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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 ex-

tensions and the availability of computer tools,

Petri nets have become a mature tool for model-

ling and analysing industrial systems. This paper

describes an approach based on a high-level Petri

net model, i.e. an extended version of the classi-

cal Petri net model. This approach has been used

to model and analyse a variety of systems in ap-

plication domains ranging from logistics to o�ce

automation.
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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 describ-

ing and studying concurrent systems. Nev-

ertheless, 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 ex-

tended with `colour', `time' and `hierarchy'.

Automated systems encountered in the

�elds of logistics, manufacturing, commu-

nication and administration have become

more complex in the last decade. Hardware

and software developments allow for systems

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 com-

plex and extremely large. To solve this prob-

lem, we have extended the classical Petri net

model. First of all, tokens are `coloured'

which facilitates the modelling of objects hav-

ing attributes. Secondly, we added `time' to

be able to model the temporal behaviour of a

system. Finally, we provide a `hierarchy con-

struct' 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 ad-

vantages 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 anal-

ysis methods highly depends upon the avail-

ability of adequate computer tools. Fortu-

nately, some tools, based on high-level Petri

nets, have been put on the market. These

tools support the modelling and analysis pro-

cess. 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 experi-

ences 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 in-

formal 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 bibli-

ography the reader is referred to Murata [17].

The classical Petri net is a directed bipar-

tite graph with two node types called called

places and transitions. The nodes are con-

nected via directed arcs. Connections be-

tween two nodes of the same type are not al-

lowed. Places are represented by circles and

transitions by rectangles with a marked cor-

ner. (In literature transitions are often dis-

played as bars.) Places may contain zero or

more tokens, drawn as black dots. The num-

ber of tokens may change during the execu-

tion of the net. A place p is called an input

place of a transition t if there exists a directed

arc from p to t, p is called an output place of

t if there exists a directed arc from t to p.

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 pro-

cessed by the machine. The token in place

free indicates that the machine is free and

ready to process a job. If the machine is pro-

cessing 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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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 transi-

tion t means consuming tokens from the input

places and producing tokens for the output

places, i.e. t `occurs'.

Transition start is enabled in the state

shown in �gure 1, because each of the input

places (cin and free) contains a token. Tran-

sition finish is not enabled because there are

no tokens in place busy. Therefore, transi-

tion start is the only transition that can �re.

Firing transition startmeans 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, transi-

tion finish �res and the token in place busy

is consumed and two tokens are produced,

one for cout and one for free. Now transi-

tion start is enabled, etc. Note that as long

as there are jobs waiting to be processed, the

two transitions �re alternately, i.e. the ma-

chine 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 mul-

tiple tokens need to be consumed/produced.

Consider for example the net shown in �g-

ure 3. There are two arcs connecting transi-

tion rr and input place red, this means that

rr is enabled if and only if there are at least

two tokens in red. If rr �res, then two to-

kens 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. com-

munication protocols, 
exible manufacturing

systems and distributed information systems

(see Murata [17]). However, Petri nets de-

scribing real systems tend to be complex and

extremely large. To solve these problems,

many authors propose extensions of the ba-

sic Petri net model. We propose three exten-

sions; `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 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 at-

tributes of these objects. If a truck is mod-

elled by a token in the Petri net, then we

may want to represent the capacity, registra-

tion 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 lit-

erature ([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 �g-

ure 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 con-

tains 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 de-

scribes the relation between the values of the

`input tokens' and the values of the `output

tokens'. It is also possible to specify `pre-

conditions', 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 de-

scribe 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 to-

kens in cin have timestamps ranging from 1

to 9. Since these timestamps indicate when

tokens become available, transition start be-

comes enabled at time 1. (Time 1 is the earli-

est moment for which each of the input places

contains a token which is available.) There-

fore, 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

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]).

2.4 Adding hierarchy

Although timed coloured Petri nets allow for

a succinct description of many industrial pro-

cesses, precise speci�cations for real systems

have a tendency to become large and com-

plex. This is the reason we provide a hierar-

chy 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 tran-

sitions (start and finish) and two connec-

tors (cin and cout). These connectors pro-

vide an interface with the environment of the

machine system. The cin connector is an in-

put connector (i.e. tokens may enter the sys-

tem 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 con-

nector 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

level.
The system concept allows for hierarchi-

cal modelling, i.e. it is possible to decom-

pose complex systems into smaller subsys-

tems. (Note that it is possible to have an

arbitrary number of levels.) For practical ap-

plications of Petri nets, the system concept is

of the utmost importance. The system con-

cept can be used to structure large speci�ca-

tions. 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 hier-

archy 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 mod-

els) have been proposed in literature. Even

fewer high-level Petri net models are sup-

ported 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 high-

level Petri nets. Moreover, they provide anal-

ysis tools and reporting facilities.
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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), De-

sign/CPN provides an `inscription language'

(expressions on the input and output arcs of

a transition). ExSpect (Executable Speci�ca-

tion Tool) uses a speci�cation language to de-

scribe the behaviour of a transition. Both lan-

guages originate from `pure' functional lan-

guages.

The approach described in this paper uses

the software package ExSpect. ExSpect has

been developed by the information systems

department of Eindhoven University of Tech-

nology and is being marketed by Bakkenist1.

1Bakkenist Management Consultants,Wisselwerk-

ing 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 representa-

tion which is close to the problem situation,

i.e. it is possible to model the system in a nat-

ural manner. This representation can be used

as a starting point for various kinds of anal-

ysis. 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 `solver-

independent' 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
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su
p
p
o
rt
th
e
d
ev
el
o
p
m
en
t
o
f
d
is
-

tr
ib
u
te
d
a
p
p
li
ca
ti
o
n
s
b
y
m
ea
n
s
o
f
h
ig
h
-l
ev
el

P
et
ri
n
et
s.

P
R
O
O
F
S
p
o
in
te
d
o
u
t
a
m
a
jo
r
p
ro
b
le
m
;

a
t
th
e
m
o
m
en
t
th
er
e
is
n
o
sm
o
o
th
tr
a
n
si
ti
o
n

p
o
ss
ib
le
fr
o
m

th
e
sp
ec
i�
ca
ti
o
n
p
h
a
se
to
th
e

im
p
le
m
en
ta
ti
o
n
p
h
a
se
.
T
h
e
p
ro
ce
ss
o
f
tr
a
n
s-

fo
rm
in
g
fo
rm
a
l
sp
ec
i�
ca
ti
o
n
s
in
to

e�
ci
en
t

m
a
ch
in
e
co
d
e
is
d
o
n
e
m
a
in
ly
b
y
h
a
n
d
.
T
h
er
e-

fo
re
,
a
u
to
m
a
ti
c
co
d
e
g
en
er
a
ti
o
n
w
o
u
ld
b
e
d
e-

si
ra
b
le
.
In
P
R
O
O
F
S
so
m
e
ex
p
er
ie
n
ce
w
it
h

co
d
e
g
en
er
a
ti
o
n
h
a
s
b
ee
n
a
cq
u
ir
ed
.

S
in
ce

co
d
e
g
en
er
a
ti
o
n
w
o
u
ld
su
rp
a
ss
th
e
n
ee
d
fo
r

a
se
p
a
ra
te
co
d
in
g
p
h
a
se
(a
t
le
a
st
to
a
la
rg
e

ex
te
n
d
),
fu
tu
re
re
se
a
rc
h
a
n
d
d
ev
el
o
p
m
en
ts

sh
o
u
ld
fo
cu
s
o
n
th
is
a
sp
ec
t.

3
.2

(R
e
)d
e
s
ig
n
o
f
lo
g
is
ti
c
a
n
d
m
a
n
-

u
fa
c
tu
r
in
g
s
y
s
te
m
s

O
v
er
th
e
la
st
d
ec
a
d
e,
lo
g
is
ti
cs
h
a
s
b
ec
o
m
e
a
n

im
p
o
rt
a
n
t
is
su
e
in
m
a
n
y
o
rg
a
n
iz
a
ti
o
n
s.
T
h
is

is
a
d
ir
ec
t
co
n
se
q
u
en
ce
o
f
th
e
fa
ct
th
a
t
m
o
d
-

er
n
o
rg
a
n
iz
a
ti
o
n
s
a
re
re
q
u
ir
ed
to
o
�
er
a
w
id
e

va
ri
et
y
o
f
p
ro
d
u
ct
s,
in
le
ss
ti
m
e
a
n
d
a
t
re
-

d
u
ce
d
p
ri
ce
s.
T
o
su
p
p
o
rt
th
e
(r
e)
d
es
ig
n
o
f

p
a
rt
s
o
f
th
es
e
o
rg
a
n
iz
a
ti
o
n
s,
th
er
e
is
a
n
ee
d

fo
r
a
n
in
te
g
ra
te
d
fr
a
m
ew
o
rk
fo
r
th
e
m
o
d
el
-

li
n
g
a
n
d
a
n
a
ly
si
s
o
f
lo
g
is
ti
c
a
n
d
m
a
n
u
fa
ct
u
r-

in
g
sy
st
em
s.
T
h
e
P
et
ri
n
et
s
d
es
cr
ib
ed
in
th
is

p
a
p
er
p
ro
v
id
e
su
ch
a
fr
a
m
ew
o
rk
.
H
ig
h
-l
ev
el

P
et
ri
n
et
s
ca
n
b
e
u
se
d
to
re
p
re
se
n
t
lo
g
is
ti
c

a
n
d
m
a
n
u
fa
ct
u
ri
n
g
sy
st
em
s
in
a
v
er
y
n
a
tu
-

ra
l
m
a
n
n
er
;
g
o
o
d
s
a
n
d
ca
p
a
ci
ty
re
so
u
rc
es
a
re

re
p
re
se
n
te
d
b
y
to
k
en
s,
b
u
�
er
s,
st
o
ra
g
e
sp
a
ce

a
n
d
m
ed
ia
a
re
re
p
re
se
n
te
d
b
y
p
la
ce
s,
a
n
d
o
p
-

er
a
ti
o
n
s
a
re
re
p
re
se
n
te
d
b
y
tr
a
n
si
ti
o
n
s.
P
et
ri

n
et
s
a
re
w
el
l
su
it
ed
to
m
o
d
el


ow
s
o
f
g
o
o
d
s,

re
so
u
rc
es
a
n
d
in
fo
rm
a
ti
o
n
in
a
u
n
if
y
in
g
w
ay
.

M
o
d
el
li
n
g
th
es
e


o
w
s
b
y
to
k
en
s
se
em
s
v
er
y

n
a
tu
ra
l.
A
p
la
ce
ei
th
er
re
p
re
se
n
ts
a
m
ed
iu
m

th
ro
u
g
h
w
h
ic
h
so
m
et
h
in
g
is
se
n
t
o
r
so
m
e
st
o
r-

a
g
e
sp
a
ce
(i
.e
.
a
b
u
�
er
).
T
h
e
fa
ct
th
a
t


ow
s

a
re
re
p
re
se
n
te
d
g
ra
p
h
ic
a
ll
y
is
a
v
er
y
im
p
o
r-

ta
n
t
q
u
a
li
ty
,
si
n
ce
it
m
a
k
es
th
e
ov
er
a
ll
st
ru
c-

tu
re
co
m
p
re
h
en
si
b
le
a
n
d
su
p
p
o
rt
s
th
e
co
m
-

m
u
n
ic
a
ti
o
n
b
et
w
ee
n
p
eo
p
le
h
av
in
g
d
i�
er
en
t

b
a
ck
g
ro
u
n
d
s.
F
o
r
a
m
o
re
d
et
a
il
ed
d
is
cu
ss
io
n

o
n
th
is
su
b
je
ct
th
e
re
a
d
er
is
re
fe
rr
ed
to
[1
,
2
].

E
x
S
p
ec
t
h
a
s
b
ee
n
u
se
d
to
m
o
d
el
m
a
n
y
lo
-

g
is
ti
c
sy
st
em
s.
T
h
e
T
A
S
T
E
p
ro
je
ct
([
6
])
re
-

su
lt
ed
in
th
e
d
ev
el
o
p
m
en
t
a
co
m
p
re
h
en
si
v
e

se
t
o
f
lo
g
is
ti
c
b
u
il
d
in
g
b
lo
ck
s.
T
h
es
e
b
u
il
d
-

in
g
b
lo
ck
s
h
a
v
e
b
ee
n
u
se
d
to
m
o
d
el
d
is
tr
ib
u
-

ti
o
n
p
ro
ce
ss
es
o
f
D
u
tc
h
co
m
p
a
n
ie
s
li
k
e
A
h
o
ld
,

U
n
il
ev
er
,
D
A
F
,
B
�u
h
rm
a
n
n
-T
et
te
ro
d
e,
et
c.

3
.3

(R
e
)d
e
s
ig
n

o
f

a
d
m
in
is
tr
a
ti
v
e

o
r
g
a
n
iz
a
ti
o
n
s

T
h
er
e
a
re
m
a
n
y
si
m
il
a
ri
ti
es
b
et
w
ee
n
lo
g
is
ti
c

a
n
d
a
d
m
in
is
tr
a
ti
v
e
p
ro
ce
ss
es
.
A
lo
g
is
ti
c
sy
s-

te
m

m
a
n
a
g
es
th
e


o
w

o
f
g
o
o
d
s,
a
n
a
d
m
in
-

is
tr
a
ti
v
e
sy
st
em

m
a
n
a
g
es
th
e


ow

o
f
d
o
cu
-

m
en
ts
.
B
o
th
sy
st
em
s
a
im

a
t
a
re
d
u
ct
io
n
o
f

th
ro
u
g
h
p
u
tt
im
es
a
n
d
re
so
u
rc
es
.
T
h
es
e
si
m
i-

la
ri
ti
es
ex
p
la
in
th
e
te
rm

`o
�
ce
lo
g
is
ti
cs
'.

M
o
d
el
li
n
g
a
d
m
in
is
tr
a
ti
v
e
o
rg
a
n
iz
a
ti
o
n
s
in

te
rm
s
o
f
a
P
et
ri
n
et
a
ll
o
w
s
fo
r
th
e
st
u
d
y
o
f
it
s

e�
ci
en
cy
,
p
er
fo
rm
a
n
ce
a
n
d


ex
ib
il
it
y.
T
h
is

w
a
y
it
is
p
o
ss
ib
le
to
ev
a
lu
a
te
a
lt
er
n
a
ti
v
e
d
e-

si
g
n
s
w
it
h
o
u
t
d
o
in
g
`r
ea
l'
ex
p
er
im
en
ts
.

W
o
rk


ow
m
a
n
a
g
em
en
t
sy
st
em
s
(w
fm
s)
a
r e

re
ce
iv
in
g
m
o
re
a
n
d
m
o
re
a
tt
en
ti
o
n
.
It
is
b
e-

co
m
in
g
cl
ea
r
th
a
t
w
fm
s'
s
a
re
th
e
n
ex
t
st
ep
in

su
p
p
o
rt
in
g
o
�
ce
w
o
rk
,
a
ft
er
o
th
er
to
o
ls
li
k
e

d
a
ta
b
a
se
m
a
n
a
g
em
en
t
sy
st
em
s,
sp
re
a
d
sh
ee
ts

a
n
d
el
ec
tr
o
n
ic
m
a
il
sy
st
em
s.
T
h
er
e
a
re
se
v
-

er
a
l
co
m
m
er
ci
a
l
w
fm
s'
s
o
n
th
e
m
a
rk
et
a
n
d
ex
-

p
er
im
en
ts
h
a
v
e
sh
ow
n
th
a
t
th
ey
a
re
su
cc
es
s-

fu
l.
H
ig
h
-l
ev
el
P
et
ri
n
et
s
se
em

to
b
e
a
su
it
-

a
b
le
to
o
ls
fo
r
th
e
m
o
d
el
li
n
g
a
n
d
a
n
a
ly
si
s
o
f

w
o
rk


ow
a
n
d
w
o
rk


ow
m
a
n
a
g
em
en
t
sy
st
em
s

(c
f.
E
ll
is
a
n
d
N
u
tt
[1
1
]
a
n
d
[4
])
.

3
.4

T
r
a
�
c
c
o
n
tr
o
l

T
h
e
D
u
tc
h
R
a
il
w
ay
C
o
m
p
a
n
y
(N
S
)
is
cu
r-

re
n
tl
y
in
v
o
lv
ed
in
a
n
u
m
b
er
o
f
la
rg
e
d
ev
el
-

o
p
m
en
t
p
ro
je
ct
s.
T
h
e
g
o
a
l
o
f
th
es
e
p
ro
je
ct
s

is
to
im
p
ro
v
e
th
e
m
a
n
a
g
em
en
t
o
f
tr
a
in
s.
T
o

b
e
a
b
le
to
ev
a
lu
a
te
th
es
e
co
st
ly
d
ev
el
o
p
m
en
t

p
ro
je
ct
s,
N
S
is
lo
o
k
in
g
fo
r
to
o
ls
a
n
d
te
ch
-

n
iq
u
es
to
d
et
er
m
in
e
th
e
q
u
a
li
ty
o
f
th
e
in
-

fr
a
st
ru
ct
u
re
a
n
d
th
e
tr
a
�
c
co
n
tr
o
l.
O
n
e
o
f

th
e
m
a
in
to
o
ls
th
a
t
h
a
s
b
ee
n
se
le
ct
ed

fo
r

th
is
p
u
rp
o
se
is
th
e
so
ft
w
a
re
p
a
ck
a
g
e
E
x
S
p
ec
t.

E
x
S
p
ec
t
h
a
s
b
ee
n
u
se
d
fo
r
tw
o
p
u
rp
o
se
s:
(1
)

th
e
sc
h
ed
u
li
n
g
o
f
tr
a
in
m
ov
em
en
ts
b
et
w
ee
n

ra
il
w
ay
st
a
ti
o
n
s
a
n
d
(2
)
th
e
a
n
a
ly
si
s
o
f
tr
a
in

m
a
n
a
g
em
en
t
in
la
rg
e
ra
il
w
ay
st
a
ti
o
n
s.
T
h
is

w
a
y
it
w
a
s
p
o
ss
ib
le
to
a
n
a
ly
se
a
n
d
p
ro
to
-

ty
p
e
a
lt
er
n
a
ti
v
es
in
a
v
er
y
sh
o
rt
ti
m
e.
F
o
r

N
S
,
E
x
S
p
ec
t
h
a
s
b
ec
o
m
e
o
n
e
o
f
th
e
st
a
n
d
a
rd

to
o
ls
fo
r
th
e
ev
a
lu
a
ti
o
n
o
f
la
rg
e
d
ev
el
o
p
m
en
t

p
ro
je
ct
s.



4

C
o
n
c
lu
s
io
n

In
th
is
p
a
p
er
w
e
h
a
v
e
in
d
ic
a
te
d
th
a
t
h
ig
h
-

le
v
el
P
et
ri
n
et
s,
i.
e.
P
et
ri
n
et
s
ex
te
n
d
ed
w
it
h

`c
o
lo
u
r'
,
`t
im
e'
a
n
d
`h
ie
ra
rc
h
y
',
ca
n
b
e
u
se
d

fo
r
th
e
m
o
d
el
li
n
g
a
n
d
a
n
a
ly
si
s
o
f
m
a
n
y
co
m
-

p
le
x
sy
st
em
s
en
co
u
n
te
re
d
in
in
d
u
st
ry
.
M
o
d
el
-

li
n
g
a
sy
st
em

in
te
rm
s
o
f
a
h
ig
h
-l
ev
el
P
et
ri

n
et
h
a
s
a
n
u
m
b
er
o
f
p
o
te
n
ti
a
l
a
d
va
n
ta
g
es
.

F
ir
st
,
th
e
g
ra
p
h
ic
a
l
n
a
tu
re
o
f
h
ig
h
-l
ev
el
P
et
ri

n
et
s
a
ll
ow
s
fo
r
m
o
d
el
s
th
a
t
a
re
ea
sy
to
u
n
-

d
er
st
a
n
d
.
S
ec
o
n
d
ly
,
h
ig
h
-l
ev
el
P
et
ri
n
et
s
h
av
e

fo
rm
a
l
se
m
a
n
ti
cs
,
th
u
s
le
a
d
in
g
to
p
re
ci
se
a
n
d

u
n
a
m
b
ig
u
o
u
s
d
es
cr
ip
ti
o
n
s.
T
h
ir
d
ly
,
th
e
b
e-

h
a
v
io
u
r
o
f
th
e
m
o
d
el
le
d
sy
st
em

ca
n
b
e
a
n
a
l-

y
se
d
u
si
n
g
P
et
ri
n
et
th
eo
ry
.

F
in
a
ll
y,
th
er
e

a
re
a
n
u
m
b
er
o
f
so
ft
w
a
re
p
a
ck
a
g
es
av
a
il
a
b
le

fo
r
th
e
m
o
d
el
li
n
g
a
n
d
a
n
a
ly
si
s
o
f
sy
st
em
s
in

te
rm
s
o
f
h
ig
h
-l
ev
el
P
et
ri
n
et
s.
N
o
te
th
a
t
ea
ch

o
f
th
e
ex
te
n
si
o
n
s
is
cr
u
ci
a
l
fo
r
th
e
su
cc
es
sf
u
l

a
p
p
li
ca
ti
o
n
o
f
P
et
ri
n
et
s
in
in
d
u
st
ry
.
If
w
e

o
m
it
o
n
e
o
f
th
es
e
ex
te
n
si
o
n
s,
it
w
il
l
b
e
d
i�
-

cu
lt
to
m
o
d
el
ce
rt
a
in
a
sp
ec
ts
.
F
o
r
ex
a
m
p
le
,

if
w
e
o
m
it
`t
im
e'
,
it
b
ec
o
m
es
h
a
rd
to
m
o
d
el

th
e
te
m
p
o
ra
l
b
eh
av
io
u
r
o
f
`r
ea
l'
sy
st
em
s.

H
ig
h
-l
ev
el
P
et
ri
n
et
s
h
av
e
b
ee
n
u
se
d
to

m
o
d
el
a
va
ri
et
y
o
f
in
d
u
st
ri
a
l
sy
st
em
s.
In
th
is

p
a
p
er
w
e
m
en
ti
o
n
ed
so
m
e
o
f
th
es
e
a
p
p
li
ca
-

ti
o
n
s,
e.
g
.
p
ro
to
ty
p
in
g
o
f
so
ft
w
a
re
,
(r
e)
d
es
ig
n

o
f
lo
g
is
ti
c
sy
st
em
s,
(r
e)
d
es
ig
n
o
f
a
d
m
in
is
tr
a
-

ti
v
e
o
rg
a
n
iz
a
ti
o
n
s.
T
h
es
e
a
p
p
li
ca
ti
o
n
s
p
o
in
t

o
u
t
o
n
e
o
f
th
e
m
er
it
s:
h
ig
h
-l
ev
el
P
et
ri
n
et
s
a
re

a
u
n
if
o
rm

d
es
ig
n
la
n
g
u
a
g
e.
T
h
e
sa
m
e
la
n
-

g
u
a
g
e
is
u
se
d
fo
r
th
e
m
o
d
el
li
n
g
o
f
sy
st
em
s

in
h
a
rd
w
a
re
,
so
ft
w
a
re
,
p
ro
d
u
ct
io
n
,
d
is
tr
ib
u
-

ti
o
n
,
tr
a
n
sp
o
rt
a
ti
o
n
,
a
n
d
o
�
ce
en
v
ir
o
n
m
en
ts
.

M
o
re
ov
er
,
h
ig
h
-l
ev
el
P
et
ri
n
et
s
ca
n
b
e
u
se
d

a
t
m
a
n
y
le
v
el
s
o
f
a
b
st
ra
ct
io
n
.
T
h
e
fa
ct
th
a
t

h
ig
h
-l
ev
el
P
et
ri
n
et
s
a
re
a
p
p
li
ca
b
le
a
cr
o
ss
th
e

en
ti
re
sp
ec
tr
u
m

m
a
k
es
it
a
co
m
m
o
n
d
es
cr
ip
-

ti
o
n
la
n
g
u
a
g
e
h
av
in
g
g
re
a
t
p
o
te
n
ti
a
l.

R
e
fe
r
e
n
c
e
s

[1
]
W
.M
.P
.
va
n
d
er
A
a
ls
t.
M
o
d
el
li
n
g
a
n
d
A
n
a
l-

y
si
s
o
f
C
o
m
p
le
x
L
o
g
is
ti
c
S
y
st
em
s.
In
H
.J
.

P
el
s
a
n
d
J
.C
.
W
o
rt
m
a
n
n
,
ed
it
o
rs
,
In
te
gr
a
ti
o
n

in
P
ro
d
u
ct
io
n
M
a
n
a
ge
m
en
t
S
y
st
em
s,
vo
lu
m
e

B
-7
o
f
IF
IP
T
ra
n
sa
ct
io
n
s,
p
a
g
es
2
7
7
{
2
9
2
.
E
l-

se
v
ie
r
S
ci
en
ce
P
u
b
li
sh
er
s,
A
m
st
er
d
a
m
,
1
9
9
2
.

[2
]
W
.M
.P
.
va
n
d
er
A
a
ls
t.
T
im
ed
co
lo
u
re
d
P
et
ri

n
et
s
a
n
d
th
ei
r
a
p
p
li
ca
ti
o
n
to
lo
gi
st
ic
s.
P
h
D

th
es
is
,
E
in
d
h
o
ve
n
U
n
iv
er
si
ty
o
f
T
ec
h
n
o
lo
g
y,

E
in
d
h
o
ve
n
,
1
9
9
2
.

[3
]
W
.M
.P
.
va
n

d
er
A
a
ls
t.

In
te
rv
a
l
T
im
ed

C
o
lo
u
re
d
P
et
ri
N
et
s
a
n
d
th
ei
r
A
n
a
ly
si
s.
In

M
.
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