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Chapter 5

Modelling Systems in DESIRE

The component-based multi-agent design method DESIRE supports structured
design of autonomous, interactive, component-based systems. DESIRE views
individual agents, their tasks and multi-agent systems as component-based
structures and supports the evolutionary development of such structures (e.g.,
design support systems). This chapter describes the main principles underly-
ing DESIRE and how to model component-based systems in DESIRE.

Account. This chapter is largely based on the work of the Department of Artificial Intelli-

gence of the Vrije Universiteit Amsterdam. Publications on modelling component-based sys-

tems in DESIRE by Brazier, Jonker and Treur have been used and adapted by kind permission

of the authors [Brazier, Jonker and Treur, 1998; Brazier, Jonker and Treur, 2000].

The component-based multi-agent design method DESIRE supports structured design of
autonomous, interactive, component-based systems. This method supports explicit models of
intra-agent functionality (i.e., knowledge, reasoning and acting abilities required to perform
the tasks for which an agent is responsible) as well as inter-agent functionality (i.e., knowl-
edge, reasoning and acting abilities required to perform and guide agent co-ordination, co-
operation and other forms of social interaction).

DESIRE (an acronym of ÒDEsign and Specification of Interacting REasoning comp o-
nentsÓ) uses compositionality (i.e., a component-based perspective) and evolutionary devel-
opment as main guiding principles. As such, DESIRE has a unique place among the current
system design and development methods. In this chapter, its main features are summarised.

This chapter is organised as follows. Section 5.1 describes the main principles of compo-
sitional design of complex reasoning systems. Section 5.2 describes the design and reuse of
generic models as part of the evolutionary development of component-based systems.
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5.1 Principles of Compositional Design of Reasoning Systems

The two main guiding principles underlying DESIRE are compositionality and evolutionary
development. Compositionality means that the individual agents, their tasks and multi-agent
systems are viewed as component-based structures: all functionality is modelled in terms of
interacting components. Complex distributed processes are seen as the result of tasks per-
formed by agents in interaction with their environment. Hence, these processes can be under-
stood by studying the tasks and the way these tasks are composed into more complex tasks,
individual agents and multi-agent systems.

The second main guiding principle of DESIRE is its support of evolutionary development
of reasoning systems. DESIRE does not assume a fixed sequence of designing such systems:
instead, it is assumed that, depending on the specific situation, it may be that different types
of knowledge are available at different points during system design. Therefore, DESIRE is
based on the view that a system development method should support an iterative approach.

The following sub-sections of this section describe how these principles are incorporated
into DESIRE.

5.1.1 The process of designing a component-based system

The design of a component-based system is an iterative process, which aims at the identifi-
cation of the parties involved (i.e., human agents, software agents, external worlds), and the
processes, in addition to the types of knowledge needed. During a component-based system
development process, DESIRE distinguishes a problem description, a conceptual design, a
detailed design, an operational design and design rationale (see Figure 5.1).
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FIGURE 5.1. Problem description, levels of design and design rationale.
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The problem description includes the requirements imposed on the design. The rationale
specifies the choices made during design at each of the design levels (i.e., conceptual design,
detailed design and operational design), and information about the context in which these
choices were made. The relationship between the design levels is well defined and structure
preserving. The conceptual design includes conceptual models for each individual agent and
its tasks, the external world, the interaction between agents, and the interaction between
agents and the external world. The detailed design of a component-based system, based on
the conceptual design, specifies all aspects of a systemÕs knowledge and behaviour, which
forms an adequate basis for the operational design. Prototype implementations are automati-
cally generated from the detailed design.

There is no fixed sequence of design: depending on the specific situation, different types
of knowledge are available at different points during system design. Conceptual descriptions
of specific processes and knowledge are often first attained. Further explication of these de-
scriptions results in detailed design descriptions, usually in iteration with conceptual design.
During the design of these models, partial prototype implementations may be used to analyse
or verify the resulting behaviour. On the basis of assessment of these partial prototypes, new
designs and prototypes are generated and examined, and so forth and so on. This approach to
evolutionary development is characteristic to the development of systems in DESIRE.

The end result is a component-based system design, specified by the system designer at
the level of detailed design. In addition, important assumptions and design decisions are
specified in the design rationale, stating alternative design options together with argumenta-
tion. On the basis of verification during the design process, properties of a model under de-
velopment can be documented with the related assumptions. The assumptions define the
limiting conditions under which the model will exhibit specific behaviour.

5.1.2 Compositionality of processes and knowledge

Compositionality is a general principle that refers to structuring a system from a component-
based perspective. The design method DESIRE structures both processes and knowledge in a
compositional manner.

In a component-based system, complex processes are component-based structures in
which a number of other, more detailed processes happen. During the design of a component-
based system according to the method DESIRE, different levels of process abstraction are
identified. Processes at each of these levels (except those at the lowest level) are modelled as
(process) components that are composed of components at the adjacent lower level.

The ontology that expresses the knowledge needed to reason about a specific domain of
application may also be seen as a single (knowledge) component. This knowledge structure
can be composed of a number of more specific knowledge structures which, in turn, may
again be composed of other, even more specific knowledge structures.
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As is shown in Figure 5.2, compositionality of processes and compositionality of knowl-
edge are two separate, orthogonal dimensions of component-based systems. The composi-
tional knowledge structures are associated to the compositional process structures.

compositionality of knowledge

 compositionality
 of processes

FIGURE 5.2. Compositionality of processes and compositionality of knowledge.

Compositionality is a means to achieve information and process hiding within a model:
by defining processes and knowledge at different levels of abstraction, unnecessary details
can be hidden. Compositionality also makes it possible to integrate different types of compo-
nents in one agent. Components and groups of components can easily be included in new de-
signs, supporting reuse of components at all levels of design.

5.1.3 Problem description

A problem description is formed by acquisition of requirements to be imposed on the system
to be developed. These requirements become part of the initial problem description, but they
may evolve during the development of a system. Which techniques are used to acquire a
problem description is not pre-defined. Techniques vary in their applicability, depending on,
for example, the domain of application, the task, and the type of knowledge on which the
system developer wishes to focus.

5.1.4 Conceptual design and detailed design

A conceptual design and a detailed design each consist of specifications of the following
three types:
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• process composition,
• knowledge composition,
• the relation between process composition and knowledge composition.

These three types of specifications are discussed in more detail below.

5.1.4.1 Process composition

Process composition identifies the relevant processes at different levels of (process) abstrac-
tion, and describes how a process can be defined in terms of lower level processes. Depend-
ing on the context in which a system is to be designed, two different views can be assumed: a
task perspective and a multi-agent perspective. The task perspective refers to the view ac-
cording to which the processes needed to perform an overall task are designed first. These
processes (or sub-tasks) are then delegated to appropriate agents and the external world, after
which these agents and the external world are designed. The multi-agent perspective refers to
the view according to which agents and an external world are designed first and then the
processes within each agent and within the external world.

5.1.4.1.1 Identification of processes at different levels of abstraction
Processes can be described at different levels of abstraction: processes for a multi-agent sys-
tem, processes within individual agents and the external world, and processes within task-
related components of individual agents.

Modelling a process. The identified processes are modelled as components. For each process
the types of information used as input and produced as output are identified and modelled as
input and output interfaces of the component.

Table 5.1 presents a specification of the interface information types of an agent. It shows
that an agent has two input information types (incoming communication and observation result

info) and three output information types (outgoing communication, observation info and action

info).

TABLE 5.1. Specification of interface information types of an agent.

Process Input information types Output information types

agent incoming communication, observation

result info

outgoing communication, observation

info, action info

Modelling process abstraction levels. The identified levels of process abstraction are mod-
elled as abstraction/specialisation relations between components at adjacent levels of proc-
ess abstraction: components may be composed of other components or they may be primitive.
Primitive components may be reasoning components (for example, based on a knowledge
base), or, alternatively, components capable of performing tasks such as calculation, infor-
mation retrieval, optimisation, et cetera.
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Figure 5.3 shows the abstraction relations between processes at the two highest process
abstraction levels of an agent. For example, the figure shows that an agent has agent interac-
tion management as a sub-process.

agent

agent interaction
management

maintenance of 
agent information

own process
control

maintenance of 
world information

world interaction
management

agent specific
task

FIGURE 5.3. Processes at the two highest process abstraction levels of an agent.

The identification of processes at different abstraction levels results in a specification of
components that can be used as building blocks, and in a specification of the sub-component
relation, defining which component is a sub-component of which other component. The dis-
tinction of different process abstraction levels results in process hiding.

5.1.4.1.2 Composition of processes
The way in which processes at one level of abstraction in a system are composed of proc-
esses at the adjacent lower abstraction level in the same system is called composition. The
composition of processes is described by the component/sub-component relations and by the
possibilities for information exchange between processes (assuming a static view on the
composition) and the task control knowledge used when appropriate to control processes and
information exchange (assuming a dynamic view on the composition).

Information exchange. A specification of information exchange defines which types of in-
formation can be transferred between components and the information links by which this
can be achieved. Within each of the components, private information links are defined to
transfer information from one sub-component to another. In addition, mediating links are de-
fined to transfer information as follows: (a)˚from the input interfaces of the encompassing
component to the input interfaces of the sub-components, (b)˚from the output interfaces of
the sub-components to the output interface of the encompassing component, and (c)˚directly
between the input interface and the output interface of the encompassing component.

Figure 5.4 presents information exchange between processes at the highest process ab-
straction levels within an agent. For example, it shows that the mediating link communicated

info transfers information from the input interface of the component agent to the input inter-
face of the component agent interaction management, and that the private link communicated

agent info transfers information from the output interface of the component agent interaction

management to the input interface of the component maintenance of agent information.
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FIGURE 5.4. Information exchange between processes at the highest process abstraction levels of an agent.

Task control. Depending on the situation, processes within a component-based system may
be performed sequentially or in parallel. Some processes may be continually performed (e.g.,
reacting immediately to new input) and some only in specific situations. The same holds for
information exchange, which may take place continually or only in specific situations. Task
control determines when and how processes are to be performed and evaluated: evaluation of
the results of components (success or failure) provides a means to further guide processing.

The design of a component-based system specifies which components are to be activated
sequentially and which ones are awake, meaning that they are supposed to process new input
as soon as it arrives. Task control knowledge specifies which components and information
links are awake or when they are to be activated. Goals of a process are defined by task con-
trol foci together with the extent to which they are to be pursued. Evaluation of the success or
failure of a processÕs performance is specified by evaluation criteria together with an extent.
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5.1.4.2 Knowledge composition

Knowledge composition identifies knowledge structures at different levels of (knowledge)
abstraction and describes how a knowledge structure is composed of lower-level knowledge
structures. The knowledge abstraction levels may correspond to the process abstraction lev-
els, but this is not often the case. Usually, the matrix depicted in Figure 5.2 shows an m to n
correspondence between processes and knowledge structures, with m and n larger than 1.

5.1.4.2.1 Identification of knowledge structures at different abstraction levels
The two main knowledge structures used as building blocks to model knowledge are infor-
mation types and knowledge bases. These knowledge structures can be identified and each
described at different levels of abstraction. As a result, at the higher abstraction levels the
details are hidden. The resulting levels of knowledge abstraction can be distinguished for
both information types and knowledge bases.

Information types. An information type defines an ontology (i.e., a lexicon or vocabulary)
to describe objects, their sorts, and the relations and functions that can be defined on these
objects. Information types are defined as signatures for order-sorted predicate logic (with sets
of names for sorts, objects, functions and relations). Information types can be specified in a
graphical form or in a formal textual form.

Figure 5.5 shows the structure of the information type incoming communication present in
the input interface of an agent; it shows the specification of a ternary relation communicated-

by with three arguments of the sorts INFO-ELEMENT, SIGN and AGENT, respectively.

incoming communication

INFO ELEMENT SIGN

communicated by

2
1

AGENT

3

FIGURE 5.5. Structure of the information type incoming communication.

Knowledge bases. Knowledge bases use ontologies defined in information types. The rela-
tion between information types and knowledge bases defines which information types are
used in which knowledge bases. In detailed design, knowledge bases define relationships
between the concepts specified in the information types.
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For example, knowledge from the knowledge base communicated info extraction kb, of which
the purpose is to abstract the information communicated to an agent from the specific agent
communicating this information, can be written in semi-formal form as follows:

if information element E is communicated (with sign S) by agent A,

then information element E (with sign S) is new world information.

This knowledge base may be used within the component agent interaction management to
identify the communicated information that needs to be maintained. In concise formal form,
the above knowledge is specified as follows:

if communicated-by(E: INFO-ELEMENT, S: SIGN, A: AGENT)

then new-world-information(E: INFO-ELEMENT, S: SIGN);

5.1.4.2.2 Composition of knowledge structures
Information types can be composed of more specific information types, following the princi-
ple of compositionality explained above. Similarly, knowledge bases can be composed of
more specific knowledge bases. The component-based structure is based on the different lev-
els of knowledge abstraction distinguished, and results in information and knowledge hiding.
Figure 5.6 shows the composition of the information action info, which is present in the output
interface of an agent.

actions to be performed

domain actions

action info

FIGURE 5.6. Composition of the information type action info.

5.1.4.3 Relation between process composition and knowledge composition

Each process in a process composition uses knowledge structures. The relation between the
process composition and the knowledge composition of a component-based system defines
which knowledge structures (information types and knowledge bases) are used for which
processes. The rows within the matrix depicted in Figure 5.2 specify this relation.

Table 5.2 presents the relation between some knowledge bases and processes within an
agent. It shows, for example, that the knowledge base communicated info extraction kb is used
in the process agent interaction management.



Part III. A Generic Design Model

96

TABLE 5.2. Relation between knowledge bases and processes within an agent.

Knowledge base Process using the knowledge base

observation result extraction kb world interaction management

communicated info extraction kb agent interaction management

5.1.5 Design rationale

The design rationale describes the relevant properties of the designed system in relation to
the design requirements identified in the problem description. The design rationale further
provides documentation for verification of the design, including assumptions on situations
under which the required properties hold. Important design decisions are made explicit, to-
gether with some of the alternative choices that could have been made and the arguments in
favour of and against the different choices. At the operational level, the design rationale in-
cludes decisions based on operational considerations, such as the choice to implement a par-
allel process on one or more machines, depending on the available capacity.

5.2 Design and Reuse of a Generic Model

During the design of a specific agent or task model, often a number of generic processes can
be identified. This sub-section describes the design of a generic model, which includes speci-
fications of such generic processes, abstracting from the specific domains of application. The
reason to design a generic model is that it can be (re) used in the design of a large variety of
agents and/or agent-specific tasks. In the development of a component-based system, reuse of
generic models may enhance the design process as well as the result, and save a lot of time.

5.2.1 Generic models and reuse

Instead of designing each and every model of an agent or an agent-specific task from scratch,
an existing generic model can be used in which always-occurring processes and knowledge
structures are explicitly modelled. The use of a generic model structures the design process:
the acquisition of a conceptual model for a specific application can be based on the generic
structures present in the generic model. The model is generic in two senses: it is generic with
respect to the processes as well as the knowledge involved in a specific application.

Genericity with respect to processes refers to levels of process abstraction: a generic
model abstracts from more detailed processes at lower levels. A more specific model, which
distinguishes more specific processes at a lower level of process abstraction, is obtained from
a generic model by refinement of the generic model; this type of refinement is called spe-
cialisation.
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Genericity with respect to knowledge refers to levels of knowledge abstraction: a generic
model abstracts from more detailed knowledge structures. A more specific model, which dis-
tinguishes more specific knowledge structures for specific domains of application, is ob-
tained from a generic model by refinement of the generic model; this type of refinement is
called instantiation.

A generic model can be reused for a wide variety of more specific models by means of
refinement and composition. Reuse as such reduces the time, expertise and effort needed to
design and maintain system designs. Which components, links and knowledge structures
from a generic model are applicable in a given situation depends on the tasks that an agent
needs to be able to perform. Whether a component from a generic model can be used imme-
diately, or whether instantiation, modification and/or specialisation is required, depends on
the desired functionality of an agent.

It may be that a specific task or agent involves processes and knowledge structures to
which more than one generic model applies. A combination of existing generic models can
be used for specialisation and instantiation of a model. Which generic models are suited de-
pends on the problem description: existing components and knowledge structures are exam-
ined, rejected, modified, specialised or instantiated in the context of the problem at hand.

The component-based design method DESIRE provides a means to specify a generic
(agent) model: a model in which generic components and their interactions are distinguished.
That is, by means of DESIRE both generic models and specific models of tasks and agents can
be developed.

5.2.2 Designing and reusing a generic model: the process

This sub-section summarises the process of designing and reusing a generic (agent) model.

5.2.2.1 Designing a generic model

A generic (agent) model is usually not invented from scratch, but the result of a (possibly
long) process of empirically studying practical applications, investigation of related research
and many (partially successful) design efforts. Conceptual analysis of process characteristics
is the main rationale for the components distinguished in a generic (agent) model, in order to
abstract from the details from specific domains of applications and process methods.

For example, the generic design model GDM presented in this thesis has not been de-
signed from scratch. Its components have been distinguished in design processes in different
application domains, such as those presented in Part IV and Part V, which were an important
input for the process of designing GDM in more detail. Generic structures were extracted
from these example models and combined, leaving out domain-specific elements. For exam-
ple, the components and knowledge structures related to design object description modifica-
tion are based on those made for elevator configuration design (see Chapter 10).
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Often a trade-off has to be made on the amount of support that a generic model will pro-
vide. On the one hand, the more structures are included, the more support is given when re-
using the generic model. On the other hand, the richer the structure of a generic model is, the
more restrictive its scope of application may be. In GDM, for example, the component DOD

assessment has not been refined, in order to leave open the use of, for example, constraint-
based approaches to design. Since GDM has been designed to be a widely applicable model,
the choice has been made to leave out more specific commitments to assessment processes.

5.2.2.2 Reusing a generic model

In general, a generic (agent) model can be reused in the following way:

• most parts of the generic model (i.e., components, information types, information
links, task control, and knowledge bases) can be reused as is,

• unused parts are modified, remain empty or are removed,
• necessary additional knowledge structures or information links are added,
• necessary additional components are added or existing components are modified.

Reusing the generic design model GDM to model specific design applications and design
themes (of which the results are presented in Parts IV and V) has shown almost all of these
characteristics.
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Chapter 6

GDM: a Generic Design Model

GDM is a generic design model that provides a blueprint of the component-
based structure of design processes. GDM is a useful starting point for mod-
elling design processes in different domains and for the development of many
types of design support systems. This model is based on our logical theory of
design and experiences in different applications. GDM models three levels of
process abstraction; in this chapter, the highest two levels are described.

Publications. The development of GDM and its applications has been addressed in a number

of papers. An initial version of GDM has been presented at the AID Õ94 Conference in

Lausanne, Switzerland [Brazier, Langen, Ruttkay and Treur, 1994]. Refined and improved

versions of GDM have been used to model conflict management in design [Brazier, Langen

and Treur, 1995b], re-design of knowledge-based systems [Brazier, Langen, Treur and

Wijngaards, 1996], elevator configuration design [Brazier, Langen, Treur, Wijngaards and

Willems, 1996], design rationale [Brazier, Langen and Treur, 1997], and strategic design

knowledge [Brazier, Langen and Treur, 1998a; Brazier, Langen and Treur, 1998b].

Design support systems are computer systems that support human designers during design.
Such systems are capable of accessing, processing and storing huge amounts of design data
and most often offer a means to visualise designs. In the last decade, Computer Aided Design
systems (CAD systems) have become an integral part of professional design. Electronic en-
gineers, architects, civil engineers, car designers, aircraft engineers, and ship builders all use
CAD systems to produce designs. To date, these systems provide tools for two-dimensional
and three-dimensional drafting, drawing, constraint checking, graphical presentation and
simulation. The development and employment of faster (personal) computer technology and
graphical user interfaces have given a tremendous push to the usability of such systems.
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Although current CAD systems are quite advanced, there is still a lot of work to do as far
as the support of the human designer is concerned. Generally, CAD systems operate without
knowledge of the semantics of the design objects involved, the requirements that can be im-
posed on design objects, and the designersÕ methods to bring design processes to a successful
end. Stated differently, most CAD systems do not know what the user is doing and why. For
the development of more advanced design support systems that provide human designers
with real support for reasoning about various aspects of design, it is essential to have an inte-
gral model of the composition of design processes, application domains, and design methods.

In practice, a design process involves not only the construction of a description of an arte-
fact, but also the determination of (additional or substitute) requirements of the artefact, and
the strategic co-ordination of these activities. Based on this notion, a generic model of design
processes has been developed, called GDM. An initial version of this generic model has been
presented at the Artificial Intelligence in Design Õ94 Conference [Brazier, Langen, Ruttkay
and Treur, 1994] and has undergone several changes since.

GDM is a blueprint of the generic features of design processes. GDM models the essen-
tial types of information and knowledge that play a role within a design process, irrespective
of application domains and design methods. By using GDM as a basis for modelling a spe-
cific type of design process, a modeller needs to focus only on the specifics of the application
domain and the design methods that may be used. Our claim is that this approach is a power-
ful means to develop design support systems in a well-founded manner.

GDM is based on our logical theory of design (Chapters 3 and 4) and various experiences
in applied research. See, for example, the design of routes for international blank payments
[Geelen and Kowalczyk, 1992], the allocation of rooms to staff [Geelen, Ruttkay and Treur,
1992] and the design of packages of environmental measures [Brazier, Treur and Wijngaards,
1996b].

In GDM, three levels of process abstraction are distinguished (from a task perspective).
This chapter describes the two highest levels of a design process, abstracting from possible
actors in a design process such as the client, the designer and the design system. A further
conceptual elaboration of GDM can be found in Chapters 7 and 8, which, together, describe
the third abstraction level of a design process.

This chapter is organised as follows. Section 6.1 presents the process composition of a
design process, Section 6.2 the knowledge composition of a design process, and Section 6.3
the relation between process composition and knowledge composition of a design process.
Finally, Section 6.4 explains how the model of the two highest levels of a design process that
GDM provides can be used in the analysis of practical design processes and the development
of design support systems.

GDM has been developed with the component-based development method DESIRE. For a
detailed textual specification of GDM expressed in the language of DESIRE, the interested
reader is referred to Appendix B, which can be read alongside Chapters 6 to 8.
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6.1 Process Composition

This section describes processes identified in design at different levels of abstraction, and the
composition of these processes.

6.1.1 Processes at different abstraction levels

This section describes processes involved in design and the different levels of abstraction at
which these processes play a role.

6.1.1.1 Processes

The following processes are involved at the two highest levels of process abstraction of a de-
sign process:

• design (design),
• design process co-ordination (DPC),
• requirement qualification set manipulation (RQSM), and
• design object description manipulation (DODM).

In the following, these four processes are explained, together with the types of input in-
formation they use and the types of output information they produce.

Design
A design process, as a whole, generates a design object description that fulfils a specific set
of design requirements. During the process, not only design object descriptions, but also de-
sign requirements, may be generated and modified. In some application domains, the re-
quirements given as input may be rather abstract and may need to be replaced by concrete
requirements expressing measurable criteria. In other domains, design requirements may
have to be revised because of new ideas that emerge during the design process. Furthermore,
to bring the design process to a successful end in view of given design process objectives,
some form of co-ordination may be needed: an overall design strategy that directs and con-
strains the generation and modification of both design requirement sets and design object de-
scriptions. This complex process is modelled in GDM by the component design.

This notion of design process covers a broad range of application domains. On one hand,
there are domains where design requirements express concrete, measurable criteria that are
taken as they are and not modified (as encountered often in mechanical engineering). On the
other hand, there are domains where design requirements may express relatively vague, ab-
stract needs and desires and where the initially generated design object descriptions are
merely sketches (as encountered often in architecture and industrial design).
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Figure 6.1 shows (on the left-hand side) the types of information that a design process
uses as input and (on the right-hand side) the types of information that it produces as output.

design DOD assessments

design process
objectives

RQS

DOD RQS

RQS assessments

design process
evaluations

DOD

FIGURE 6.1. Input and output of a design process.

(RQS = requirement qualification set, DOD = design object description.)

The following example is used to explain the types of input information used by a design
process.

Example 6.1.

ÒThe artefact to be designed is a bicycle. The design task must be completed within
160 hours. The requirements for the bicycle include that it must be suited for riding in
mountains, low-priced and safe to be used by young children. If these latter two re-
quirements are irreconcilable, safety is preferred over a low price; the first require-
ment, though, cannot be negotiated. As a starting point, an earlier drawing of a bicycle
is available. This drawing includes the information that this particular bicycle has two
wheels, a frame, a saddle, a steer and a six-gear motion-transfer system, that the frame
contains shock absorbers, and that the wheels are made of carbon.Ó

Design process objectives. A design process has to take aspects into account such as goals,
customer(s), users, deliverables, milestones, budget and resources. (A design process is often
a project itself or an activity within a project.) Design process objectives address these over-
all aspects of a design process; they are modelled in GDM by the information type design

process objectives. (For the purpose of reference, design process objectives may have names
that are unique within the context of a design process.) Two types of design objectives are
distinguished: process objectives, and qualified process objectives.
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A process objective is an objective that can be imposed on a design process (e.g., to meet
a specific deadline). Definitions of process objectives are modelled in GDM by the informa-
tion type process objective definitions. A qualified process objective is the combination of a
qualification (i.e., an absolute or relative measure of importance) and one or more process
objectives, stating which process objectives must be satisfied and which ones may be vio-
lated, if unavoidable. Definitions of qualified process objectives are modelled in GDM by the
information type qualified process objective definitions. See Table 6.1 for the design process
objectives in Example 6.1.

TABLE 6.1. Design process objectives in Example 6.1.

Kind Content

Design process objective The design task must be completed within 160 hours. [DPO1]

RQS. In a design process, the goal is to construct a description of a design object that satis-
fies specific design requirements  concerning the behaviour, function, form and/or structure
of this object. (For the purpose of reference, design requirements may have names that are
unique within the context of a design process.) A requirement qualification set is a set of
such design requirements. A characteristic feature of a design process is that it has a (partial)
requirement qualification set as input. In GDM, the information type RQS is used to model
requirement qualification sets. (For the purpose of reference, requirement qualification sets
have names that are unique within the context of a design process.) Two types of design re-
quirements are distinguished: requirements, and qualified requirements.

A requirement is a specific condition on a design object regarding its behaviour, function,
form or structure. One requirement may denote a concrete, measurable criterion: the answer
to whether or not it is satisfied by a specific design object description is a simple yes or no.
Another requirement may denote an abstract, ambiguous need or desire (e.g., put forward by
a customer), which is to be replaced during a design process by one or more concrete, unam-
biguous requirements. Definitions of requirements are modelled in GDM by the information
type requirement definitions.

A constraint is a requirement that prescribes the acceptable values of a specific attribute
of a design object (e.g., colour, weight or size), either by enumerating these values or by de-
claring boundary values. A constraint is usually imposed not by choice (i.e., not by a party
involved in the design such as the customer or the designer), but by obligation. For example,
fire prevention regulations pose constraints on the design of a house; an architect must ensure
that they are met, otherwise local government will not give permission to build the house. In
GDM, constraints are modelled in the same way as requirements.

A qualified requirement is a specific combination of a qualification (i.e., an absolute or
relative measure of importance) and one or more requirements, stating which requirements
must be satisfied and which ones may be violated, if unavoidable. Definitions of qualified
requirements are modelled in GDM by the information type qualified requirement definitions.
See Table 6.2 for the requirement qualification set (named RQS1) in Example 6.1.
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TABLE 6.2. Requirement qualification set in Example 6.1.

Kind Content

Requirement The bicycle must be suited for riding in mountains. [R1]

Requirement The bicycle must be low-priced. [R2]

Requirement The bicycle must be safe to be used by young children. [R3]

Qualified requirement It is necessary to satisfy R1. [QR1]

Qualified requirement If irreconcilable, satisfying R3 is preferred over satisfying R2. [QR2]

RQS RQS1 includes as design requirement information the requirements R1, R2 and

R3 as well as the qualified requirements QR1 and QR2.

DOD. A design object description  provides a (partial) description of a design object (and
possibly other domain objects) in terms of behaviour, function, form and/or structure. Each
design object description includes a number of domain object information elements. A char-
acteristic feature of re-design processes is the role of existing design object descriptions as
input; an existing design object description may have to be modified, for example, because of
flaws detected in the original design or because of new functionality required of an existing
design object. In GDM, the information type DOD is used to model design object descrip-
tions. (For the purpose of reference, design object descriptions have names that are unique
within the context of a design process.) See Table 6.3 for the design object description
(named DOD1) in Example 6.1.

TABLE 6.3. Design object description in Example 6.1.

Kind Content

DOD DOD1 includes the domain object information that (a) the bicycle has two

wheels, a frame, a saddle, a steer and a six-gear motion-transfer system, (b) the

frame contains shock absorbers and (c) the wheels are made of carbon.

The following example, extending Example 6.1, is used to explain the types of output in-
formation produced by a design process.

Example 6.2.

ÒIt is known that the design task has been completed successfully in 153 hours, which
is within the limit of 160 hours. A new set of design requirements has been generated,
based on the original set. For example, there is a new requirement that the bicycleÕs
price must be less than 400 euro. Also more detailed safety requirements have been
introduced, such as the requirement that the bicycle must have light reflectors. A new
design has been generated that fulfils the new set of design requirements; for example,
it satisfies the requirement that the bicycle be suited for riding in mountains. The new
design includes the domain object information that the bicycle costs 350 euro, that the
bicycle has light reflectors, and that the wheels are made of stainless steel.Ó
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Design process evaluations. A design process may succeed or fail to meet design process
objectives. Design process evaluations provide evaluations of the results of a design process
compared to the given design process objectives. Such information is modelled in GDM by
the information type design process evaluations. Two types are distinguished: epistemic design
process performance information, and design process objective evaluations.

Epistemic (i.e., meta-level truth) information about performance indicators of the design
process is modelled by the information type epistemic design process performance information,
and evaluations of the given design process objectives by the information type design process

objective evaluations. (Note that the use of epistemic information makes it is possible to state
explicitly that it is not known what the value of a specific performance indicator of the design
process is.) See Table 6.4 for the design process evaluations in Example 6.2.

TABLE 6.4. Design process evaluations in Example 6.2.

Kind Content

Epistemic design process performance information It is known that the design task has been completed in

153 hours.

Design process objective evaluation The design process objective DPO1 is satisfied.

RQS. A characteristic feature of non-routine design processes is that they produce new re-
quirement qualification sets. Such design processes start with relatively abstract, incomplete,
ambiguous or contradictory design requirements that must be modified, completed and/or
made more concrete before a fully satisfactory design object description can be generated.
See Table 6.5 for the requirement qualification set (named RQS2) in Example 6.2.

TABLE 6.5. Requirement qualification set in Example 6.2.

Kind Content

Requirement The bicycleÕs price must be less than 400 euro. [R4]

Requirement The bicycle must have light reflectors. [R5]

Qualified requirement It is necessary to satisfy R4. [QR3]

Qualified requirement It is necessary to satisfy R5. [QR4]

RQS RQS2 includes design requirement information about the requirements R4 and R5

as well as the qualified requirements QR3 and QR4.

RQS assessments. A design process produces information about the satisfaction of design
requirements and the fulfilment of requirement qualification sets. These requirement qualifi-
cation set assessments are modelled in GDM by the information type RQS assessments. Two
types are distinguished: design requirement assessments, and overall RQS assessments.

Design requirement assessments provide information about whether or not it is possible
to satisfy specific sets of design requirements. This information is modelled by the informa-
tion type design requirement assessments. Overall RQS assessments provide information about
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whether or not it is possible to fulfil specific requirement qualification sets. This information
is modelled by the information type overall RQS assessments. See Table 6.6 for the require-
ment qualification set assessments in Example 6.2.

TABLE 6.6. Requirement qualification set assessments in Example 6.2.

Kind Content

Design requirement assessment The requirement R4 can be satisfied.

Design requirement assessment The qualified requirement QR3 can be satisfied.

Overall RQS assessment The new set of design requirements RQS2 can be fulfilled.

DOD. Earlier in this section, a design object description has been described as a possible part
of the input of a design process. A characteristic feature of design processes is that they in-
tend to produce a design object description as output. See Table 6.7 for the design object de-
scription (named DOD2) in Example 6.2.

TABLE 6.7. Design object description in Example 6.2.

Kind Content

DOD DOD2 includes the domain object information that (a) the bicycle costs 350 euro,

(b) the bicycle has light reflectors and (c) the wheels are made of stainless steel.

DOD assessments. A design process produces information about design object descriptions
satisfying design requirements and fulfilling requirement qualification sets. These design
object description assessments are modelled in GDM by the information type DOD assess-

ments. Two types are distinguished: basic DOD assessments, and overall DOD assessments.
Basic DOD assessments denote information about the satisfaction of specific design re-

quirements by specific design object descriptions. This information is modelled by the in-
formation type basic DOD assessments. Overall DOD assessments provide information about
the fulfilment (or failure to fulfil) specific requirement qualification sets by specific design
object descriptions. This information is modelled by the information type overall DOD as-

sessments. See Table 6.8 for the design object description assessments in Example 6.2.

TABLE 6.8. Design object description assessments in Example 6.2.

Kind Content

Basic DOD assessment DOD2 satisfies requirement R4.

Overall DOD assessment DOD2 fulfils RQS2.

Design process co-ordination
A design process co-ordination process controls a design process in accordance with given
design process objectives. It imposes an overall design strategy on the requirement qualifica-
tion set manipulation process and the design object description manipulation process.
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In different applications, design process co-ordination may have different roles. For ex-
ample, in a configuration process as described in Chapter 10, part of the design requirements
is formed by customer specifications. Design process co-ordination orders to interrupt the
design object description manipulation process only when the customerÕs specifications must
be relaxed in order to be able to generate a satisfactory configuration.

In some other applications, design process co-ordination has a more prominent role. For
example, in an aircraft re-design process as described in Chapter 13, whether or not to con-
tinue the design process and if so, what to do next, is often subject of deliberation. Design
process co-ordination reconsiders the overall design strategy each time the requirement quali-
fication set manipulation process or the design object description manipulation process has
terminated its activation.

Figure 6.2 shows the types of information that a design process co-ordination process
uses as input and the types of information that it produces as output.

DPC

design process
evaluations

design process objectives

overall design strategycontrol  process
evaluations

FIGURE 6.2. Input and output of a design process co-ordination process.

The following example, extending Example 6.1, is used to explain the types of input in-
formation used by a design process co-ordination process.

Example 6.3.

ÒThe design task must be completed within 160 hours. The overall design strategy to
use earlier design cases has been successful for RQS manipulation and has failed for
DOD manipulation.Ó

Design process objectives. Earlier in this section, design process objectives have been de-
scribed as part of the input of a design process. Design process co-ordination operates on the
design process objectives that are input for the design process.

Control process evaluations. Control process evaluations provide information about ad-
vances made by a design (sub-)process with respect to a specific overall design strategy. This
information is modelled in GDM by the information type control process evaluations. Two
types of control process evaluations are distinguished: evaluations of a requirement qualifi-
cation set manipulation process (RQSM process evaluations), and evaluations of a design
object description manipulation process (DODM process evaluations).
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RQSM process evaluations provide evaluations of a requirement qualification set ma-
nipulation process, in terms of whether the process has succeeded or failed to act according
to a specific overall design strategy. This information is modelled by the information type
RQSM process evaluations. DODM process evaluations provide evaluations of a design object
description manipulation process, in terms of whether the process has succeeded or failed to
act according to a specific overall design strategy. This information is modelled by the in-
formation type DODM process evaluations. See Table 6.9 for the control process evaluations in
Example 6.3.

TABLE 6.9. Control process evaluations in Example 6.3.

Kind Content

RQSM process evaluation The overall design strategy ODS1 was successful for RQS manipulation.

DODM process evaluation The overall design strategy ODS1 has failed for DOD manipulation.

The following example, extending Example 6.3, is used to explain the types of output in-
formation produced by a design process co-ordination process.

Example 6.4.

ÒThe design task is still in progress; so far, it has taken 40 hours, which is less than the
given maximum of 160 hours, as required. The new overall design strategy is to leave
the new set of design requirements as is and to generate a design object description
from scratch; this may take at most 40 hours.Ó

Design process evaluations. Earlier in this section, the design process evaluations produced
by design process co-ordination have been described as part of the output of a design process.
Design process co-ordination is responsible for the design process evaluations produced by a
design process. See Table 6.10 for the design process evaluations in Example 6.4.

TABLE 6.10. Design process evaluations in Example 6.4.

Kind Content

Epistemic design process performance information So far, the design process has taken 40 hours.

Design process objective evaluation Whether process objective PO1 is satisfied or violated is,

as yet, undecided.

Overall design strategy. An overall design strategy establishes a strategy for the design
process, which determines more detailed strategies for the manipulation of requirement quali-
fication sets and design object descriptions, respectively. In GDM, the information type over-

all design strategy is used to model overall design strategies. (For the purpose of reference,
each overall design strategy has a name that is unique in the context of a design process.) See
Table 6.11 for the overall design strategy (named ODS2) in Example 6.4.
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TABLE 6.11. Overall design strategy in Example 6.4.

Kind Content

Overall design strategy Leave RQS2 as is and generate a design object description from scratch; this may

take at most 40 hours. [ODS2]

Requirement qualification set manipulation
On the basis of a given requirement qualification set, and in interaction with stake-holders
(such as a client), a requirement qualification set manipulation process aims to generate a
well defined requirement qualification set that includes sufficient design requirement infor-
mation for the generation of a satisfactory design object description. This process always op-
erates on one (possibly partial) set of design requirements called the current requirement
qualification set. During a requirement qualification set manipulation process, the contents of
the current requirement qualification set may vary due to the addition, modification, or dele-
tion of design requirement information.

In different applications, requirement qualification set manipulation has different roles.
For example, in a configuration process as described in Chapter 10, the role of requirement
qualification set manipulation is simple. Each requirement is expressed as a triplet, consisting
of a parameter value, a comparison operator and a value (e.g., ÒThe platform running clear-
ance equals 1.25 inches.Ó). If a requirement needs to be relaxed, requirement qualification set
manipulation just copies the original requirement and changes the value.

In other applications, requirement qualification set manipulation has a more complex
role. For example, in an aircraft re-design process as described in Chapter 13, requirement
qualification set manipulation applies different methods to generate and modify requirement
qualification sets. One of these methods is to search a historical record of earlier design proc-
esses and retrieve design requirements generated in the context of an earlier, similar design
task. If one of these old design requirements appears to be inconsistent with a design re-
quirement included in the current requirement qualification set, then requirement qualifica-
tion set manipulation resolves the conflict by deleting the old design requirement.

Figure 6.3 shows the types of information that a requirement qualification set manipula-
tion process uses as input and the types of information that it produces as output. These types
have been introduced earlier in this section.

RQSM

RQSM process
evaluations

RQS assessments

overall design strategy

DOD assessments

RQSRQS

FIGURE 6.3. Input and output of a requirement qualification set manipulation process.
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Design object description manipulation
A design object description manipulation process aims to generate a consistent design object
description that fulfils a given requirement qualification set and that includes sufficient do-
main object information for the intended use of the design object description. (The intended
use of a design object description is to be the basis for the assembly, construction, fabrication
or another form of implementation of the design object.) This process always operates on one
(possibly partial) description, called the current design object description. During a design
object description manipulation process, the contents of the current design object description
may vary due to the addition, modification, or deletion of domain object information.

There are many methods that design object description manipulation may apply during a
design process. For example, in a configuration process as described in Chapter 10, the task
of design object description manipulation is to make a satisfactory configuration of an ele-
vator by selecting appropriate components and generating appropriate values for the pa-
rameters of these components. In an aircraft re-design process as described in Chapter 13,
one method applied by design object description manipulation is to use an existing design
object description generated for a similar type of aeroplane that has been developed earlier
and (most importantly) that has been officially certified.

Figure 6.4 shows the types of information that a design object description manipulation
process uses as input and the types of information that it produces as output. These types
have been introduced earlier in this section.

DODM DOD assessments

DOD

DODM process
evaluations

RQS

overall design strategy

DOD

FIGURE 6.4. Input and output of a design object description manipulation process.

6.1.1.2 Process abstraction levels

A design process has been described to be composed of three processes: a design process co-
ordination process to generate a successful overall design strategy, a requirement qualifica-
tion set manipulation process to generate a suitable set of design requirements, and a design
object description manipulation process to generate a satisfactory design object description.
In GDM, three abstraction relations are used to model this composition; Figure 6.5 shows
these relations between the component design and the respective components DPC, RQSM and
DODM.
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design

DODMDPCRQSM

FIGURE 6.5. Two highest levels of abstraction for a design process.

6.1.2 Composition of processes

This section describes the way in which the higher-level processes involved in design are
composed of lower-level processes, in terms of possibilities for exchange of information
between processes, and in terms of task control knowledge used to control both the processes
and the information exchange.

6.1.2.1 Information exchange

All four processes involved in a design process (i.e., design, design process co-ordination,
requirement qualification set manipulation, and design object description manipulation) ex-
change information. As in Chapter 5, a distinction is made between information exchange
between processes at different levels of process abstraction and information exchange be-
tween processes at the same level.

Firstly, a design process transfers the information it receives as input to its sub-processes
(see Table 6.12). It transfers given design process objectives to DPC, given requirement
qualification sets to RQSM, and given design object descriptions to DODM.

TABLE 6.12. Information transfer from a design process to its sub-processes.

Source Destination Information link Information type

Design DPC Given design process objectives Design process objectives

Design RQSM Given RQS RQS

Design DODM Given DOD DOD

Secondly, the three sub-processes of design exchange information with each other (see
Table 6.13). Overall design strategies are transferred from DPC to RQSM and DODM. Con-
trol process evaluations are transferred from RQSM and DODM to DPC. Intermediate re-
quirement qualification sets are transferred from RQSM to DODM, and intermediate DOD
assessments from DODM to RQSM.
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TABLE 6.13. Information exchange between sub-processes of a design process.

Source Destination Information link Information type

DPC RQSM Intermediate overall design strategy to RQSM Overall design strategy

DPC DODM Intermediate overall design strategy to DODM Overall design strategy

RQSM DPC Intermediate RQSM process evaluations RQSM process evaluations

RQSM DODM Intermediate RQS RQS

DODM DPC Intermediate DODM process evaluations DODM process evaluations

DODM RQSM Intermediate DOD assessments DOD assessments

Thirdly, part of the information that the sub-processes produce as output is transferred to
become output of the design process (see Table 6.14). Design process evaluations are trans-
ferred from DPC, requirement qualification sets and their assessments from RQSM, and de-
sign object descriptions and their assessments from DODM.

TABLE 6.14. Information transfer to a design process from its sub-processes.

Source Destination Information link Information type

DPC Design Resulting design process evaluations Design process evaluations

RQSM Design Resulting RQS assessments RQS assessments

RQSM Design Resulting RQS RQS

DODM Design Resulting DOD assessments DOD assessments

DODM Design Resulting DOD DOD

The possibilities for information exchange between processes involved in design, as
shown in Tables 6.12 to 6.14, are modelled in GDM by information links. Figure 6.6 shows a
pictorial representation of the information links within the component design.

designgiven
design process
objectives

intermediate
RQS

intermediate
DOD
assessments

intermediate overall
design strategy to DODM

resulting DOD
assessments

given DOD resulting DOD

intermediate
RQSM process
evaluations

given RQS

DPC

resulting RQS

resulting RQS
assessments

resulting 
design process

evaluations

intermediate
DODM process

evaluations

intermediate overall
design strategy to RQSM

DODM

RQSM

FIGURE 6.6. Information exchange between processes involved in design.
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6.1.2.2 Task control

There are different ways in which a design process can be controlled. The generic control
method described in this section can be used effectively in any design application, but it is
not necessarily the most efficient: in specific situations, other methods may be more suitable.

Table 6.15 presents a summary of the methodÕs implementation of the task control for a
design process, given its sub-processes and possibilities for information exchange.

TABLE 6.15. Task control for a design process.

State Information link(s) updated next Component(s) activated next

Design has started. Given design process objectives, given RQS, and

given DOD.

DPC.

DPC has terminated and

has succeeded to deter-

mine an overall design

strategy.

Intermediate overall design strategy to RQSM,

and intermediate overall design strategy to

DODM.

RQSM, DODM.

RQSM and DODM have

terminated.

Intermediate RQSM process evaluations, inter-

mediate DODM process evaluations, intermediate

RQS, and intermediate DOD assessments.

DPC.

DPC has terminated and

has failed to determine an

overall design strategy.

Resulting design process evaluations, resulting

RQS, resulting RQS assessments, resulting DOD

assessments, and resulting DOD.

None (design terminates).

Start of a design process
If a design process starts for the first time or when it is re-activated, receiving new informa-
tion as input, then the following actions are taken:

• given design process objectives are transferred from the input of the design process to
the input of design process co-ordination,

• given requirement qualification sets are transferred from the input of the design proc-
ess to the input of RQS manipulation,

• given design object descriptions are transferred from the input of the design process to
the input of DOD manipulation,

• design process co-ordination is activated to determine an overall design strategy.

This control knowledge is modelled in GDM by task control knowledge within the com-
ponent design, declaring that if the component design is in its starting state, then in its next
state component DPC will have been activated and the mediating links given design process

objectives, given RQS and given DOD will have been updated. An initial target within the com-
ponent DPC models the aim to produce an overall design strategy.
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Termination of design process co-ordination
When design process co-ordination has terminated its activity, which actions are taken next
depends in part on whether design process co-ordination has produced an overall design
strategy or not. If design process co-ordination has succeeded to produce an overall design
strategy, then the following actions are taken:

• the current overall design strategy is transferred from the output of design process co-
ordination to the input of RQS manipulation and DOD manipulation, respectively,

• RQS manipulation and DOD manipulation are both activated to generate new re-
quirement qualification sets and design object descriptions, respectively, and to report
control process evaluations about their efforts to complete the current overall design
strategy.

This control knowledge is modelled in GDM by task control knowledge within the com-
ponent design, declaring that if, in the current state of the component design, the component
DPC is idle after having been active and has succeeded with respect to its initial target, then
in the next state of design the components RQSM and DODM will have been activated and the
private links intermediate overall design strategy to RQSM and intermediate overall design strategy

to DODM will have been updated. Initial targets within the components RQSM and DODM

model the intent of RQS manipulation and DOD manipulation to produce control process
evaluations with respect to the current overall design strategy.

If design process co-ordination has failed to produce an overall design strategy, there is
no reason to continue the design process. A well defined requirement qualification set may
have been generated as well as a consistent design object description fulfilling this require-
ment qualification set, achieving the given design process objectives. Alternatively, all at-
tempts may have failed so far and design process co-ordination expects any further attempt
(if at all possible) to fail as well. In all cases, the following actions are taken:

• the final design process evaluations are transferred from the output of design process
co-ordination to the output of the design process,

• the final requirement qualification sets and requirement qualification set assessments
are transferred from the output of RQS manipulation to the output of the design proc-
ess,

• the final design object descriptions and design object description assessments are
transferred from the output of DOD manipulation to the output of the design process,

• the design process is stopped.

This control knowledge is modelled in GDM by task control knowledge within the com-
ponent design, declaring that if, in the current state of the component design, the component
DPC is idle after having been active and has failed with respect to its target, then in the next
state of design the mediating links resulting design process evaluations, resulting RQS assess-
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ments, resulting RQS, resulting DOD assessments and resulting DOD will have been updated and
the component design will have stopped.

Termination of RQS manipulation and DOD manipulation
When both RQS manipulation and DOD manipulation have produced control process
evaluations, the following actions are taken:

• the available control process evaluations are transferred from the output of RQS ma-
nipulation and DOD manipulation, respectively, to the input of design process co-
ordination,

• the available requirement qualification set is transferred from the output of RQS ma-
nipulation to the input of DOD manipulation,

• the available design object description assessments are transferred from the output of
DOD manipulation to the input of RQS manipulation,

• design process co-ordination is activated to re-establish an overall design strategy.

This control knowledge is modelled in GDM by task control knowledge within the com-
ponent design, declaring that if, in the current state of the component design, the components
RQSM and DODM are both idle after having been active, then in the next state of design the
component DPC will have been activated and the private links intermediate RQSM process

evaluations, intermediate DODM process evaluations, intermediate RQS and intermediate DOD as-

sessments will have been updated. The same initial target of DPC, as explained before, ap-
plies to model the aim of design process co-ordination to produce an overall design strategy.

6.2 Knowledge Composition

This section describes knowledge structures identified in design processes at different levels
of abstraction and the composition of these knowledge structures. First the levels of reflec-
tion are described, and then the structure and composition of the knowledge identified at each
of these levels.

6.2.1 Reflection levels

In a design process, the following four reflection levels are distinguished:

• The object level includes information about the behaviour, function, form and struc-
ture of domain objects. This level also includes domain-specific knowledge about the
design object domain, such as (physical) laws.
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• The first meta-level, directly above the object level, includes information about design
requirements, design object descriptions, and their relations. This level also includes
deductive knowledge to derive implicit design requirements, and knowledge to assess
design object descriptions with respect to specific design requirements.

• The second meta-level, directly above the first meta-level, includes information about
requirement qualification sets and about the relations between requirement qualifica-
tion sets and design object descriptions. This level also includes knowledge to assess
design object descriptions with respect to specific requirement qualification sets, and
strategic knowledge to determine modifications of requirement qualification sets and
design object descriptions, respectively.

• The third meta-level, directly above the second meta-level, includes information about
design process objectives and about design process evaluations. This level also in-
cludes deductive knowledge to derive implicit design process objectives, and strategic
knowledge to determine overall design strategies and strategies for the manipulation of
requirement qualification sets and design object descriptions, respectively.

6.2.2 Knowledge structures and composition

This section describes the composition and structure of the generic knowledge related to de-
sign and shows how they are modelled in GDM. For the sake of comprehension, in the fig-
ures hereafter the boxes with thick lines indicate those parts of GDM that are candidates for
refinement. (When using GDM to model design processes in a specific application domain,
some of the knowledge structures need to be specialised or instantiated.)

The presented examples extend the bicycle design example. In these examples, terms and
expressions shown in italics are part of the model of the application domain, not of GDM.

6.2.2.1 Structure and composition of knowledge at the object level

The object level includes domain object information about the behaviour, function, form and
structure of domain objects in the universe of discourse. Figure 6.7 shows the composition of
the information type domain object information, which models such information about domain
objects. In the following, the information types are explained to which the information type
domain object information refers.

The information type domain object type models domain objects in the universe of dis-
course. Two types of domain objects are distinguished: domain object constants, and domain
object variables.
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FIGURE 6.7. Composition of information type domain object information.

Domain object constants refer to specific domain objects. They are modelled by objects
of the sort domain-object-constant, which is a sub-sort of the sort domain-object. (That is, every
object of the sort domain-object-constant may be used in every function and each relation with
an argument of the sort domain-object.) In practice, this concept is useful to model an explicit
reference to a specific domain object. In the bicycle example, the objects bicycle1, frame1, and
motion-transfer-system1 from the sort domain-object-constant specify a specific bicycle, frame
and motion transfer system, respectively.

Domain object variables refer to non-specific domain objects. They are modelled by ob-
jects of the sort domain-object-variable, which is a sub-sort of the sort domain-object. This con-
cept is useful to model an implicit reference to an unnamed domain object; such a reference
is used in the definitions of requirements (to be explained later).

The information type attribute type models attributes (or, properties) of domain objects,
such as colour, length and weight. In principle, any domain object attribute can be specified
by means of an object of the sort attribute.

The information type value type models values of the attributes of domain objects, such as
blue (for colour), 1.86 meter (for length) and 80 kg (for weight). In principle, any distinct
value can be specified by means of an object of the sort value.

Figure 6.8 shows the structure of the information type general domain object information,
which models information about the values of specific attributes of specific domain objects.
This information type contains two relations: the relation has-value has three arguments of the
sorts domain-object,  attribute, and value, respectively; and the relation has-part has two argu-
ments that are both of the sort domain-object.

An atom has-value(domain-object1, attribute1, value1) specifies that the attribute attribute1 of
domain object domain-object1 has value value1. This relation can be used to express any dis-
crete behavioural pattern, function, or form of domain objects. An atom has-part(domain-

object1, domain-object2) specifies that domain object domain-object2 is a part of domain object
domain-object1. This relation can be used to express the structure of complex domain objects.
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FIGURE 6.8. Structure of information type general domain object information.

Example 6.5.

ÒThe bicycle has a six-gear motion-transfer system.Ó

has-part(bicycle1, motion-transfer-system1)

has-value(motion-transfer-system1, number-of-gears, 6)

The information type application specific domain object information models application spe-
cific information about domain objects (i.e., information that is specific for the domain of
application and/or the type of design process). Note that such information can also be mod-
elled by means of the information type general domain object information, but in practice it may
sometimes be more convenient to use self-defined relations. For instance, in Example 6.5 the
fact that the motion transfer system has six gears could also have been modelled by means of
the application specific atom has-number-of-gears(motion-transfer-system1, 6).

6.2.2.2 Structure and composition of knowledge at the first meta-level

The first meta-level includes the following main information types: (1)˚design object de-
scriptions, (2)˚information about the design requirements of a design object, (3)˚basic as-
sessments of specific design object descriptions, and (4)˚assessments of specific design
requirements.

Design object descriptions. Figure 6.9 shows the composition of the information type DOD,
which models epistemic information about the contents of specific design object descriptions.
That is, this information type may be used to model the partial domain object information
included in a design object description.

The information type DOD name type models names of design object descriptions. Each
design object description groups information that, as a whole, describes in full or in part the
behaviour, function, form, or structure of a design artefact and other relevant domain objects.
A design object description is uniquely identified by its name within a design process.
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first meta-level

object level
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FIGURE 6.9. Composition of information type DOD.

The information type domain object info element type models meta-descriptions of domain
object information. These meta-descriptions are obtained by the upward reflection of domain
object information (modelled by the information type domain object information) and are used
to formulate epistemic information about domain object information, goals for the deduction
of new domain object information, assumptions about domain object information, and re-
quirements of a design artefact.

The information type sign type models partial truth values. The sort sign consists of three
objects: pos specifies the truth value true, neg specifies false, and unk specifies unknown.

Figure 6.10 shows the structure of the information type DOD. This information type con-
tains the relation includes-domain-object-information, which has three arguments of the sorts
DOD-name, domain-object-info-element, and sign, respectively. An atom includes-domain-object-

information(DOD-name1, domain-object-info-element1, sign1) specifies the information that the
design object description named DOD-name1 includes the domain object information domain-

object-info-element1, with sign sign1 as its truth value.

DOD

1 2 3

DOD name domain object
info element

sign

includes domain
object information

FIGURE 6.10. Structure of information type DOD.
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Example 6.6.

ÒThe design object description named DOD1 includes the information that the bic y-
cleÕs frame contains shock absorbers and is not safe to be used by young children, and
that it is unknown whether the bicycle is suited for riding in mountains or not.Ó

includes-domain-object-information(DOD1, has-part(bicycle1, frame1), pos)

includes-domain-object-information(DOD1, contains(frame1, shock-absorbers), pos)

includes-domain-object-information(

  DOD1, is-safe-to-be-used-by(bicycle1, young-children), neg)

includes-domain-object-information(

  DOD1, is-suitable-for-terrain-type(bicycle1, mountains), unk)

Design requirement information.  Figure 6.11 shows the composition of the information
type design requirement information, which models information about design requirements.

qualified requirement
definitions

design requirement
definitions

requirement type

qualified requirement
type

domain object 
information

first meta-level

object level

design requirement type

requirement definitions

domain object
info formula type

design requirement 
information

application  specific
design requirement 

information

design requirement
enactment information numeric constraint type

qualification type

domain object
info element type

FIGURE 6.11. Composition of information type design requirement information.

The information type design requirement information refers to three information types:
(1) d̊esign requirement definitions, which models definitions of design requirements, (2) d̊esign

requirement enactment information, which models information about which design requirements
must actually be satisfied in a given situation, and (3) åpplication specific design requirement

information, which models application specific information about design requirements.
The information type design requirement definitions refers to the information types require-

ment definitions and qualified requirement definitions, which model definitions of requirements
and definitions of qualified requirements, respectively. Together, requirements and qualified
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requirements are termed design requirements , which are modelled by the information type
design requirement type.

A requirement specifies what the behaviour, function, form, or structure of the design
object should be. Objects of the sort requirement within the information type requirement type

are used to model requirements. A requirement may be formulated directly in terms of a do-
main object information formula (modelled by an object of the sub-sort domain-object-info-

formula) or indirectly by means of a requirement name (modelled by an object of the sub-sort
requirement-name).

A domain object information formula is expressed in the domain object language, which
is used to describe the properties of the design artefact and other domain objects and the re-
lations between domain objects. A domain object information formula is composed of a finite
number of domain object information elements (modelled by objects of the sort domain-

object-info-element) and the following functions for different predicate-logical operators:

• l-not for negation (¬),
• l-or for disjunction (∨),
• l-and for conjunction (∧),
• l-implies for implication (⇒),
• exists for existential quantification (∃), and
• for-all for universal quantification (∀).

A requirement name is used to refer to a requirement; it is application specific and as-
sumed to be unique within the context of a design process. Information about the domain
object information formula corresponding to a given requirement name is modelled by the
information type requirement definitions.

Figure 6.12 shows the structure of the information type requirement definitions. It contains
the relation is-defined-as, which has two arguments of the sorts requirement-name and domain-

object-info-formula, respectively. An atom is-defined-as(requirement-name1, domain-object-info-

formula1) specifies that the requirement named requirement-name1 is defined as the domain
object information formula domain-object-info-formula1 on the behaviour, function, form or
structure of the design artefact.

1 2

requirement definitions

is defined as

requirement
name

domain object info 
formula

FIGURE 6.12. Structure of information type requirement definitions.
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Example 6.7.

ÒThe bicycle must be suited for riding in mountains (requirement R1), low-priced
(requirement R2) and safe to be used by young children (requirement R3).Ó

is-defined-as(R1, is-suitable-for-terrain-type(bicycle1, mountains))

is-defined-as(R2, is-price-level(bicycle1, low))

is-defined-as(R3, is-safe-to-be-used-by(bicycle1, young-children))

A qualified requirement specifies the (relative or absolute) importance of satisfying a list
of given requirements. Objects of the sort qualified-requirement within the information type
qualified requirement type are used to model qualified requirements. A qualified requirement
may be formulated directly as a qualified requirement expression (modelled by an object of
the sub-sort qualified-requirement-expression) or indirectly by means of a qualified requirement
name (modelled by an object of the sub-sort qualified-requirement-name).

A qualified requirement expression is composed of a qualification (modelled by an object
of the sort qualification) and a requirement list (modelled by an object of the sort requirement-

list). This composition is specified by the function expr, which maps a pair of objects from the
sort qualification and the sort requirement-list on an object of the sort qualified-requirement-

expression.
A qualification is used to express a constraint on the number of requirements to be satis-

fied from the list, as well as information about whether the order of the requirements in the
list is relevant for satisfaction or not. The sort qualification includes an object every; when used
in a qualified requirement expression with a list L of requirements, the object every specifies
that every requirement from L must be satisfied.

The sort qualification also contains two functions, at-random and in-preferred-order, which
both have one argument of the sort numeric-constraint. The information type numeric constraint

type in which this sort is defined, is used to model numeric constraints. It contains the func-
tions at-least, exactly, and at-most, each mapping objects from the sort integer to objects from
the sort numeric-constraint, and with an intuitive meaning.

When used in a qualified requirement expression with a list L of requirements, the term
at-random(numeric-constraint1) specifies that the number of requirements from L to be satisfied
is constrained by numeric-constraint1, as well as that the order of the requirements in L has no
significance for satisfaction. The term in-preferred-order(numeric-constraint1) specifies that the
number of requirements from L to be satisfied is constrained by numeric-constraint1, as well as
that the order of the requirements in L signifies which ones are more preferred to be satisfied.

A qualified requirement name is used to refer to a qualified requirement; it is application
specific and assumed to be unique within the context of a design process. Information about
the qualified requirement expression corresponding to a given qualified requirement name is
modelled by the information type qualified requirement definitions.

Figure 6.13 shows the structure of the information type qualified requirement definitions. It
contains the relation is-defined-as, which has two arguments of the sorts qualified-requirement-
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name and qualified-requirement-expression, respectively. (Note that is-defined has been defined
earlier with different arguments.) An atom is-defined-as(qualified-requirement-name1, qualified-

requirement-expression1) specifies that the qualified requirement named qualified-requirement-

name1 is defined as the qualified requirement expression qualified-requirement-expression1.

1 2

qualified requirement definitions

is defined as

qualified requirement
name

qualified requirement 
expression

FIGURE 6.13. Structure of information type qualified requirement definitions.

Example 6.8.

ÒThe qualified requirement named QR1 states that exactly three of the requirements
R4, R5, R6, and R7 must be satisfied, but that there are no preferences between these
requirements. The qualified requirement named QR2 states that at least one of the re-
quirements R2 and R3 must be satisfied, and that satisfying requirement R3 is pre-
ferred to satisfying requirement R2.Ó

is-defined-as(QR1, expr(at-random(exactly(3)), [R4, R5, R6, R7]))

is-defined-as(QR2, expr(in-preferred-order(at-least(1)), [R3, R2]))

Figure 6.14 shows the structure of the information type design requirement enactment in-

formation, which models information about which design requirements must actually be satis-
fied in a given situation. It contains the relation is-to-be-satisfied, which has one argument of
the sort design-requirement. An atom is-to-be-satisfied(design-requirement1) specifies that design
requirement design-requirement1 is to be satisfied.

design requirement enactment information

design requirement

is to be satisfied

FIGURE 6.14. Composition of information type design requirement enactment information.
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Example 6.9.

ÒThe requirement R1 and the qualified requirements QR2 and QR3 must be satisfied.Ó

is-to-be-satisfied(R1)

is-to-be-satisfied(QR2)

is-to-be-satisfied(QR3)

The information type application specific design requirement information models application
specific information about design requirements. For example, in some types of design proc-
esses different design parties are involved, such as the customer, the designer, and the design
support system. In such situations, it may be of interest to know which design party is the
source of a specific design requirement. This information can be modelled by means of a re-
lation is-source-of with two arguments of the sorts design-party and design-requirement, respec-
tively, which is specified within the information type application specific design requirement

information.

Basic DOD assessments. Figure 6.15 shows the composition of the information type basic

DOD assessments, which models basic assessments of specific design object descriptions. Ba-
sic assessments denote content-based relations between design object descriptions as well as
satisfaction relations between specific design object descriptions and (sets of) design re-
quirements.

basic DOD assessments

design requirement type

qualified requirement 
type

requirement type

DOD name type

design requirement list 
type

FIGURE 6.15. Composition of information type basic DOD assessments.

The information type design requirement list type specifies a sort design-requirement-list,
which is used to model sets (or, unordered lists) of design requirements. The sort design-

requirement is defined as a sub-sort of the sort design-requirement-list.
Figure 6.16 shows the structure of the information type basic DOD assessments. It con-

tains six relations: the relations is-refinement-of and is-consistent-with each have two arguments
that are both of the sort DOD-name, and the relations satisfies, violates, can-be-refined-to-satisfy,
and is-decisive-wrt-satisfaction-of each have two arguments of the sorts DOD-name and design-

requirement-list, respectively.
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An atom is-refinement-of(DOD-name1, DOD-name2) specifies that the design object de-
scription named DOD-name1 is a refinement of the design object description named DOD-

name2. That is, every domain object information element with truth value true or false that
DOD-name2 includes is also included in DOD-name1.

An atom is-consistent-with(DOD-name1, DOD-name2) specifies that the design object de-
scription named DOD-name1 is consistent with the design object description named DOD-

name2. That is, DOD-name1 does not include any domain object information element with
truth value true (false) that is included with truth value false (true) in DOD-name2.

An atom satisfies(DOD-name1, design-requirement-list1) specifies that the design object de-
scription named DOD-name1 satisfies every design requirement from the design requirement
list design-requirement-list1. If the atom is used in negated form, then it specifies that DOD-

name1 violates at least one of the design requirements from design-requirement-list1 or that
DOD-name1 is indecisive with respect to design-requirementlist1.

An atom violates(DOD-name1, design-requirement-list1) specifies that the design object de-
scription named DOD-name1 violates at least one design requirement from design-requirement-

list1. If the atom is used in negated form, then it specifies that DOD-name1 satisfies every de-
sign requirement from design-requirement-list1 or that DOD-name1 is indecisive with respect to
design-requirementlist1.

An atom can-be-refined-to-satisfy(DOD-name1, design-requirement-list1) specifies that there
exists a design object description that is a refinement of the design object description named
DOD-name1 and that satisfies every design requirement from design-requirement-list1. If the
atom is used in negated form, then it specifies that every design object description that is a
refinement of DOD-name1 either violates at least one of the design requirements from design-

requirement-list1 or is indecisive with respect to design-requirementlist1.
An atom is-decisive-wrt-satisfaction-of(DOD-name1, design-requirement-list1) specifies that

the design object description named DOD-name1 is decisive with respect to the satisfaction of
every design requirement from design-requirement-list1. That is, it is known that DOD-name1 or
one of its refinements either satisfies every design requirement from design-requirement-list1

or violates at least one of the design requirements from design-requirement-list1.

basic DOD assessments

2

1 2 1

can be refined
to satisfy

violatesis refinement of is decisive wrt
satisfaction of

1 2
1

satisfiesis consistent
with

2

DOD name design requirement 
list

1
2

1
2

FIGURE 6.16. Structure of information type basic DOD assessments.
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Example 6.10.

ÒThe design object description named DOD3 is a refinement of the description named
DOD2; they are also consistent with each other. The design object description named
DOD1 satisfies qualified requirement QR2, it violates at least one of the requirements
R2 and R3 and it is indecisive with respect to the satisfaction of requirement R1.
However, there is a refinement of DOD2 that satisfies requirement R1.

is-refinement-of(DOD3, DOD2)

is-consistent-with(DOD2, DOD3)

satisfies(DOD1, QR2)

violates(DOD1, [R2, R3])

not is-decisive-wrt-satisfaction-of(DOD1, R1)

can-be-refined-to-satisfy(DOD2, R1)

Design requirement assessments. Figure 6.17 shows the composition of the information
type design requirement assessments, which models assessments of design requirements. Such
assessments denote satisfiability properties of design requirements, some of which may be
derived from basic assessments of design object descriptions.

design requirement list 
type

qualified requirement 
type

requirement type

design requirement typedesign requirement 
assessments

FIGURE 6.17. Composition of information type design requirement assessments.

Figure 6.18 shows the structure of the information type design requirement assessments. It
contains four relations, is-satisfiable, is-tautological, is-contradictory, and is-imprecise, which each
have one argument of the sort design-requirement-list. For each of these relations, the order of
design requirements in the argument list is not relevant (i.e., the list can be treated as a set).

An atom is-satisfiable(design-requirement-list1) specifies that there is a design object de-
scription that satisfies the design requirements from the set design-requirement-list1. An atom
is-tautological(design-requirement-list1) specifies that the set of design requirements design-

requirement-list1 is a tautology (i.e., is always true), so every design object description satis-
fies design-requirement-list1.

An atom is-contradictory(design-requirement-list1) specifies that the set of design require-
ments design-requirement-list1 is a contradiction (i.e., is always false), that is, every design
object description violates design-requirement-list1. An atom is-imprecise(design-requirement-
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list1) specifies that there does not exist a design object description that, when restricted to the
domain object information necessary for the construction of the design object, is decisive
with respect to the satisfaction of the set of design requirements design-requirement-list1.

design requirement assessments

design requirement 
list

is contradictoryis tautologicalis satisfiable is imprecise

FIGURE 6.18. Structure of information type design requirement assessments.

Example 6.11.

ÒRequirement R2 can be satisfied. The requirement that the bicycle to be designed e i-
ther has a one-piece frame or does not have a one-piece frame is trivially satisfied.
Qualified requirement QR4 is contradictory, and the qualified requirement that the bi-
cycle must be beautiful is imprecise.Ó

is-satisfiable(R2)

is-tautological(l-or(has-frame-type(bicycle1, 1piece), l-not(has-frame-type(bicycle1, 1piece))))

is-contradictory(QR4)

is-imprecise(expr(every, [has-appearance(bicycle1, beautiful)]))

6.2.2.3 Structure and composition of knowledge at the second meta-level

The second meta-level includes the following main information types: (1)˚requirement quali-
fication sets, (2)˚assessments of design object descriptions, (3)˚assessments of requirement
qualification sets, and (4)˚information about the results of the design process.

Requirement qualification sets. Figure 6.19 shows the composition of the information type
RQS, which models epistemic information about the contents of specific requirement qualifi-
cation sets. That is, this information type may be used to model the partial design require-
ment information included in a requirement qualification set.

The information type RQS name type models names of requirement qualification sets.
Each requirement qualification set groups information that, as a whole, describe in full or in
part the design requirements of the design artefact and relevant relations between these de-
sign requirements. A requirement qualification set is uniquely identified by its name within a
design process.

The information type design requirement info element type models meta-descriptions of de-
sign requirement information. These meta-descriptions are obtained by the upward reflection
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of design requirement information (modelled by the information type design requirement in-

formation) and are used to formulate epistemic information about design requirement infor-
mation, goals for the deduction of new design requirement information, and assumptions
about design requirement information.

design requirement 
information

second meta-level

first meta-level

RQS

RQS name type

sign type

design requirement
info element type

FIGURE 6.19. Composition of information type RQS.

Figure 6.20 shows the structure of the information type RQS. It contains the relation in-

cludes-design-requirement-information, which has three arguments of the sorts RQS-name, de-

sign-requirement-info-element, and sign, respectively. An atom includes-design-requirement-

information(RQS-name1, design-requirement-info-element1, sign1) specifies the epistemic infor-
mation that the requirement qualification set named RQS-name1 includes the design require-
ment information design-requirement-info-element1, with sign sign1 as its truth value.

RQS

1 2 3

RQS name
design requirement

info element
sign

includes design
requirement information

FIGURE 6.20. Structure of information type RQS.
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Example 6.12.

ÒThe requirement qualification set named RQS2  includes the information that the bi-
cycle must be suited for riding in mountains (R1), that the bicycle must be safe to be
used by young children (R3), that the bicycleÕs price must be less than 400 euro (R4),
and that the bicycle must have light reflectors (R5). Furthermore, RQS2 includes the
information that it is necessary to satisfy the requirements R1 and R5 (which is ex-
pressed by means of qualified requirement QR6) and that satisfying requirement R3 is
preferred over satisfying requirement R4, if irreconcilable (which is expressed by
means of qualified requirement QR7).Ó

includes-design-requirement-information(RQS2,

  is-defined-as(R1, is-suitable-for-terrain-type(bicycle1, mountains)), pos)

includes-design-requirement-information(RQS2,

  is-defined-as(R3, is-safe-to-be-used-by(bicycle1, young-children)), pos)

includes-design-requirement-information(RQS2,

  is-defined-as(R4, for-all(P, l-implies(has-value(bicycle1, price(euro), P), P < 400))), pos)

includes-design-requirement-information(RQS2,

  is-defined-as(R5, has-as-accessory(bicycle1, light-reflectors)), pos)

includes-design-requirement-information(RQS2, is-defined-as(QR6, every, [R1, R5]), pos)

includes-design-requirement-information(RQS2,

  is-defined-as(QR7, at-random(at-least(1)), [R3, R4]), pos)

DOD assessments. Figure 6.21 shows the composition of the information type DOD assess-

ments, which models information about the assessment of design object descriptions. Two
main types of DOD assessments are distinguished: (1)˚overall assessments (at the second
meta-level) of specific design object descriptions regarding the fulfilment of specific re-
quirement qualification sets, and (2)˚epistemic information about assessments (at the first
meta-level) of specific design requirements and basic assessments of design object descrip-
tions in relation to specific design requirements.

The information type basic evaluation info element type models meta-descriptions of design
requirement assessments (modelled by the information type design requirement assessments)
and basic DOD assessments (modelled by the information type basic DOD assessments).
These meta-descriptions are obtained by upward reflection and are used to formulate epis-
temic information about design requirement assessments and basic DOD assessments.
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RQS specific
basic evaluation 

information

RQS name type

sign type

DOD name type

overall
DOD assessments

DOD assessments

basic evaluation
info element type

basic
DOD assessments

design requirement 
assessments

FIGURE 6.21. Composition of information type DOD assessments.

Figure 6.22 shows the structure of the information type RQS specific basic evaluation infor-

mation, which models epistemic information related to specific requirement qualification sets
about assessments of design requirements and basic assessments of design object descrip-
tions. It contains the relation includes-basic-evaluation-information, which has three arguments
of the sorts RQS-name, basic-evaluation-info-element, and sign, respectively. An atom includes-

basic-evaluation-information(RQS-name1, basic-evaluation-info-element1, sign1) specifies that the
requirement qualification set named RQS-name1 includes the basic evaluation information
basic-evaluation-info-element1, with sign sign1 as its truth value.

RQS specific basic evaluation information

1 2 3

RQS name
basic evaluation

info element
sign

includes basic evaluation 
information

FIGURE 6.22. Structure of information type RQS specific basic evaluation information.
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Example 6.12.

ÒThe set of design requirements named RQS2 includes the basic evaluation informa-
tion that the design object description named DOD2 satisfies the requirement that the
bicycleÕs price should be less than 400 euro, that the design object description named
DOD1 does not satisfy qualified requirement QR1, that requirement R2 can be satis-
fied, and that qualified requirement QR4 is contradictory.Ó

includes-basic-evaluation-information(RQS2,

  satisfies(DOD2, for-all(P, l-implies(has-value(bicycle1, price(euro), P), P < 400)))), pos)

includes-basic-evaluation-information(RQS2, satisfies(DOD1, QR1), neg)

includes-basic-evaluation-information(RQS2, is-satisfiable(R2), pos)

includes-basic-evaluation-information(RQS2, is-contradictory(QR4), pos)

Figure 6.23 shows the structure of the information type overall DOD assessments, which
models assessments of design object descriptions regarding the fulfilment of requirement
qualification sets. It contains four relations, fulfils, fails-to-fulfil, can-be-refined-to-fulfil, and is-

decisive-wrt-fulfilment-of, which each have two arguments of the sorts DOD-name and RQS-

name, respectively.
An atom fulfils(DOD-name1, RQS-name1) specifies that the design object description

named DOD-name1 fulfils the requirement qualification set named RQS-name1. That is, DOD-

name1 satisfies each design requirement included in RQS-name1 that is to be satisfied. (Note
that this definition presumes the existence of design requirement enactment information as
described in the previous sub-section.) An atom fails-to-fulfil(DOD-name1, RQS-name1) speci-
fies that the design object description named DOD-name1 fails to fulfil the requirement quali-
fication set named RQS-name1. That is, DOD-name1 violates at least one of the design
requirements included in RQS-name1 that is to be satisfied.

An atom can-be-refined-to-fulfil(DOD-name1, RQS-name1) specifies that there is a design
object description that is a refinement of the design object description DOD-name1 and that
fulfils the requirement qualification set named RQS-name1. An atom is-decisive-wrt-fulfilment-

of(DOD-name1, RQS-name1) specifies that the design object description named DOD-name1 or
one of its refinements either fulfils the requirement qualification set named RQS-name1 or
fails to fulfil RQS-name1.
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FIGURE 6.23. Structure of information type overall DOD assessments.

Example 6.13.

ÒDesign object description  DOD1 does not fulfil requirement qualification set RQS1,
and design object description DOD2 fulfils requirement qualification set RQS2.Ó

fails-to-fulfil(DOD1, RQS1)

fulfils(DOD2, RQS2)

RQS assessments. Figure 6.24 shows the composition of information type RQS assessments,
which models information about the assessment of requirement qualification sets. Two main
types of RQS assessments are distinguished: (1)˚overall assessments (at the second meta-
level) of specific requirement qualification sets regarding their fulfilment, and (2)˚epistemic
information about assessments (at the first meta-level) of specific design requirements and
basic assessments of design object descriptions in relation to specific design requirements.

second meta-level

first meta-level

RQS specific
basic evaluation 

information

RQS name type

sign type

overall
RQS assessments

RQS assessments

basic evaluation
info element type

design requirement  
assessments

basic
DOD assessments

FIGURE 6.24. Composition of information type RQS assessments.
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The information type basic evaluation info element type models meta-descriptions of design
requirement assessments (modelled by the information type design requirement assessments)
and basic DOD assessments (modelled by the information type basic DOD assessments). This
information type has already been explained in relation to DOD assessments.

Figure 6.25 shows the structure of the information type overall RQS assessments, which
models assessments of requirement qualification sets regarding their fulfilment. It contains
five relations, can-be-fulfilled, is-inconsistent, is-ambiguous, is-imprecise, and is-incomplete, which
each have one argument of the sort RQS-name. The definitions of the latter four relations are
based on those from Smithers, Corne and Ross [Smithers, Corne and Ross, 1994].

An atom can-be-fulfilled(RQS-name1) specifies that there exists a design object description
that fulfils the requirement qualification set named RQS-name1. An atom is-inconsistent(RQS-

name1) specifies that the requirement qualification set named RQS-name1 is inconsistent,
meaning that any complete design object description fails to fulfil RQS-name1. An atom is-

ambiguous(RQS-name1) specifies that the requirement qualification set named RQS-name1 is
ambiguous, meaning that there exist two or more complete design object descriptions that
fulfil RQS-name1. An atom is-imprecise(RQS-name1) specifies that the requirement qualifica-
tion set named RQS-name1 is imprecise, meaning there does not exist a design object de-
scription that, when restricted to the included domain object information necessary for the
construction of the design object, is decisive with respect to the fulfilment of RQS-name1. An
atom is-incomplete(RQS-name1) specifies that the requirement qualification set named RQS-

name1 is incomplete, meaning that it is not equivalent to its deductive closure (and, therefore,
needs to be further deductively refined).

overall RQS assessments

is impreciseis inconsistentcan be fulfilled is incomplete

RQS name

is ambiguous

FIGURE 6.25. Structure of information type overall RQS assessments.

Example 6.14.

ÒThe requirement qualification set named RQS2 can be fulfilled. Ó

can-be-fulfilled(RQS2)

Design process results information. Figure 6.26 shows the composition of the information
type design process results information, which models information about the (intermediate or
final) results of a design process. Five main types are distinguished: (1)˚information about
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requirement qualification set solutions, (2)˚information about design object description solu-
tions, (3)˚information about the status of the design process, (4)˚information about the con-
sumption of design resources, and (5)˚application specific design process results information.

numeric constraint type

design resource type

DOD name type

design process results 
information

process status  type

application specific
design process 

results information

RQS solution 
information

process status 
information

design resource
consumption information

DOD solution
information

RQS name type

FIGURE 6.26. Composition of information type design process results information.

Figure 6.27 shows the structure of the information type RQS solution information, which
models information about the requirement qualification set(s) generated as part of a solution
by the design process. It contains two relations, is-acceptable-substitute-for and is-RQS-solution-

to, which both have two arguments of the sort RQS-name.
An atom is-acceptable-substitute-for(RQS-name1, RQS-name2) specifies that the client of

the design process commits to the requirement qualification set named RQS-name1 as a sub-
stitute for the requirement qualification set named RQS-name2, meaning that the client of the
design process accepts RQS-name1 as an end result of the design process substituting RQS-

name2. An atom is-RQS-solution-to(RQS-name1, RQS-name2) specifies that the requirement
qualification set named RQS-name1 is a solution to the requirement qualification set named
RQS-name2, meaning that RQS-name1 can be fulfilled and is consistent, unambiguous, pre-
cise, and complete, and so far in the design process, the client commits to RQS-name1 as an
acceptable substitute for RQS-name2.
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RQS solution information

1 2

is RQS solution to

1 2

is acceptable 
substitute for

RQS name

FIGURE 6.27. Structure of information type RQS solution information.

Example 6.15.

ÒThe set of design requirements named RQS3 is an acceptable substitute for the set
RQS2, and it is also a solution to the set RQS2.Ó

is-acceptable-substitute-for(RQS3, RQS2)

is-RQS-solution-to(RQS3, RQS2)

Figure 6.28 shows the structure of the information type DOD solution information, which
models information about the design object description(s) generated as part of a solution by
the design process. It contains two relations, is-basis-reduct-of and is-DOD-solution-to.

The relation is-basis-reduct-of has two arguments that are both of the sort DOD-name. An
atom is-basis-reduct-of(DOD-name1, DOD-name2) specifies that the design object description
named DOD-name1 is BASIS-reduct of the design object description named DOD-name2,
meaning that DOD-name1 only includes domain object information that is necessary for the
construction of the design object.

The relation is-DOD-solution-to has two arguments of the sorts DOD-name and RQS-name,
respectively. An atom is-DOD-solution-to(DOD-name1, RQS-name1) specifies that the design
object description named DOD-name1 is a solution to the requirement qualification set named
RQS-name1, meaning that (1)˚DOD-name1 is consistent, (2)˚restricted to the included domain
object information necessary for the construction of the design object, it fulfils RQS-name1.

1 2

DOD solution information

is DOD solution to

DOD name RQS name

2

is basis reduct of

1

FIGURE 6.28. Structure of information type DOD solution information.
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Example 6.16.

ÒThe design object description named DOD43 is a basis reduct of the design object
description named DOD42 and a solution to the set of design requirements named
RQS3.Ó

is-basis-reduct-of(DOD43, DOD42)

is-DOD-solution-to(DOD43, RQS3)

The information type process status type models the status of a design process. It contains
the sort process status, which includes two objects: the object idle specifies that the process of
concern is idle (and therefore not active), and the object active specifies that the process of
concern is active (and therefore not idle).

Figure 6.29 shows the structure of the information type process status information, which
models information about the status of a process. It contains three relations, is-previous-status,
is-current-status, and is-next-status, which each have one argument of the sort process-status.

An atom is-previous-status(process-status1) specifies that the status of the concerned design
process in its preceding state is process-status1. An atom is-current-status(process-status1)

specifies that the status of the concerned design process in its current state is process-status1.
An atom is-next-status(process-status1) specifies that the status of the concerned design proc-
ess in its succeeding state is process-status1.

process status information

is current status

process status

is next statusis previous status

FIGURE 6.29. Structure of information type process status information.

Example 6.17.

ÒThe design process has just started.Ó

is-previous-status(idle)

is-current-status(active)

The information type design resource type models design resources that are needed to
carry out a design process, such as a team of designers, a financial budget, availability of
computers, and a budget of working hours. In practice, the use of design resources is most
often an inevitable aspect of design processes.
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Figure 6.30 shows the structure of the information type design resource consumption infor-

mation, which models information about the consumption of design resources by a design
process. It contains two relations, has-past-consumption-of and has-future-consumption-of, which
each have two arguments of the sorts design-resource and numeric-constraint, respectively.

An atom has-past-consumption-of(design-resource1, numerical-constraint1) specifies that the
design process has already used up numerical-constraint1 units of the design resource design-

resource1. An atom has-future-consumption-of(design-resource1, numerical-constraint1) specifies
that the design process is expected to further use up numerical-constraint1 units of the design
resource design-resource1.

design resource consumption information

1 2 1 2

has past
consumption of

has future
consumption of

design resource numerical 
constraint

FIGURE 6.30. Structure of information type design resource consumption information.

Example 6.18.

ÒThe designer reports to have worked 64 hours on the design project and to have used
2940 CPU seconds on the mainframe computer. She expects that completion of the de-
sign project will take at least 30 hours and at most 1500 CPU seconds.Ó

has-past-consumption-of(working-hours, exactly(64))

has-past-consumption-of(CPU-seconds, exactly(2940))

has-future-consumption-of(working-hours, at-least(30))

has-future-consumption-of(CPU-seconds, at-most(1500))

The information type application specific design process results information models applica-
tion specific information about the results of a design process. For example, this may include
a rationale of the past and future consumption of design resources.

6.2.2.4 Structure and composition of knowledge at the third meta-level

The third and highest meta-level includes the following main information types: (1)˚design
process objectives, (2)˚overall design strategies, (3)˚information about the strategic results of
the processes of manipulating requirement qualification sets and design object descriptions,
and (4)˚evaluations of the design process.
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Design process objectives. Figure 6.31 shows the composition of the information type de-

sign process objectives, which models information about the design process objectives of a de-
sign process. The information type design process objectives refers to three other information
types: (1)˚design process objective definitions, which models definitions of design process ob-
jectives, (2)˚design process objective enactment information, which models information about
which design process objectives must actually be satisfied in a given situation, and
(3) åpplication specific design process objective information, which models application specific
information about design process objectives.

The information type design process objective definitions refers to two information types:
process objective definitions and qualified process objective definitions. These information types
model the definitions of process objectives and qualified process objectives, respectively.
Together, process objectives and qualified process objectives are termed design process ob-
jectives, which are modelled by the information type design process objective type.

A process objective is a requirement of a design process such as a deadline to be met or a
limit on the consumption of a design resource. The information type process objective type is
used to model process objectives. A process objective may be formulated directly in terms of
a design process results information formula (modelled by an object of the sub-sort design-

process-results-info-formula) or indirectly by means of a process objective name (modelled by
an object of the sub-sort process-objective-name).

third meta-level

second meta-level

qualified process 
objective definitions

design process 
objective definitions

process objective type

qualified process 
objective type

qualification type

design process 
objective type

process objective 
definitions

design process results
info formula type

design process 
objective enactment 

information

design process 
objectives

application  specific
design process 

objective information
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design process results 
information

design process results
info element type

FIGURE 6.31. Composition of information type design process objectives.

The information type design process results info element type models meta-descriptions of
design process results information. These meta-descriptions are obtained by the upward re-
flection of design process results information (modelled by the information type design proc-
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ess results information), and are used to formulate epistemic information about design process
results information.

A design process results information formula is expressed in the design process results
language, which is used to describe the results of a design process and their relations. A de-
sign process results informatoin formula is composed of a finite number of design process
results information elements (modelled by objects of the sort design-process-results-info-

element) and the following functions for different predicate-logical operators:

• l-not for negation (¬),
• l-or for disjunction (∨),
• l-and for conjunction (∧), and
• l-implies for implication (⇒).

A process objective name is used to refer to a process objective; it is application specific
and assumed to be unique within the context of a design process. Information about the de-
sign process results information formula corresponding to a given process objective name is
modelled by the information type process objective definitions.

Figure 6.32 shows the structure of the information type process objective definitions. It
contains the relation is-defined-as, which has two arguments of the sorts process-objective-

n a m e  and design-process-results-info-formula, respectively. An atom is-defined-as(process-

objective-name1, design-process-results-info-formula1) specifies that the process objective named
process-objective-name1 is defined as the design process results information formula design-

process-results-info-formula1 about the results of a design process and their relations.

process objective definitions

1 2

process objective 
name

design process 
results info formula

is defined as

FIGURE 6.32. Structure of information type process objective definitions.

Example 6.19.

ÒThe design process must be completed within 160 hours (PO1), preferably before
July 28, 2002, at 9:00 a.m. (PO2), but at the latest on August 1, 2002, at 12:00 a.m.
(PO3).Ó

is-defined-as(PO1, l-implies(l-and(is-previous-status(active), is-current-status(idle)),

  has-past-consumption-of(working-hours, at-most(160))))
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is-defined-as(PO2, l-implies(l-and(is-previous-status(active), is-current-status(idle)),

  is-at-the-latest(Ò2002-07-28, 09:00:00Ó)))

is-defined-as(PO3, l-implies(l-and(is-previous-status(active), is-current-status(idle)),

  is-at-the-latest(Ò2002-08-01, 00:00:00Ó)))

A qualified process objective specifies the (relative or absolute) importance of satisfying
a list of given process objectives. Objects of the sort qualified-process-objective within the in-
formation type qualified process objective type are used to model qualified process objectives.
A qualified process objective may be formulated directly as a qualified process objective ex-
pression (modelled by an object of the sub-sort qualified-process-objective-expression) or indi-
rectly by means of a qualified process objective name (modelled by an object of the sub-sort
qualified-process-objective-name).

A qualified process objective expression is composed of a qualification (modelled by an
object of the earlier introduced sort qualification) and a process objective list (modelled by an
object of the sort process-objective-list). This composition is specified by the function expr,
which maps a pair of objects from the sort qualification and the sort process-objective-list on an
object of the sort qualified-process-objective-expression.

A qualified process objective name is used to refer to a qualified process objective; it is
application specific and assumed to be unique within the context of a design process. Infor-
mation about the qualified process objective expression corresponding to a given qualified
process objective name is modelled by the information type qualified process objective defini-

tions.
Figure 6.33 shows the structure of the information type qualified process objective defini-

tions. It contains the relation is-defined-as, which has two arguments of the sorts qualified-

process-objective-name and qualified-process-objective-expression, respectively. An atom is-

defined-as(qualified-process-objective-name1, qualified-process-objective-expression1) specifies
that the qualified process objective named qualified-process-objective-name1 is defined as the
qualified process objective expression qualified-process-objective-expression1.

qualified process objective definitions

1 2

qualified process 
objective name

qualified process 
objective expression

is defined as

FIGURE 6.33. Structure of information type qualified process objective definitions.
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Example 6.20.

ÒProcess objective PO1 must be satisfied (QPO1). Either process objective PO2  or
process objective PO3 must be satisfied, which one does not matter (QPO2).Ó

is-defined-as(QPO1, expr(every, [PO1]))

is-defined-as(QPO2, expr(at-random(any), [PO2, PO3]))

Figure 6.34 shows the structure of the information type design process objective enactment

information, which models information about which design process objectives must actually
be satisfied in a given situation. It contains the relation is-to-be-satisfied, which has one argu-
ment of the sort design-process-objective. An atom is-to-be-satisfied(design-process-objective1)

specifies that design process objective design-process-objective1 is to be satisfied.

design  process objective enactment information

design process 
objective

is to be satisfied

FIGURE 6.34. Composition of information type design process objective enactment information.

Example 6.21.

ÒThe process objective PO1 and the qualified process objective QPO2 must be sati s-
fied, as well as the (unnamed) qualified process objective that process objective PO4
should be satisfied, if possible.Ó

is-to-be-satisfied(PO1)

is-to-be-satisfied(QPO2)

is-to-be-satisfied(expr(at-random(all-possible), [PO4]))

The information type application specific design process objective information models appli-
cation specific information about design process objectives. For example, in some types of
design processes different design parties are involved, such as the customer and the designer.
In such situations, it may be of interest to know which design party is the source of a specific
design process objective. This information can be modelled by means of a relation is-source-

of with two arguments of the sorts design-party and design-process-objective, respectively,
which is specified within the information type application specific design process objective in-

formation.
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Overall design strategy. Figure 6.35 shows the composition of the information type overall

design strategy, which models information about overall design strategies.

overall design strategy selection criterion
list type

design process results
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FIGURE 6.35. Composition of information type overall design strategy.

The information type overall design strategy refers to three information types: (1) c̊urrent

overall design process information, which models information about the identity of the current
overall design process state and the contents of the current control process plan, (2)˚state spe-

cific overall design strategy information, which models information about the overall design
strategies included by design process states, and (3) d̊esign strategy definitions, which models
the definitions of design strategies.

A design process state is an information state of a design process. Objects of the sort de-

sign process state within the information type design process state type are used to model de-
sign process states. Each state is assumed to be uniquely identifiable within a design process.

A design strategy specifies what the behaviour of the design process should be, or which
results it should have achieved in its next state. Objects of the sort design strategy within the
information type design strategy type are used to model design strategies. A design strategy
may be formulated directly in terms of a control process plan (modelled by an object of the
sub-sort control-process-plan) or indirectly by means of a design strategy name (modelled by
an object of the sub-sort design-strategy-name).

The information type control process plan type models plans to guide a design process. A
primitive control process plan is built up from requirement qualification set names, design
object description names, design process results information formulae, and selection criterion
lists. A complex control process plan is built from other control process plans, using ordering
principles such as repetition, sequencing and parallelism.
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A selection criterion is used for the selection of requirement qualification sets, design
object descriptions, or elements of such sets or descriptions, which are subject to modifica-
tion or retrieval. Objects of the sort selection-criterion-list within the information type selection

criterion list type are used to model lists of (application specific) selection criteria.
A control approach is a particular approach to control the modification of the current re-

quirement qualification or current design object description. Objects of the sort control-

approach within the information type control approach type are used to model different control
approaches. The following control approaches are based on TreurÕs (non-exhaustive) list of
specific uses of reasoning about design requirements [Treur, 1991] and can be applied to
generate modifications to both requirement qualification sets and design object descriptions:

• a transformation of the available information into different but equivalent information
(e.g., transformation of the equation x2˚+ 4x˚— 5˚= 0 into (x˚— 1)(x˚+ 5)˚= 0);

• a translation of the available information into another language (e.g., translation of the
equation (x˚— 1)(x˚+ 5)˚= 0 into (y˚— 3)(y˚+ 3)˚= 0, plus the extra equation y˚= x˚+ 2);

• a decomposition of the available information into new information (e.g., decomposi-
tion of global requirements of a software system into more detailed requirements);

• a composition of new information from the available information (e.g., composition of
a software system from a set of sub-systems and a set of sub-system interfaces);

• a reduction of the available information (e.g., removing a design requirement);
• an extension of the available information (e.g., adding a design requirement).

These control approaches have been used and observed in different applications. The
following functions are used to model control process plans (such as the ones introduced in
Chapter 12 of this thesis):

• continue-with(RQS-name1, DOD-name1) models the control process plan that the design
process has to continue to determine a solution on the basis of the requirement qualifi-
cation set named RQS-name1 and the design object description named DOD-name1;

• if-then(design-process-results-info-formula1, control-process-plan1) models the control
process plan that if design-process-results-info-formula1 holds, then the control process
plan control-process-plan1 is executed;

• if-then-else(design-process-results-info-formula1, control-process-plan1, control-process-

plan2) models the control process plan that if design-process-results-info-formula1 holds,
then the control process plan control-process-plan1 is executed, and otherwise the con-
trol process plan control-process-plan2;

• while-do(design-process-results-info-formula1, control-process-plan1) models the control
process plan that, as long as design-process-results-info-formula1 holds, the control proc-
ess plan control-process-plan1 is executed;
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• repeat-until(control-process-plan1, design-process-results-info-formula1) models the control
process plan that the control process plan control-process-plan1 is executed until design-

process-results-info-formula1 holds;
• do-in-sequence(control-process-plan1, control-process-plan2) models the control process

plan that first the control process plan control-process-plan1 is executed and then the
control process plan control-process-plan2;

• do-in-parallel(control-process-plan1, control-process-plan2) models the control process plan
that the control process plan control-process-plan1 is executed at the same time as the
control process plan control-process-plan2;

• apply-criteria-for-retrieval-approach(selection-criterion-list1, control-approach1) models the
control process plan that the control approach control-approach1 is applied to the cur-
rent requirement qualification set (design object description), on the basis of require-
ment qualification sets (design object descriptions) retrieved from the design history
that meet the selection criteria from the list selection-criterion-list1;

• apply-criteria-for-modification-approach(selection-criterion-list1, control-approach1) models
the control process plan that the control approach control-approach1 is applied to the
current requirement qualification set (design object description), of which those ele-
ments are modified that meet the selection criteria from the list selection-criterion-list1.

Figure 6.36 shows the structure of the information type current overall design process infor-

mation, which models information about the identity of the current state of an overall design
process and the contents of the current control process plan. It contains two relations, is-

current-overall-design-process-state and is-current-control-process-plan.
The relation is-current-overall-design-process-state has one argument of the sort design-

process-state. An atom is-current-overall-design-process-state(design-process-state1) specifies
that the current state of the overall design process is design-process-state1. The relation is-

current-control-process-plan has one argument of the sort control-process-plan. An atom is-

current-control-process-plan(control-process-plan1) specifies that the current control process plan
of the overall design process is control-process-plan1.

current overall design process information

is current overall 
design process state

design
process state

is current control 
process plan

control
process plan

FIGURE 6.36. Structure of information type current overall design process information.
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Example 6.22.

ÒThe current state of the overall design process is named State198. The current control
plan is to continue with requirement qualification set RQS123 and design object de-
scription DOD453.Ó

is-current-overall-design-process-state(State198)

is-current-control-process-plan(continue-with(RQS123, DOD453))

Figure 6.37 shows the structure of the information type state specific design strategy infor-

mation, which models information about the design strategies involved in specific design
process states. It contains the relation includes-design-strategy, which has two arguments of the
sorts design-process-state and design-strategy , respectively. An atom includes-design-

strategy(design-process-state1, design-strategy1) specifies that the design process state design-

process-state1 involves the design strategy design-strategy1.

1 2

state specific design strategy information

includes
design strategy

design process 
state design strategy

FIGURE 6.37. Structure of information type state specific design strategy information.

Example 6.23.

ÒThe state of the overall design process designated State198 includes a strategy to pur-
sue an explorative approach. The state of the requirement qualification set manipula-
tion process designated RQSMState20 includes a strategy to renegotiate the initial
design requirements that are in conflict with each other.Ó

includes-design-strategy(State198, explorative-approach)

includes-design-strategy(RQSMState20, renegotiate-initial-conflicting-design-requirements)

Figure 6.38 shows the structure of the information type design strategy definitions, which
models definitions of design strategies. It contains the relation is-defined-as, which has two
arguments of the sorts design-strategy-name and control-process-plan, respectively. An atom is-

defined-as(design-strategy-name1, control-process-plan1) specifies that the design strategy
named design-strategy-name1 is defined as the control process plan control-process-plan1.
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design strategy definitions

design strategy 
name

is defined as

1 2

control
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FIGURE 6.38. Structure of information type design strategy definitions.

Example 6.24.

ÒThe strategy to renegotiate the initial design requirements that are in conflict with
each other is defined as the following control process plan: delete those design re-
quirements from the current requirement qualification set that have been introduced at
the start of the design process and that are inconsistent with each other.Ó

is-defined-as(renegotiate-initial-conflicting-design-requirements,

  apply-criteria-for-modification-approach(

    [is-introduced-at-start, is-part-of-inconsistency], reduction))

Control process evaluations. Figure 6.39 shows the composition of the information type
control process evaluations, which models evaluations of a requirement qualification set ma-
nipulation process and a design object description manipulation process with respect to spe-
cific overall design strategies. These control process evaluations are used by design process
co-ordination to determine whether or not to continue the design process.

control process 
evaluation type

control process
evaluations

RQSM process
evaluations

DODM process
evaluations

design strategy type

FIGURE 6.39. Composition of information type control process evaluations.

The information type control process evaluation type models strategic evaluations of control
processes. The sort control-process-evaluation contains the objects incomplete, succeeded and
failed. Given an overall design strategy, the object incomplete specifies that a control process
has not been able to complete the strategy (due to a lack of information), the object succeeded

specifies that a control process has completed the strategy with success, and the object failed

specifies that a control process has completed the strategy with failure.
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Figure 6.40 shows the structure of the information type DODM process evaluations, which
models evaluations of a design object description manipulation process in relation to overall
design strategies. It contains the relation has-DODM-process-evaluation, which has two argu-
ments of the sorts design-strategy and control-process-evaluation, respectively. An atom has-

DODM-process-evaluation(design-strategy1, control-process-evaluation1) specifies that the attempt
by the design object description manipulation process to complete the design strategy design-

strategy1 has control-process-evaluation1 as its result.

DODM process evaluations

1 2

design strategy control
process evaluation

has DODM
process evaluation

FIGURE 6.40. Structure of information type DODM process evaluations.

Example 6.25.

ÒOverall design strategy ODS1 has been completed with failure as a result.Ó

has-DODM-process-evaluation(ODS1, failed)

Figure 6.41 shows the structure of the information type RQSM process evaluations, which
models evaluations of a requirement qualification set manipulation process in relation to
overall design strategies. It contains the relation has-RQSM-process-evaluation, which has two
arguments of the sorts design-strategy and control-process-evaluation, respectively. An atom
has-RQSM-process-evaluation(design-strategy1, control-process-evaluation1) specifies that the
attempt by the requirement qualification set manipulation process to complete the design
strategy design-strategy1 has control-process-evaluation1 as its result.

RQSM process evaluations

1 2

design strategy control
process evaluation

has RQSM
process evaluation

FIGURE 6.41. Structure of information type RQSM process evaluations.
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Example 6.26.

ÒOverall design strategy ODS1 has been co mpleted with success as a result.Ó

has-RQSM-process-evaluation(ODS1, succeeded)

Design process evaluations . Figure 6.42 shows the composition of the information type de-

sign process evaluations, which models evaluations of a design process concerning its per-
formance and in relation to given design process objectives.

epistemic design process 
performance information

design process objective
evaluations

design process
evaluations

design process objective 
type

sign type

third meta-level

second meta-level

design process results 
info element type

design process results 
information

FIGURE 6.42. Composition of information type design process evaluations.

Figure 6.43 shows the structure of the information type epistemic design process perform-

ance information, which models epistemic information about the performance indicators of a
specific design process. It contains the relation is-part-of-design-process-results, which has two
arguments of the sort design-process-results-info-element and sign, respectively. An atom is-

part-of-design-process-results(design-process-results-info-element1, sign1) specifies that results of
the design process include, among others, the information design-process-results-info-element1,
with sign sign1 as its truth value.
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epistemic design process performance information

1 2

design process 
results info element

sign

is part of design
process results

FIGURE 6.43. Structure of information type epistemic design process performance information.

Example 6.27.

ÒThe design process has been completed on July 31, 1999, at 8:15 p.m., but it is not
known whether the design process has been completed within 160 hours or not.Ó

is-part-of-design-process-results(is-previous-state(active), pos)

is-part-of-design-process-results(is-current-state(idle), pos)

is-part-of-design-process-results(is-current-time(Ò1999-07-31, 20:15:00Ó), pos)

is-part-of-design-process-results(has-past-consumption-of(working-hours, at-most(160)), unk)

Figure 6.44 shows the structure of the information type design process objective evalua-

tions, which models evaluations of the design process objectives of a design process. It con-
tains three relations, is-satisfied, is-violated and is-decided, which each have one argument of
the sort design-process-objective.

An atom is-satisfied(design-process-objective1) specifies that the design process satisfies the
design process objective design-process-objective1. An atom is-violated(design-process-

objective1) specifies that the design process violates the design process objective design-

process-objective1. An atom is-decided(design-process-objective1) specifies that it is known that
the design process either satisfies or violates the design process objective design-process-

objective1. The negation of this atom is used to specify that it is not known whether the design
process satisfies or violates the design process objective design-process-objective1.

design process objective evaluations

is satisfied is violated is decided

design process 
objective

FIGURE 6.44. Structure of information type design process objective evaluations.




