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Abstract

Process engineering is surely no pure con-

�guration application, but modeling the

structure of chemical processes confronts

us, in the �eld of knowledge representation,

with similar problems. First, the tasks we

are concerned with in process engineering

are described as well as how knowledge

representation systems can support these

tasks. Roughly speaking, this support con-

sists in helping the user in the handling of

an object-oriented database. Then it is ar-

gued why terminological knowledge repre-

sentation systems are suitable tools for gi-

ving this support and how this support can

be realized by these systems. In the last

section, we describe some problems that

arise because this task asks for a knowledge

representation system with special expres-

sive power.

Process engineering

Process engineering is concerned with the design and

operation of chemical processes that take place in

huge chemical plants. This engineering task inclu-

des activities like deciding on an appropriate 
ows-

heet structure (e.g. reaction and separation system

con�gurations), mathematical modeling and simula-

tion of the process behavior (e.g. writing down ma-

thematical equations and performing numerical si-

mulations), sizing of components like reactors, heat

exchangers etc. as well as costing and enginee-

ring economics. All these tasks are based on ap-

propriate models of the process that is to be desi-

gned or operated. These models can be di�erent

graphical models, verbal or mathematical models.

To support these engineering tasks by appropriate

software tools, the development of process models

has to be supported. The process models are ba-

sed on standard building blocks

[

Marquardt,1994;

Bogusch and Marquardt,1995

]

which are objects re-

presenting, among others,

� material entities such as reactors, pipes, control

and cooling units,

� models of these entities such as device-,

environment-, and connection-models,

� interfaces between these models and so-called

implementations describing their behaviour,

� symbolic equations specifying these implemen-

tations and variables occuring in these equati-

ons which are related to each other as speci�ed

in the interfaces,

� : : :

Our aim is to support the development of these mo-

dels. The task of modeling chemical processes is su-

rely no pure con�guration task, but especially the

modeling of the structure of a chemical plant con-

fronts us with similar problems and tasks: Devices

and connections are chosen, their respective inter-

faces are coupled, complex devices are decomposed

into their components or segments, etc..

Problems we want to help with

The highly complex task of modeling chemical plants

can be heavily supported by appropriate software

tools such as CAD, decision support and numerical

tools. In order to give this support, the domain spe-

ci�c knowledge is stored in a frame-based system.

This frame-based system is able to store a great va-

riety of the standard building blocks. As the user

has to be able to �nd building blocks (s)he is loo-

king for, standard building blocks are grouped in

classes, and these classes are ordered with respect to

the is-a-specialization-of relation (known also as the

is-a relation) which yields the class hierarchy. This

ordering has to be explicitely stated in each class

de�nition by giving, for each class, the set of its su-

perclasses. As the frame-based system includes po-

werful features such as methods and triggers, it is far

too expressive to compute the implicit subsumption

relation on the de�ned classes. On the other hand,

it is 
exible in that it can be extended by additional

classes of building blocks. This second feature is ne-

cessary because in process engineering, the number

of standard building blocks increases permanently.

In the sequel, by database we refer to the set of

class de�nitions in the frame-based system. As the

complexity of the database increases, navigation in

its hierarchy becomes again di�cult and modifying

or extending the taxonomy becomes dangerous in

the sense that they might not yield the desired chan-

ges. In fact, the user (the person building models

and sometimes extending the database by new clas-

ses of standard building blocks) is confronted with

the following problems:

1. Navigation in the class taxonomy will become

di�cult, especially in those parts of the data-



base not often used by the user. Searching for

a certain class whose names is not known may

take a long time of browsing the hierarchy and

comparing di�erent class de�nitions until the

appropriate class is found.

2. De�nig a new class A, the user has to arrange it

into the existing taxonomy according to its in-

tuition or common sense. (S)he knows that A is

a subclass of B, but might be uncertain whether

there is a more speci�c subclass B

0

of B such

that A is a subclass of B

0

. Because of this uncer-

tainty it is rather probable that the taxonomy

gets broader than necessary|which is, on one

hand, disadvantageous for the performance of

the database system, and, on the other hand,

makes navigation more di�cult than necessary.

Furthermore, it could happen that the user de-

�nes an inconsistent or unintendent class. The

extension of the database by such a de�nition

can cause needless work.

3. As the database can be modi�ed by more than

one user, it is probable that the same class is

de�ned twice|in syntactically di�erent terms

and with di�erent names. This does not only

blow the size of the database, but is also a source

of misunderstanding and trouble.

How these problems can be solved

To help the user with these problems, the database

should be equipped with a system that is able to

compute implicit specialization relation between de-

�ned classes and that is able to test consistency of

class de�nitions. Unfortunately, the frame-based sy-

stem has far to much expressive power to allow for

this automatic reasoning, e.g., the according infe-

rence problems are undecidable. The main reason

for this fact is the possibility to de�ne triggers and

powerful methods in the frame based system.

Fortunately, there is still something that can be

done: The content of the database can be mirrored

in a knowledge base whose reasoning services are po-

werful enough to help the user with the problems

mentioned above. As a consequence of the above

observation, this translation cannot be exact|if it

were exact, the interesting problems would still be

undecidable|but, by choosing an appropriate know-

ledge representation system, they can be su�ciently

exact. An important point of this mirroring is that

the taxonomy of the knowledge base has to be equi-

valent to the class hierarchy of the database. Even

if some properties described in the database cannot

be translated accordingly, this equivalence has to be

assured. Then the knowledge representation system

should be able to help the user with the navigation

and modi�cation of the database. It should include

an intelligent browser to help �nding classes, pro-

pose places in the taxonomy where to place a new

class, clarify the meaning of a new class de�nition

before the database is extended by this class, and

detect semantically identical classes.

Why we chose a TKR-system

In this section, we will argue why a terminological

knowledge representation system (TKR-system) is

the appropriate representation system for the task

described above. Before doing so, we will brie
y de-

scribe TKR-systems.

TKR-systems di�er mainly in their underlying de-

scription language, which are characterized by the

sets of so-called concept-forming and role-forming

operators. Using these operators, one can de-

�ne complex concepts (which are interpreted as sets

of elements of the interpretation domain) and ro-

les (which are interpreted as binary relation on

the interpretation domain) using primitive concepts

and roles. Operators available in almost all im-

plemented systems are union, intersection, nega-

tion, value restrictions, as well as restrictions on

the number of role successors. A terminological

knowledge base is a set of concept and role de�-

nitions stored in a so-called TBox. A small ex-

ample for a TBox is given in Figure 1. In this

TBox, the concepts Material-Entity, Model, and

Implementation are de�ned (for a matter of space,

these de�nitions are presented only partly). For ex-

ample, a Material-Entity is a Modeling-Concept

that is associated by the is-modeled-by relation

to instances of the concept Model only, and by the

relation has-function to instances of the concept

Function only. A Model is, among others, associa-

ted by the relation is-implemented-by to exactly

one Interfaces. The concept Model are further re-

�ned, for example, to concepts like Device-Model

or Connection-Model, which themselves are re�ned,

and so on.

TKR-system are suitable for this task because of

the following points:

� TKR-systems can be viewed as a uni�ed frame-

work for class based representational formalisms

[

Calvanese et al.,1994

]

, and are closely related

to frame-based systems. The translation from a

class de�nition in a frame-based database to a

concept de�nition in a TBox is natural for many

of the properties describable in frame-base sy-

stems, hence this translation can be performed

automatically.

� For most description languages, there exist so-

und and complete inference algorithms for the

answering of queries. In most cases, these que-

ries are reduced to the basic inference problems

such as satis�ability (the question whether a

concept can ever be instantiated) or subsump-

tion (the question whether a concept is more

general than another one). Soundness and com-

pleteness of the inference algorithms implemen-

ted in a system imply that queries are always

answered correctly after a �nite amount of time.

The advantage of TKR-systems with sound and

complete inference algorithms is that, if the

user explicitely describes properties of objects,

then these properties are always dealt with by

the algorithm|they are not simply disregarded

when the algorithm reasons about these objects.

� It is possible to keep the TBox taxonomy equi-

valent with hierarchy of the database: There

are two reasons why a concept could be placed

at a di�erent place in the (implicit) taxonomy



Material-Entity := Modeling-Conceptu (8is-modeled-by:Model) u (8has-function:Function)

Model := Structural-Modeling-Conceptu (8possible-alternative:Model) u

(8active-alternative:Model) u

(8is-implemented-by:Implementation) u (= 1 is-implemented-by) u

(8active-interfaces:Interfaces) u (� 1 active-interfaces)

Implementation := Structural-Modeling-Conceptu

(8behaviour:Equation) u (� 1 behaviour) u

(8variables:Symb-vars) u (� 1 variables)

Figure 1: Example TBox

of the TKR-system than the according class in

the database hierarchy: It can be (1) because of

the inexactitude of the translation and (2) be-

cause the user placed the class too high in the

database hierarchy. If such a mismatch occurs,

the user is asked to verify which of the cases

did arise. In the �rst case, the de�nition of the

concept is modi�ed such that afterwards, this

concept is placed correctly. In the second case,

the superclasses of the new class are modi�ed

accordingly.

� The services required for the support of the

modeller in the usage of the database can be

achieved by TKR-systems. Standard services

provided by TKR-systems comprise the calcu-

lation of the implicit subsumption relation bet-

ween two concepts, the calculation of the impli-

cit concept taxonomy, as well as testing whether

a concept is satis�able.

Based on these services, navigation can be sup-

ported in the following way: First, the user is

asked to describe|in an incomplete way|the

class (s)he is looking for. Then the TKR-system

gives him/her the most speci�c classes subsu-

med by this description. The user should then

be able to give more information concerning the

class (s)he is looking for by looking more closely

at these classes. Naturally, this information can

also include some of the classes proposed by the

system which are more general than the one the

user is looking for. By iterating this ask-and-tell

procedure, the user is guided to the class (s)he

is looking for.

Before adding a new class de�nition to the da-

tabase, the user can ask the TKR-system to ar-

range the according concept into the TBox ta-

xonomy. Investigating this taxomony, we can

prevent the user from unintended de�nitions.

Testing satis�ability of a concept before adding

its according class to the database can prevent

from extensions by inconsistent classes.

� Its declarative semantics enables the user to cor-

rectly de�ne the concepts (s)he has in mind.

Rule based formalisms may seem more natural,

but when characterising a class one has in mind,

it is di�cult to �x all rules necessary to de�ne

this class.

Which TKR-system to choose?

TKR-systems di�er in the expressive power of the

underlying description language, and we are now

confronted with the question which TKR-system

is the most appropriate one for the task descri-

bed above. In the last decade, a great variety of

TKR-systems has been investigated

[

Levesque and

Brachman,1987; Nebel,1988; Schmidt-Schauss,1989;

Patel-Schneider,1989; Hollunder et al.,1990; Donini

et al.,1991; Baader and Hanschke,1993; De Giacomo

and Lenzerini,1994; Calvanese et al.,1995

]

. Howe-

ver, there are still many open questions concerning

TKR-systems, their expressivity as well as their be-

havior in realistic applications. It is clear that, for a

given application, the description language has to be

expressive enough to represent relevant properties of

the objects in the application domain. Unfortuna-

tely, the more expressive a description language lan-

guage is, the more time or space is needed to com-

pute query answers

1

. Hence a compromise has to

be found between computational complexity and ex-

pressive power. Furthermore, as "expressive power"

is not 1-dimensional, it is di�cult to tell whether the

expressive power of one description language is "bet-

ter" for a given application as the expressive power

of another one.

This process engineering application is surely no

pure con�guration application. Nevertheless, the

structural modeling of a plant can be seen as a con-

�guration task: Devices and connections are chosen

from a set of generic devices; they are possibly mo-

di�ed according to the actual construction; connec-

tions between these devices have to be de�ned; they

are possibly decomposed into their parts in order

to get a more precise model; and �nally, devices are

aggregated from di�erent subdevices modeled by dif-

ferent users. As a consequence, in the �eld of kno-

wledge representation, we are confronted with pro-

blems which occur also in con�guration applications:

Part-whole relations: As the plants to be mo-

deled are very complex, the user should be able to

decompose and aggregate devices and connections of

the process to be modeled (this is also important for

1

However, driven by demands from other applica-

tions, it could be shown in

[

Baader et al.,1994

]

that

worst-case intractable languages may behave quite well

in practice.



the reuse of models as well as for distributed mo-

deling). Hence the TKR-system has to be able to

represent composite objects appropriately.

For this appropriate representation of compo-

site objects, part-whole relations have to be trea-

ted correctly by the inference algorithms of the

TKR-system. As for other applications

[

Gerstl and

Pribbenow,1993; Franconi,1994; Artale et al.,1994;

Pribbenow,1995

]

, we are confronted with the que-

stion

� which part-whole relations are needed for the

appropriate representation of the complex ob-

jects in our application. It turned out

that objects are decomposed with respect to

the component{composite, segment{entity, and

member{collection relation, each of them a

spezialisation of the general part-whole rela-

tion. Roughly speaking, parts with respect to

the member{collection are not coupled to each

other and are "of the same kind", whereas com-

ponents can be coupled to each other in any way

and may be quite di�erent one from each other,

and segments are from a similar kind, but cou-

pled to each other. As the user might want to

refer to a part, not knowing on which level of

decomposition it can be found, we have to repre-

sent the general, transitive part-whole relation

as well.

� how these relations interact: If, in the intui-

tion of the user, the segment{entity is transitive,

then it has to be represented as a transitive role.

But what about a component a of a segment b

of a whole c | ist a also a component of c?

Questions concerning these interactions are not

yet completely answered, but they have to be

answered in order to handle composite objects

appropriately.

� which properties concerning part-whole relati-

ons are relevant in the application: For exam-

ple, the existence of a certain part can be es-

sential for the proper de�nition of the whole, in

contrast to parts being optional; a part can be

exclusive in the sense that it might be a part of

at most one object b without the possibility to

be shared by other objects beside those having b

as a part; a part can be functional for an object

in that this object does no longer work correc-

tly if this part is broken; and many others more

[

Simons,1987

]

. The representation of these pro-

perties is quite useful because knowledge con-

cerning these properties is required for powerful

consistency-testing procedures: It thus can be

veri�ed, for example, if all essential parts are

speci�ed and, if this is not the case, either a

suitable one can be determined or the user is

informed on this missing part.

As at least the general part-whole relation is

transitive, an appropriate TKR-system has to

be able to handle some kind of transitive rela-

tions. Using transitive relations, the user can

refer to parts along a number of decomposition

levels not known in advance or along any (�-

nite) number of decomposition levels. Hence

an interesting question is, in which ways tran-

sitive relations can be included into description

languages and handled by their inference algo-

rithms. We investigated this question for an

expressive, well-known description language in

[

Sattler,1996

]

.

Number restrictions: As for con�guration pro-

blems, objects are often characterized by the number

of objects they are related to by some relation. For

example, we want to describe devices having at least

7 inputs or exactly 5 outputs. In description langu-

ages, this can be done using number restrictions as

in

(deviceu (� 7 input));

(deviceu (= 5 output)):

This possibility is available in almost all imple-

mented TKR-systems, but not su�ciently expressive

for our application: We wanted to describe devices

having the same number of inputs as of outputs, as

in

(deviceu (= � input) u (= � output));

or devices having less inputs as each of its parts have,

as in

(deviceu (= � input) u (8has-part:(> � input)):

In

[

Baader and Sattler,1996a

]

, these symbolic num-

ber restrictions are introduced and investigated. Un-

fortunately, it turned out that the basic inference

problems such as satis�ability or subsumption get

very complex, even undecidable, if this kind of num-

ber restriction is allowed in a unrestricted way. Ne-

vertheless, it could be shown that, if their usage is

restricted, then we can reason in a sound and com-

plete way about concepts containing symbolic num-

ber restrictions.

Furthermore, we want to restrict the number of

objects that are related via a complex path of relati-

ons to an object. For example, we are interested in

describing devices which have at most 7 parts that

are components of its components, as in

(deviceu (� 7 has-component � has-component));

or we want to describe a device where all the de-

vices it is connected to are controlled by the same

controller:

(deviceu (= 1 connected-to � controlled-by)):

The complexity of the basic inference algorithms

depends on which operators, beside/instead of com-

position � are allowed inside number restrictions. In

[

Baader and Sattler,1996b

]

it is shown that some

combinations lead to undecidability of the basic infe-

rence problems whereas for other combinations, we

could give sound and complete algorithms solving

these problems.
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