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Abstract 

Strong illlernational competition forces enterprises to 
reduce organizational overhead and cost. Today's 
industrial practices allow. in general. only the sekction 
of whole planning and control systems for CIM (e.g., 
CAD systems, PPtlC systems, ... J These systems can be 
adapted only in a limited range 10 the user requirements. 
With tlte introduction of executable enterprise models to 
the industrial environmelll, it is expected that it will be 
possible to design tailored CIM systems built of 
standardized software modules which will lead to /tigher 
compleJCity of the planning process for software systems. 
Thus, today" s plllJllling and selection approaches will face 
more and more problems. In order to master the 
increasing compleJCity of the planning of software 
systems for enterprises, new planning methods and tools 
are required. An i/ltegrated approach to software system 
plan/li/lg a/ld selection based on CIMOSA enterprise 
models was developed. The underlying idea of the 
approach is the conversio/l of the planning problem into 
an equivalent constraint satisfaction problem. The 
conversion process can be accomplished fully 
automatically. 

1 Introduction 

Because of the globalization of the competition. the 
industrial nations have to compete with countries with 
low wages. This enforces additional reduction of costs and 
overhead. Today's induslrial practice can be characterized 
by highly automated islands which are only loosely 
coupled. usually via file transfer. Computer Integrated 
Manufacturing is broadly recognized 10 be an approach 10 
overcome these problems through the integration of 
aulOmaled islands [1]. 

Today's industrial practice allows. in general, only the 
selection of whole planning and control sySlemS for CIM 
(e.g. CAD systems. PPclC systems .... ). These systems 
can be adopled in a Iimiled range 10 the user requirements. 
Usually. the different CIM systems of a company are 

loosely coupled via file transfer. The software imposes a 
number of constraints on the organization of a company. 
Therefore. a company must adapt 10 the requirements of 
the software which more or less meets its needs. Tailored 
software is very expensive and difficult 10 maintain. 

A solution 10 this dilemma is seen in the introduction of 
executable enterprise models into the industrial 
environment. The basic paradigma of this approach is the 
separation of functionality and behaviour. In this 
approach. the functionality of a CIM system has 10 be 
provided by the software and the behaviour of the CIM 
system has 10 be provided by the enterprise model. 
During operation. the enterprise model decides which 
function has 10 be performed nexi. The 'operation system' 
of this ClM sysrem calls the software packages providing 
Ihe functionality. With this approach, it is expected that 
it will be possible 10 design tailored CIM-systems built 
of standardized software modules. 

We also have 10 take inlO account that the aulOmation 
islands are provided by a number of vendors and that they 
are used by a number of users. Integration would be much 
easier if there is a generally agreed upon solution for the 
required architectural structure [2]. CIMOSA is a new 
open sysrem architecture developed in the framework of 
the ESPRIT! project AMICE aiming at the provision of 
such a generally agreed upon solution based on executable 
enterprise models. 

Today's planning activities principally use a two step 
approach for the selection of software systems: Firs~ an 
experience driven selection of appropriate methods 10 
support a specific enterprise function is made. The 
methods selected are not independent of each other because 
they use data thai have 10 be generated by previously 
applied methods. There is software support for this 
specification process available, but usually no systematic 
consistency checking is performed. Furthermore, the 
specificalion process itself is nOI independent of the 
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software resources available. During the specification 
process. software resources available have to be laken into 
account. In the second step of the ordinary approach. a 
suitable software system is identified through an 
economic efficiency analysis. The result of the economic 
efficiency analysis is a software system that is the best 
compromise but it is nOl clear which requirements are 
met by the selected system and which are not. 

With this approach. the person who makes the 
specification has to have a good overview of the 
enterpise. available methods and the software system 
market. This approach is used today to select extensive 
software systems (like CAD or PPC systems). the data 
exchange of which is easily understandable. Even in this 
case. the specification process would be facilitated if the 
user is supported in consistency checking and 
systematically informed about available software systems 
in a systematic manner. If !he software systems become 
more open and integrated or executable enterprise models 
are introduced. !he ordinary approach will face serious 
problems. In this case. software supported method 
specification and consistency checking is required. 
Funhermore. it is desirable to develop an approach for 
software system planning and selection that takes the 
functionality of available software systems in account. 

After an overview of CIMOSA. we will introduce an 
integrated method which addresses !hese problems. 

2 CIMOSA • an Overview 

[n this paragraph the major features of the C[MOSA 
enterprise model are introduced. This description 
concentrates on !hose aspects of the model which are 
required for the understanding of this article. 

Fig. I: 
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The dimensions of CIMOSA 

The basic structure of the modelling framework developed 
by the AMICE project can be visualized with the help of 
a cube (Fig. I) . The model is divided into three 
dimensions: 

The Architectua[ Level dimension describes the generality 
of the model. The Generic Level provides the constructs 
out of which the models are made. The Partial level 
provides a number of Reference Models. which are 
basically a library of enterprise models which allows to 
lake advantage of !he simularities between enterprises of 
the same branch and size during the modelling process. 
The particular model is that of an individual company 
which describes exactly the behaviour and the 
functionality of this enterprise. 

The Modelling level dimension covers the stages of 
development from the requirements definition to an 
executable model. For our considerations. it is sufficient 
to have a closer look at the Requirements Definition 
ModeUing Level. 

The View dimension of !he aims at the reduction of 
complexity of the model by dividing it into different 
Views. Each of these Views covers a special aspect of !he 
model and there are links defined between the four Views. 
In funher explanations. we focus on the Function View 
and explain the o!her dimensions as far as it is required for 
comprehension. 

The separation of functionality. behaviour and structure is 
the basic paradigm of the Function View. This view 
decomposes the functionality and behaviour of an 
enterprise in I hierarchical manner (Fig. 2). A Domain 
contains one or more Domain Processes. The relationship 
between Domains are described with the help of Domain 
Relationships. The Domain Processes are the root of the 
decomposition tree. It employs Business Processes which 
are in the middle of the decompositon tree. The leaves are 
named Enterprise Activities and are employed by Business 
Processes or. if there are no Business Processes. by 
Domain Processes. We also use the term Enterprise 
Function if we talk about I Domain Process. a Business 
Process or an Enterprise Activity. The input and output 
of data is described wi!h the Object V iew construCt of the 
Information View. 

Domain Processes and Business Processes contain a so
called Procedural Rule Set. There. it is descriped in which 
sequence the employed Enterprise Functions have to be 
executed. This sequence can depend on the result of a 
previously executed Enterprise Function. 

In CIMOSA. four types of these Procedural Rules are 
defined. In principle. a Procedural Rule Set consists of a 
collection of rules similar to the following example: 

WHEN (Ending Status of Enterprise Activity X = 
Value I) DO (Execute Enterprise Activity Y) 

Depending on the type of the rule. CIMOSA allows to 
Enterprise Functions to be executed mutually exclusivly 
or in parallel. 

As opposed to Domain Processes and Business Processes. 
an Enterprise Activity does not have a Procedural Rule 
Set. since there are no more detailed Processes to be 
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controlled. But on the level of Enterprise Activities, the 
requirements for resources have 10 be defined. 

Fig. 2: Suucture of a CIMOSA domain 

Therefore, the Enterprise Activities have a pan called 
·'Capability Section". In Ibis paragraph, we explain only 
rhis parts of the Capability Section, which we use during 
rhe software system planning process. It consists of a 
textual description and a Deseription of Features. The 
Description of Features is defined by a non-emtpy set of 
socalled Feature Elements. They consist of an locally 
unique IdentiflCf and a name of the Feature Element. We 
use the Feature Elements 10 model the merhods, with the 
help of which Enterprise Activities can be supported by 
software systems. In addilion 10 the CIMOSA attributes, 
we introduced some additional attributes 10 rhe Feature 
Element. First, we introduced merhod restrictions. This 
means that a specific method requires rhat another method 
has 10 be applied by a previously executed Enterprise 
Activity. In rhe Reference Model, it is represented by a 
list of Features/Feature Elements. Second, we added so
call~ i.nput restrictions 10 the Reference Model. An input 
res~cuon makes sure rhat a method is previously applied 
which produces a specific output. This specific output is 
repr.esented with the help of a list of Object Views. Third, 
we IDtrodUCed an attribute 10 the Feature Elements which 
represents the Function Output, which is produced by the 
merhod. 

Resources which provide the functionalities are modelled 
in the Resource View. The Resource construct is the 
basic construct used 10 describe an enterprise Object which 
provides Capabilities. In the Resource construct there is 
an identical Capability Section deflDed in order 10 make a 
match between the requirements defined in the Function 
View and rhe Capabilities provided by possible Resources 
• The Resource construct has some other attributes, like 
identifiers, textual description etc. In addition, there are 
also attributes to describe rhe relationships between 

several Resources. But for our considerations it is not 
required to introduce these parts of the Function View. 
The interested reader may refer 10 [3]. 

3 An Integrated Approach to Method 
Specification and System Selection 

At rhe beginning of a software selection process, an as-is
analysis of rhe enterprise is performed. The result of the 
as-is-analysis is a kind of enterprise model. Based on rhis 
enterprise model, the specification process is performed. 
In our project we used rhe CIMOSA enterprise model. As 
introduced above, CIMOSA also provides constructs to 
model resources and we added an opportunity to model 
consistency criteria of methods. Therefore, all the 
knowledge required for the software planning and selection 
process is represented in our CIMOSA model. 

This representation is suitable to model the planning 
problem but not 10 solve it. On the orher hand, Artificial 
Intelligence provides a number of standard procedures to 
solve planning problems. In order to solve our planning 
problem, we will convert it inlO an equivalent constraint 
satisfaction problem. 

Therefore, rhe planning system consists of two ··worlds". 
The CIMOSA models are used to define the planning 
problem in a way which is easily unterstandable for the 
user. The constraint netwmlc is used to solve the planning 
problem. In the next paragraphs, we will introduce rhe 
architecture of our system which is depicted in Fig. 3. 

The kernel of rhe planning tool for software systems 
consists of the following components: 

The Reference Model plays an important role in rhe 
planning tool. It contains at least rhe Function View, 
the Information View and rhe Resource View. In rhe 
Function View, each Enterprise Activity contains a 
Capability Section. This Capability Section is 
instantiated while the Resources are modelled. The 
modeller of the Resources has to specify which 
Enterprise Activity can be supported by which 
Feature of a Resource. Therefore, the Function View 
of the Reference Model contains a collection of 
methods for each Enterprise Activity. These methods 
can support the execution of the Enterprise Activity. 
In CIMOSA terminology, this means that the 
methods provided by Resources are modelled as 
Features and Feature Elements in the Capabiltiy 
Section of the Enterprise Activity. 

The individual enterprise model represents the 
enterprise for which the software system has to be 
planned. It is derived from rhe Reference Model. 
Therefore, we can identify the corresponding 
component of an Enterprise Function in the 
Reference Model. The constraint variables are the set 
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Fig. 3: Architecture of the soflWare system planning 1001 

of Features which are necessary to describe the 
requirements for Resources of the Particular 
Enterprise Model and a variable representing a 
combination of resources supponing 1he Enterprise 
Activities of the Particular Model. 

The specification laol contains the constraint networlc 
which represents the planning p,oblem in an 
equivalent constraint network. Through the user 
interface. the system offers the available and still 
employable methods. The user enters his/her 
selection. If required. 1he Capability Section can be 
added to the individual enterprise model for further 
processing. Afterwards. it is named a Specified 
Enterprise Model. 

Several conversion steps are required to transform the 
CIMOSA representation into an equivalent constraint 
network. This conversion process will be explained in 
more detail. 

The process starts with the instantiation of the Particular 
Model (Fig. 4). It is derived from 1he Reference Model in 
such a way that the origin of the Enterprise Activity can 
be identified in the Reference Model. As already 
mentioned above. the link between Enterprise Functions 
and Resources is provided in 1he Reference Model. 

In the next step. the dependencies between the methods 
applicable in the Particular Model are converted into a 
constraint network. The representation of dependencies 
between the software methods works as follows: We 
assume that a prerequisite can be a speCific Function 
Input which must be provided by a previously executed 
Enterprise Activity. or it can be a specific method which 
must be applied by a previously executed Enterprise 
Activity. 

Third. the allowable method combinations which are 
provided by Resources ft also converted into a constraint 
network. The constraint network is now complete and a 

InllllWltla1lon 01 the individual model 
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Convarslon 01 ,alOU'eel Into 8 CN 

Solving the CSP 

Supplementing the CIMOSA model 

CN Cont"slnt network 
CSP Const,alnt satisfaction probllfR 

Fig. 4: The course of software system planning 
and selection 

problem·solving algorithm controls the instantiation of 
the constraint variables. If the user selects a method 
which cannot be provided by a Resource. a constraint will 
be violated and the instantiation of the method has to be 
taken back. 
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Finally, the solution found can be added to the individual 
EntelPrise Model. 

The most difficult task is to generate the equivalent 
constraint network. How this can be accomplished will be 
decribed in the next paragraphs. Afterwards, we will 
explain the various conversion steps required 10 generate 
the constraint network. Before summing up, we will 
present the planning guidance. 

3.1 The Conversion or the Particular 
CIMOSA Model into a Contralnt 
Network 

The conversion task requires two steps: First, we have to 
find out in which sequence Enterprise Activities are 
executed. This step requires an analysis of the Procedural 
Rule Sets and the Events of the individual enterprise 
model. Second, we have to consult the Reference Model 
in order to find out which Feature!Feature Elements 
impose which constraints on other EntelPrise Activities 
of the Particular Model. 

As we mentioned above, in the first step we have to find 
out in which sequence the EntClJlrise Activities have 10 be 
executed. The Procedural Rule Set dermes the sequence in 
which Ente!prise Activities of Business Processes have to 
be executed. The sequence can depend on tennination 
states. For our pUlPoses. it is sufficient to extract the 
static precedence relationships which is independent of the 
actual ending state. Furthermore, we have to distinguish 
between the parallel execution and the mutually exclusive 
execution of EntelPrise Functions because this has a 
strong influence on the constraint generation. We will 
explain that using an example (Fig. 5): 

A method of Enterprise Function 4 imposes a constraint 
on a previously executed Enterprise Function (here: 2 or 
3). If the Enterprise Functions 2 and 3 are executed 
mutually exclusively, the required method must be 
provided by both, since only one EntelPrise Function is 
executed at anyone time. If the Enterprise Functions are 
executed in parallel then it is sufficient if only one 
EntelPrise Function provides the method required by 
EntelPrise Function 4, since both Enterprise Functions 
are executed in any case. 

Following this train of thought, we developed an 
algorithm which analyzes the Procedural Rule Set and 
converts the static structure defined by it into a precedence 
graph. The nodes of the graph represent EntelPrise 
Functions. The procedure starts at the level of the 
Domain Processes and refines the precedence graph until 
its nodes represent only EntelPrise Activities which 
belong to the lowest decomposition level on the 

Requirements Definition Modelling Level. With the help 
of the precedence graph, we can easily detennine the 
predecessors of an Ente!prise Activity. 

In the second step of the conversion process, the 
constraints must be generated which represent the 
dependencies between the methods available. During this 
conversion process we have 10 consult the Reference 
Model and the precedence graph. The algorithm which 
does this works principally as follows: 

Mutually exclusive executed Enterprise Functions: 

Enterprise Functions executed in parallel: 

o Enterprise Function 

G020 
Fig. 5: Two Examples for precedence 

relationships of Enterprise Functions 

For each Enterprise Activity of the Particular Model. the 
algorithm determines by which methods this EntelPrise 
Activity can be supported in the Reference Model. For 
each of the methods, it is checked whether it imposes a 
restriction on another Enterprise Activity. The precedence 
graph and the Reference Model are consulted in order 10 
find solutions which do not violate these restrictions. A 
constraint is generated which represents the allowable 
solutions. In this way, all restrictions of the Particular 
Model are worked off and all the constraints which 
represent the existing dependencies between the methods 
are generated. 



286 Part Four Tools and Techniques 

3.1 The Conversion of the CIMOSA 
Resource Model Into a Constraint 
Network 

In the conversion steps we have described up 10 now. we 
formalized the dependencies between methods which can 
support an Enterprise Activity. 

As mentioned above, the variables of the conslraint 
network are the set of Features which are used in the 
Particular Model 10 describe the Required Capabilities. 
The available Resources provide a specifIC combination of 
methods which restrict our method selection during the 
specifICation process. Therefore, we have 10 represent the 
admissible combinations of methods. But several 
Resources are required 10 provide all the methods required. 
Therefore, one conslraint represents an admissible 
combination of methods provided by several Resources. 
Because of these reasons, we need one conslraint for each 
possible combination of Resources. 

The algorithm for one Resource works principally as 
follows: for ·each Feature of the Particular Model we 
determine which Resource provides a method 10 support 
that Feature. For each Resource we generate a conslnlint 
and add the Feature of the Particular Model as a conslnlint 
variable. The methods provided by a Resource are the 
allowable values for the conslraint variable and, thus, we 
add these values to the conslraint. The last conslraint 
variable we add represents the name of the Resource. In 
the specification process, this variable will be instantiated 
as the last variable. The remaining allowable values of 
this variable are the names of the Resources which can 
provide the methods required. 

When we have generated the resource conslraints, our 
conslraint network is complete. In the next paragraph, we 
explain how the conslraint satisfaction problem can be 
solved. 

3.3 Planning Guidance 

There are several methods available for solving conslraint 
satisfaction problems [41. The most important class of 
problem-solving methods are the backtracking 
algorithms. The differences between the various 
algorithms of this class consist of the different powerful 
conslraint propagation methods. In the simplest case, 
there are none. In more complex cases the conslraint 
propagation methods remove all values from a variable 
domain which can cause conflicts. The more powerful the 
constraint propagation algorithm is, the more time
consuming its execution will be. In our case, we decided 
to use a backlracking algorithm with forward checking. 
This means that the conslraint propagation method filters 

the domains of variables in such a way that the remaining 
values do not violate conslraints (with the current variable 
instantiations). 

The sequence instantiation of variables is another 
important aspect, and we have to consider whether the 
instantiation sequence is comprehensible 10 the user. This 
restricts our freedom in choosing the instatiation sequence 
as follows: 

1. Features belonging 10 one Enterprise Activity should 
be instantiated as a group. 

2. The instantiation sequence should follow the flow of 
information in the enterprise model. In order 10 make 
the method selection process more goal-oriented, 
Grabowski (Grabowski, 1992) recommends starling 
with the instatiation process at the end of a chain of 
Enterprise Activities and 10 follow the flow of 
information in a reverse sequence. This sequence has 
the important advantage that the user defines the 
"last" method he wants 10 apply first and during the 
specification process he knows exactly what is 
required by the successors. This makes the 
specification process more goai-oriented and it wiD be 
applied in our system. 

We have now described how the conslraint network wiD 
be generated and how the planning guidance works in 
principle. In the next paragraph, we will summarize the 
most important features of the integrated approach. 

4 Summary 

In Section 1 we mentioned two major planning problems 
which arise with the introduction of higher integrated 
software systems inlO the industrial environment. First, 
we mentioned the requirement 10 develop a planning 
process which supports the user 10 select methods in a 
consistent manner. Second, the specifications must be 
made in a way that there are Resources or a combination 
of Resources available which can provide the 
functionality required. 

With our approach, it is possible 10 model reslrictions 
caused by methods as input requirements or as methods 
requirements. These requirements are converted inlO an 
equivalent constraint network aUlOmatically. In a similar 
way, method combinations provided by Resources are 
aUlOmaticaily converted inlO a constraint network as well. 
The problem solving procedure ensures that only methods 
can be selected which are provided by Resources and it 
ensures that there are Resources which meet all the 
requirements defmed during the specification process. 
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