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Abstract

Studying industrial systems by simulation enables the de-
signer to study the dynamic behaviour and to determine
some characteristics of the system. Unfortunately, simu-
lation also has some disadvantages. These can be over-
come by using formal methods. Formal methods allow a
thorough analysis of the possible behaviours of a system,
parameterised system analysis and a modular approach to
the analysis of systems. We present a case study in which
a model of an industrial system is studied in a formal way.
For this purpose, the model is first specified and simulated
using the CSP-based executable specification language�.
The model is translated into a model in the process algebra
ACP� . This enables us to give a correctness proof of the
parameterised model and to study the model in isolation.

1. Introduction

Nowadays, industry makes higher demands on method-
ologies used for the design of new factories. Firstly, due to
the huge amount of money involved and growing competi-
tion on the market, no mistakes can be afforded. The final
design of a factory must be as optimal as possible. Building
a new factory or improving a factory step by step is not an
option anymore -the new factory should perform optimally
from the beginning. Secondly, one must be able to pre-
dict system characteristics like throughput and cycle time.
This is hampered by the increasing complexity of modern
factories. Thirdly, new factories must be realized within
shorter periods. Products change faster, new products are
developed faster and so must the factories needed to pro-
duce them. This requires the possibility of fast and correct
modelling of industrial systems.

Modelling and simulation are often used as a helping
hand in the design and analysis of industrial systems. This
follows from the fact that, usually, models are better suited
for experimentation than real systems. Three kinds of mod-
els can be distinguished ([12]): physical, graphical, and
symbolic. In many applications, symbolic models are eas-
ier to construct and manipulate than physical or graphical
ones. This is especially true for complex industrial systems.
Symbolic models can have a form of verbal descriptions,
mathematical expressions, or computer programs. Clearly,
it is important to choose a suitable modelling language to
construct comprehensible models.

From the point of view of the computational form, sym-
bolic models can be classified as analytical, simulation, and
hybrid. Analytical models represented by Markov chains
and queueing networks ([3]), although providing fast and
precise results, have rather restricted applicability. They
can only be used for steady state analysis of relatively sim-
ple systems. Simulation models can be applied to a variety
of complex dynamic systems. Simulation is widely used
for system design and analysis ([6]), but has a drawback of
being time consuming and imprecise. Hybrid models are
suited for both analytical verification and simulation. For-
mal specification techniques based on, for example, CSP
([11]), process algebra ([4, 5]) or Petri Nets ([14]) belong to
this class of models.

Within the Systems Engineering Group, factories are de-
fined as industrial systems with production units: aggre-
gates of people and machines, groups of machines, or sep-
arate machines. Such industrial systems are investigated in
order to understand their dynamic behaviour. This is done
by modelling these industrial systems using a systems engi-
neering specification formalism called� ([2, 15]). Within
the formalism� the behaviour of each system component
is described by a process using guarded commands ([7]).



Furthermore, individual processes or groups of processes
that operate concurrently communicate with each other by
means of communication via channels. This aspect of the
formalism� is based on CSP. The latter enables the mod-
eller to introduce non-determinism in his models as it is also
present in real-life systems.

Models specified in� can be simulated ([1]). This proves
to be of considerable importance when designing and opti-
mising industrial systems. Namely, the dynamic behaviour
of an industrial system can be studied and we can determine
its system characteristics (for example, throughput and cy-
cle time versus work in process). Furthermore, a model
can easily be adapted to new requirements or specifications.
The consequences can be studied by simulating the model
again. Also various control strategies can be tested in this
way. A lot of money can be saved since changing a model
costs only a fraction of making changes to the actual system.
Many case studies have already been performed in different
industrial areas such as wafer fabs, car assembly systems,
fruit juice production and beer breweries.

Unfortunately, simulation does have some disadvan-
tages. Firstly, due to the non-deterministic nature of concur-
rent systems, one cannot obtain complete information about
all possible behaviours of a system by means of simulation.
There is always the risk of missing the one behaviour which
causes the system to fail. As a consequence, the absence of
deadlocks cannot be guaranteed. Secondly, simulation re-
quires the assignment of concrete values to system param-
eters such as production rates, operating times of machines
and the amount of work in process. As a consequence, sim-
ulations must be repeated when there is a change in the sys-
tem parameters. Finally, simulation does not allow a modu-
lar analysis of system behaviour. Therefore, it is not possi-
ble to study the effects of system changes in isolation. This
makes analysis of complex industrial systems very difficult.

Solutions to the problems discussed in the previous para-
graph can be found in deriving system characteristics by
means of formal methods instead of simulations. Formal
methods allow for a thorough analysis of the possible be-
haviours of a system. For example, one can verify whether
or not a system has the desired behaviour. Furthermore,
formal methods allow parameterised system analysis. Of-
ten, characteristics can be derived for classes of systems.
Moreover, using formal methods one can determine the be-
haviour of parts of the system in isolation, thus allowing a
modular approach to the analysis of systems.

In this paper, a case study is presented that deals with the
earlier mentioned disadvantages of simulation. The case
study considers a production system with an architecture
that is found in industry. We derive a� model of this pro-
duction system and map this model onto a process algebra
model. Firstly, we give a correctness proof of the� model
by verifying the process algebra model using the notion of

focus points and convergent process operators([10]). That
is, we prove that this model has the desired external be-
haviour, which among other things, means that it is dead-
lock free. Secondly, we claim this property for an arbitrary
parameter. Thirdly, we study the model in isolation, that is,
without considering the environment.

2. The formalism �

Within the formalism�, the behaviour of each system
component is described by aprocess. These processes can
be grouped into asystemby means ofparallel composition.
Such a system in its turn, can act as a process; it can be
combined with other processes and systems to form a new
system. In this way, a hierarchical structure can be built in
which the resulting top-level system describes the overall
behaviour of the modelled system. The relations between
processes are defined bychannels. All channels are one-to-
one connections between processes.

To visualise the structure of a model, a graphical repre-
sentation is used. A process (or system) is represented by
a circle with the process name in this circle. A channel is
visualised by a curved arrow between the processes that are
connected by it. The direction of the arrow indicates the
direction of the material or information flow. Somewhere
along the arrow, the channel name is given. The graphical
representation is not an essential part of the formalism but
is helpful in structuring system specifications.

The syntax of the specification language� is given in
BNF notation in Table 1. Note that the syntax of (boolean)
expressions is omitted.

Table 1. Syntax of � statements

� � variable� � � channel� � � expression�� � boolean expression

� � ��	 � :	 � assignment statement
 � � � � �
catenation statement
 � �
event statement
 
 �� �
selection statement
 � 
 �� �
repetitive selection statement
 
 �� �
selective waiting statement
 � 
 �� �
repetitive selective
waiting statement� � ��	 � � � send statement
 � � � receive statement�� ��	 � �� � � 
 �� 
� ��

�� ��	 � � � � �� � � 
 �� 
� ��



3. The process algebra ACP�

The process algebra ACP� is given by itssignature
�

and aset of axioms
�

. Furthermore, it is parameterised by
a set� of atomic actionsand a partial, commutative and as-
sociativecommunication function� . Atomic actions are the
most basic processes considered, and as such we consider
them not to be subjected to any further division.

The signature of ACP� consists of a set ofconstantsym-
bols andfunction symbols, often called operators. With
these constant and function symbols,process termscan be
constructed. Firstly,

�
contains atomic actions� of set� .

Secondly, it contains the special constantsdeadlock(�) and
silent step(� ). When a process is unable to continue or ter-
minate correctly, it yields deadlock. The silent step denotes
an unobservable, hidden, action. Thirdly,

�
contains the

following operators: thesequential composition operator�,
thealternative composition operator�, and themerge op-
erator �. Themerge operator, also calledparallel composi-
tion operator, interleaves the behaviours of two processes.
However, if two actions can be executed at the same time
they may engage in a communication, i.e. a synchronised
execution of the two. The result of such a communication
is defined by the communication function� � � 	 � � � .

The axioms describe when two processes are considered
equal. They can be found in [5] (Table 51, page 123).

A semantics is defined using term deduction systems,
which consist of a signature and a set of deduction rules,
also called Structured Operational Semantics or Plotkin-
style semantics. Within these term deduction systems, the
following notations are used for� 
 �

�
and� 
 �

with
�

the set of terms over the signature:action step� � 	� 	�
,

notation� 
� ��, denotes that� can do an�-step to�� andac-
tion termination� � 	 � , notation� 
� � , denotes that�
can do an�-step and then terminates.

The semantics of ACP� is given by the term deduction
system induced by the deduction rules given in Table 2.

In combination with� and � we also use the operators��
and�� , representingencapsulationandabstraction. En-

capsulation disables the execution of atomic actions from
the set� (� � �). Abstraction turns the atomic actions
from the set� (� � �) into unobservable hidden actions.
Furthermore, we also introduce theconditional operator.
This operator enables us to make a distinction between two
cases and works as follows: if we consider� � � � � , then�
is executed in the case that the condition� evaluates totrue
and� is executed in the case that� evaluates tofalse. The
semantics of the encapsulation, abstraction and conditional
operator are given in Table 3.

Consider an implementation of a model that can be de-
scribed as the parallel composition of several processes� � � � � � �� � . These processes communicate via internal ac-
tions, where ‘internal’ means within the system itself and

Table 2. Deduction rules for ACP�

� 
� �
� 
� � �

� � � 
� � � � �
� 
� �

� � � 
� �
� 
� � �

� � � 
� � �� � � 
� � �

� 
� �
� � � 
� �
� � � 
� �

� 
� � �
� � � 
� � � � �
� � � 
� � � � �

� 
� �
� � � 
� �
� � � 
� �

� 
� � � � � �� � �
� �� � �� 	  

� � � !� � � � � �

� 
� � � � � �� �
� �� � �� 	  

� � � !� � � � � � � !� � �
� 
� � � � �� � � � �� � �� 	  

� � � !� �

without a direct link to the environment. The resulting in-
ternal communications (set� ) are renamed as� . Further-
more, consider a specificationSpecdescribing the external
behaviour that the implementation should satisfy. In our
process algebraic framework, this means that the implemen-
tation (after abstraction over the internal actions) should be
equal to this specificationSpecaccording to some preferred
equality relation. In this case, the external behaviour of the
implementation and the behaviour of the specification must
bebranching bisimilar.

The basic idea behind the definition of branching bisim-
ulation is that� -steps can be deleted from computation se-
quences. A path" ��#"� 
� "�� in the abstract implementation
can be related to a single�-step� 
� �� in the specification,
provided that the sequence of� -steps" ��#"� does not yield
any relevant change of state.

DEFINITION 3.1 (BRANCHING BISIMULATION ) The bi-
nary symmetric relation$ � �� % &� '� 	 �� % &�'� is
a branching bisimulation if for all� � " � �� 
 � % &� ' and
� 
 �

�( if � 
� �� and$ �� � "�, then either

1. � 	 � and$ ��� � "�, or

2. there exist"� � "�� 
 � % &� ' such that" ��#"� 
� "��,
$ �� � "� � and$ ��� � "�� �,



Table 3. Additional operators

� 
� � � � � �
 ��� �� � 
� �� �� � �
� 
� � � � �
 ��� �� � 
� �

� 
� � � � � �
 �
�� �� � 
� �� �� � �

� 
� � � � � 
 �
�� �� �

�� �� �� � �

� 
� � � � �
 �
�� �� � 
� �

� 
� � � � 
 �
�� �� �

�� �

� � � 
� � �
� � � � � 
� � �

�� � � 
� � �
� � � � � 
� � �

� � � 
� �
� � � � � 
� �

�� � � 
� �
� � � � � 
� �

( if � 
� � and$ �� � "�, then either

1. � 	 � and" 	 � , or

2. there exists"� 
 � % &� ' such that" ��#"� 
� �
and$ �� � "� �.

Two terms � � � 
 �
are branching bisimilar, notation� �

b �, if there exists a branching bisimulation$ such
that$ �� � � �.

We use the notion of focus points and convergent process
operators ([10]). It forms a strategy for finding algebraic
correctness proofs for communication systems. These com-
munication systems are described in�CRL ([8, 9]), which
is roughly ACP� extended with a formal treatment of data.

Proving that two processes are branching bisimilar
comes to realising astate mapping� that satisfies certain
constraints called thematching criteria. This state mapping
should map states of the abstract implementation to corre-
sponding states of the specification, in such a way that the
same set of external actions can be executed directly. Since
most of the time states of the abstract implementation do
not directly match with a state of the specification, we make
an explicit distinction between states in the abstract imple-
mentation that do so indeed, and states from which such a
state can be reached after some internal computation, i.e. a
number of internal steps. States that match directly with a
state in the specification are calledfocus points. In such a
state, the abstract implementation cannot perform internal
actions, that is, there are no outgoing� -steps. The other

states are callednon-focus points. If the abstract implemen-
tation is convergent, we have that from a non-focus point
a focus point can be reached by performing finitely many
internal actions. Focus points are characterised by thefocus
condition. The set of states that reach the same focus point
after some internal activity is called acone. If we have no
unbounded internal activity (i.e. no� -loops exist), every
state belongs to some cone. The state mapping now maps
all states of a cone to the state corresponding to the focus
point of the cone.

Processes are denoted in a particular format calledDe-
terministic Linear Process Equations(D-LPEs). They en-
rich the process algebraic language with a symbolic rep-
resentation of the (possibly infinite) state space of a pro-
cess by means of state variables and formulas concerning
these variables. Furthermore, the booleans are denoted by
�� 	 &� �� ', where

�
denotes true and� denotes false.

The natural numbers are denoted by�	 .

DEFINITION 3.2 (D-LPE) Let � " � �
�

be a finite set of
actions. A Deterministic Linear Process Equation (D-LPE)
over� " and
 is an equation of the form

� �� �
 � 	�


� !�

�
�� ��� � ��
 �� � �


�� � � �� 
 �� � �

�� � �


 �� � �

� � � �

for data types
�


 � 
 
, and functions�

� 
 � �



� 
 
 ,�



� 
 � �



� 
 and

�


� 
 � �



� �� .

TheD-LPE � in the above definition describes that pro-
cess� in a state described by� can perform the action
� ��
 �� � �


��
if for some�
 of type

�

 the guard

�

 �� � �


�
is satisfied. After the execution the state of process� is
described by� 
 �� � �


�
. In a D-LPE there is at most one

summand in the alternative composition for every� 
 Act.
In the sequel, when we write�
 �� � �


�
, �


 �� � �

�

and�

 �� � �


�
, we refer to the abstract implementation, whereas

with � �
 �� � �

�
, � �
 �� � �


�
and

� �
 �� � �

�
, we refer to the spec-

ification.

DEFINITION 3.3 (FOCUS CONDITION) The focus condi-
tion � �� ��� of D-LPE� in state� is the formula

���� ��� ��
�
�� � �

�
�� �

DEFINITION 3.4 (MATCHING CRITERIA) Let � �� �
 �
and

� �� � �
 � � beD-LPEs. Then the function� � 
 � 
 � is a
state mapping if it satisfies the followingmatching criteria
for all �

�
��

�
, � 
 Act � &� ', and�


��





� is convergent� (1)�
�
�� � �

�
� � � ��� 	 � ��

�
�� � �

�
� � (2)�


 �� � �

� � � �
 �� �� � � �


� � (3)

� �� �� � � � �
 �� ��� � �

� � �


 �� � �

� � (4)�


 �� � �

� � �
 �� � �


� 	 � �
 �� �� � � �

� � (5)�


 �� � �

� � � �� 
 �� � �


�� 	 � �
 �� �� � � �

� � (6)

In [10], the matching criteria are explained as follows:
Criterion (1) says that� must be convergent. This means
that in a cone every internal action� must constitute
progress towards a focus point. Criterion (2) says that if
in a state� in the abstract implementation an internal step
can be done (

�
�
�� � �

�
�

is valid), then this internal step is
not observable. This is described by saying that both states
relate to the same state in the specification. Criterion (3)
says that when the abstract implementation can perform an
external step, then the corresponding state in the specifica-
tion must also be able to perform this step. Note that, in
general, the converse need not hold. If the specification can
perform an�-action in a certain state�, then it is only nec-
essary that in every state� of the abstract implementation
such that� �� � 	 � an�-step can be doneafter some inter-
nal actions. The latter is guaranteed by criterion (4). This
criterion says that in a focus point of the abstract implemen-
tation, an action� can be performed if it is enabled in the
specification. Criteria (5) and (6) express that correspond-
ing external actions carry the same data parameter (modulo
�) and lead to corresponding states, respectively.

THEOREM 3.1 Let � �� �
 �
and � �� � �
 � � be D-LPEs and

� � 
 � 
 � a state mapping. If� does not contain� -steps,
then� and� are branching bisimilar:� �

b � .
4. The case study

This particular case study deals with a production sys-
tem. It consists of a stocker

�
, a transporting mechanism� ,

a machine� and a controller
�

. This is depicted in Fig-
ure 1. The stocker obtains products from the environment
via channel��. These products are transported to machine
� through the channels�" and "� . Machine� collects
the incoming products until the amount of collected prod-
ucts has reached the batch size (�). At that moment, the
newly formed batch is sent back to

�
via the transporter

through the channels� " and "�. �
collects those batches

and returns them to the environment via channel��. The
interaction between the transporting mechanism, which can
only handle one product or batch at a time, and the machine
is controlled by process

�
. It exchanges information with

� and� via the channels " and � respectively.

��

��

��

� �
��

�	

	�

��


 � �




Figure 1. Production system

Firstly, we specify the� models of the specification (�)
and implementation (�) of the production system. From
these� models we derive theD-LPE models� and�, the
latter being the abstract implementation. In Section 5, we
then realise a state mapping�, which maps the states of�
to the corresponding states of� , and prove that� �

b �.
Within the specification language� , we can abbreviate

an expression ‘true
� � �

’ to
� �

. This is done in the pro-
cess descriptions of� and

�
. Furthermore, products are

represented by naturals. Batches are lists (notation:type#)
of products. In� the types ‘prod’ and ‘batch’ are then de-
clared as follows.
�� �� ���� 	 ���

� ����� 	 ����#

Before we present the� models, the used predefined
functionstakeanddrop are given. Furthermore, the con-
stant


 �
denotes the empty list and the function�� denotes

concatenation of lists. The functionlen gives the length of
a list and the functionshd andtl give the head and the tail
of a list, respectively.

DEFINITION 4.1 Let� be an arbitrary data type. Then for
all � 
 � , � � 
 � # and� 
 �	 the functionstake�drop �
� # 	 �	 � � # are defined by

take�
 � �� � 	 
 � �
take�� � �  � 	 
 � �

take� 
� � �� �� �� � !� 	 
�� �� take��� � � � �
drop�
 � � � � 	 
 � �
drop��� �  � 	 �� �

drop�
�� �� � � � � � !� 	 drop��� � � � �
The desired external behaviour, to be specified in process

�, can be described as follows: products enter the produc-
tion system via channel��. Every time process� contains
a number of products equal to or greater than the batch size
�, a batch can be returned to the environment via channel
��.



��� � � ��� � � ���� � �� � � ����� � � � ��� � 	

 � � ���� � �� � ����� 
 �� :	 
 �
� � 
 �� � � �� � � :	 � � �� 
� �
�

len���� � � � �� � take�� � � �� �� � � :	 drop�� � � ���
�


The implementation� consists of the parallel composi-
tion of the processes

�
, � , � and

�
.

��� � � ��� � � ���� � �" � � ���� � "� � � ����� � �� � � ����� �	

 � � ���� � �� � � � ����� � � � � ����� # 
 �� :	 
 � � � � :	 
 �
� � 
 �� � � �� � � :	 � � �� 
� �
�

len���� �  � �" �hd���� �� � � :	 tl ����
� "� � � �� � � :	 � � �� 
� �
�
len�� �� �  � �� �hd�� �� �� � � :	 tl �� ���

�


��� � � � �" � � ���� � "� � � ���� � � " � � �����
� "� � � ����� �  " � � ��� �� 	

 � � ���� � �� � ����� � � � ��� � 
 � � :	 
 � � � :	 ����

� � 
 
 � � �" � � �� �� :	 �� �� 
� � � "� �hd����� �� :	 
 �

� � � � � " � � � �� "� � � � � � � :	 
 �
�

�  " � ��
�


��� � � �"� � � ���� � � " � � ����� �  � � � ��� �� 	

 � � ���� � �� � ����� � � � ��� � 
 � � :	 
 � � � :	 ����
� � 
 
 � � "� � � �� � � :	 � � �� 
� �
� � � � � " � �� �� � � :	 
 �

�
�  � � ��

�


��� � � � " �  � � � ��� � � � � ��� � 	

 	 � ��� 
 	
:	  � � 
  " ��	 � ! �	 �� �  � ��	 � ! �	 ��� 	

:	 �	 � !� 
 �� �� � !��
�


���� � ��� � � ���� � �� � � ����� � � � ���� 	

 �" � "� � ���� � � " � "� � ����� �  " �  � � ��� �
 � ��� � �" � "� � ��� 

 � ��" � "� �� " � "� �  "�

 � �"� �� " �  � � 

 � � " �  � � ���


Let us now specify theD-LPE models for the specifica-
tion and the abstract implementation. Deriving them from
the corresponding� models is straightforward.

Because theD-LPE format forces us to maintain former
sequential compositions within a process by means of data
manipulation, extra state parameters� � � �
 � � ! 
 �	 are in-
troduced in the processes� , � and

�
. Furthermore, in or-

der to increase readability of the expressions to follow, we
will only show those parameters of a process in its parame-
ter list that are actually modified. If a variable� is replaced
by an expression�, then this is denoted by��� .

To facilitate the verification in Section 5, we assume that
consecutive products entering our system are also labelled
consecutively, starting at 1. Therefore, we introduce the pa-
rameters�� and� � in the processes� and

�
. They repre-

sent the next product to be received via channel��.
Let us now consider the specification. For the specifi-

cation the parameters are a list of products��� present in
the system, the batch size�, and the next product�� to be
received. The state space of the specification is then given
by 
� 	 �	 	 �	 # 	 �	 ��

.

DEFINITION 4.2 The specification is given by the process
� �! � 
 � � ��, where

� ��� � ��� � ��	 � �� ��� � � � ��� � !��� � � �� �� 
�� ����� �
� ��� �take���� � ��� � � �drop���� � ���� �� �

� len���� � � � � � �
Before we construct the model for the abstract imple-

mentation, we first specify its components. The compo-
nents are the processes

�
, � , � and

�
.

DEFINITION 4.3 For �� � � ��� � � �� � 
 
 � , where
 � 	
�	 	 �	 # 	 ��	 # �#, we define

� �� � � ��� � � �� �	 � �� �� � � � � �� � � !�� � � ��� �� 
� � ��� �� �
� ��� �hd���� �� � � �tl �� �� ����� � � len���� � �  � �
� �

� ��� � � �� �� � � � �� �� �� 
� ��� �� �

� ��� �hd�� �� �� � � �tl �� �� ��� �� � � len�� �� � �  � � �
For �� �� � �� � � � � 
 
 � , where
 � 	 �	 # 	 �� 	 �	 , we
define

� ���� � �� � � � �	 �
� ���

��� �� � � � �� �� �� 
� ����� � !�� � � � �� � � � 	  � �
� ��
 �hd�� �� �� � � �
 ��� �� � ��� � � � �� � � � 	 ! � �
� �

�� ��� � �
 � �� �� � � ���� �� ���� �� � !�� � �� � �� � � � 	  � �
� ��� ���� � � � �
 ��� �� � ��� � � � � �� � � � 	 ! � �
� �

� ���
� !� �� � � � ����� �  �� � � � � � 	 � � � �

For ���
 � �
 � �
 � 
 
� , where
� 	 �	 # 	 �� 	 �	 ,
we define



� ���
 � �
 � �
 �
	 �

� ���
� �
 �� � � � �� �
 �� 
� ����
 � !��
 �

� �
 � �
 	  � �
� �
 � ���
 � � � � 
 ��� �
 � !��
 � � � �
 � �
 	  � �
� �

� ���
�!
 �� � � � �� ��
 �  ��
 � � �
 	 ! � � �

For �	! � � ! � �� 
 
� , where
� 	 �	 	 �	 	 �	 ��
, we

define� �	! � � ! � ��	 �!� �	! � ! �	 �� � � �!�� !
� � � ! 	  � �

� �!
 �	! � ! �	 �� � � ��	! � !� 
 �� �� � !��	! �  �� !
�

� � ! 	 ! � � �
These processes communicate over the channels as de-

picted in Figure 1. For this case study,� is, for ch 
 �

and� 
 � , the universes of all channel names and all data
values respectively, defined by

� ��ch��� � �ch�� �� 	  
ch�� � �

The implementation is obtained by putting the individ-
ual processes

�
, � , � and

�
in parallel and disabling the

occurrence of the loose send and receive actions. This is
achieved by means of the encapsulation operator

��
, where

� 	 &�st�� � � �st�� � � �tm�� � � �tm�� � 
 � 
 �	 '% &�mt��� � �mt��� � �ts�� � � �ts�� � 
 � 
 �	 # '% &�ct��� � �ct �� � � �cm�� � � �cm�� � 
 � 
 �� ' �
The implementation can then be described by

�� �� �! � 
 � � 
 �� � � � 
 � �� �  � � � �
 � �� �  � � � � �  � ��� �

Then, we abstract from the internal actions of the im-
plementation to arrive at an abstract implementation. The
internal actions, i.e. successful communications over the in-
ternal channels, are given by the set

� 	 & 
st��� �  tm�� � 
 � 
 �	 '% & 
mt�� � �  ts�� � 
 � 
 �	 # '% & 
ct�� � �  cm��� 
 � 
 �� '�

This abstraction is achieved by applying the abstraction op-
erator�� . The abstract implementation is then given by

�� ��� �� �! �
 � �
 �� � � � 
 � ���  � � � �
 � ���  � � � � � ����� �

The state space of the abstract implementation can be
seen as a compound state space of the state spaces of the in-
dividual processes. It is denoted by
 � 	 
 � 	
 � 	
� 	

� . Next, we linearise the abstract implementation, and the
result is referred to as� in the sequel. The� -actions are la-
belled with their corresponding channel name. This shows
from which internal communication action the� originates
and is useful for referring purposes.

THEOREM 4.1 The abstract implementation� is the pro-
cess� �! � 
 � � 
 � � 
 � �� �  � 
 � �� �  �  �  � ��, where

� �� � � ��� � � �� � ��� � �� � � � � � �
 � �
 � �
 � 	! � � ! � ��	 � �� �� � � � � �� � � !�� � � ��� �� 
� � ��� �� �
� � �� � � �tl ���� ��� �� � ��� �� 


hd���� � ��� �� � !�� � �� len���� � �  � �� � � � 	  � �
� � �
 � � � 
 ��� �� � ��� � � � �
 �� 


hd���� � ��� �
 � !��
 �
� �� � � � 	 ! � �
 � �
 	  � �

� �
 � � � ���� �� ��
 �� �� � !�� � �

 ����
 � !��
 �

� � �� � � � 	  � � �
 � �
 	  � �
� � �� � � �� �� �� 
� �� ��� �� � 
 ����� � ���� � �� � �� � � � 	 ! � �
� ��� �hd�� �� �� � � �tl �� �� ��� �� � � len�� �� � �  � �
� �!� � � �	! � ���� �  �� � � !�� !� � � � 	 � � � ! 	  � �
� �!
 � � �	! � ���
 �  ��
 � �	! � !� 
 �� ��� !��	! �  �� !

�
� �
 	 ! � � ! 	 ! � � �

5. Verification

In this section we define a state mapping� � 
 � � 
�
between the abstract implementation and the specification.
This mapping relates states from the abstract implementa-
tion to states from the specification.

In this case study, the mapping� is defined in two steps.
Since the products that enter the production system never
overtake and the products are numbered consecutively, the
state can be described in terms of the minimal and maximal
product number present in the system. A transformation
of the state of the abstract implementation into these two
numbers is defined by the function� � � 
 � � 
�� , where

 �� 	 �	 	 �	 , the minimal and maximal product number.

In the specification the state is described in terms of a
list of the product numbers that are in the system. Again,
under the assumption that the products are numbered con-
secutively, it is not hard to obtain this list once the minimal
and maximal product number are known. This is achieved
by the auxiliary function�� � 
 �� � 
� .

Let us look at function� � in more detail. It is defined
in terms of the functionmin, which returns the minimal
product number present in the system and the functionmax,
which returns the maximal product number present in the
system. We find the minimal product number present in
the system by walking through the system in reverse until
a product is encountered. If our system is empty, the mini-
mal product number equals� � by definition. The maximal
product number equals� � � ! (Proposition 5.1).

Before we define the functionsmin andmax, let us first
define the functionsflat andlist. Functionflat flattens a list
of lists and functionlist creates a list containing the products
present in the system.

In the sequel, we use� 
 
 � as a shorthand nota-
tion for the list of parameters of the abstract implementa-
tion: �� � � � �� � � �� � � �� � �� � � � � ��
 � �
 � �
 � 	! � � ! � ��. The



initial configuration of this list in the abstract implemen-
tation, �! � 
 � � 
 � � 
 � �� �  � 
 � �� �  �  �  � ��, will be referred to
as�� , whereas a new configuration after an arbitrary action
originating from a configuration� will be referred to as�� .
DEFINITION 5.1 Let� be an arbitrary data type. Then for
all �� � � #, � �� � �� #�# the functionflat � �� #�# � � # is
defined by

flat�
 �� 	 
 � �
flat� 
� �� �� � ��� 	 �� �� flat����� �

The functionlist � 
 � � �	 #
is defined by

list �� � 	 flat�� �� �
�� ��� �� �� ��
 � � ��� � ���
 �� ��� ������� �� 
� � � �

The functionsmin�max � 
 � � �	 are defined by

min�� � 	 hd�list�� �� �
max�� � 	 �� � � !� 
 ��  �

The function�� is defined in terms of the functionnp,
which returns the number of the next product to be received
via channel�� (� �), and the functionpp, which constructs
the list of present products (� �� ).

DEFINITION 5.2 The functionsnp � 
 �� � �	 andpp �

�� � �	 #

are defined by

np�� � � � 	 � � ! �
pp�� �� � 	 
� � � � � � � � �

where

� � � � � � � � denotes the empty list


 �
in the case that

� � � and otherwise denotes a list of consecutive numbers
from � to �.

DEFINITION 5.3 The functions� � � 
 � � 
 �� , �� �

�� � 
� , and� � 
 � � 
� are defined by

� � ��� 	 �min��� �max�� �� �
�� ��� 	 �np�� � � �pp�� � �� �

� �� � 	 �� �� � �� �� �
PROPOSITION5.1 � ��� � � max�� � 	 � � � !.
PROOF. For all reachable states of our abstract imple-
mentation� (Theorem 4.1), it is derivable that� � �  , or
in shorthand notation:� ��� � � � � �  . Furthermore, since
� ��� � � � � �  , we obtain� ��� � � max�� � 	 � � � !. �

Next, we show that the state mapping� satisfies the
matching criteria, which implies that specification and ab-
stract implementation of our production system are branch-
ing bisimilar (Theorem 3.1). This is done by discussing the

criteria one by one. For the most interesting criterion, cri-
terion (6), the proof is provided. The proofs of the other
criteria can be found in [13].

Criterion (1) says that� must be convergent. In case of
our production system, we have that� does not contain any
infinite internal computations. Thus,� is convergent.

Criterion (2) says that if in a state� in the abstract imple-
mentation an internal step can be done (

�
�
�� � �

�
�

is valid),
then this internal step is not observable. This is described by
saying that both states relate to the same state in the speci-
fication. In our case, internal steps represent internal move-
ment of material or transport of information. None of these
actions have an effect on the number of products present in
the system nor do they effect their order.

Criterion (3) says that when the abstract implementa-
tion can perform an external step, then the corresponding
state in the specification must also be able to perform this
step. In case of our production system, we have that both
specification and abstract implementation can always re-
ceive a new product. Furthermore, we can prove that when
len�� �� � �  we also havelen���� � � �. This means that
when the abstract implementation is able to deliver a com-
pleted batch, the specification is able to do the same.

Criterion (4) says that in a focus point of the abstract
implementation, an action� in the abstract implementation
can be performed if it is enabled in the specification. In
our case, it holds that both the specification and the abstract
implementation can receive a new product. Concerning the
delivering of processed batches, we can prove that when
len�� �� � � �, we can also realizelen�� �� � �  , the pos-
sibility to deliver a completed batch in the abstract imple-
mentation, provided that no� step is enabled.

Criterion (5) says that corresponding external actions
carry the same data parameter (modulo�).

Criterion (6) says that corresponding external actions
lead to corresponding states. We prove that this is the case
for our abstract implementation and specification.

PROOF. Proving that the function� satisfies criterion (6)
means proving that it holds for any external action.

Let us first consider the action��� �� � �. In that case we
have

�

 ��

�
and �


 ��
� 	 � 
� � � !�� � � ��� �� 
� � ��� �� �.

The latter is denoted as�� in the sequel. We have

� ��� � 	 �np�min��� � �max��� �� �pp�min��� � �max��� ��� �� �
 �� ����	 �np�min��� �max�� �� � !
�pp�min��� �max���� �� 


np�min�� � �max�� ���� �
Then, the following propositions remain to prove

np�min��� � �max��� �� 	 np�min�� � �max���� � ! � (1)

pp�min��� � �max��� �� 	 pp�min�� � �max����
�� 


np�min��� �max�� ��� �
(2)



Before we prove these propositions, let us first prove that in
general, for� �� �� � �, the following two propositions hold

min��� � 	 min��� � (3)

max��� � 	 max��� � ! � (4)

For the proof of (3), consider the following computation

min��� �
	hd�list ��� ��
	hd�flat�� �� � �� � � � �� ���� �� 
� � �� �� 
� � � !��
	hd�flat�� �� � �� � � � �� � �� �� 
� � ��
	min��� �

For the proof of (4), consider the following computation

max��� �
	max�� 
� � � !�� � � ��� �� 
� � ����� ��
	 �� � � !� � !
	� �
	max��� � ! �

Now these propositions are proved, we can use them while
proving (1) and (2). For the proof of (1), consider the fol-
lowing computation

np�min��� � �max��� ��
	max��� � � !
	 �max�� � � !� � !
	np�min�� � �max�� �� � ! �

For the proof of (2), consider the following computation

pp�min��� � �max��� ��
	 


min��� � � � � � �max��� ��
	 


min��� � � � � �max��� � !�
	 


min��� � � � � �max���� �� 

max�� � � !�

	pp�min�� � �max���� �� 

np�min��� �max�� ��� �

Let us now consider the action��� �hd�� �� ��. In that case,�

 ��

� 	 len�� �� � �  and� 
 ��
� 	 � 
tl �� �� ��� �� �. Again,

we use the shorthand notation�� for � 
tl �� �� ��� �� �.
We have

� ��� � 	 �np�min��� � �max��� �� �pp�min��� � �max��� ��� �� �
 �� �� �� 	 �np�min��� �max�� ��
�drop�pp�min��� �max�� �� � ��� �

In that case, the following propositions remain to prove

np�min��� � �max��� �� 	 np�min��� �max�� �� � (5)

pp�min��� � �max��� �� 	 drop�pp�min�� � �max�� �� � ��. (6)

Before we prove these propositions, we first prove that in
general, for��� �hd�� �� ��, the following propositions hold

min��� � 	 min�� � � � � (7)

max��� � 	 max�� � � (8)

For the proof of (7), consider the following computation

min��� �
	hd�list��� ��
	hd�flat�tl �� �� �� �� � � � �� 
� � ��
	hd�drop�flat�� �� � � �� �� � � � �� 
� � ��
	hd�flat�� �� � �� � � � �� 
� � �� � �
	hd�list���� � �
	min�� � � � �

For the proof of (8), consider the following computation

max��� �
	max�� 
tl �� �� ��� �� ��
	� � � !
	max�� � �

Now these propositions are proved, let us prove (5) and (6).
For the proof of (5), consider the following computation

np�min��� � �max��� ��
	max��� � � !
	max�� � � !
	np�min��� �max�� �� �

For the proof of (6), consider the following computation

pp�min��� � �max��� ��
	 


min��� � � � � � �max��� ��
	 


min�� � � � � � � � �max�� ��
	drop�
min�� � � � � � �max�� �� � ��
	drop�pp�min�� � �max���� � �� �

This completes the proof of criterion (6). �

THEOREM 5.1 For any batch size�, we have� �
b �.

PROOF. This follows immediately from Theorem 3.1 and
the fact that�, as defined in Definition 5.3, is a state map-
ping (satisfies the matching criteria). For complete proofs
we refer to [13]. �

6. Conclusions

We investigated whether formal methods could be used
for the analysis of industrial systems models specified us-
ing the specification language� . The case study described



in this paper was a first attempt. It dealt with a model of
an industrial system and had three objectives. The first ob-
jective was to give a correctness proof of this model. The
second objective was to determine system properties for ar-
bitrary parameters and the third objective was to study the
model in isolation. The objectives are met through the use
of formal methods.

Before we draw conclusions concerning these matters,
let us first conclude the following on the use of�, ACP� ,
and focus points and convergent process operators:

( Using the formalism� , one can specify real-life mod-
els quickly and easily. These models can then be vali-
dated by means of simulation. In that way, results can
be obtained within a short period of time. Specifying
formal models, like ACP�models, is more difficult and
time consuming. Furthermore, for the time being, ver-
ification of such models is restricted to models of a
small size. On the other hand, formal models can be
verified, whereas� models can only be validated.( The biggest change to be made when mapping a�

model onto an ACP� model is that one has to develop a
specification using a procedural formalism, where pa-
rameters can only change when processes get invoked,
originating from a model specified in a state oriented
formalism working with assignments.( Focus points and convergent process operators are very
well suited for the actual verification of the model
since they provide a strategy for finding algebraic cor-
rectness proofs for communication systems.( The efficacy of the state mapping between the abstract
implementation and the specification for a great deal
determines the burden of the proof to follow.

Since we verified the ACP� model and because we may,
on intuitive grounds, conclude that we succeeded in pre-
serving the semantics while deriving the ACP� model from
the� model, we are allowed to apply the statements to be
made on the ACP� model to the� model. Current research
is concerned with enabling direct formal reasoning about�

models by setting up a formal semantics of� .
We succeeded in giving a correctness proof by proving

that the external behaviour of the implementation is branch-
ing bisimilar with the specification (� �

b �). Moreover,
we proved the model to be correct for an arbitrary batch
size�. Finally, we were able to study the model in isolation.
Unlike in simulation, no addition of processes describing
the environment is needed. This allows a modular approach
to the analysis of systems.

Our first step in integrating formal methods with an ex-
isting design methodology for industrial systems proved to
be successful. Future research will be concerned with per-
forming more extensive case studies in industry and the de-
velopment of required tool support. The latter should en-
able verification of real-life models. Furthermore, it should

decrease the time needed to come to correct design of in-
dustrial systems.
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