a more detailed discussion
on this subject the reader is referred to [1, 2].

3.2 (Re)design of logistic and manufacturing systems

The Dutch Railway Company (NS) is cur
rently involved in a number of large devel
opment projects. The goal of these project
is to improve the management of trains. T
be able to evaluate these costly developmen
projects, NS is looking for tools and tech
niques to determine the quality of the in
frastructure and the trac control. One o
the main tools that has been selected fo
this purpose is the software package ExSpect
ExSpect has been used for two purposes: (1
the scheduling of train movements betwee
railway stations and (2) the analysis of trai
management in large railway stations. Thi
way it was possible to analyse and proto
type alternatives in a very short time. Fo
NS, ExSpect has become one of the standar
tools for the evaluation of large developmen
projects.

3.4 Trac control

istrative system manages the ow of docu
ments. Both systems aim at a reduction o
throughputtimes and resources. These simi
larities explain the term `oce logistics'.
Modelling administrative organizations i
terms of a Petri net allows for the study of it
eciency, performance and exibility. Thi
way it is possible to evaluate alternative de
signs without doing `real' experiments.
Work ow management systems (wfms) ar
receiving more and more attention. It is be
coming clear that wfms's are the next step i
supporting oce work, after other tools lik
database management systems, spreadsheet
and electronic mail systems. There are sev
eral commercial wfms's on the market and ex
periments have shown that they are success
ful. High-level Petri nets seem to be a suit
able tools for the modelling and analysis o
work ow and work ow management system
(cf. Ellis and Nutt [11] and [4]).

[1] W.M.P. van der Aalst. Modelling and Analysis of Complex Logistic Systems. In H.J.
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