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Preface
This thesis is on the automation of knowledge-intensive tasks.
The term “task” can be further narrowed with respect to analysis tasks and synthesis tasks in engineering domains. To the former we count classification problems,
simulation problems, or diagnosis problems; to the latter we count configuration
problems, design problems, or planning problems. Each of these problems may entail problems in turn, relating to knowledge acquisition, solution assessment, or hypothetical reasoning—to mention only a few. We call the tasks knowledge-intensive
because either a problem solving method is not at hand and must be constructed at
first, or, we do not know which of the available methods should actually be applied.
The term “automation” comprises a wide spectrum of interpretations. Ideally,
task automation means to us that we can abandon the human engineering factor in
the course of problem solving. However, in practice, a computer-based automation
is restricted to selected aspects of the task in question: simulation, decision support,
expert critiquing, model construction, search in synthesis spaces, visualization, etc.
The focus of the thesis in hand lies on model construction.
Automating engineering tasks means working in an interface area: Even if we
restricted ourselves to a single, particular diagnosis or design problem, knowledge
and methods from various fields would have to be combined in a skillful way.
Of course, this situation makes the automation of knowledge-intensive tasks both
an exciting challenge and an artistic discipline. However, this situation also makes a
text that is concerned with this interface area vulnerable from positions of the fields
that it touches: Engineering design (207), method engineering (285), systems engineering and design (305, 310), object-oriented modeling and simulation (38), software
engineering (88), artificial intelligence (230, 203), knowledge-based methods for analysis and synthesis (214, 257). Starting from a pure engineering field and going to the
field of artificial intelligence, own fundamentals and theories have been developed
which cannot be integrated to their full extent, or whose latest developments may
not be adopted within an interdisciplinary text.
This thesis is written from the position of a computer scientist and artificial intelligence researcher, however, with the intention to come—in the intersecting areas—as
close as possible to engineering terminology and way of thinking. The thesis may
be useful for computer scientists who are concerned with interdisciplinary problem
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solving, say, who work in a close cooperation with engineers or domain experts on
the automation of analysis and synthesis tasks.
The Starting Point Our starting point is characterized as follows. We are given
either a system, S, or a set of systems, S , along with a shortcoming of information
about S or S . From the viewpoint of a domain expert, the underlying models of S
and S are well defined, and the question that is to be answered can be formulated in
a definite way—for example:

• Which component is broken in S? (diagnosis ∼ analysis)
• How does S react on the input u? (analysis)
• Does a system with the desired functionality exist in S ? (synthesis)
If these analysis and synthesis questions shall be answered automatically, both
adequate algorithmic models along with the problem solving expertise of the human
problem solver must be operationalized on a computer. In this context, the construction of an adequate model often establishes the actual challenge when tackling the
problem. That is the place where this thesis sets in.

Contributions
Model construction (model creation, model formulation, model finding, model building) is an artistic discipline, which highly depends on the reasoning job to be done.
Model construction can be supported by means of a computer, and we investigate
selected aspects from this field; the theoretical and conceptual contributions of this
thesis can be grouped as follows.

• Classification of Existing Work to Automated Modeling. We classify existing approaches to model construction with respect to their position in the model hierarchy. Nearly all of the existing methods support a top-down procedure of the
human modeler; they can be characterized as being either structure-defining
(top), structure-filling (middle), or structure propagating (down).
• Model Construction from a Metamodel Perspective. Domain experts or knowledge
engineers seldom start from scratch when constructing a new model; instead,
they develop an appropriate model by modifying an existing one. Following
this observation, we analyzed the projects on which we have worked (or are
still working) from a metamodel perspective.1 We classify the found model
construction principles as follows: Model refinement, model simplification,
model compilation, model reformulation, and model envisioning.
1A

metamodel is a model of the modeling process itself; it is closely related to metamodeling:
“By metamodeling, we imply a process of design carried out at the metalevel, by which we define how
the process of modeling (at the lower level) is to be carried out.” (Gigch, 93, pg. 92).

P REFACE
While model simplification and model refinement establish rather known principles to tackle analysis and synthesis problems in technical domains, the other
principles have not been characterized in a generic form. In this context, we
introduce model envisioning as a problem solving method which implies no
constructional mission—we use it as a collective term for methods that prepare
structure models in a graphical way in order to provide insights or to simplify
the access when dealing with large systems.

• Modeling Knowledge on Structure. The aforementioned model construction principles can be subsumed under the term “system morphism”, which was employed by Wymore and extended by Zeigler et al. (305, 310). With the introduction of so-called design graph grammars we make an instrument available
to describe system morphisms with the focus on structure models.
Design graph grammars are an advancement of classical graph grammar approaches and have been developed with a close look at expressiveness and
applicability in engineering domains. They serve as an efficient concept to create and to manipulate structure models of technical systems when working on
synthesis tasks. In particular, they can be used as a formal tool to quantify the
quality of automatically generated solutions for a synthesis problem.
Since design graph grammars provide a precise semantics for the structural
modification a model undergoes during its simplification or transformation,
they are used throughout the case studies of Part II as a formal description
methodology.
Aside from the above conceptual considerations, each of the case studies in Part II
establishes a contribution on its own in the field of knowledge-based problem solving. In the style of a paper title from Falkenhainer and Forbus, the case studies could
be summarized under the motto “Constructing the Right Model for the Job”.2 The following results may be emphasized.

• Chapter A introduces the paradigm of functional abstraction—a generic procedure to tackle complex synthesis problems. Put it overstated, the paradigm
says: At first, we construct a poor solution of a design problem, which then
must be repaired.
• Section A.1 (model simplification) shows how the paradigm of functional abstraction is successfully applied in the fluidic domain. Besides, this section
contributes some aspects to the field of case-based reasoning.
2 “Compositional

Modeling: Finding the Right Model for the Job” (71). The article presents concepts and strategies to automatically construct a “useful model” when given three things:
A general domain theory, a structural description of a specific system, and a query about
the system’s behavior. Falkenhainer and Forbus’work addresses the problem of answering
a query while minimizing extraneous detail.
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P REFACE
• Section B.1 (model compilation) presents a preprocessing concept to speed up
the method of resource-based configuration. This way it becomes possible to
combine the user-friendly (local) resource-based modeling method with the
efficiency of a global, variant-based configuration strategy.
• Section B.2 (model compilation) exploits the idea of fault models of the GDE+
(275) to generate tailored heuristic diagnosis models from first principles. Our
approach overcomes some problems of model-based diagnosis approaches,
which are caused by long interaction paths and feedback structures in the system of interest.
Moreover, this section presents a domain-independent measure to assess the
diagnosability of a technical system S. This measure relies on an informationtheoretical interpretation of a database with simulation results of S.

• Section C.1 (model reformulation) shows how a synthesis scheme for the design of wave digital structures is operationalized on a computer. Our approach
is based on the triconnected component algorithm of Hopcroft and Tarjan (111)
and leads to a linear time procedure (in the number of the electrical circuit elements). It is optimum with respect to both the synthesized structures and the
runtime.
• Section C.2 (model reformulation) addresses the construction of a similarity
measure from a classified collection of objects. At heart, we pick up Richter’s
argumentation: Similarity knowledge is distributed over the containers vocabulary, similarity measure, case base, and solution transformation, where each
container is able to contain all available knowledge (223).
• Chapter D demonstrates how model envisioning is applied as a powerful reasoning concept. We present three applications each of which exploits envisioning in a different connection: As model formulation aid for computer networks, to simplify the understanding and maintenance of knowledge bases,
and for the functional analysis of fluidic systems.
• Section D.1 (model envisioning) introduces a new measure to detect “natural”
structures in graphs. The measure is called Λ, it is based on a graph’s connectivity, and a maximization of a graph’s Λ-value leads to clustering results
superior to existing graph clustering algorithms.
Moreover, the heuristic algorithm M AJOR C LUST is presented that maximizes
the weighted partial connectivity Λ. Our experiments show that M AJOR C LUST
outperforms the well-known clustering approaches with respect to both runtime and clustering results.

P REFACE

Thesis Structure
The thesis is organized into two parts. Part I presents general and theoretical aspects
of model construction; Part II is comprised of the case studies that are concerned with
the operationalization of knowledge-intensive tasks.
Part I Framework Chapter 1 starts with a short discussion on models and model
construction; in particular it relates the term “model”, which is coined by the conception of system analysis, to the term “model space” that is to be seen in connection with synthesis tasks. Main contributions of this chapter are Section 1.2 and 1.3,
which address the question of how model construction can be supported by means
of a computer.
Chapter 2 presents a framework for the description of models for modular technical systems. The framework is powerful enough to become applied to a variety of
domains and modeling scenarios; however, a great deal of attention has been paid to
keep it as clear and simple as possible.
Our view to models and model construction is oriented at structure and behavior;
and, by specifying the concepts of locality, causality, and no-function-in-structure, the
interweaving of structure and behavior becomes quantifiable.
In particular, Section 2.4 introduces, isolated from a specific problem and a concrete domain, the five different model construction principles mentioned above.
Chapter 3 is devoted to design graph grammars. It starts with an introduction and motivation around structure model manipulation and then develops design
graph grammars as an appropriate means for this objective.
The use of design graph grammars is connected to various theoretical issues,
which are addressed in the last two sections of this chapter. They examine the relationship of design graph grammars to classical graph grammars and present issues
concerning the application of graph grammars in structure analysis and system design.
Part II Case Studies The case studies presented in Part II have been selected from
our research activities. Of course, they should not be regarded as a representative
spectrum with respect to model construction in analysis and synthesis tasks. On the
other hand, especially against the background that recipes for the operationalization
of a model construction principle can hardly be stated, the realized implementations
may serve as a pool of ideas when tackling new analysis and synthesis tasks.
To work out common ground and differences between the mentioned construction principles, the models in the case studies (that stem from different domains and
applications) are formalized in a unique manner. In a way, this involves a description of a model under a structural point of view, under a behavioral point of view, or
under both.

ix

Moreover, each case study comes along with the same set up: It starts with a
(hopefully) illustrative outline of the respective task. Then follow four subsections;
the first of which contains a formal specification of the underlying models while the
last subsection recapitulates the case study in brief outlines.
Clearly, different readers have more or less previous knowledge regarding a case
study’s underlying domain theory, problems, or methods. We tried to make up for
this situation by a consistent problem formulation, which, however, may be too succinct or too long winded, as the case arises.

Instead of a Conclusion
Within each of the case studies a conclusion may be drawn against the background
of the domain in question. Nevertheless, if we had to draw a comprising conclusion
it would express the considered opinion that a powerful model construction support
is possible. But, we cannot expect that there is a recipe for constructing adequate
models automatically.
The success of a diagnosis or design approach depends on the underlying problem space—say, its size, and the way it is explored. A tractable problem space is
in first place the result of adequate models, which in turn are the result of a skillful
selection, combination, and customization of existing construction principles.3

3

The statement is in accordance with Tolvanen’s observations, who has investigated modeling
tools for incremental method engineering (285).

Part I
Framework

1

1
Models and More
Numerous definitions, explanations, and introductions have been formulated about
the term model. However, the reader may not be anxious that an exhaustive discussion of this term is given here. Instead, I will start with my favorite definition,
which stems from Minsky, and bring in extensions, different interpretations, as well
as additional explanations at the appropriate places.
“To an observer B, an object A ∗ is a model of an object A to the extent
that B can use A∗ to answer questions that interest him about A.”
Minsky, 1965, pg. 45

In this thesis

• the interesting objects, A, are technical systems,
• the observer, B, is a domain expert who works on a problem solving task from
the field of analysis, such as a diagnosis task, or synthesis, such as a design
task,
• the questions are embedded in a ternary way; they relate to the technical system, to the problem solving task, and to the domain expert,
• the models, A∗ , are exactly that what Minsky has pointed out above.
Before we start talking on model construction, we go back one step and clarify
in the next section, 1.1, purpose and meaning of models. Main contributions of this
chapter are Section 1.2 and 1.3, which discuss how the construction of models and
model spaces can be supported, and which develop a classification scheme for the
various types of model construction approaches. Finally, Section 1.4 outlines contact points and differences of our work in respect to developments from the field of
Artificial Intelligence.

4

M ODELS AND M ORE

1.1

Motivation and Disambiguation

Models are the essential element within the human ability to reason about systems. A
system, S, can be considered as a clipping of the world and has, as its salient property,
a boundary. On account of this boundary, it can be stated for each object of the world
whether or not it is part of S.1 As quoted at the outset, the purpose of a model is to
answer questions about a system of interest. The process of developing a model for
a system is called model formation, model creation, or modeling.
In the following we shed light on this process and motivate why models can be
used to answer questions about systems.
Our starting point is characterized as follows. We are given a system S along
with a shortcoming of information about S. In the case that S represents a technical
device this information may relate to an open question about the behavior of S, or
about the probability that S will be break down when being run with overload, or
simply—about the cost of S.
Answers to such questions can be found by performing tailored experiments with
S. Such experiments comprise purposeful excitations of S while accurately observing its reactions or modifications, which are called behavior here. By interpreting a
system’s behavior, answers to the question of interest may be found (see Figure 1.1,
which is derived from Goldschmidt (97, pg. 3)).
System + Question

Experiment

Behavior

Interpretation

Answer

Figure 1.1. Experimentation as a concept to eliminate information deficits relating to a system.

Clearly, experimenting with a system is not possible if the open questions are of a
hypothetical nature and relate to an, up to now, non-existing system. As well as that,
even if a system S exists, several reasons may forbid experimentation with S. Some
of them are: The experiment cannot be set up at all, the system’s reactions are too
slow and too fast respectively to become observed, the experiment is too expensive
or too risky to be executed, or the experiment’s influence onto the system cannot
be accepted. Jeffers (124), Cellier (37, pg. 10), or Murray-Smith (190, pg. 13) present
discussions of these problems.
Given such a situation, a way out is the creation of a model M from the system S
and then to execute the experiment on M (see Figure 1.2). Performing an experiment
on a model is called simulation since Korn and Wait (see (150) quoted in Cellier (37,
pg. 6)).
As depicted in Figure 1.2, a model does not depend on the system as the only
source of information but is formed purposefully, in close relation to the question
1 This

characterization of the term system is derived from Gaines’s definition (87), which, like
other definitions, can be found in the well written introduction of Cellier’s book on continuous system modeling (37).
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System + Question
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Experiment

Behavior

Interpretation

Answer

Simulation

Behavior

Interpretation

Answer

Model
formation

Model

Figure 1.2. Simulation as a concept to eliminate information deficits relating a system.

of interest and/or the experiment to be performed on it. Cellier and Minsky count
the experiment as a vital part of each model formation process.—Note however, that
the interesting question may imply the instructions for the experiment, or the experimental frame as called by Zeigler (309, 310), and hence, the experiment may not be
a mandatory source of information within the model formation process. Under the
problem-solving view of Artificial Intelligence this is standard practice: The interesting questions (diagnosis or planning problems) prescribe the problem representation
(the model) and yet the problem-solving method (the “simulation” algorithm) (214).

System S

Model
formation ϕ

Simulation α

Experiment

Behavior βS

Model M

Transfer τ

Behavior βM

Figure 1.3. On the equivalence of system behavior, β S , and model behavior, β M .

Prerequisite for the use of models when reasoning about a system is that the functions depicted in Figure 1.3 can be instantiated such that the following relation holds.

β S = τ (α (ϕ( S )))
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where

βS
ϕ
α
τ

behavior of the system S,
formation of a model M for the system S,
simulation (analysis) of the model M,
transfer of the model behavior β M onto the system S.

Recall that the validity of the above relation cannot be of a generic nature for a
system S; the functions τ , α , and ϕ are developed in compliance with the interesting
question for S.

Creating Models of Technical Systems
Giving the gist of what Kowalk said, a system is a spatio-temporally closed and logically interconnected unit (152, pg. 27). A system, and in particular, a technical system
consists of elements, called subsystems, and relations. The relations divide into internal relations, which connect subsystems, and external relations, which connect
subsystems and objects beyond the system boundary, that is, objects from the environment.
Both subsystems and relations are characterized by attributes, called variables.
Variables that do not change over time are called parameters; time-depending variables that are necessary to prescribe the system behavior are called states.
Variables that characterize external relations divide into input variables and output variables. Input variables are extraneous; they act from the environment on the
system and modify the system’s states. Input variables and state variables determine the system’s output variables, which in turn affect the environment. Systems
form modular building blocks: By unifying input and output variables of different
systems, systems can be coupled to form a new system. The boundary of the new
system is defined by the input and output variables that have not been unified.
Creating a model of a technical system S means to shape its underlying concept
or idea—a process that is first of all mental, and that always involves three major
steps.
(1) Identification of the system’s boundary ⇒ black-box model.
(2) Identification of the subsystems and relations of S ⇒ structure model.
(3) Characterization of constraints between the variables of the subsystems and
relations ⇒ behavior model.
Identifying a system’s boundary, Step 1, relates to the focusing. In the field of engineering, focusing is realized among others by the well-known Method of Sections.
Identifying a system’s structure, Step 2, relates to the modeling granularity. Within
this step, the system’s parameters along with its input, output, and state variables

1.1
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are defined. Characterizing a system’s behavior, Step 3, relates to the modeling accuracy or fidelity. Both modeling granularity and modeling fidelity define the modeling
deepness, which is directly connected to the model’s complexity. Goldschmidt writes
in this connection:
“A model must render only those properties of a system that are
necessary to answer the question of interest.”
Goldschmidt, 1996, pg. 6

Note that a concise formulation of a question allows the use of a specialized
model, which in turn is bound up with the risk that this model cannot be used to
answer related questions. This tradeoff renders the creation of “adequate” models an
artistic discipline.
The outlined model shaping steps happen in our mind, and a model at this stage
is called a mental model. Gentner and Stevens argue that a mental model describes the
way people understand some domain of knowledge (see 91, 17).
To communicate a mental model it must be given a representation. A mental
model becomes representational as a physical or material model by craftsmanship.
A mental model becomes representational as a symbolic or formal model by developing a prescription for the constraints, which are characterized in the third model
formation step. Figure 1.4 classifies models with respect to their representational
form.
Model

Mental model

Physical model

Symbolic model

Scale model

Graphical model

Iconic model

Mathematical model

Analogical model

Verbal model

...

...

Figure 1.4. Classification of models with respect to their representational form.

Important physical models are scale models, iconic models, and analogical models. Scale models are investigated as part of an artificial environment, and scale-up
knowledge or similarity rules are used to reason about the behavior of the system.
Iconic models are used for illustrative purposes in first place. Analogical models
exploit analogies between different scientific disciplines.
Important symbolic models are graphical models, mathematical models, and verbal models. Graphical models show subsystems along with their relations; they rep-
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resent a structure model of the system. Examples are fluidic or electrical diagrams,
signal-flow graphs, bond-graph diagrams, and mechanical structure sketches. Mathematical models comprise the total set of constraints that are defined over the system’s variables. In connection with technical systems mathematical models are also
called behavior models (39, 54). Verbal models describe a system by means of textual
information.
Remarks. Using the representational form of a model establishes the most familiar
approach to model classification. However, other approaches to classification exist;
they rely upon the model purpose and differentiate between explanation models,
optimization models, and forecasting models (121, 206), upon the model accuracy
and differentiate between quantitative models and qualitative models (23, 43), upon
the number of inputs and outputs, or upon the type of the behavior specification
(253, pg. 147). The unified modeling perspective that is presented in Section 2.1
is grounded on the distinction between structural and behavioral information contained in models.

1.2

Model Construction (I)

We use the term model construction as a collective term for all kinds of processes
where a given model is transformed into another model. Model construction takes
very different forms. The most common situation where we encounter model construction is the transformation of an abstract model, which is close to the human understanding, into a computer model, that is to say, a program. The execution of this
program represents an experiment at a symbolic model, and hence is a simulation.2
A model construction process that maps a model M onto a less abstract model
is also called top-down model construction, model synthesis, or model instantiation
(151); it is strongly related to system analysis (143). Model construction processes
that work bottom-up are not treated here; they play an important role in reverse
engineering and identification tasks (cf. 310, pg. 12).
The transformation of a mental model into a computer model usually happens
in several steps wherein intermediate models are constructed: a structure model, a
behavior model, and an algorithmic model (see Figure 1.5, which shows a modified
version of Wallaschek’s presentation (293)).
Typically, the human designer materializes his mental model as a textual or
graphical structure model, for instance as a drawing or a diagram representation
of the system S. The structure model, which defines subsystems and relations of S,
becomes a behavior model of S by specifying a behavior prescription for each subsystem. Since behavior descriptions are often defined in a mathematical form, behavior
2 In

Section 2.3, Page 40, a precise and more generic specification of the term “simulation” in
connection with mathematical models is given.

1.2
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System

High abstraction

9
+

Question

Mental model
Interpretation of the
concrete model in terms
of the abstract model.

Structure model

Behavior model

Algorithmic model

Low abstraction

Computer model

Figure 1.5. A hierarchy of models. Top-down model construction means to map abstract models
onto less abstract models. Final objective is the operationalization of the mental model in the
form of a computer program.

models are also designated as mathematical models (293). In the majority of cases
the behavior model must be prepared with respect to the simulation algorithms employed. This step includes the introduction of a causal order for the behavior equations, the normalization of behavior equations, or other algebraic operations. The
specification of an algorithmic model within a computer language or a simulation
language like ACSL (185) yields a computer model.
Remarks. Moving down the model hierarchy means going in structure-to-behavior
direction and is a process of increasing concretization. Model construction processes
of this type resemble Zeigler et al.’s so-called association mappings (cf. 310, pg. 295).
Note that model construction needs not to be a vertical process; the next but one
subsection, starting on Page 11, shows that model construction can also be a mapping
between models at the same level.

Model Construction Support
To support model construction many approaches have been developed. Most of them
are top-down; they aim at a reduction of the distance between abstract models and
less abstract models. Ideally, a mental model should be translated automatically into
a computer program.

10
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(1) System

+

Question

System

Mental model

Structure model

(2)

+

System

Question

+

Question

Mental model

Mental model

Structure model

Structure model

Behavior model

Behavior model

Algorithmic model

Algorithmic model

(3)

Behavior model

Algorithmic model
+

Computer model

Computer model

Computer model

Figure 1.6. The shaded areas indicate the three major places at which top-down model construction is supported (from left to right): System boundaries and relevant phenomena, model
deepness and model coherence, model synthesis and model processing.

Top-down approaches in the field of model construction belong to one of the
following three classes, which are also illustrated in Figure 1.6.
(1) System + Question → Mental Model → Structure Model. Support at this place
relates to the model construction steps 1 and 2, stated on Page 6. Creating
a mental model includes the problem of phenomena selection, which in turn
is closely connected with the problem of identifying adequate system boundaries. Note that no sharp line may be drawn between mental models and
graphical structure models (293).
Known representatives are: The model fragment idea for the organization of
phenomena by Nayak and Fikes et al. (193, 194, 195, 75), the reasoning on hypothetical scenarios for the determination of system boundaries by Rickel and
Porter (225), the CFRL paradigm from Iwasaki and Levy that maps from function onto behavior (118, 119, 287), the approaches to ontological reasoning from
Sasajima et al. (235) or Liu and Farley (163), the case-based design approaches
that map from demand specifications onto technical devices (96, 154, 169).
(2) Structure Model → Behavior Model. Support at this place relates to the model
construction steps 2 and 3, stated on Page 6. Creating a behavior model means
to select and compose local behavior models from a given domain theory according to a structural description of a system.3
Known representatives are: The model composition approach developed
by Falkenhainer and Forbus and its variants (71, 27), the graphs of models
3 In

Section 2.1, Page 31, a definition of local behavior models is given.

1.2
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paradigm from Addanki et al. (5, 191), the use of model hierarchies in the field
of diagnosis (4, 40, 276), the selection of local behavior models with respect to
the desired accuracy for predefined phenomena (279).

(3) Behavior Model → Algorithmic Model + Computer Model. Support at this place
relates to one of the following tasks: Synthesis of an algorithmic model from
a given set of local behavior models, generation of normal forms required for
numerical algorithms, behavior model processing.
Known representatives are: Continuity and compatibility constraint introduction as realized in F LUIDSIM and standardized in M ODELICA (65, 38), taskoriented selection of efficient numerical procedures (47), symbolic manipulation of equation systems such as BLT-partitioning or automatic tearing (164),
minimum coordinate determination in kinematics computations, coherent synthesis of local behavior models (120, 101, 160, 259), automation of Jordain’s
principle as realized in A UTOLEV (129, 2).
Remarks. The operationalization of model construction knowledge at the mental
model level, (1), does not hit the mark in many modeling problems. Especially when
diagnosing or configuring an existing system, one is rather concerned with aspects
of adequacy and efficiency. Phenomena selection is a worthwhile objective, though,
but it is usually too challenging to be handled by a computer at present.

Model Construction Based on Source Models
Let a system, S, and a question about S be given. The contributions of this thesis
ground on the observation that in many cases some well-tried model M of S exists,
which is, possibly, a remnant from an earlier problem solving task.
The thesis investigates in which ways from an existent model M, called the source
model, a new model M  can be constructed that is suitable to solve a particular analysis
or synthesis problem (see Figure 1.7). For instance, the structure information that can
be derived from a local behavior model may form the base when tackling a related
configuration problem, or, by evaluating a complex behavior model at selected points
in time a heuristic model for diagnosis or control purposes can be derived.
We have organized the model construction methods that have been applied in
this thesis within the following groups.4

• Model Refinement. Adapting a model by filling gaps.
• Model Simplification. Coarsening a model by stripping off unused parts.
• Model Compilation. Making a model more efficient by introducing shortcuts.
• Model Reformulation. Switching to another modeling paradigm.
• Model Envisioning. Providing insights by rendering the model structure.
4 In

Section 2.4, Page 42, this classification is introduced in greater detail.
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System
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Question

M

M'

Mental model

Structure model'

Structure model
+

Question'

Behavior model'

Behavior model
Algorithmic model'
Algorithmic model

Computer model
Figure 1.7. Utilization of a source model to construct an adequate model regarding some question. Question’ designates an analysis or synthesis task; the shaded area indicates the underlying knowledge source.

Remarks. (1) While model construction support as depicted in Figure 1.6 means moving down the model abstraction hierarchy, does model construction that is based
on source models establish a horizontal mapping in most cases. Model construction
processes of this type resemble Zeigler et al.’s so-called morphisms (308, 310). (2) Our
observations are made from a perspective which is also designated as “metamodeling” (93, 285): The focus is on the modeling process itself.
If a source model, M, guides model construction, M establishes the primary
knowledge source, say, pattern when building the new model M  . Anyway, additional knowledge sources, which give answers to the following questions, are inevitable.

• Model Refinement. What is to be filled into the gaps?
• Model Simplification. Which parts shall be stripped off?
• Model Compilation. Where is a hidden shortcut?
• Model Reformulation. How does the migration rule looks like?
• Model Envisioning. Whereby is the model structure characterized?
The nature of the additional knowledge sources unveils that instances of these
model construction approaches are much more specialized with respect to the domain and to the question of interest then are the top-down approaches of the previous subsection. This in turn means that we cannot expect recipes for horizontal
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model construction: Model compilation, for instance, designates a construction principle rather than a construction method.
Most of the case studies presented in Part II of this thesis contain new ideas for
model construction, which pertain either to conceptual aspects or to the realized algorithms. These solutions are organized according to the above classification scheme
and may serve as a pool of ideas when tackling new analysis and synthesis tasks.

How Model Construction is Operationalized
Recall the three main places where top-down model construction can be supported,
shown in Figure 1.6. Automation in this connection means to derive
(1) necessary phenomena from the question of interest,
structural information from necessary phenomena,
structural information from the desired function,
(2) behavioral information from necessary phenomena,
behavioral information from functional requirements,
behavioral information from structural information,
(3) algorithmic information from behavioral information.
Following this view, top-down model construction methods can be characterized as
(1) structure-defining methods,
(2) structure-filling methods, and
(3) structure-propagating methods.

This classification says a lot about how these methods work. Structure-propagating methods, (3), is a collective term for mathematical procedures that form a global
algorithmic model by “propagating” the constraining implications of the local behavior models along a given structure. Since structure-propagating methods operate on
the mathematical model level, by far the largest part of them is domain-independent
and task-independent.
Structure-defining methods, (1), as well as structure-filling methods, (2), are
based on libraries of device models, component models, or model fragments. The
models in the libraries describe systems, building blocks, or phenomena from a particular domain.5
5 Depending

on the context, these libraries are also called case-base, taxonomy, or ontology
(166, 5, 296).
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Example. A model of an analog lowpass filter is a device model from the electrical
engineering domain. A resistor of this filter is a component, and one of its model
fragments is given by Ohm’s law, v(t) = R · i (t); another model fragment may take
the resistivity depending on the temperature, T, into account. In this case the model
fragment consists of two additional equations, R = ρ · l / A and ρ = ρ0 (1 + α ( T −
T0 )), where l, A, ρ0 , and α designate the resistor length, the cross-sectional area, the
resistivity at T0 , and the coefficient of the resistivity respectively.
Function
qualifier

Device
model

High abstraction
(structure-defining)

...

Numerical
qualifier

Phenomena
qualifier
Model
fragment

...

Model
fragment

Low abstraction
(structure-filling)

Figure 1.8. Libraries with different kinds of models and qualifiers. Device models (left), as used
in case-based design, define the structure of an entire system; depending on the qualifier, model
fragments can play the role of both structure-defining (middle) and structure-filling (right).

The models in the libraries are tagged by qualifiers that encode knowledge about
their applicability (see Figure 1.8). Generally speaking, the job of structure-defining
and structure-filling methods is the selection of models from libraries by processing
the qualifier constraints of the chosen models. The qualifiers can be of very different
forms:

• In case-based design the qualifiers encode an abstracted functional description
of devices. The job of a case-based reasoning system is to find for a given
functional demand the best fitting case from the device model library (76, 154,
215, 168). Qualifier processing here relates to the computation of similarity
measures and to case retrieval (82, 218).
• Model fragment qualifiers as used by Nayak (193, 195) or by Iwasaki and
Levy (119) encode relations amongst phenomena, typically formulated within
propositional logics. Given two model fragments, m1 , m2 , the contradictory relation states whether m1 and m2 go along with each other; the approximation
relation, on the other hand, states whether m1 is a more approximate description of some phenomena compared to m2 . Additionally, coherence constraints
and precondition constraints are used to define domain-dependent modeling
restrictions. Qualifier processing here aims at the synthesis of device models
that are causal, coherent, and minimum. This synthesis problem is in NP (195,
pg. 69).
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• Model fragment qualifiers are also employed to encode mathematical properties or hints respecting behavior processing. This includes knowledge about
signal ranges, model linearity, model stiffness, system orders, numerical conditioning, steady states, oscillation behavior, damping, processing difficulty, and
processing performance. Pos et al. (212) use this kind of knowledge under the
name “modeling assumptions”. Qualifier processing here means assumption
management.

Remarks. Aside from tagging models absolutely, by means of qualifiers, also a relative
classification of models with respect to their applicability is reasonable. Case-based
design does this in a natural way: A similarity value can be computed for any two
device models of a case library, thus defining an order between model candidates
for a demanded functionality. Addanki et al.’s approach points in a similar direction: He proposes libraries that organize models and model fragments as complete
graphs. The edges, which link the models, are grouped into priority classes and can
be interpreted as a model distance measure (cf. 5, pg. 1433).
Methods for model construction based on source models, which realize the horizontal mapping shown in Figure 1.7, transform a structure model, M S , into another
structure model, M S , and a behavior model, MB , into another behavior model, MB .
Anticipating the notation of the next chapter, we establish this form of model construction as two functions, γ S , γ B , which map from the source model onto a new
model:
γS
γB
M S , MB −→
MB
M S −→
Note that the functions γ S and γ B can describe both a slight modification and a
fundamental reformulation of the source model.
As opposed to structure-defining and structure-filling methods, the functions γ S
and γ B cannot be classified in a uniform way. This is in the nature of things. Nevertheless, we have developed a formalism that enables us to specify a wide range of
structure model mappings γ S , the so-called design graph grammars.
Design graph grammars possess the flexibility to model even very specific kinds
of domain knowledge while still providing a broadly understood semantics. By applying graph transformation rules

• a structure model can be analyzed,
• an incompletely and coarsely defined structure model can be completed and
refined, and
• even the reformulation of a structure model with respect to another paradigm
becomes possible.
Figure 1.9 gives such a reformulation example from the field of theoretical communications engineering: A series-parallel decomposition of an electrical circuit is
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Figure 1.9. A series-parallel decomposition tree (left-hand side) is transformed into a so-called
adaptor structure (right-hand side).

transformed into an adaptor structure.6 The related design graph grammars consists
of two structure-modifying rules. Design graph grammars are introduced in Chapter 3.
Remarks. The largest group of commercial tools that support model construction concentrate on structure filling; moreover, they are restricted to situations where the
model deepness has been predefined by the human designer.
An important role for the effectiveness of such tools comes up to the user interface. It can provide powerful graphical support and be close to the mental model
of the human designer, for example as realized within F LUIDSIM : Based on CAD
drawings of even large and complex electro-fluidic systems, F LUIDSIM generates the
related algorithmic models without any human support (262). A UTOLEV (236) and
the I MECH toolbox (11) are tools for textually describing mechanical multibody systems. Models in A UTOLEV are formulated within a proprietary mathematical language, models in the I MECH toolbox are formulated by instantiating C++ objects. A
comparison of these tools can be found in (97).
Because of its popularity the S IMULINK toolbox is worth to be noted here. Although S IMULINK comes along with a fully-fletched graphical interface, it does not
provide model construction support at one of the mentioned places. Working with
S IMULINK means to specify algorithmic models manually, by drawing block diagrams.

6

Section C.1 presents this instance of a model reformulation task in greater detail.
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Synthesis Tasks

The given exposition respecting “model formation” and “model construction” is perfectly adequate when treating analysis tasks, like diagnosis or simulation. Within
such tasks the questions of interest relate to a single system. This is not the case for
synthesis tasks and its most prominent representative: system design. Here we are
confronted with questions that relate to a set of systems.
This section addresses this shortcoming. It recapitulates the concepts of the preceding sections and interprets them from the standpoint of system design.

Motivation and Disambiguation
Our starting point is characterized as follows. We are given a set of systems, S , called
the system space, along with an open question. The question may ask whether a
system with a desired functionality exists, say, is member of S , or how much a system
with a desired functionality at least costs.
Answers to such questions can be found by designing the desired system and
analyzing its functionality (see Figure 1.10).
Synthesis

System + Question
space

Design

System

Experiment

Behavior

Analysis
Figure 1.10. A design task defines a set of systems, called the system space, as well as a question
that asks whether a system of a certain functionality does exist. An answer can be found by
designing and analyzing the system.

Clearly, designing a system solely for answering an open question cannot be accepted in the very most cases. A way out is the creation of a bijective function, ϕ,
that maps each system s ∈ S onto a model in a model space (see Figure 1.11). Usually
the model space is described intensionally, by means of a finite number of combinable objects along with operations that prescribe how objects can be connected to
each other. Put in a nutshell, design problems are solved by developing a systematic
search strategy that turns the model space into a search space.
Note that the prerequisite for the use of models when reasoning about systems,
which is illustrated in Figure 1.3 on Page 5, remains untouched. We claim that functions τ and α can be instantiated such that the following relation holds.

β S = τ (α (ϕ( S )))
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System +
Question
space

Design

System

Search

Model

Model
formation

Model
space

Figure 1.11. Design problems are solved by means of a systematic search in the model space—
provided that a bijective mapping from the system space onto the model space can be stated.

where

βS
ϕ
α
τ

behavior of the system S,
mapping between system space and model space,
simulation (analysis) of the model M,
transfer of the model behavior β M onto the system S.

Creating a model space means to capture the underlying concepts of the interesting system space—a process that, again, is first of all mental, and that involves three
major steps.
(1) Identification of possible system building blocks ⇒ subsystems.
(2) Identification of system construction principles ⇒ system space.
(3) Mapping of the system building blocks and construction principles onto objects and connection operations ⇒ model space.
Identifying the possible system building blocks, Step 1, relates to destructuring.
Identifying the construction principles, Step 2 requires a deep understanding of the
domain and the allowed design principles. The definition of a mapping ϕ, Step 3, is a
challenging model formation problem. Aside from modeling system building blocks
also the synthesis operations upon these building blocks have to be translated in the
model world.
The outlined process happens in our mind, analog to the model creation process
on Page 6, and a model space at this stage is called a mental model space. To communicate a mental model space it must become representational, as a physical or a
symbolic model space. Figure 1.12 classifies model spaces with respect to their representational form.
The different model spaces develop from the different model representations in
a natural way, by providing a facility to work on sets of models. A CAE-system,
for instance, provides a facility to work on sets of graphical models, while a virtual
prototyping system provides a facility to work on sets of behavior models.
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Model space

Mental model space

Physical model space

Symbolic model space

Miniature lab

CAE-system

Construction kit

Virtual prototyping system

...

...

Figure 1.12. Classification of models spaces with respect to their representational form.

Model Space Construction
Note that a model space is no end it itself; it serves as a collection of candidate models
from which one model has to be selected. This model represents the solution of the
design task. Also note that the selection process may happen at any level of abstraction, at the level of the mental model space, at the level of the structure model space,
or at the level of the behavior model space. If, for instance, the solution is searched
in the mental model space, the subjacent levels will never come into being.
The construction of a model space for a given system space is a creative job. It
requires both experience and profound technical skills in the respective domain and
is done by a human designer.
Depending on the model space structure also the search within a model space can
be creative job—however, exactly at this place computer assistance is brought into
play. Prerequisite is that the mental model space is transformed into an algorithmic
model space. A computer program that encodes an algorithmic model space along
with an efficient search strategy is called design system, configuration system, expert
system for design, or expert system for configuration (257, 117).
The model space grows exponentially in the number of objects and connection
operations. The human designer, who constructs the model space, will hence shape
the models in the model space as simple as possible. The consequence is not surprising: Design problems are often tackled at the level of structure models or at the level
of simplified behavior models (34, 92, 242).
Computer systems for configuration or design are distinguished by the type of
constraints that the knowledge engineer can use to materialize his mental model
space. They transform either a structure model space, a behavior model space, or
a combination of both into an algorithmic model space (see Figure 1.13).
(1) Structure Model Space → Algorithmic Model Space. Enable the task-adequate
formulation of structure constraints. Structure constraints specify global synthesis knowledge and fall into the following classes: Compositional “part-of”
constraints, which define the skeleton of the system to be designed (cf. 213,
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+

(3)

Structure model space
+
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Algorithmic model space
Algorithmic model space

Figure 1.13. The shaded areas indicate the starting points from which model space construction
is realized within design systems.

pg. 137); taxonomic “is-a” constraints, which are used to formulate functional
hierarchies (187); spatial constraints, which define arrangement and place restrictions (239); and associative constraints, which is a collective term for other
structure constraints between submodels. The design graph grammar approach developed by Stein and Schulz (268) provides an operational semantics
to define all types of structure constraints.
(2) Behavior Model Space → Algorithmic Model Space. Enable the task-adequate formulation of behavior constraints. Behavior constraints that can be mastered in
design tasks are resource-based constraints (105, 272) and local value propagation schemes (102, 116). More complex behavior constraints are conceivable
but must be specialized with respect to a concrete task, as realized for instance
in systems for industrial mixer design or elevator design (33, 172).
(3) Structure Model Space + Behavior Model Space → Algorithmic Model Space. Enable
the formulation of structure models in combination with simple behavior constraints, as realized for instance in the configuration platform P LAKON (46).
Also case-based design, if implemented according to the case-adaptation philosophy, is a representative of such a hybrid approach (95, 110).
Remarks. Overviews on design systems and their underlying theory can be found in
(117, 256, 189) and in the annual workshop proceedings of the GI expert group 1.5.3,
“Planning and Configuration”.
Recall that the main focus of this thesis is model construction. Model construction and model space construction are strongly related to each other: The horizontal
model construction principles, presented on Page 11, establish a natural and powerful approach to model space construction. When working on a synthesis task, the
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application of these principles to a given source model will have the following impacts on the respective model space.

• Model Simplification. The model space becomes smaller, say, tractable.
• Model Compilation. Search in the model space is speeded up.
• Model Reformulation. The model space is mapped onto another model space.
The case studies of the Sections A, B, and C exploit these effects.

1.4

The AI Point of View

Research in Artificial Intelligence (AI) produced strategies and methods to solve analysis and synthesis tasks. To which extent answer these developments questions of
modeling and model construction?
This section comments contact points and differences between AI developments
and our work. In particular, we will discuss the concept of problem solving methods and sketch out their basic architecture. It is not intended to present an in-depth
discussion on all related AI developments; this clearly goes beyond the scope of this
section and, in fact, is not necessary to motivate the contributions of our model construction ideas.

Problem Classes and Problem Solving Methods
Problem classes provide a scheme for the characterization of knowledge-intensive
tasks. The idea of a classification scheme was firstly introduced by Hayes-Roth et al.
(104) and results from the following wishful thinking: When given a particular problem Π, a solution for Π could be easily constructed if we are given a look-up-table
that associates problems with methods solving them. The latter are called problem
solving methods.
Analysis

Identify

Monitor

Predict

Diagnose

Synthesis

Control

Specify

Design

Configure

Assemble

Plan

Modify

Figure 1.14. The hierarchy of problem classes according to Clancey (41).

Figure 1.14 shows Clancey’s hierarchy of problem classes (41), which is a substrate of the work of Hayes-Roth et al. (104). Clancey pursued the following idea:
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“We group operations in terms of those that construct a system and
those that interpret a system, corresponding to what is generally
called synthesis and analysis.”
Clancey, 1985, pg. 315

Remarks. Other, less popular criteria for the classification of problems have been developed. They are based on generic problem solving methods (20), on the type of the
model realized within a system (257), or on the domain.
The term problem solving method designates a procedure, a concept, or an algorithm that is employed to tackle a clearly defined problem. Bauer et al. distinguish between three types of problem solving methods (20): Methods that specify
a conceptual procedure for knowledge processing like H EURISTIC C LASSIFICATION
or H YPOTHESIZE AND T EST , role-limiting-methods (67, 176) that “merely” need to
be filled with domain knowledge like P ROPOSE AND R EVISE or C OVER AND D IF FERENTIATE , and methods that realize basic knowledge processing techniques like
F ORWARD C HAINING or F UZZY I NFERENCE .
Additionally, a distinction between “strong” and “weak” is often made (176, 213).
These attributes do not characterize a method’s efficiency but indicate its range of
application. A weak problem solving method is less specialized and hence, it can
be used for a wide range of knowledge processing tasks. A strong problem solving
method, on the other hand, is tailored towards a problem-dependent task. Due to
its specialization its range of application is narrow, but it can provide far-reaching
knowledge acquisition support.
Remarks. To put it overstated, if the problem-solving-method idea worked for all
kinds of knowledge-intensive tasks, model construction would be a thing of the past.
Obviously this is not the case, and despite of this fact—or just because of it—it makes
sense to shed light on the architecture of problem solving methods.

Problem Solving Methods and Model Construction
One of the furthest developed lattices of problem solving methods comes with the
K ADS models of interpretation (32, 130, 292). K ADS, which is an abbreviation of
“Knowledge Acquisition and Design Structuring”, has been developed from 1985
to 1989; it provides a methodology for the model-based design of knowledge-based
systems (300). A central role within the K ADS methodology play the so-called conceptual models, which are used to specify problem solving expertise within four layers: strategic, task, inference, and domain. The upper three layers form the domainindependent interpretation model.
Interpretation models assign roles to problem solving knowledge (called metaclasses) and an inference structure between them (called knowledge sources). For

1.4

T HE AI P OINT OF V IEW

23

instance, the inference structure for the problem solving method H EURISTIC D IAG NOSIS, which actually is the underlying diagnosis approach of M YCIN (41), looks as
depicted in Figure 1.15.
Variables

Match

Transform

Observables

Solution
abstractions

Specify

Solutions

Figure 1.15. The inference structure of the problem solving method H EURISTIC D IAGNOSIS.

The metaclasses of the inference structure are: observables, variables, solution
abstractions, and solutions. The knowledge sources are: transform, match, and specify. Each knowledge source is characterized by its inferential semantics, its input and
output (the incident nodes in the inference structure graph), the method that realizes
the inference, and maybe support knowledge. To get an idea of the explicitness of
interpretation models, the inferential semantics of the knowledge sources employed
in H EURISTIC D IAGNOSIS is specified in Table 1.1.
Knowledge source

Inferential semantics

Transform
Match
Specify

Data abstraction: System data are transformed into variables
Abstracted data are matched by direct association
Solution abstractions are refined into specific solutions

Table 1.1. The inferential semantics of the knowledge sources in H EURISTIC D IAGNOSIS.

Of course more complex, but with the same constructional means, interpretation
models for various knowledge-intensive tasks have been developed as part of the
K ADS project. They cover tasks for all problem classes shown in Figure 1.14.
Another substantial collection of problem solving methods has been compiled by
Puppe (213). Compared to the K ADS models of interpretation, his specification of
problem solving methods is at a less abstract level; it is grounded on the three pillars
knowledge representation, knowledge manipulation, and knowledge acquisition.
Regarding the method H EURISTIC D IAGNOSIS the elements of the knowledge
representation component are: symptoms, symptom abstractions, solution classes,
solutions, and rules. Puppe describes these elements verbosely and pretty close to
the level of data types. Placed at this level, an algorithmic specification of the desired
inference task forms the gist of the knowledge manipulation component.
Remarks. Problem solving methods can unfold a high inferential power on knowledge
intensive tasks. With respect to inference and modeling flexibility, they represent an
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advancement of the classical expert system paradigm. They specify the involved
kinds of knowledge and clearly assign roles that the kinds of knowledge play in the
inference process. On that account, problem solving methods have the potential to
bridge the gap between knowledge engineering and software engineering—a fact
that has been proven time and again.
Straight out, one should not expect that the conception of well-defined problem
solving methods will contribute a great deal to tasks such as model construction.
Model construction requires, in the very first place, the determination of an adequate
modeling level, and secondly, not less demanding, the formulation of a human’s perception of the interesting system at this modeling level.
Both jobs allow of no solution pattern but require a sense of the underlying domain, experience, and creativity instead (296, 3). Model construction is by far more
than knowledge acquisition and the assignment of knowledge roles. Problem solving methods, on the other hand, come into play if both an adequate modeling level
is found and a model of the system (not of the problem solving process!) is already
constructed. A glance at the above example shows that.
Remember that at model construction time one may be confronted with following
and other situations.

• The model is incomplete with respect to certain system properties.
• The model of the system is too complex.
• The model is in a disadvantageous representation.
• The model cannot answer the interesting question.
The reality is by far too complex to solve problems of this type in a recipe-like
manner, and the structure of the work in hand reflects this matter of fact: The model
construction methods mentioned on Page 11 designate principles rather than methods; the case studies in Part II exemplify the operationalization of these principles.

2
A Framework for Model Construction
The previous chapter gave a discussion on types of models, the construction of models, and related aspects. In this chapter we concentrate on models of modular technical systems and draw up a framework for both the description and the construction
of such models. The framework is powerful enough to become applied to a variety
of domains and modeling scenarios; however, a great deal of attention has been paid
to keep it as clear and simple as possible.
Our view to models and model construction is bivalent: it is oriented at structure
and behavior (see Figure 2.1).
Model
Model
construction
System of the real world

Structure model

Behavior model

Figure 2.1. Bascially, model construction divides into structural and behavioral considerations.

A structure model renders the structural or topological setup of a system, a behavior model reproduces, in extracts, a system’s behavior.1 In this connection, model
formation relates to both structural composition and behavior specification. Similarly, the construction of a new model from a given source model can take effects onto
the source model’s structure, by means of adding or removing model constituents,
but also onto the source model’s behavior, by changing the focus or the resolution of
the interesting phenomena.
The next section provides for a formal basis of structure models and behavior
models. Moreover, by specifying the concepts of locality, causality, and no-functionin-structure, the interweaving of structure and behavior becomes quantifiable (see
Figure 2.2). Section 2.2 and 2.3 engage into different behavior model types and simulation approaches. Finally, Section 2.4 introduces, isolated from a specific problem
and a concrete domain, five different concepts to model construction.
1 In

other places, the term structure is also used to specify non-topological aspects of a system.
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Behavior model

Global behavior model

High

Local behavior model

Causal behavior model

Interweaving between
structure and behavior

Low

Figure 2.2. Depending on its degree of interweaving with the structure model, a behavior model
is called global, local, or causal.

2.1

A Unified Modeling Perspective

Let S be a system of the real world. A model of S is a restriction of S with respect to
a set of interesting functionalities, attributes, or properties. If the model is composed
from submodels, which should be the normal case when dealing with modular technical systems, the functionalities are distributed amongst these submodels in some
way.
Each such distribution of functionalities prescribes a frame wherein structure
models and behavior models can be formed. This observation motivates our following plain—but clear and universal—definition of the term model (see 99 and also
31, pg. 47).
Definition 2.1 (Model, Graph of a Model) A model is tuple F, M , where F is an
arbitrary, finite set, called the set of interesting functionalities or properties. M is a
finite collection of nonempty sets, M = { M1 , M2 , . . . , Mn }, Mi ⊆ F , i = 1, . . . , n. The
Mi ∈ M are called submodels, objects, or components.

A multigraph G = V, E , V = {1, . . . , n }, is called a graph of the model F, M ,
if the following holds.
(1) | Mv ∩ Mw | = ∅ ⇒ E contains {v, w} with frequency k, 1 ≤ k ≤ | Mv ∩ Mw |
(2) G is called the complete graph of a model, if | E | =

∑

| Mv ∩ Mw | .

v = 1,...,n
w = 1,...,v

Remarks. (1) The edges E Mv ⊂ E that are incident to v ∈ V are called the terminals
of submodel Mv . (2) An edge e ∈ E may be directed; it then is written as an ordered
set (v, w) with tail v and head w. (3) | F | constitutes a relative measure for the models
accuracy or fidelity; it corresponds to the term “resolution” as used by Zeigler et al.
(see 310, pg. 330). (4) |M| constitutes a relative measure for the model’s granularity and corresponds to Zeigler et al.’s term “size”. (5) The “product” of fidelity and
granularity, | F |×|M|, is called the analytic complexity of a model (see also 310).
Example. The definition is illustrated at the small electrical circuit of Figure 2.3, a
series connection of a voltage source, a resistance, and a capacitance. Please note that
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this example shall demonstrate the syntax of our model definitions in first place; an
interpretation from an engineering point of view is allowed but not necessary.

• Functionalities.
F = { R, C, e, i1 , i2 , i3 , φ1 , φ2 , φ3 }.
• Submodels.
M = { M1 , M2 , M3 }, where M1 = { R, i1 , i2 , φ1 , φ2 }, M2 = {C, i2 , i3 , φ2 , φ3 },
and M3 = {e, i1 , i3 , φ1 , φ3 }.
• Graph.
G = V, E , where V = {1, 2, 3} and E = {{1, 3}, {1, 3}, {1, 2}, {2, 3}, {2, 3}}.
The right-hand side of Figure 2.3 shows this graph of F, M .
M1 = {R, i1, i2, φ1, φ2}
1

+

M3 = {e, i1, i3, φ1, φ3}

M2 = {C, i2, i3, φ2, φ3}
3
2

Figure 2.3. A model consisting of the three submodels M1 , M2 , and M3 (left-hand side). The
right-hand side shows an incomplete graph—out of 8 possible graphs—of this model.

Observe that each submodel of a model F, M corresponds to a node in a graph
G of F, M . Also note that each functionality that is shared amongst two submodels,
Mv , Mw , defines some kind of interaction path between Mv and Mw . This way, G can
be regarded as a structure description of a model. The graph G is a particular kind of
intersection graph, and, in this connection, the set F is also called host (100).
Typically, both the submodels and the interaction paths between submodels are
subject to categorization, which forms the basis to define equivalence classes amongst
the submodels. For instance, all resistances in an electrical circuit are indistinguishable from a structural point of view; they have two terminals each of which is of type
conductive.
Since labeling provides a sufficient means to define building blocks within a
graph of a model, a categorization can be realized by means of labeling. The following definition introduces the concept of a structure model by restricting the labeling
of a graph with respect to the building block metaphor: Two submodels of a model
F, M can get assigned the same label only if they provide the same interaction
paths.
Definition 2.2 (Structure Model) Let F, M be a model, and let V, E be a graph
of this model. Moreover, let Σ be a set of node labels and edge labels, and let σ :
V ∪ E → Σ be a labeling function.
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V, E, σ is called a structure model over F, M if the edges that are incident to
two equally labeled nodes are of equal number, orientation, and have equal labels—
−
stated precisely: Let E +
v and E v denote the edges ( u, v ) ∈ E and ( v, u ) ∈ E respectively;
−
−
=
{
σ
(
e
)
|
e ∈ E+
furthermore let Σ+
v
v } and Σ v = {σ ( e ) | e ∈ E v } be multisets com+
−
prising the labels associated with E v and E v . Then the following holds.


+
−
−
(1) V, E, σ is a structure model ⇔
σ (v) = σ (w) ⇒ Σ+
v = Σw ∧ Σv = Σw
Remarks. (1) A structure model over F, M is designated with S F, M ; likewise,
the set of all structure models over F, M is designated with S F, M . (2) The labeling function, σ , divides the sets of nodes and edges into classes of equal physical
−
properties. (3) If the edges e ∈ E are undirected, E +
v and E v collapse to a single set E v .
Example. Figure 2.4 (left and middle) shows two graphs of the circuit model where
the components have been abstracted towards electrical dipoles. Since the equally labeled nodes coincide in both number and labels of their incident edges, these graphs
represent structure models.
Connectors
d

d
d

i

i

u
d

u

p
d

i
u

d

p

d

p

d

d
Ports

Figure 2.4. Two structure models of the circuit example (left and middle) and a port-and-connector model (right-hand side), which corresponds to the left structure model. Ports with an
equal role are colored equally.

Structure models as introduced here form a theoretical basis for Stefik’s so-called
port-and-connector models (see 256, pg. 610). The ports on each submodel correspond
to the different roles that submodels can play with respect to each other. Unlike the
above structure model paradigm, submodels of the same type may provide different
ports; moreover, Stefik restricts the port-and-connector methapor to a special abstraction level for configuration tasks.
A structure model can be represented as a port-and-connector model in a canonical manner: Between the nodes and edges of both representations a bijective mapping is defined. Moreover, two adjacent ports in the port-and-connector model get
assigned the same role, which is prescribed by the edge label of the corresponding
edge in the structure model (see Figure 2.4).
Structure models are a powerful means to define a model’s composition space—
without committing the level of abstraction at which a technical system is described.
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Note that a structure model says nothing about the models type or purpose, whether
it establishes a qualitative model, a dynamic behavior model, or some other model.
However, the functionalities of a model of a technical system constrain each other,
and the underlying constraints are usually referred to as behavior. This point is addressed in the following definition.2
Definition 2.3 (Behavior Model) Let F, M be a model. A behavior model over
F, M is a tuple FU , FZ , FY , V , ∆, Λ whose elements are defined as follows.

• FU , FZ , FY are subsets of F , with FU ∩ FZ = ∅. FU , FZ , and FY are called input variables, constraint variables, and output variables respectively. The functionality
set FP = F \ ( FU ∪ FZ ∪ FY ) constitutes the set of component properties or component parameters. (If unmistakable the terms “functionality” and “variable”
will be used as synonyms.)
• For each functionality f ∈ FU , FZ , FY , and FP there is an arbitrary, possibly infinite set U f , Z f , Y f , and Pf respectively, called the domain of f .
Moreover, for each f ∈ FU there is an additional domain, U Tf , of partially defined functions in the parameter time, U Tf : = {u | u : T → U f , t → u (t)}.
Depending on the model’s time base, which may be continuous time, discrete
time, or discrete event, T may be an interval from R+ , an interval from N, or a
linearly ordered finite set.

V comprises the domains of all f ∈ F . As a matter of convenience, the Cartesian products of the domains of the variables in FU , FZ , FY are designated with
U , U T , Y , and Z . E. g., Y := Y f1 ×Y f2 × . . . ×Y f|F | , f i ∈ FY .
Y

• ∆ is a function, it is called the global state prescription function. ∆ declares a
set of state variables, FX ⊆ FZ , and a state space, X , which is the projection of
Z with respect to FX . Given a state vector x ∈ X , a vector of input functions
u (t) ∈ U T , and some point in time t ∈ T , ∆ determines a constraint vector z ∈ Z
including a new state, say, ∆ : X ×U T × T → Z .
• Λ is a function, it is called the output function. The output function might be a
function of constraint variables and input or only a function of constraint variables. Given a constraint vector z ∈ Z and an input vector u ∈ U , Λ determines
an output vector y ∈ Y , say, Λ : Z×U → Y or Λ : Z → Y .
2 The

behavior model definition developed in this place points at a similar direction as the
work of Zeigler et al. in (310). Distinctions to Zeigler et al.’s approach include among others:
State variables and constraint variables are clearly distinguished here, model behavior can be
mapped intuitively onto a model’s structure, and, the long winded dichotomy between system structure specification and system specification has been abandoned. Note that in this
place, as well as in connection with the construction of models, the work of Wymore should
be mentioned, whose clearly formulated ideas form the base for many successors (305).
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Remarks. (1) A behavior model over F, M is designated with B F, M ; likewise,
the set of all behavior models over F, M is designated with B F, M . (2) ∆ is called
state prescription function (in place of state transition function) since the state space X
may be singleton or empty. (3) For an initial state, x0 = ( x1 , . . . , x| FX | ), x0 ∈ X , the set
of all states that actually can be adopted by the model is called the model’s admissible
state space, X ∆ (x0 ,∗) . The admissible state space restricts the domain and range of ∆
related to an initial state. (4) The elements in U T are called input trajectories or input
signals. (5) The restriction of ∆ with respect to some initial state x0 ∈ X and some
input function u (t) ∈ U T , say, ∆(x0 , u (t), t), defines a unique state trajectory along
the time base T.
Example. We draw upon the electrical circuit from Figure 2.3, but introduce functionalities for the components’ voltage drops. Input functionality is e, the voltage
at the source; output functionalities are the voltage drops at the resistance and the
capacitance, v R , vC .

• Functionalities.
F = { R, C, e, i1 , i2 , i3 , φ1 , φ2 , φ3 , v R , vC , v̇C }.
• Submodels.
M = { M1 , M2 , M3 }, where M1 = { R, i1 , i2 , φ1 , φ2 , v R },
M2 = {C, i2 , i3 , φ2 , φ3 , vC , v̇C }, and M3 = {e, i1 , i3 , φ1 , φ3 }.
• Functionality Roles.
FU = {e}, FZ = {i1 , i2 , i3 , φ1 , φ2 , φ3 , vC , v̇C }, FY = {v R , vC }, FP = { R, C }.
• Functionality Domains.
Ue = R, UeT is the set of continuous functions, T = R+ ,
Z f = R with f ∈ {i1 , i2 , i3 , vC , v̇C }, Z f = R+ with f ∈ {φ1 , φ2 , φ3 },
YvR = R, YvC = ZvC , and Pf = R+ with f ∈ { R, C }.
• State Prescription Function.
FX = {vC } ⊆ FZ , XvC = ZvC , ∆ : XvC ×UeT × T → Z (defined implicitly),

v̇C
= C −1 · i 2




v
= φ2 − φ3

C


 R · i 1 = φ1 − φ2



e(t ) = φ1 − φ3
∆=
i1
= i2




i
= i3

2




i
= i1
3


φ3
= 0
• Output Function.
Λ : Zφ1 × Zφ2 × Zφ3 → YvR ×YvC ,






φ1
0
vR
1 −1
 φ2  =
Λ (φ1 , φ2 , φ3 ) :
vC
0
1 −1
φ3
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Remarks. Of course the sets F and M and the state prescription function ∆ could have
been formulated differently, e. g., by defining the continuity conditions in a different
way. However, modern modeling/simulation environments such as M ODELICA or
F LUIDSIM provide powerful means to derive continuity, compatibility, or connection
constraints automatically.
The effort that is necessary to process a behavior model B F, M is called constraint complexity. Beside the size of ∆ in the number of variables and equations, the
constraint complexity depends on several factors, numerical properties for instance:
Numerical properties include the desired accuracy, the convergence behavior of ∆,
and stability conditions during simulation.
An important postulation when working with behavior models is the locality
principle. It claims that each submodel M has a private computation rule, ∆ M , that
is complete and exclusive. Completeness means that all constraint variables of the
submodel can be determined by ∆ M ; exclusivity means that ∆ M affects solely the
functionalities of the submodel. Exclusivity implies that an exchange of information
between the submodels must happen via the explicit interaction paths. The locality
principle hence imposes certain conditions on the global state prescription function
∆, which are captured by the subsequent definition.
If ∆ is represented by a set of relations, ∆ can be partitioned with respect to
F, M .3 Note, however, that a subset of these relations, ∆ M ⊂ ∆, forms a proper
state prescription function only if the domain variables in ∆ M are elements from FU
and FX , referred to as FU M and FXM = ∅, and if the range variables of ∆ M , FZ M , form a
T
× T → Z M , where X M and Z M define the related
superset of FXM . I. e., ∆ M : X M × U M
T
is a projection of U T respecting the input varistate space and constraint domain; U M
ables FU M of ∆ M . Typically, ∆ M does not establish a state prescription function but
T
T
×Z M , where both X M ⊆ Z M and U M
may be empty.
some other relation on U M
Definition 2.4 (Local Behavior Model) Let F, M be a model, and let B F, M =
FU , FZ , FY , V , ∆, Λ be a behavior model over F, M . B F, M is called a local
behavior model with respect to F, M , if for each submodel M ∈ M a local behavior
relation ∆ M ⊆ ∆ can be specified such that the following conditions hold.

(1) ∀δ ∈ ∆ ∀ M ∈ M : Fδ ⊆ M ⇔ δ ∈ ∆ M ,
where Fδ comprises the variables that occur in δ.
∆M = ∆

(2)
M ∈M

Remarks. (1) A local behavior model is sometimes called a component model (137,
205). (2) There exists at most one decomposition of ∆ into local behavior relations
∆ M , M ∈ M, that fulfills the conditions of a local behavior model with respect to
B F, M .
3∆

can be represented in a monolythic manner, e. g. in the form of a single look-up table.
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Example. Again we draw upon the electrical circuit from Figure 2.3 and investigate
the previously defined state prescription function, ∆, with respect to the partitioning
conditions of Definition 2.4. Altogether, three sets of relations ∆ Mv ,v∈{1,2,3}, ∆ Mv ⊆ ∆
must be formed, which are shown in Table 2.1. Obviously, the state prescription
function ∆ fulfills the locality conditions.
v

∆ Mv ⊆ ∆

Domain and variables of ∆ Mv

1

{ R · i1 − φ1 + φ2 = 0, i1 − i2 = 0}

PR × Zi1 × Zi2 × Zφ1 × Zφ2 ,
with { R, i1 , i2 , φ1 , φ2 } ⊆ M1

2

{ v̇C − C−1 · i2 = 0, vC − φ2 + φ3 = 0,
φ3 = 0, i2 − i3 = 0}

PC × XvC × Zv̇C × Zi2 × Zi3 × Zφ2 × Zφ3 ,
with { C, vC , v̇C , i2 , i3 , φ2 , φ3 } ⊆ M2

3

{ e − φ1 + φ3 = 0, φ3 = 0, i1 − i3 = 0}

Ue × Zi1 × Zi3 × Zφ1 × Zφ3 ,
with { e, i1 , i3 , φ1 , φ3 } ⊆ M3

Table 2.1. Covering the global state prescription function, ∆, by three sets, ∆ M1 , ∆ M2 , ∆ M3 , of
submodel relations.

Another interesting property of behavior models is bound up with the concept
of causality. By introducing a cause-effect direction for the local behavior relations,
causality imposes additional restrictions on the locality property. In this connection
we agree on the following notions: For a directed graph G = V, E of a model F, M
and an edge (v, w) ∈ E, a functionality f ∈ Mv ∩ Mw is called supplied functionality
respecting v and demanded functionality respecting w. Based on the definitions already introduced, causality can be defined in an elegant manner.
Definition 2.5 (Causal Behavior Model) Let F, M be a model, and let B F, M =
FU , FZ , FY , V , ∆, Λ be a local behavior model over F, M with the local behavior
relations ∆ Mv , v = 1, . . . , |M|. A behavior model B F, M is called causal if the
following conditions hold.

(1) Input or output functionalities are not supplied and demanded respectively:
∀ v, w ∈ {1, . . . , |M|}, v = w : ( Mv ∩ Mw ) ∩ ( FU ∪ FY ) = ∅
The model F, M has a directed, complete graph4 G such that
(2) each local behavior relation ∆ Mv defines a function that has no supplied
functionality amongst its domain variables and no demanded functionality
amongst its range variables,
(3) G contains no cycles.
Remarks. (1) Within a causal behavior model no submodel depends on itself in a
feedback manner. (2) Each causal behavior model defines a feedback-free signal flow
4 See

Definition 2.1.
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graph. (3) Causality entails locality, i. e., locality establishes a necessary condition for
causality.
Example. We analyze whether the local behavior model of our example, B F, M ,
is causal. Assertion: B F, M does not establish a causal behavior model because
condition (3) of Definition 2.5 can never be fulfilled. Idea: An acyclic, directed graph
has at least one node v whose indegree is zero; such a node v cannot be found in any
directed, complete graph4 of F, M in the example. Proof (indirect): If the indegree
of a node v is zero, the relations in ∆ Mv contain no demanded functionalities. This
implies that all constraint functionalities of Mv are determined by ∆ Mv , which in turn
implies that the number of equations in ∆ Mv either equals or exceeds the number of
constraint functionalitities. Since Mv ∩ FZ designates the constraint functionalitities
in Mv , the inequation | ∆ Mv | ≥ | Mv ∩ FZ | must hold at least for one node v. As can be
%
seen in Table 2.2, this is not the case.
v

∆ Mv ∈ ∆

Mv ∩ FZ

1
2
3

{ R · i1 − φ1 + φ2 = 0, i1 − i2 = 0}
{ v̇C − C−1 · i2 = 0, vC − φ2 + φ3 = 0, φ3 = 0, i2 − i3 = 0}
{ e − φ1 + φ3 = 0, φ3 = 0, i1 − i3 = 0}

{ i1 , i2 , φ1 , φ2 }
{ vC , v̇C , i2 , i3 , φ2 , φ3 }
{ i1 , i3 , φ1 , φ3 }

Table 2.2. Contrasting local behavior relations and constraint variables for the submodels of the
example. In a steady-state analysis the equation v̇C = 0 is added to ∆ M2 by the constraint
processing method, in a dynamic analysis the equation vC ( 0) = v0 , v0 ∈ R.

Observe that the equations in ∆ can be sorted in such a way, that all unknown
variables can be computed by local value propagation (see Figure 2.5). Within this
computation at first values for the potentials, φv , are determined and afterwards values for the currents, iv . In this sense ∆ could be called causal at the level of constraint
variables—however, it is not causal at the level of the submodels M1 , M2 , and M3 .
i3

Current law
source

i1

M1
φ1

Voltage law
resistance

Voltage law
capacitance

Current law
resistance

Voltage law
source

M2

M3

.
vC

State law
capacitance

i1
φ2

i2

Figure 2.5. Computing sequence for the example circuit: The graph of the behavior laws and
constraint variables forms a DAG; at the submodel level the graph contains cycles.
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The modeling of complex systems often happens in a bottom-up manner: Small
building blocks, the submodels or components, are synthesized towards a single global model. Obligatory for this purpose is a context-free description of the
submodels—a requirement that is also referred to as no-function-in-structure principle.
The principle claims that the behavior of a synthesized model emerges in a consistent manner from the behavior of its submodels, independently of the global model’s
internal structure and the number and type of the submodels used.5
Prerequisite for the no-function-in-structure principle is locality, which guarantees that the state prescription function ∆ can be divided according to the submodels’ functionalities. However, no-function-in-structure tightens the locality restriction: The behavior relation of a submodel M, ∆ M , must not depend on any other
submodel, say, no state or parameter within ∆ M contains assumptions or is affected
by a state or parameter of another submodel. In this sense, no-function-in-structure
restricts the definition of ∆ M , while locality restricts the effects of ∆ M during simulation.
The no-function-in-structure principle is infringed in some examples of this work,
and, possibly surprising, this violation forms the key for a powerful model simplification. In this place it is specified what the no-function-in-structure principle means
in connection with a behavior model B F, M that is defined over a model F, M .
Note that a quantifying description of the no-function-in-structure principle does not
exist in the literature on the subject.
Definition 2.6 (No-Function-in-Structure Principle) Let F, M be a model, and let
B F, M = FU , FZ , FY , V , ∆, Λ be a behavior model over F, M . Then B F, M
complies with the no-function-in-structure principle if the following holds.

(1) B F, M is a local behavior model.
(2) No state or parameter functionality is shared amongst two submodels:
∀ v, w ∈ {1, . . . , |M|}, v = w : ( Mv ∩ Mw ) ∩ ( FX ∪ FP ) = ∅
Example. Again, the electrical circuit example from Figure 2.3 is considered. The
capacity submodel, M2 , is extended by the functionalities R and e, and the local behavior relation, ∆ M2 , is reformulated respecting R and e. Note that the resulting new
behavior model and the original behavior model from Page 30 specify the same behavior.

• Modified Submodels.
M2 = { R, C, e, i2 , i3 , φ2 , φ3 , vC , v̇C }
5 “The

laws of the parts of the device may not presume the functioning of the whole.” (139, pg. 16).
And, as Kuipers points out in this connection: “The behavioral repertoire of a type of component
must be specified completely, and independently of the contexts in which instances of that component
might appear.” (153, pg. 6).
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• Modified Behavior Relations.
1
· vC − Rce = 0, XvC → XvC (defined implicitly)
∆ M2 : v̇C + RC
• The other elements of B F, M remain unchanged.
In the modified behavior model the local behavior relations ∆ M1 and ∆ M2 share
the parameter variable R. Hence B F, M does not fulfill the no-function-in-structure
principle; nevertheless, B F, M establishes a local behavior model.

2.2

Behavior Model Types

This section defines several specializations of the generic behavior model FU , FZ ,
FY , V , ∆, Λ . These specialization affect the global state prescription function, the
underlying time base, and the domains of the variables in F. All specialization mentioned here play a role in one or more of the projects described in Part II of this thesis;
anyway, the listing is not complete in every respect.
Note that the presented behavior models are time-invariant. A behavior model is
called time-invariant, if its state prescription function ∆ responds in an identical way
when applied to the same combination of a state vector x and an input vector u (t).
The following three subsections organize the properties of the specialized behavior models within three orthogonal classes. For instance, whether a model is inputfree does neither depend on its underlying time base nor on the ranges of the involved variables. Figure 2.6 shows these classes in the form of three separate trees.
Input-free
Behavior model
Input-depending

Memoryless
Behavior model
Dynamic

Continuous time
Discrete time
Discrete event

Quantitative
Behavior model
Qualitative

Figure 2.6. The properties of the specialized behavior models can be represented within three
orthogonal classes.
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Special State Prescription Forms
Definition 2.7 (Input-Free Behavior Model) Let F, M be a model. An input-free
behavior model over F, M is a tuple FZ , FY , V , ∆, Λ whose elements, FZ , FY , and
V are defined just as for the behavior model in Definition 2.3, Page 29.

• ∆ is the global state prescription function with time base T . As before, ∆ declares a set of state variables, FX ⊆ FZ , and a state space, X , which is the projection of Z with respect to FX . Given a state vector x ∈ X and some point
in time t ∈ T , ∆ determines a constraint vector z ∈ Z including a state, say,
∆ : X ×T → Z .
• Λ is the output function. Given a constraint vector z ∈ Z , Λ determines an
output vector y ∈ Y , say, Λ : Z → Y .
Remarks. Input-free behavior models cannot respond to inputs. Systems that are represented by input-free behavior models are also called “autonomous systems” (310).
Definition 2.8 (Memoryless Behavior Model) Let F, M be a model. A memoryless behavior model over F, M is a tuple FU , FZ , FY , V , ∆, Λ whose elements, FU ,
FZ , FY , V , and Λ are defined just as for the behavior model in Definition 2.3, Page 29.

• ∆ is the global state prescription function. ∆ declares a set of state variables,
FX ⊆ FZ . If FX is nonempty, the state space, X , contains a single element only.
Given a vector of functions u (t) ∈ U T and some point in time t ∈ T , ∆ determines a constraint vector z ∈ Z say, ∆ : U T × T → Z .
Remarks. (1) Models with a singleton or an empty state set are called stationary, as
opposed to dynamic models, which can undergo a state change. The output of stationary models depends in a definite way from its input. Zeigler et al. denotes systems that can be represented by memoryless behavior models as “function specified
systems” (310). (2) An input-free behavior model with a singleton or an empty state
set is called constant.
Constant behavior models are used in Section B.1 in the form of resource-based
configuration descriptions, and within all model envisioning applications of Chapter D.
There is the important case of stationary models whose state space is known to
be a singleton, x, but the vector x is unknown a-priori. Such cases may arise when
simulating a stationary model that has been derived from a dynamic model: It is
known that the model has only a single state—the stationary state—but it is unknown
which. A stationary model whose state is unknown is called a selective-state model
here.
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Different Time Bases
Depending on the underlying time base a generic dynamic model can assume different shapes, which are specified in the following. Note that this specialization does
not apply to memoryless behavior models.
Definition 2.9 (Continuous Time Model) Let F, M be a model. A behavior model
FU , FZ , FY , V , ∆, Λ over F, M establishes a continuous time model, if its global
state prescription function, ∆, is a continuous function in the parameter time.
Remarks. Typically, the state prescription function of continuous time models does not
provide an explicit mapping onto the state space, X , but defines the state vector’s rate
of change, x . A general form for such a description is a differential-algebraic system
(DAE):
dx
δ (x(t), x (t), u (t)) = 0, where x (t) =
dt
Of course the representation as a differential-algebraic system includes other
forms, such as the explicit state space form:
x (t) = δ (x(t), u (t))
Definition 2.10 (Discrete Time Model) Let F, M be a model, and let B F, M =
FU , FZ , FY , V , ∆, Λ be a behavior model over F, M with time base T . B F, M
establishes a discrete time model if its global state prescription function, ∆, is defined
only for a finite number of elements in each finite subset of T .
Remarks. Typically, discrete time models result from a discretization of continuous
time models.
Definition 2.11 (Discrete Event Model) A behavior model FU , FZ , FY , V , ∆, Λ over
F, M establishes a discrete event model, if the state space, X , defined by the global
state prescription function, ∆, contains only a fixed number of elements.
Remarks. Note that for a finite period the state space of a discrete time model also
contains a finite number of elements only. However, this number depends on the
time unit chosen, a fact which distinguishes discrete time models from discrete event
models. Fishwick designates discrete event models as declarative simulation models
(79, pg. 19).
Models of real systems must not be purely continuous or discrete but can comprise properties from each of the mentioned time bases. For instance, models of fluidic systems usually combine continuous and event-based state prescriptions.
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Different Domains and Ranges
It is difficult to draw a line between quantitative models and qualitative models. Is a
simplistic model that is based on numerical equations a quantitative or a qualitative
model? Or, if a model M  represents an abstraction of some other model M, should
M  be called a qualitative model?
In this place we will not engage into these and related questions. The definitions presented below are oriented at the domain sets of a model’s variables. This
makes sense within two respects. Firstly, a restriction of a variable’s value set to a
finite number of elements clearly indicates a qualitative character of the associated
functionality. Secondly, a state prescription function that defines constraints on qualitative variables inevitably encodes qualitative laws of behavior.
Definition 2.12 (Quantitative Behavior Model) Let F, M be a model. A behavior
model FU , FZ , FY , V , ∆, Λ over F, M is called quantitative behavior model, if the
domains of the functionalities in F are number fields.
Definition 2.13 (Qualitative Behavior Model) Let F, M be a model. A behavior
model FU , FZ , FY , V , ∆, Λ over F, M is called qualitative behavior model, if the
domains of the functionalities in F are finite symbol sets.
Border cases that cannot be definitely classified may be called semi-quantitative
models. Examples: (1) A model that contains both quantitative and qualitative variables. (2) A model whose variables are defined over a number field, but whose state
prescription, however, does not obey to physical laws. The resource-based model,
which plays a role within design problems, could be called semi-quantitative (see
Section B.1).
Table 2.3 lists the projects presented in this thesis and characterizes the underlying behavior models. Within some projects two models are involved.
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Locality

States

Time base

Variable domain

A.1 Case-based reasoning
in fluidic design

global

dynamic

continuous

quantitative

A.2 Conceptual design in
chemical engineering

global

memoryless

–

semiquantitative

B.1 Generate heuristics for
configuration

local

constant

–

semiquantitative

B.2 Flatten deep models for
diagnosis

local,
causal

dynamic

continuous

quantitative

C.1 Generate a WDS from a
reference circuit

local,
causal

dynamic

continuous,
discrete-time

quantitative

C.2 Learn similarity
measure from classes

global

dynamic

discrete-event quantitative,
qualitative

D.1 Model formulation for
local area networks

local

memoryless

discrete-event qualitative

D.2 Maintaining
knowledge bases

structure model

D.3 Analyzing fluidic
system structures

structure model

Table 2.3. Tasks presented in this thesis and their underlying behavior models.

2.3

Behavior Model Processing

Each behavior model FU , FZ , FY , V , ∆, Λ along with an input u or u (t) is a set
of constraints that prescribe particular values for the variables in FZ . Processing a
behavior model means constraint processing in the broader sense.
Given a memoryless behavior model, an instantiation of the variables in FZ that
fulfills all constraints is called consistent behavior model instance, or simply: behavior. Given a dynamic behavior model, a sequence of consistent instantiations of the
variables in FZ is called behavior. This sequence must comply with the underlying
time base, which implies among others that the instantiations are linearly ordered
according to the parameter “time”.
When working with behavior models, frequently occurring questions are concerned with the admissibility of variable assignments: Can a partial variable assignment be completed towards a behavior? By which values can a partial variable assignment be completed to become a behavior? The next definition introduces necessary concepts to reason about such questions.
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Definition 2.14 (Behavior Model Instance) Let F, M be a model, let FU , FZ , FY , V ,
∆, Λ be a behavior model over F, M , and let Fβ be a subset of FZ . A behavior model
instance with respect to FU , FZ , FY , V , ∆, Λ and an input vector u is a mapping β,
β = {( f , v f ) | f ∈ Fβ , v f ∈ Z f }. It may fulfill one or more of the following properties.

• A behavior model instance β is called partial, if Fβ is a proper subset of FZ .
• A behavior model instance β is called consistent, if a mapping β̄ = {( f , v f ) |
f ∈ FZ \ Fβ , v f ∈ Z f } exists such that all constraints defined by ∆ are fulfilled. β̄
is called a completion of β with respect to u.
• A consistent behavior model instance β is called determined, if for any two
completions β̄ 1 and β̄ 2 applies that β̄ 1 = β̄ 2 . Otherwise β is called underdetermined.
• A determined behavior model instance β is called over-determined, if a subset
of β is also determined. Otherwise β is called definite.
• A behavior model instance β is called contradictory if no completion β̄ exists
such that all constraints defined by ∆ are fulfilled.
Remarks. If β represents a definite behavior model instance, its associated set of functionalities, Fβ , forms a set of state variables.
Example. We pick up the electric circuit example of Figure 2.3, Page 27. For the vector
of component properties, ( R, C ), the values (2, 20) with [ R] = kΩ and [ C ] = µ F are
put in; the input function is chosen constant, e(t) = 10 with [ e] = V. Based on these
values, Table 2.4 gives examples for the different types of behavior model instances;
[iv ] = mA, [φ] = V, [ vC ] = V.
i1

i2

i3

φ1

φ2

φ3

vC

v̇C

Partial β (*)
Determined (definite) β
Over-determined β
Contradictory β

⊥
⊥
5.0
5.0

⊥
⊥
⊥
⊥

⊥
⊥
⊥
⊥

10.0
⊥
⊥
⊥

⊥
⊥
⊥
⊥

⊥
⊥
⊥
⊥

⊥
0.0
0.0
1.0

⊥
⊥
⊥
⊥

Completions of (*)

5.0
4.5

5.0
4.5

5.0
4.5

0.0
1.0

0.0
0.0

0.0
1.0

250
225

Instance type

Table 2.4. Examples of the different behavior model types for the electrical circuit. The ⊥-sign
indicates that β is not defined for the respective functionality.

The computation of a completion β̄ of some behavior model instance β is called
simulation. Depending on the constraints defined by ∆, say, the behavior model type,
several simulation methods can be distinguished. Given a state vector and some input, simulation encompasses both the computation of the next state for the variables
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in FX , and the computation of the remaining constraint variables in FZ \ FX . For instance, when processing a continuous-time behavior model specified in the form of
a differential-algebraic system, these computations are intertwined and are realized
by a single method such as D ASSL (210). When processing an event-based behavior
model, the state computation and the computation of the remaining constraints may
happen within two steps.
Implicit
Continuous
Multi-state model

Explicit
Event-based

Simulation
Monotonic
Selective-state model
Nonmonotonic

Figure 2.7. Simulation approaches of multi-state models and selective-state models used in this
thesis.

The figures organize this view. Figure 2.7 shows different approaches to state
computation given a multi-state model and a selective-state model respectively. Figure 2.8 shows various methods for symbolic and numerical constraint processing
utilized during the simulation of the different types of behavior models.
Numerical
Local
Symbolic
Direct

Constraint computation
Numerical
Global

Iterative
Combinatorical

Figure 2.8. Constraint processing methods used in this thesis.

Both the simulation approaches and constraint processing methods can be classified with respect to causality. Altogether three appearances of causality and noncausality can be distinguished:
(1) Continuous multi-state models are processed by numerical integration methods. An integration method is called causal if it employs only values at prior
computation time samples; a method is called non-causal if in addition to prior
values also values of time samples at and after the present time are employed
(310). Causal and non-causal methods are also referred to as explicit and implicit methods respectively.
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(2) When processing selective-state models, the unknown single or final state has
to be determined (refer back to Page 36). Of course the final state can be computed by starting with the initial state and going through all intermediate states
until the final state is reached. We call such a strategy causal or monotonic since
it follows the linear order of states. A non-causal or non-monotonic method
leaves this linear order and applies some kind of generate-and-test strategy.
(3) The third type of causality corresponds in a one-to-one manner to local and
global constraint processing methods. A constraint processing method is called
causal or local, if it only considers one constraint at a time to solve a constraint satisfaction problem. Otherwise the constraint processing method is
called non-causal or global.

2.4

Model Construction (II)

Main concern of this thesis is the identification and utilization of model construction
approaches to solve complex analysis and synthesis problems. Based on the definitions just given this section introduces five generic principles.
Starting point for model construction is always a source model, which is modified
in the model construction phase. The idea is that the new model—possibly along
with readjusted inference methods for model processing—is better suited to solve
the problem at hand, say, to answer the interesting question (see Figure 2.9).
Model construction phase

Model utilization phase

Source
model

Inference
Co

ns

tru

Answer

cti

on

New model

Adapted
inference

Answer

Figure 2.9. Instead of using the source model to answer an interesting question, a new model,
which is constructed from the source model, and an adapted inference method are employed.

Let F, M be a model, and let S F, M ∈ S F, M and B F, M ∈ B F, M be a
structure model and a behavior model over F, M . Together, S F, M and B F, M
form the source model. Model construction can be considered as two mappings, γ S ,
γ B , which map from the source model onto a new model:
γS

S F, M −→ S  F, M ,

γ

B
B F, M −→
B  F, M
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where S  F, M and B  F, M designate a structure model and a behavior model
over F, M . The effects of a structure model mapping, γ S , and a behavior model
mapping, γ B , may range from a superficial variation up to a radical reformulation of
the source model. At any rate, the application of γ S and γ B has teleological character:
Both functions address deficits respecting the source model or its utilization—deficits
that are quantifiable by means of one or more of the following properties: time, place,
handling, maintenance, intricateness, comprehensibility, algorithms, representation.
Here is a key point where this thesis sets in. The functions γ S and γ B can be
classified—with respect to the mentioned properties and with respect to the problem class for which the new model is constructed. In this connection we introduce
the following model construction approaches (principles): model refinement, model
simplification, model compilation, and model reformulation. Moreover, the concept
of “model envisioning” is introduced; under this term we summarize methods that
prepare structure models in a graphical way. In order to make the model construction approaches comparable to each other they are characterized according to the
properties specified in Table 2.5.
Property

Semantics

Characteristics

The intended modification of the structure model and the
behavior model.

Modeling effects

The effects of a modification from the modeling perspective,
say, a user’s point of view.

Processing effects

The effects of a modification with respect to model
processing. It includes
(1) processing efficiency, typically the runtime complexity,
(2) processing difficulty, which describes how intricate
the employed algorithms are, and
(3) model handling, which relates to the maintenance
effort of the modified model.

Area of application

The problem classes, where the model construction approach
typically plays a role.

Techniques

Techniques, algorithms, and strategies to implement the
model construction approach; say, the functions γ S and γ B .

Case studies

Problem instances, where the model construction approach
has been applied.

Table 2.5. The basic properties that have been used to characterize the model construction
approaches.

Note that our list of model construction approaches cannot be complete, and, of
course, additional approaches will be developed in the future. However, in this place
we do not only aim at an overview of model construction but show also how it is put
into practice: The mentioned approaches have been employed successfully within
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several projects—a part of which is presented in Part II of this thesis. Especially
against the background that recipes for the operationalization of a model construction approach can hardly be stated, the realized implementations can serve as a pool
of ideas when tackling new analysis and synthesis tasks.
Remarks. (1) The functions γ S and γ B can be compared to the “system morphism”
idea of Wymore and Zeigler et al. System (homo-, iso-) morphisms are a concept to
transform one system description into another. The main contribution of Wymore
and Zeigler et al. is the development of a generic framework for system description,
system design, and system analysis. Nevertheless, their work is less concerned with
the identification and characterization of special instances of morphisms. In particular they do not investigate different morphisms respecting different problem classes,
and they engage only to a small extent in the realization and application of morphisms within analysis and synthesis tasks. (2) The function γ S operationalizes design knowledge on structure. To provide a means for the specification of this kind
of knowledge, Chapter 3 introduces design graph grammars (268, 241), which come
along with a clear and widely-accepted semantics.

Model Refinement
Model refinement does not relate to complexity issues. Instead, we comprise methods under this term that are used to round out an incomplete model, to adapt
an almost adquate model, or to repair a model that has minor defects. Confer
Stein and Curatolo:
“By model refinement we designate a completion process to such an
extent that the instance of the problem class can be mastered with the
refined model.”
Stein and Curatolo, 1996, pg. 58

Formal Description Let F, M be a model, and let V, E, σ and FU , FZ , FY , V , ∆,
Λ be a structure model and a behavior model over F, M .
(1) Characteristics.
The behavior model is adjusted; i. e., the complexity of ∆ is not influenced.
Component parameters f ∈ FP are modified or get assigned a value at all.
The graph of the model, V, E , remains unchanged; possibly, the labeling function σ is redefined (see Figure 2.10).
(2) Modeling Effects.
Gaps in the structure model or in the behavior model are filled, thus becoming
complete. The behavior model becomes more precise or processible at all.
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b

d

c

d
label

e

Refinement

e

label

label
label

g

h

Source model

i

value

g

h

i

value

Refined model

Figure 2.10. The structure model of the refined model is isomorphic to the graph of the source
model.

(3) Processing Efficiency.
The processing efficiency, the processing difficulty, and the model handling
remain unchanged.
(4) Area of Application.
There are two typical areas where model refinement is applied: (a) The determination of single of model parameters by means of identification or simulation. (b) The estimation of confidences or importance values within causeeffect behavior models.
(5) Techniques.
γ S : Identification of missing connections in resource-based models (159), (257,
pg. 81); path differentiation and path division to introduce additional differentiating rules within a rule base for diagnosis (127, pg. 25); symptom conditionalization and symptom distinction to refine existing diagnostic rules with
respect to their confidence factors (127, pg. 26).

γ B : Determination of unknown values for functionalities in FP by means of simulation or experimentation; estimation of membership functions by domain experts; quantification of dependencies and adaptation of confidence values with
statistical methods, prevalently regression; identification of inconsistencies in
weighted rules by a tentative inference (127, pg. 23). Prerequisite for statistical
refinement techniques are knowledge sources in the form of example bases or
case bases.
(6) Case Studies.
Instantiating of heuristic diagnosis rules (107); selection and adaptation of design rules in impeller design (260); evaluating repair rules in hydraulic circuit
design (288, pg. 65). The case studies are not included in this thesis.
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Model Simplification
Model simplification aims at a reduction of either a model’s analytic complexity (cf.
Page 26), a model’s constraint complexity, or both. A reduction of the search space
complexity may be an additional consequence but is not top priority. While analytic
complexity and constraint complexity play a dominant role in analytical problem
solving tasks, the search space complexity is of paramount importance within synthesis tasks: It is a measure for the number of models that have to be synthesized and
analyzed in order to solve a synthetical task, say, a configuration or design problem.
The concept of model simplification has been captured by several researches before. The authors quoted below are two representatives; they anticipate quite well
the items “characteristics” and “modeling effects” of our formal description. Note,
however, that Fishwick uses the term “abstraction” instead of “simplification”, and
his term “process” corresponds to “behavior model” in our terminology.
“Model simplification means to reduce the number of interactions or to
substitute simpler interactions for more complex ones between the
model constituents.”
Karplus, 1977, pg. 3

“Abstraction of a process will inevitably involve a reduction in model
components and interactions, along with the reduction in behavioral
complexity of the model when simulated.”
Fishwick, 1988, pg. 18

Formal Description Let F, M be a model, and let V, E, σ and FU , FZ , FY , V , ∆,
Λ be a structure model and a behavior model over F, M .
(1) Characteristics.
Simplification of behavior models usually happens within two respects. Firstly,
the set of functionalities, F, may be restricted to a subset F  ⊆ F, which entails a
reduction of ∆’s domain and range. Secondly, the complexity of the functions
in ∆ may be reduced, even up to the total omission of ∆. The former establishes an aggregation of function (84) and is directly connected to structure
simplification; the latter falls into the class of behavior aggregation.
If the set of functionalities, F, is restricted to a subset F  ⊆ F, edges in V, E
are deleted and elements in M may become empty sets, resulting in a simpler
structure model V  , E  , σ  . The graph V  , E  is a contraction of V, E , as
shown in Figure 2.11.
(2) Modeling Effects.
The lessened interaction between the submodels in M results in the neglection
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Simplified model

Figure 2.11. The simplified structure model emerges from a contraction of V, E .

of physical effects. The simplification of ∆ results in a coarsening of physical phenomena or in physically wrong connections. The behavior is rendered
inaccurately up to certain degree.
A reduction of M and ∆ makes the simplified model easier to understand (78).
(3) Processing Effects.
Both structure model and behavior model can be processed more efficiently;
the processing difficulty is reduced; the model handling is simplified.
(4) Area of Application.
Analysis of large or numerically demanding behavior models; synthesis of behavior models without knowledge about the model structure (= design).
(5) Techniques.
γ S : Elimination of feedback loops; equalization of the node degree in V, E ;
elimination of edges to create a causal ordering, say, a unique computation
sequence when determining unknown functionalities (194, 90).

γ B : Fuzzyfication of equations in ∆; piecewise linear reasoning (232); linearization of higher order polynomials; balancing of dominant terms in complex
equations (306); state combination by aggregating similar states; numerical
coarsening by means of scaling down numerical precision of the functionalities in F; order of magnitude reasoning (217); reduction of the source model
onto a structure model by omitting ∆ totally, which is called “representational
abstraction” by Fishwick (78).
(6) Case Studies.
Case-based design of fluidic circuits (Section A.1); conceptual design in chemical engineering (Section A.2); graph-based simulation of fluidic circuits (not
included in this thesis).
A model simplification represents a more or less serious intervention in the physical underpinning of the source model. Hence, model simplification is always bound
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up with model evaluation. It has to be ensured that the simplified model is able to
answer the interesting question in connection with the intended experiment.

Model Compilation
Model compilation is the anticipation of model processing effort; say, processing
effort is shifted from the model utilization phase to the model construction phase.
Model compilation is a powerful construction approach to address a model’s analytic
complexity, its constraint complexity, or the search space complexity. Figuratively
speaking, model compilation means to create a compiled model by introducing either (1) computational short cuts within long-winded calculations that are caused by
a complex behavior model, or (2) exploratory short cuts within a large search space
that results from problem-inherent combinatorics.
a

b

c

d

a

b

e

c

d

e
Compilation

f

g

h

i

j

k

l

m

Source model

f

g

h

i

j

k

l

m

Compiled model

Figure 2.12. Computational short cuts: Hints in the compiled behavior model short-circuit the
computation of constraints between functionalities of different submodels. For example, the
input set, FU , could directly be mapped onto the output set, FY .

The idea behind several model compilation approaches is to break global connections within the source model down to local connections, which are encoded within
the compiled model in the form of special hints. These hints can take one or more of
the following three forms.

• Hints that use memorization to short-circuit involved state prescription constraints between functionalities of different submodels (see Figure 2.12). Cause
effect chains are shortened, possibly to simple associations. Involved state prescription constraints, e. g. in the form of equation systems, are typical for technical systems whose behavior is described by compatibility constraints and
continuity constraints (297).
• Hints that suppose an order within a sequence of tentative search space decisions (see Figure 2.13). These hints are introduced as tags at the respective
choice points in the search space and control the search.
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• Hints that restrict the search space by introducing additional state prescription
constraints (see Figure 2.14).

a

b
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d

a

Compilation

e

1

b
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2

e

1

3
f

g

h

i
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Source model

g

h

i

Compiled model

Figure 2.13. Exploratory short cuts: Hints in the compiled structure model define an order on
alternative submodels when exploring the search space while solving a synthesis task.

Model compilation methods can also be characterized by their scalability. Using a scalable method, there is a trade off between the preprocessing effort and the
knowledge gained for the model utilization phase. The scalable character of a compilation method may be bound up with the depth of the analyzed search space, or
the precision at which simulations are performed. However, a compilation method
that analyzes a model with respect to special structures is normally not scalable. In
Chapter B we will introduce representatives for both kinds of methods.
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Figure 2.14. Exploratory short cuts: Hints in the form of additional state prescription constraints
(dashed lines) restrict the search space.

Formal Description Let F, M be a model, and let V, E, σ and FU , FZ , FY , V , ∆,
Λ be a structure model and a behavior model over F, M .
(1) Characteristics.
The set of functionalities, F, remains unchanged. The behavior model may be
equipped with additional constraints that encode numerical or search-specific
hints.
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The labeling function σ is redefined if a preference order is encoded on the
nodes in V, E . New edges are introduced if the state prescription function, ∆,
is extended by additional constraints (see Figure 2.14).
(2) Modeling Effects.
The modeling accuracy and the level of detail is not reduced, although the
ways of computing model behavior may be completely altered.
(3) Processing Efficiency.
The model can be processed much more efficiently referring to the interesting
problem solving task. However, no respect for the inference intricatenesses is
shown; i. e., the implementation of the necessary inference (simulation) algorithms may be more challenging than before compilation. Moreover, model
handling gets more complicated since modifications of the model may entail a
renewed preprocessing.
(4) Area of Application.
Whenever processing efficiency is highest bid and processing hints can be computed at all, model compilation is expedient. Given this situation, following
further prerequisites must be fulfilled. (a) Firstly, the problem solving task is
apportionable into two phases: A model construction or preprocessing phase,
where computing power and/or computing time are given on a large scale,
and a model utilization or problem solving phase, where computing resources
are short. (b) Secondly, for the portion, p, of problem instances that make a
renewal of the compilation process necessary holds p ' 1.
(5) Techniques.
γ S : Topological analyses from which computational constraints or search constraints are derived; determination of candidates for a dependency-directed or
knowledge-based backtracking; identification of spheres of influence of both
revision and trashing (170, pg. 111); decomposition of equation models into
(a) involved subproblems, which must be processed by a global method, and
(b) feedback-free subproblems, which can be tackled by a local inference approach (262); model decomposition by causal analysis, which means the application of equation model decomposition onto qualitative simulation (42).

γ B (demanding computation): Pre-computation of typical simulation situations and encoding of input/output associations in the form of look-up tables;
compilation of rules into a rete-network (83); utilization of an assumptionbased truth maintenance system (ATMS) in order to organize results of computational expensive inference problems (138); sharing of computation results
by identifying and replacing instances of similar submodels, a concept that can
be realized algebraically at the level of ∆ (262) or at the more abstract level of
model fragments; case-based learning of characteristic features to select suited
inference methods for the computation of ∆ (263).
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γ B (large search space): Behavior aggregation by a precedent detection of repeating cycles (295); coalescing a system by methods from the field of inductive
inference (12), which is called “Abstraction by Induction” in (78); extensive or
even exhaustive search in order to analyze the search space or to develop a
decision strategy at choice points; ordering of value assignments in constraintsatisfaction problems with finite domains (85, 52, 53).

(6) Case Studies.
Compilation of dynamic behavior models for diagnoses purposes (Section B.2);
generation of search heuristics in configuration problems (Section B.1); identification of nogoods to speed up model fragment synthesis (259) (not included
in this thesis).
Remarks. The techniques presented here address the compilation of models of technical systems. They take advantage of this fact: Observe, for instance, that within a
diagnosis task not at all points of time all model functionalitities must be known, or
that behavior and structure are coupled, which submits to infer computational hints
for the behavior model from the underlying structure model.
We call a compilation method that is not specially keyed to models of technical
systems a knowledge compilation method. Knowledge compilation methods presuppose a determined knowledge representation form, but no problem solving task, no
domain, and no model. The rete-algorithm mentioned above is such a knowledge
compilation method; its prescribed knowledge representation form is the rule form.
Another rule-based knowledge compilation method has been developed by Zupan.
While the rete-algorithm has been developed for rule languages whose interpretation
is defined on the recognice-and-act cycle, Zupan’s compilation method exploits the
fixed-point convergence of the rule language to be compiled (312).
The following examples give an idea of the spectrum of knowledge forms where
compilation methods can be applied. (1) The syntatic analysis and substitution of algebraic terms, which ensures a unique term occurence with respect to a given normal
form, establishes knowledge compilation method. (2) A still more basic knowledge
compilation method is based on Horn approximations (249); its prescribed knowledge representation form are formulas in propositional form. (3) If graphs are the interesting knowledge form, knowledge inference may bound up with graph matching
or subgraph isomorphy. For the latter problem Messmer and Bunke have developed
a compilation method with scalable preprocessing effort (181).
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Model Reformulation
In a literal sense, every construction of a new model from a source model could be
entitled a reformulation. This not the intention here, but the term model reformulation is used as a collective term for model constructions that are indifferent with
respect to both modeling effects and processing efficiency.
Model reformulation aims at issues from one or more of the following fields:
knowledge representation, knowledge acquisition, model maintenance, available inference methods, user acceptance. After a model reformulation, the resulting model
is in a form ready to become used for the problem solving task in question. Model
reformulation does not target on complexity issues in first place.
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Figure 2.15. Model reformulation is usually bound up with a paradigm shift in model processing, entailing both a new structure model and behavior model.

Formal Description Let F, M be a model, and let V, E, σ and FU , FZ , FY , V , ∆,
Λ be a structure model and a behavior model over F, M .
(1) Characteristics.
The set of functionalities, F, may or may not be altered. Typically, the state
prescription function, ∆, is reformulated. Put another way, there is a paradigm
shift in model processing.
(2) Modeling Effects.
Ideally, there are no effects on the model’s accuracy or its level of granularity.
(3) Processing Effects.
Ideally, the processing efficiency is not affected. Nothing can be said regarding
processing difficulty. The model handling may be simplified.
(4) Area of Application.
There is no specific area of application. Model reformulation comes into play if
a model that has been developed with respect to a special processing approach
shall be transformed for another processing approach.
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(5) Techniques.
There is no specific reformulation technique.
(6) Case Studies.
Constructing wave-digital filters from analogous circuits (Section C.1); learning similarity measures from user specifications (Section C.2); coding qualitative diagnosis models as propositional formulae (not included in this thesis).
As opposed to model refinement, model simplification, or model compilation,
there is no pool of techniques by which a model reformulation is to be realized. This
is in the nature of things; model reformulation takes a model that has been used successfully with processing paradigm A and tries to transform this model such that it
can be used within processing paradigm B. I. e., there is no model-inherent objective;
the reformulation constraints are exogenous variables.
At first sight model reformulation appears to be a close relative of model compilation. This, however, is not the case. The maxim of model compilation is processing
efficiency, and the problem solving task could be done without a compilation—at
a lower processing effiency, of course. We speak about model reformulation, if a
model must be transformed at first into another representation in order to be processed within the problem solving task.

Model Envisioning
Model envisioning implies no constructional mission but is a collective term for
analysis methods that base on the rendering of structure models. The objectives of
model envisioning comprise the provision of insights and the simplification of the
access when dealing with complex models. The graphical preparation of a structure
model can be used for analysis, modification, maintenance, or acquisition purposes—
with respect to both structural and behavior model properties.
In this vein model envisioning defines a new kind of problem solving method
that has been developed and applied by Niggemann and Stein within several projects
(265). Model envisioning is the attempt to identify and to visualize a model’s natural
structure. It is related to different areas of visualization and makes heavy use of
methods from the field of cluster detection and graph drawing (282, 69, 134).
Formal Description Let F, M be a model, and let V, E, σ and FU , FZ , FY , V , ∆,
Λ be a structure model and a behavior model over F, M .
(1) Characteristics.
The graph of the model, V, E , is modified with respect to the envisioning
goal. Moreover, the resulting graph is enriched by graphical information,
which specify clustering and geometry information that are used for layout
purposes.
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Figure 2.16. Model envisioning deals with the graphical preparation of structure models.

(2) Modeling Effects.
Of no account, the model is solely used for envisioning purposes.
(3) Processing Effects.
Of no account, the model is solely used for envisioning purposes.
(4) Area of Application.
Representation and preparation of complex structure models whereas the following goals can be pursued: (a) Extraction of insights for special analysis
tasks (diagnosis) or synthesis tasks (model formation, design), (b) providing a
means for understanding and maintaining large models, (c) isolation of particular parts of a model.
(5) Techniques.
γ S : Identification of sub-structures in V, E by means of graph matching; topological modifications of V, E with graph grammars; identification of equivalence classes in V by means of clustering methods; layout of V, E by developing a mapping α that assigns each node in V a point in the Euklidian plane.
A variety of graph drawing approaches exist to define α , which can be divided
into two classes: (a) Categorical approaches, which try to arrange a graph according to a particular scheme, paradigm, or philosophy, such as hierarchical
leveling, attracting forces, or recurring resemblances (280, 60, 220). (b) Without implying any graph structure, where the layout of a graph is defined by a
quality measure, q, that captures a variety of esthetics criteria (49, 18).
(6) Case Studies.
Model formulation for LANs (Section D.1); envisioning of large configuration
knowledge bases (Section D.2); envisioning of fluidic axes and their couplings
(Section D.3).
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Discussion
Table 2.6 contrasts the presented model construction approaches. The used symbols
are interpreted as follows: ↑↑ (↑) means strong (low) positive impact, while ↓↓ (↓)
means strong (low) negative impact, the dash stands for no impact. Note that this
table represents the dependencies in an oversimplified way and should only be used
as a road map.

Approach

Modeling
quality

Processing
efficiency

Processing
difficulty

Handling
difficulty

↑

–

–

–

↓↓

↑

↓

↓

Compilation

–

↑↑

↑

↑

Reformulation

–

–

↓

↓↓

Envisioning

–

–

↑

↑

Refinement
Simplification

Table 2.6. Short characterization of the model construction approaches.

The model construction approaches “simplification”, “compilation”, and “reformulation” could be called process-centered, while “refinement” and “envisioning”
should be called model-centered. This classification reflects the pursued intentions of
the knowledge engineer and is explicated now.

• Process-Centered Model Construction. Model simplification as well as model
compilation relate to the difference between the provided and the required
computing power, when going to solve a problem with the source model. A
model is simplified if the interesting problem solving task cannot be handled
with this model—a situation that occurs if, for instance, a design task is addressed with a model conceived for an analysis task. In fact, model compilation can provide a way out in such a situation as well. The essentials for a
compilation strategy are twofold: The task in question can be tackled with acceptable computing power, and, the employment of the necessary computing
power can be alloted a model construction and a model utilization phase.
Model reformulation relates to the conceptual difference between the source
model and the model required for the processing method at hand. Note that,
just as in the simplification or the compilation case, a shortcoming of the processing situation is addressed.

• Model-Centered Model Construction. By contrast, model refinement and, in some
degree, model envisioning address a shortcoming in the model itself. The former approach fills gaps or fixes inaccuracies, while the latter approach modifies a model in order to render structural properties for subsequent knowledge
processing tasks.
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Note that a model simplification strategy is also advisable if the simplified
model is easier to understand or if its behavior is easier to interpret than were
the respective considerations at the source model (78). Given this case, the
related simplification establishes a model-centered construction as well.
Model construction approaches must not be applied as a pure concept but may
complement themselves when applied multiply. For example model simplification
and model compilation go well together for several reasons, as demonstrated within
the case study in Section B.2.
Related Work. Literature on model construction concentrates primarily onto model
simplification (see 310, Chap. 14), for which different nomenclatures are used. Fishwick (78), for instance, uses the term “model abstraction” and “abstract model” in a
similar sense as the term “simplification” is used here. An exception forms his simplification method “abstraction by induction”, which should rather be counted as a
model compilation method. Frantz comprises under the term “model abstraction”
also compilation and refinement operations. Zeigler et al. use the term “approximate
morphism”.
Structured system

Structured system'

I/O system

I/O system'

I/O function

I/O function'

I/O relation

I/O relation'

Figure 2.17. Hierarchy of system specifications according to Zeigler et al. (310). The horizontal
lines represent mappings for model construction, called morphisms here.

The (deficient) differentiation between rather different model construction approaches is the consequence of a generic principle: Existing classifications of both
models and model construction strategies are, in first place, developed from a modeler’s point of view and only to a small extent from the standpoint of problem solving
tasks.
Figure 2.17 shows the modeler’s point of view as it can be found in (310, pg. 296
or 377). The vertical arrows in this diagram connect a behavior model at different
levels of explicitness. At the lowermost level, behavior is specified by input/output
relations; when going up in the hierarchy, the models get supplemented bit by bit: by
a global state prescription function, by initial states, by local behavior relations, and,
finally, on the topmost level, by a component influence structure. The horizontal
arrows represent mappings between two models; they are called morphisms here
and correspond to our construction functions γ S and γ B .
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Structured system'

Source
models
I/O system

I/O system'

I/O function

I/O function'
Model compilation

I/O relation

I/O relation' ~ Compiled
model

Figure 2.18. Integrating the idea of model compilation into Zeigler et al.’s hierarchy of system
specifications: A high-level system description, e. g. an equation model, is broken down to plain
I/O relations by means of model compilation.

We can use this diagram to point up the effects of a model compilation that introduces computational short cuts: It is a mapping from a model on the left-hand
side onto the I/O-relation model at the lowermost level on the right-hand side (see
Figure 2.18).
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3
Design Graph Grammars:
Specifying Knowledge on Structure
The previous chapter introduced a modeling perspective for technical systems and,
based on this perspective, formulated several model construction principles. The
following questions may suggest themselves.

• Do universal, i. e., model-independent approaches to the described model construction principles exist?
• Given different instances of the same model construction principle, which aspects do they have in common?
• Can a theory of model construction principles be developed?
Since each domain, each task, and each granularity level has its own, particular
modeling constraints, the existence of a generic recipe for the simplification, compilation, or transformation of a model is unlikely. This—expected—answer is also reflected by the spectrum of problem solving methods that has been employed within
the projects outlined in Part II of this work.
However, many model modification strategies affect structural properties of a
model F, M . These modifications can be specified in a uniform way since the
underlying structure models, S F, M , are of the same form, namely labeled multigraphs V, E, σ . A uniform specification reveals similarities when tackling different
model construction tasks and can thus prepare the ground for the development of a
model construction theory.
History. The idea to employ graph grammars as a means to describe, or, as the
case may be, to operationalize knowledge on the analysis and synthesis of structure models suggests itself. With a close look at expressiveness and applicability in
engineering domains we have developed an advancement of classical graph grammar approaches, which we call “design graph grammars” (268, 241). Design graph
grammars (DGG) provide a precise semantics for the structural modification a model

60

D ESIGN G RAPH G RAMMARS
c3

w

c4

c4

w

w

w

c3
w

w

S<F, M>

B<F, M>

S'<F', M'>

Design graph grammar application
Control of grammar application

Figure 3.1. Design graph grammars provide a universal means for structure model manipulation. The problem-specific knowledge, which controls the manipulation process, may rely on a
behavior model analysis.

undergoes during its simplification or transformation. They are used throughout the
projects of Part II as a formal description methodology.
Note that the control, say, the application of a design graph grammar, is grounded
on deep domain knowledge and is typically tied to the underlying behavior model
B F, M = FU , FZ , FY , V , ∆, Λ (see Figure 3.1). For instance, within an optimization or synthesis task, structure modifications will often realize repair rules,
which improve unsatisfying model behavior detected during the analysis of B F, M
(238, 270). The control knowledge can be acquired from domain experts; it makes up
a predominant portion of the solution, and, as said above, it must be developed from
scratch as the case arises.
The remainder of the chapter is devoted to design graph grammars and is organized as follows. Section 3.1 is intended as an introduction and motivation around
structure model manipulation. Section 3.2 then presents design graph grammars as
an appropriate means for this objective. The development and use of design graph
grammars is connected to various theoretical issues, which are addressed in the last
two sections. Section 3.3 examines the relationship of design graph grammars to classical graph grammars. Section 3.4 presents issues concerning the application of graph
grammars in structure analysis and system design.
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Design Tasks and Transformation Rules

The design of a system encompasses a variety of different aspects or tasks—not only
the traditional construction process with which it is usually associated. For each of
these tasks different operations of varying complexity are required:

• Insertion and deletion of single items in a system,
• change of specific items and connection types,
• manipulation of sets of items, e. g., for repair or optimization purposes.
The operations delineated above can be viewed as transformations on graphs;
they are of the form target → replacement. A precise specification of such graph transformation rules can be given with graph grammars. A central concept in this connection is bound up with the notions of matching and context, which, in turn, ground
on the concept of isomorphism (126).
Definition 3.1 (Isomorphism, Isomorphism with Labels) Let G = V, E and H =
VH , E H be two graphs. An isomorphism is a bijective mapping ϕ : V → VH for
which holds: { a, b } ∈ E ⇔ {ϕ( a), ϕ(b )} ∈ E H , for any a, b ∈ V . If such a mapping
exists, G and H are called isomorphic.
G and H are called isomorphic with labels, if G and H are labeled graphs
with labeling functions σ and σ H , and the following additional condition holds:
σ ( a) = σ H (ϕ( a)) for each a ∈ VG , and σ (e) = σ H (ϕ(e)) for each e ∈ E, where
ϕ(e) = {ϕ( a), ϕ(b )} if e = { a, b }.
Figure 3.2 shows an example of isomorphic and non-isomorphic graphs.
b

d

G

b

H1

e

b

a

d

H2
e

e
a

c

c

d

a

c

Figure 3.2. A graph G, a graph H1 that is isomorphic to G, and a graph H2 that is not isomorphic
to G.

Definition 3.2 (Matching, Context) Given are a labeled graph G = V, E, σ and another labeled graph, C. Each subgraph VC , E C , σC in G that is isomorphic to C, is
called a matching of C in G. If C consists of a single node only, a matching of C in G
is called node-based, otherwise it is called graph-based.

Moreover, let T be a subgraph of C, and let VT , E T , σ T denote a matching of T
in G. A matching of C in G can stand in one or both of the following relations to a
matching of T in G.
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(1) VT ⊂ VC . Then the graph VC , E C , σC is called a context of T in G.
(2) VT , E T , σ T = VC , E C , σC . Then T is called context-free.
 . In general, we will not differentiA matching of a graph H in G is denoted by H
ate between a graph H and its isomorphic copy.
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Figure 3.3. Above: A graph C with a subgraph T, and a graph G. Below one can see three
matchings of T and C in G: a) matching of T without context; b) matching of T with context C;
c) matching of T with context C whereas the matching of T is a strict degree matching.

 of a graph H within a graph G represents a subgraph of G,
Remarks. Each matching H
 may be connected to the remainder of G by some
which means that every node of H
edges. This understanding of matching may be sufficient for many purposes, but the
domain of technical systems requires more flexibility. Thus, the matching concept is
 is a
extended to allow a finer control: Let VH∗ ⊂ VH be a set of nodes in H. Then H
∗
strict degree matching of H in G if no node in VH ⊂ VH is connected to the remainder
of G by some edge. The use of this type of matching will be indicated by specifying a
set VH∗ . In practice, the nodes in VH∗ are marked with an asterisk. Figure 3.3 illustrates
the notions of matching and context.
Existing graph grammar approaches are powerful, but lack within two respects.
Firstly, the notion of context is not used in a clear and consistent manner, which is also
observed in Drewes et al. (58, pg. 97). Secondly, graph grammars have rarely been
applied to solve synthesis and analysis problems in the area of technical systems.
Instead, graph grammar solutions focus on software engineering problems for the
most part (62, 63, 64, 132, 133, 149, 162, 222, 228, 243, 246).
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The systematics of design graph grammars introduced here addresses these
shortcomings. Figure 3.4 relates classical graph grammar terminology to typical design tasks; the remainder of the subsection presents examples for differently powerful rules of type target → replacement. A precise analysis of the relationship between
classical graph grammar families and design graph grammars can be found in Section 3.3.
Target
Node-based

Context-free

With context

NLC

Context-free

NCE without
edge labels

NCE

⇑
Insertion,
deletion
(synthesis)

Graph-based

⇑

⇑

Manipulation
of types
(synthesis, analysis)

With context

NCE

⇑

Structural
manipulation
(model transformation)

Classical
graph
grammars

Design
Typed structural
tasks
manipulation
(repair, optimization)

Matching paradigm

Figure 3.4. A graph grammar hierarchy for the various design tasks. The abbreviations NLC
and NCE denote classical graph grammar families.

• Node → Node. Context-free transformation based on node labels. Graph grammars with rules of this type are called node label controlled graph grammars
(NLC grammars). The figure shows a type modification of a mixing unit,
which can be realized by this class of rules.

• Node → Graph. Context-free transformation based on node labels (NLC grammars). The figure shows the replacement of an ideal voltage source with a
resistive voltage source (synthesis without context).
+
e

+
e

• Node with Context → Node. Node-based transformation based on node labels
and edge labels. Graph grammars with rules of this type are called neighborhood
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controlled embedding graph grammars (NCE grammars). The figure shows the
clustering of graphs (analysis and synthesis with context), an example for this
type of transformation.
A

B

C

• Node with Context → Graph. Node-based transformation based on node labels
and edge labels (NCE grammars). The figure shows the replacement of an
unknown unit by inserting a heat transfer and a pump unit to fulfill the temperature constraints (synthesis with context).
A

?

Tlow

Thigh

B

A T
low

Thigh

B

Another example for a transformation of this type is the replacement of an
unknown unit by inserting a heat transfer unit, a pump unit, and a mixing unit
(synthesis with context).
A
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A T
low

Thigh

Thigh

C
? T
high

Thigh C

B

B
Thigh

Thigh

• Graph → Graph. Context-free transformation based on graphs without edge
labels (NCE grammars without edge labels). The figure shows the replacement
of two resistors in series with one resistor.

Another example for a transformation of this type is the conversion of a structure description tree into a parallel-series graph (model transformation).
∆
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∆

s

∆

s

∆
∆

∆

∆

∆

∆
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• Graph with Context → Graph. Context-sensitive transformation based on graphs
with edge labels (NCE grammars). The figure shows the insertion of a bypass
throttle (repair, optimization).

3.2

Design Graph Grammars

What happens during a graph transformation is that a node t or a subgraph T in the
original graph G is replaced by a graph R. Put another way, R is embedded into G. In
the sequel we will provide a formal basis for the illustrated graph transformations.
Definition 3.3 (Host, Context, Target, Replacement Graph, Cut Node) Within the
graph transformation context, a graph can play one of the following roles.

• Host Graph G. A host graph represents the structure on which the graph transformations are to be performed.
• Context Graph C. A context graph represents a matching to be found in a host
graph G. The graph C is part of the left-hand side of graph transformation
rules.
• Target Graph T. A target graph represents a graph whose matching in a host
graph G is to be replaced. If T is a subgraph of a context graph C, then the
occurrence of T within the matching of C in G is to be replaced. The graph T is
part of the left-hand side of graph transformation rules. In case T consists of a
single node, it is called target node and denoted by t.
• Replacement Graph R. A replacement graph represents a graph of which an
isomorphic copy is used to replace a matching of the target graph T in the
host graph. The graph R is part of the right-hand side of graph transformation
rules.
• The nodes of the host graph that are connected to the matching of T are called
cut nodes.
Informally, a graph grammar is a collection of graph transformation rules each of
which is equipped with a set of embedding instructions. The subsequent definition
provides the necessary syntax and semantics.
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Definition 3.4 (Context-Free Design Graph Grammar) A context-free design graph
grammar is a tuple G = Σ, P, s with

• Σ is the set of node labels and edge labels1 ,
• P is the finite set of graph transformation rules, and
• s is the initial symbol.
The graph transformation rules in P are of the form T → R, I with

• T = VT , E T , σ T is the target graph to be replaced,
• R = VR , E R , σ R is the possibly empty replacement graph,
• I is the set of embedding instructions.
Semantics: Firstly, a matching of the target graph T is searched within the host
graph G. Secondly, this occurrence of T along with all incident edges is deleted.
Thirdly, an isomorphic copy of R is connected to G according to the semantics
of the embedding instructions.
An embedding instruction in I is a tuple ((h, t, e), (h, r, f )) with
– h ∈ Σ is a label of a node v in G \ T ,
– t ∈ Σ is a label of a node w in T ,
– e ∈ Σ is the edge label of {v, w},
– f ∈ Σ is another edge label not necessarily different from e, and
– r ∈ VR is a node in R.

Semantics: If there is an edge labeled e connecting a node labeled h in G \ T
with a node labeled t in T , then a new edge with label f is created, connecting
the node labeled h with the node r. If no edge labels are used, an embedding
instruction may be abbreviated as ((h, t), (h, r)).2
The execution of a graph transformation rule r on a host graph G yielding a new
graph G  is called “derivation step” and is denoted by G ⇒r G  . A sequence of such
derivation steps is called derivation. The set of all graphs that can be generated with
G is designated by L (G).
1 Within

rules, labels can also be used as variables for other labels (cf. Page 70). To avoid confusion, variable labels will be denoted with capital letters, while all other (type-specifying)
labels get small letters.
2 Grammars that do not change edge labels in the embedding process are called neighborhood
uniform grammars.
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Figure 3.5. Application of a context-free graph transformation rule, T →
graph G.

R, I , to a host

Example 1. The transformation of a graph G into a graph G  , depicted in Figure 3.5,
illustrates how a graph transformation rule works. The rule T → R, I has the following components.

• Target graph T = VT , E T , σ T = {1, 2}, {{1, 2}}, {(1, b ), (2, c)}
• Replacement graph R = VR , E R , σ R = {3}, {}, {(3, n )}
• Embedding instructions I = {(( a, b, f ), ( a, n, f )), ((e, c, f ), (e, n, f ))}. Alternatively, one can employ variable labels, which yields I = {(( A, B, f ), ( A, n, f ))}.
• A graphical specification of the rule may look as follows. The dashed lines
represent an arbitrary number (inclusive zero) of incident edges.
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Example 2. Let G = Σ, P, s be a design graph grammar from the domain of
chemical engineering that specifies some transformation from Section 3.1. Σ =
{?, A, B, C, D, Tlow , Thigh , heater, pump, mixer}, P contains rules similar to the following.
T = VT , E T , σ T = {1, 2, 3, 4}, {(1, 3), (2, 3), (3, 4)}, {(1, A), (2, B ), (3, ?),
(4, C ), ((1, 3), Tlow ), ((2, 3), Thigh ), ((3, 4), Thigh )}
R = VR , E R , σ R = {5, 6, 7, 8, 9, 10}, {(5, 7), (7, 8), (8, 9), (6, 9), (9, 10)}, {(5, A),
(6, B ), (7, heater), (8, pump), (9, mixer), (10, C ), ((5, 7), Tlow ),
((7, 8), Thigh), ((8, 9), Thigh ), ((6, 9), Thigh ), ((9, 10), Thigh )}
I = {(( D, A), ( D, A)), (( D, B ), ( D, B )), (( D, C ), ( D, C ))}
A
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B
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Context-Sensitive Design Graph Grammars
This subsection introduces the notion of context into design graph grammars, leading
to the context-sensitive variant of Definition 3.4.
Definition 3.5 (Context-Sensitive Design Graph Grammar) A context-sensitive design graph grammar is a tuple G = Σ, P, s as described in Definition 3.4 whose
graph transformation rules P are of the form T, C → R, I with

• T = VT , E T , σ T is the target graph to be replaced,
• C is a supergraph of T , called the context,
• R = VR , E R , σ R is the possibly empty replacement graph,
• I is the set of embedding instructions for the replacement graph R.
Semantics: Firstly, a matching of the context C is searched within the host
graph G. Secondly, an occurrence of T within the matching of C along with
all incident edges is deleted. Thirdly, an isomorphic copy of R is connected to
G according to the semantics of the embedding instructions.
The set I of embedding instructions consists of tuples of the same form and
semantics as in the context-free case in Definition 3.4.
In the following we will not explicitly distinguish between both graph grammar
types, since the used variant is obvious from the context and rule form.
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Figure 3.6. Application of a context-sensitive graph transformation rule, T, C → R, I , to a
host graph G.

Example. The transformation of a graph G into a graph G  , depicted in Figure 3.6, illustrates how a context-sensitive graph transformation rule works. The rule T, C →
R, I has the following components.
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T = VT , E T , σ T = {1, 2}, {{1, 2}}, {(1, b ), (2, c)}
C = VC , E C , σC = {3, 4, 5, 6, 7, 8}, {{3, 4}, {3, 7}, {7, 8}, {4, 8}, {3, 5},
{5, 6}, {6, 8}}, {(3, a), (5, b ), (6, c), (8, d),
({3, 5}, f ), ({6, 8}, g)}
R = VR , E R , σ R = {9}, {}, {(9, n )}
I = {(( a, b, f ), ( a, n, f )), ((d, c, g), (d, n, g))}
With variable labels, the set I may also be formulated as {(( A, B, C ), ( A, n, C ))}.
Remarks. Design graph grammars differ not only in matters of context but also in
the size of the target graph. If all target graphs in the graph transformation rules
consist of single nodes, the graph grammar is called node-based, otherwise it is called
graph-based. The Figures 3.7 and 3.8 illustrate some cases where node-based graph
transformation rules are insufficient. Note that such rules are required for optimization and repair tasks.

Figure 3.7. Replacement of a partial chain consisting of a mixer, a pump, and a heat transfer
unit by a mixer device with built-in heat transfer. Again, the dashed lines stand for a variable
number of edges. For the sake of simplicity edge labels have been omitted.

Figure 3.8. Combination of two identical partial chains through relocation. Depending on the
properties of the substances involved, a different mixer device has to be used.

The distinction between node-based and graph-based graph grammars is of relevance, since they fall into different complexity classes due to the subgraph matching
problem connected to the latter (see Section 3.4, Page 78).
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On the Semantics of Labels
Labels are of paramount importance for the graph transformation process; all tasks
belonging to a transformation step such as matching of target and context graphs
or the embedding of replacement graphs rely on them. This section addresses some
issues related to labels: terminal and nonterminal labels, variable labels, and conflicting embedding instructions.
Terminal and Nonterminal Labels Several graph grammar approaches distinguish between terminal and nonterminal labels: Terminal labels may appear only
within the right-hand sides of graph transformation rules; nonterminal labels are
used within both sides. In this regard, a graph is called terminal or final if it contains
only terminal labels.
Design graph grammars use the classic idea of graph matching, and there is no
syntactical distinction with respect to terminals and nonterminals in the set Σ. Note
that this philosophy does also reflect the human understanding of modeling in many
technical domains. For the same reason, the concept of final graphs has been abandoned.
Variable Labels Variable labels are introduced for convenience purposes: They allow for the formulation of generic rules, which match situations belonging to identical topologies that differ with respect to their labels. Without variable labels one rule
for each such situation would have to be instantiated, leading to a large rule set due
to the combinatorial explosion.
Furthermore, the use of variable labels within rules and embedding instructions
leads to the question of binding: Variable labels that occur exclusively within the
embedding instructions of some rule are called unbound, and their matching is not
restricted. Variable labels that occur within the context graph or target graph of a rule
are bound to the label of the actually matched node; they retain their value during
the replacement and embedding processes.
Observe that variable labels prevent a simple distinction between terminals and
nonterminals: The labels in Σ cannot be assigned to either class by a superficial analysis of the graph transformation rules in P.
If the use of variable labels leads to conflicting embedding instructions, the principle of the least commitment shall apply (230): The most specialized embedding instruction is to be chosen.

3.3
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3.3

Relation to Classical Graph Grammars

An important question pertains to the justification of design graph grammars, which
represent a further graph transformation formalism amidst existing graph grammar
concepts. In the following we describe the two general approaches to graph transformation along with their most prominent graph grammar representatives and point
out their advantages and disadvantages. We then compare design graph grammars
with the classical graph grammars and establish their relationships.

The Connecting Approach
The connecting approach is a node-centered concept that aims at the replacement
of nodes or subgraphs by graphs. The item to be replaced is deleted along with
all incident edges, and the replacement graph is embedded into the host graph by
connecting both with new edges. These new edges are constructed by means of some
mechanism that specifies the embedding.
In the literature, graph grammars are often distinguished by the size of the lefthand sides of rules, leading to two approaches of inherently different complexity:
node replacement graph grammars and graph replacement graph grammars. Additionally, each of these two approaches is divided into context-free and contextsensitive subclasses.
Several graph grammars follow the connecting approach. According to (66),
the most well-known node replacement graph grammar families are the node label
controlled (NLC) and the neighborhood controlled embedding (NCE) graph grammars,
whose node-based versions we describe in the following.
NLC Graph Grammars Node label controlled graph grammars perform graph
transformations on undirected node-labeled graphs. A graph transformation step
is based merely on node labels, i. e., there are no application conditions or contexts to
be matched. The embedding is determined by a set of embedding instructions shared
by all graph transformation rules. The following definition resembling the one of (66)
introduces NLC grammars formally.
Definition 3.6 (NLC Graph Grammar) An NLC graph grammar is a tuple G =
Σ, P, I, s with

• Σ is the set of terminal and nonterminal node labels,3
• P is the finite set of graph transformation rules of the form t → R, where t ∈ Σ
and R is a labeled graph,
3 In

the graph grammar literature it is usually distinguished between different label sets. For
the sake of clarity, we use a single set Σ containing all labels.
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• I is a set of embedding instructions, and
• s is the initial symbol.
An embedding instruction (h, r) ∈ I states that the embedding process creates an
edge connecting each node of the replacement graph labeled r with each node of the
host graph labeled h that is adjacent to the target node.
Remarks. The domain of technical systems imposes requirements some of which
cannot be met by NLC grammars: (1) There is no way to specify a context. Therefore, it is not possible to distinguish between different situations related to a single
item. (2) There is no way to distinguish between individual nodes in the replacement
graph, since the embedding mechanism relies solely on labels.
NCE Graph Grammars Neighborhood controlled embedding graph grammars
perform graph transformations on directed or undirected labeled graphs.4 A graph
transformation step is also based on edge labels, which provide further discerning
power. The embedding is determined by a set of embedding instructions belonging
to each graph transformation rule.
Definition 3.7 (NCE Graph Grammar) An NCE graph grammar is a tuple G =
Σ, P, s with

• Σ is the set of terminal and nonterminal node labels and edge labels,
• P is the finite set of graph transformation rules, and
• s is the initial symbol.
The graph transformation rules in P are of the form t → R, I with

• t ∈ Σ is the label belonging to a node v in the host graph,
• R = VR , E R , σ R is the non-empty replacement graph,
• I is the set of embedding instructions for the replacement graph R and consists
of tuples (h, e/ f , r) where
– h ∈ Σ is a node label and e ∈ Σ is an edge label in the host graph,
– f ∈ Σ is another edge label, and
– r ∈ VR is a node of the replacement graph.
4 In

the literature on the subject, NCE grammars with and without edge labels or edge directions are distinguished by the prefixes “e” (for edge labels) and “d” (for directed edges)
added to the NCE acronym. Thus, there are NCE, eNCE, dNCE and edNCE graph grammars. We will omit these prefixes and use always NCE.
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An embedding rule (h, e/ f , r) has the same meaning as in Definition 3.4, where it
is written as ((h, t, e), (h, r, f )).
Remarks. Despite their superiority over NLC graph grammars, the weak context
mechanisms of NCE graph grammars render them unusable for our purposes:
(1) Context descriptions are restricted to the incident edges of the target node.
(2) Contexts are treated not until embedding time; i. e., they cannot serve as application condition at matching time.

The Gluing Approach
The gluing approach is an edge-centered concept that aims at the replacement of hyperedges or hypergraphs by hypergraphs. Each hyperedge or hypergraph possesses
a series of attachment nodes. Within a replacement step, the item to be replaced is
deleted from the host hypergraph with exception of the attachment nodes, which
are at the same time external nodes of the host hypergraph; the new hypergraph is
embedded in its place by unifying (gluing) its attachment nodes with the external
nodes.
There exist several hypergraph grammar types following the gluing paradigm.
The most well-known family is called hyperedge replacement (HR).
HR Grammars Similarly to the connecting approach case, where node-based and
graph-based grammars are distinguished, we distinguish between hyperedge-based
and hypergraph-based HR grammars. Hyperedge-based HR grammars are defined
as in (58).
Definition 3.8 (Hyperedge Replacement Grammar)
grammar is a tuple G = Σ, P, s where

A hyperedge replacement

• Σ is the set of terminal and nonterminal hyperedge labels,
• P is the finite set of hypergraph transformation rules over Σ each of which
has the form T → R, where T is a hyperedge label and R is the replacement
hypergraph, and
• s is the initial symbol.
Remarks. Like the NLC and NCE graph grammars, HR grammars are also not powerful enough for the design tasks envisioned: (1) HR grammars are intrinsically
context-free, since the item of the left-hand side of a rule is completely deleted and
replaced by the hypergraph of the right-hand side. Context that shall function as
application condition must be integrated into the target. (2) With respect to their
expressiveness HR grammars are weaker than the NCE grammars (66, pg. 4).
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Hybrid Approaches Apart from design graph grammars there exist other hybrid
approaches in the literature. In (44) Courcelle et al. present the so-called handle
hypergraph grammar. This hybrid graph grammar is based on the hyperedge replacement approach and has some additional node replacement features. A similar
approach that has a simpler rewriting mechanism is the HR grammar with eNCE
rewriting, presented in (135). Another hybrid approach, the hypergraph NCE graph
grammar, is introduced in (142); this concept is based on the node replacement approach.

Design Graph Grammars
As seen in the previous section, neither classical node replacement nor hyperedge
replacement grammars provide sufficient means for solving technical design tasks;
even the powerful hybrid approaches proved to be inadequate for our needs (241).
Design graph grammars, on the other hand, represent an approach combining the
strengths of node replacement and hyperedge replacement grammars while overcoming their weaknesses (see Figure 3.9).
HR
+ Context by target graph
+ Connection by gluing
+ Graph with hyperedges

DGG
+ Context by context graph
+ Empty replacement graph
+ Links between cut nodes

· Target graph
· Replacement graph
· Graph with labels
· Cut nodes
+ Context by embedding rules
+ Connection by embedding
NCE

Figure 3.9. Relationship of design graph grammars to the classical grammars with respect to
their features.

The core of the design graph grammar approach is node replacement based,
though:

• Replacement Paradigm. Concise formulation of node-based graph transformation rules (NLC/NCE).
• Embedding. Access to individual nodes of the replacement graph (NCE);
unique embedding through attachment nodes (HR).
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Furthermore, design graph grammars add some features on their own:

• Context. Context that serves as application condition.
• Matching. Fine grained control of matching.
• Embedding. Extended replacement graph formulation; enhanced embedding
instructions; flexible rule formulation by means of variable labels.
In the following we present some formal results that establish the relationship
between design graph grammars and the classical graph and hypergraph grammars.
The set LClass comprises for each grammar G ∈ Class the set of graphs, L (G), that can
be generated by G .
Theorem 3.1 (L NLC ⊆ L DGG ) Every NLC graph language generated by a node-based
NLC graph grammar can be generated by a node-based, context-free design graph
grammar.
Proof. Let an arbitrary NLC grammar G = Σ, P, I, s for an NLC graph language L
be given. We construct a node-based, context-free DGG G  = Σ , P  , s based on G
such that L (G  ) = L.

Obviously, s = s and Σ = Σ. The set of graph transformation rules P  is defined
as follows. P  contains a graph transformation rule r : t → R, I  for each r ∈ P with
r : t → R; I  = I . For each embedding instruction i ∈ I with i = (h, r) there is an
embedding instruction i  ∈ I  with i  = ((h, t, ⊥), (h, v, ⊥)), where σ R (v) = r. It is
%
clear that L (G  ) = L.
Theorem 3.2 (L NCE ⊆ L DGG ) Every NCE graph language generated by a node-based
NCE graph grammar can be generated by a node-based, context-free design graph
grammar, whereas the opposite does not hold.
Proof. Taking an arbitrary NCE grammar G = Σ, P, s for an NCE graph language
L as a starting point, we construct a node-based, context-free DGG G  = Σ , P  , s
whose generated language L (G  ) = L.

Due to the similarity between both concepts, the construction is straightforward.
We set Σ = Σ, P  = P, and s = s. The graph transformation rules are identical in syntax and semantics for both concepts; only the syntax of the embedding instructions
differ: For each NCE embedding instruction i ∈ I with i = (h, e/ f , r) there is a DGG
%
embedding instruction i  ∈ I  with i  = ((h, t, e), (h, r, f )). Obviously, L (G  ) = L.
Theorem 3.3 (L H R ⊆ L DGG ) Every HR language generated by a hyperedge-based
HR grammar can be generated by a node-based, context-free design graph grammar,
if hypergraphs are interpreted as bipartite graphs.
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Proof. According to Engelfriet and Rozenberg (66, pg. 57), L Bnd −edNCE = L H R . Hence,
HR languages generated by HR grammars can be generated by nonterminal neighbor
deterministic boundary edNCE grammars, which in turn can be simulated by DGGs,
since L Bnd −edNCE ⊆ L B−edNCE ⊆ LedNCE. Thus, DGGs can generate HR languages and
%
it follows that L H R ⊆ L DGG .
Figure 3.10 summarizes the above statements by illustrating the expressive power
of design graph grammars.

DGG
Design graph
grammar

NCE
Neighborhood-controlled
embeddding

HR
Hyperedge replacement
graph grammar (bipartite)

Figure 3.10. The expressive power of design graph grammars with respect to the languages that
can be generated.

Relationship to Programmed Graph Replacement Design graph grammars as
proposed here shall enable domain experts to formulate design expertise for various
design tasks. Design graph grammars result from the combination of different features of the classical graph grammar approaches, while attention has been paid to
keep the underlying formalism as simple as possible.
When comparing design graph grammars to programmed graph replacement
systems (PGRS) one should keep in mind that the former is located at the conceptual level while the latter emphasizes the tool character. PGRS are centered around a
complex language allowing for different programming approaches. P ROGRES 5 , for
instance, offers declarative and procedural elements (244, 245) for data flow oriented,
object oriented, rule based, and imperative programming styles. A direct comparison
between P ROGRES to the concept of design graph grammars is of restricted use only
and must stay at the level of abstract graph transformation mechanisms.
5 We

chose P ROGRES for illustration purposes only; the line of argumentation applies to other
tools such as PAGG (see (247) for a description and further pointers) or F UJABA (197) as well.
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However, it is useful to relate the concepts of design graph grammars to PGRS under the viewpoint of operationalization. PGRS are a means—say: one possibility—to
realize a design graph grammar by reproducing its concepts. In this connection P RO GRES fulfills the requirements of design graph grammars for the most part. However,
P ROGRES lacks the design graph grammar facilities for the formulation of context,
deletion operations, and matching control, which have to be simulated by means of
complex rules. Such a kind of emulation may be useful as a prototypic implementation, but basically, it misses a major concern of design graph grammars: Their intended compactness, simplicity, and adaptiveness with respect to a concrete domain
or task.

3.4

Structure Analysis and Design Evaluation

The foregoing sections introduced design graph grammars as a concept to describe the transformation of a structure model S F, M into another structure model
S  F, M and, this way, as a means to encode model construction knowledge.
Mainly in this sense design graph grammars are used within Part II of this work.
Note that this is only the descriptive side of the coin. The other is that design
graph grammars possess the potential to automate demanding reasoning tasks respecting the analysis and synthesis of structure models. The basic ideas and related
theorems are explained now.
The next subsection focuses on the analysis question: Does a design, say, a structure model S F, M fulfill a given set of technical constraints? The question can be
answered by solving the membership problem for the related graph G, whereas the
constraints are defined implicitly by a task- and domain-specific graph grammar G .
The next but one subsection, starting at Page 81, presents a new answer to the problem of design evaluation: How good is a design, say, a structure model S F, M ?
Here, the question is answered by computing the “distance” between S F, M and
an optimum solution S ∗ F ∗, M∗ that has been provided by a human designer.

Analysis Means to Solve the Membership Problem
Structure analysis means to solve the membership problem for a given graph G and a
graph grammar G . This job requires to find a derivation of G from the start symbol s;
a derivation in turn is based on the application of graph transformation rules defined
in G ; and, to fire a rule it is necessary that a matching of the left-hand side be found
within the host graph.
Figure 3.11 hints the connection between the mentioned problems. Moreover,
the figure shows two rectangles with special properties and graph grammars: Associativity, confluence, boundary, leftmost, precedence graph, and flowgraph. In the
general case, the membership problem is PSPACE-complete (28); however, the listed
concepts may decisively reduce the complexity of the graph membership problem.
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Analysis of S <F,M>

~

Membership

Derivation from s

Associativity, Confluence

⇑

Is based on
Simplifies

Leftmost,
Boundary

Rule application

Matching

Rooted flowgraph,
Precedence graph
Special grammars

Special properties

Figure 3.11. Structure analysis can be tackled by graph membership, which in turn is based on
derivation, rule application, and matching. The rectangles below contain properties and graph
grammars that reduce the complexity of the membership problem.

They are introduced in the remainder of this subsection and—if possible—related to
design graph grammars.
Remarks. Matching is already a nontrivial issue in the context-free, graph-based case,
as implied by the subgraph matching problem6 , which is NP-complete (89, 145). The
inclusion of context adds to the complexity of matching, because node-based matchings with context are comparable to graph-based matchings.
Associativity and Confluence A graph grammar can be regarded as the equivalent of a Chomsky grammar for the area of labeled (multi)graphs, and as such it has
similar properties. Because of its far-reaching consequences, the probably most important property is confluence: Particular NP- or PSPACE-complete problems related
to graph grammars that have, among others, this property can be solved in polynomial time, such as the membership problem. However, before we proceed with the
definition of confluence, we provide some other basic notions.
Lemma 3.1 (Associativity of Design Graph Grammars) Let G = Σ, P, s be a design graph grammar with graph transformation rules T1 → R1 , I1 and T2 →
R2 , I2 . Moreover, let G be a host graph and R1 contain a matching of T2 . Then
the following equation holds.
G [ T1 | R1 ][ T2 | R2 ] = G [ T1 | R1 [ T2 | R2 ]]
Definition 3.9 (Confluence (66)) A context-free design graph grammar G = Σ, P, s
is confluent, if for every pair of rules T1 → R1 , I1 and T2 → R2 , I2 , Ri containing a
matching of Ti, i∈{1,2}, and for any arbitrary host graph G containing matchings of T1
and T2 , the following equality holds.
G [ T1 | R1 ][ T2 | R2 ] = G [ T2 | R2 ][ T1 | R1 ]
6 In

the field of graph theory this problem is known as the subgraph isomorphism problem.
It should not be mistaken with the graph isomorphism problem, which lies in NP, but for
which it is still open whether it is NP-complete (89, 13, 145, 179).
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Put in other words, a design graph grammar is confluent if the sequence of rule
application is irrelevant with respect to the set of derivable graphs.
The following definition of confluence develops from the definition of confluence
for edNCE grammars in (66); it is more detailed and makes an a-priori statement
possible.
Definition 3.10 (Confluence 2) A context-free design graph grammar G = Σ, P, s is
confluent, if for all graph transformation rules T1 → R1 , I1 and T2 → R2 , I2 in P,
all nodes v1 ∈ VR1 , v2 ∈ VR2 , and all edges labels α , δ ∈ Σ, the following equivalence
holds.

∃β ∈ Σ : ((t2 , t1 , α ), (t2 , v1 , β )) ∈ I1 and ((σ (t1 ), t2 , β ), (σ (t1 ), v2 , δ )) ∈ I2
⇔
∃γ ∈ Σ : ((t1 , t2 , α ), (t1 , v2 , γ )) ∈ I2 and ((σ (t2 ), t1 , γ ), (σ (t2 ), v1 , δ )) ∈ I1
Remarks. The definition allows for an algorithmic confluence test of context-free design graph grammars. Observe that the presence of destructive graph transformation
rules makes a confluence statement improbable.

ContextTheorem 3.4 (Context-Free Design Graph Grammars and Confluence)
free design graph grammars are not inherently confluent.
Proof. Let G = Σ, P, s be a context-free design graph grammar and G = {v}, {},
{(v, t1 )} a host graph. Let r1 , r2 ∈ P be two graph transformation rules as follows.
r1 : t1 → R1 , I1 with R1 = {} and I1 = {}.
r2 : t1 → R2 , I2 with R2 =
and I2 = {}.

{v1 , v2 }, {(v1 , v2 )}, {(v1 , t1 ), (v2 , t2 ), ({v1 , v2 }, e)}

With these two rules the subsequent derivations are possible.
(1) G ⇒r1 G1 ⇒r2 G12 = {}
(2) G ⇒r2 G2 ⇒r1 G21 = {v2 }, {}, {(v2 , t2 )}
Since G12 = G21 , G is not confluent.

%

Leftmost and Boundary We present now two restrictions to node-based design
graph grammars each of which implies confluence or even stronger properties: Leftmost derivation and boundary transformation rules. The following definitions and
results are based on (66).
Leftmost derivations of design graph grammars are achieved by imposing a linear order on the nodes of the right-hand sides of the graph rules—this is necessary
since there is no natural linear order as in the case of string grammars.
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Definition 3.11 (Ordered Graph, Ordered Design Graph Grammar) A graph G =
V, E, σ is an ordered graph, if there is a linear order (v1 , . . . , vn ) with vi ∈ V for
1 ≤ i ≤ n and n = |V |. A design graph grammar G = Σ, P, s is ordered if for each
rule t → R, I in P the replacement graph R is ordered.
Let G be an ordered design graph grammar containing a graph transformation
rule t → R, I . When embedding the replacement graph R with order (w1 , . . . , w R )
into a host graph G with order (v1 , . . . , vi−1 , t, vi+1 , . . . , vG ), the order of the resulting
graph G  is constructed as follows: (v1 , . . . , vi−1 , w1 , . . . , w R , vi+1 , . . . , vG ).
Definition 3.12 (Leftmost Derivation) Let G be an ordered design graph grammar.
For an ordered graph G a derivation step G ⇒v,p G  generated by G is a leftmost
derivation step if v is the first nonterminal node in the order of G; p represents the
graph transformation rule used. A derivation is leftmost if all its steps are leftmost.
The graph language leftmost generated by G is denoted by L lm (G).
Lemma 3.2 (Expressiveness of Leftmost Generated Languages)
Let G be an ordered design graph grammar. Then L lm (G) does not depend on the sequence of rule
applications.
Proof. See (66, pg. 40) where Engelfriet and Rozenberg show that the restriction to
leftmost derivations is equivalent to the restriction to confluent grammars. The same
%
argumentation holds for design graph grammars.
The boundary property defines a subclasses of the whole class of design graph
grammars by restricting the form the transformation rules in P.
Definition 3.13 (Boundary Design Graph Grammar (229)) A design graph grammar G = Σ, P, s is called boundary if one of the following properties holds for every
graph transformation rule T → R, I .

(1) R does not contain adjacent nonterminal nodes.
(2) I does not contain embedding instructions ((h, t, e), (h, x, f )) where h is nonterminal.
Lemma 3.3 (Expressiveness of Boundary Design Graph Grammars) Every boundary design graph grammar is confluent.
Proof. According to Engelfriet and Rozenberg, boundary graph grammars are conflu%
ent by definition; this follows from property (2) of Definition 3.13 (66, pg. 56).
Remarks. Leftmost derivations and boundary design graph grammars come along
with interesting properties: (1) Confluent design graph grammars are associative.
(2) The membership problem for confluent design graph grammars is in NPTIME
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(66, pg. 82). (3) The membership problem for boundary design graph grammars is in
PTIME, if, due to labeling restrictions, the subgraph matching problem can be solved
in polynomial time (251).
One way to make a node-based design graph grammar boundary is the insertion
of additional terminal nodes (junctions) into rules that have adjacent nonterminals
on the right-hand side; this will ensure property (1) of Definition 3.13.
Rooted Flowgraph and Precedence Graph Grammars For rooted context-free
flowgraph languages and for languages generated by precedence graph grammars
the membership problem can be solved in polynomial time. Because of this remarkable property they are subject matter of this paragraph.
Flowgraph languages supply a suitable mechanism to represent the control flow
of source programs. They have a strong resemblance to series-parallel graphs, to
which the graphs generated by our design graph grammars for chemical engineering (see Section A.2) are also similar. To test whether a given graph belongs to the
language of rooted context-free flowgraphs, both the given graph and the flowgraph
grammar are serialized by imposing ordered spanning trees. Based on the tree ordering, membership recognition can be realized in polynomial time in the size of
the input graph. Whether a similar algorithm for the membership problem for nonrooted flowgraph grammars exists still remains an open problem. Details may be
found in (162) and (161).
Precedence graph grammars are context-free graph grammars that have been enriched with precedence relations. For this grammar class the membership problem is
decidable in O(n 2 ) time if certain conditions are met, where n designates the number
of nodes of the input graph. In a precedence graph grammar every pair of adjacent
nodes, (v, w), gets assigned a precedence determining whether v is to be processed
before, after, or in parallel to w. Moreover, the precedence relation must be unique,
the graph grammar must be confluent, and its productions reversible. Details may
be found in (132).

Evaluation Means to Compute the Graph Distance
The computer-based evaluation of design solutions is of upcoming importance, especially against the background that design problem solving on a computer becomes
better and better (264, 110). This subsection presents a new answer to the question
of—what we call—a solution’s relative design quality. The relative design quality designates a quality assessment that employs a benchmark in the form of another design
solution for the same problem.7
7 The

concept of relative design quality has been applied to evaluate the generated designs
within Case Study A.1 (cf. Page 106). Clearly, the concept can have its pitfalls, which are
connected with the structure of the solution space.
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Given two design solutions, i. e. in our case, two graphs G and G ∗ that encode
a machine-generated structure model S F, M and a well-designed or “optimum”
human-generated structure model S ∗ F ∗, M∗ , then the similarity between G and G ∗
tells us a lot about the quality of G.
The standard approach to similarity assessment is to weigh meaningful feature
vectors of the interesting objects (7, 223, 301), an avenue which we follow in Section A.1 and C.2. Observe that such a compiled view is not necessary here, since we
can fall back on knowledge from first principles: When using the graph grammar G to
derive G from G ∗ (or vice versa), the complexity of the derivation can be interpreted
as a measure of their similarity. Since this way follows the constructional principles
of the domain, the complexity of the derivation corresponds to the true transformational effort—under certain conditions. These conditions relate to the concepts of
shortest derivation, monotonicity, and shortcut-free, which are introduced now. Figure 3.12 illustrates the connections.
Quality of S <F,M>

~

Distance

Derivation from S* <F*,M*>

~

Shortest derivation from s

Monotonicity,
Is based on
Disambiguates

Shortcut-free
Special properties

Figure 3.12. The evaluation of a structure model can be tackled by computing its distance, say
by deriving it from an optimum solution S ∗ F ∗, M∗ .

Shortest Derivation The length of a derivation is a measure for the complexity
of a design. Depending on the design graph grammar used and on the order of
graph transformation rules applied, a derivation will take at least linear time with
respect to the size of the graph. On the other hand, the worst case runtime complexity
for a derivation is unbound if cyclic partial derivations exist or if destructive graph
transformation rules are applied. Thus, a statement can be ventured for the shortest
derivation only.
Definition 3.14 (Derivation) A derivation is a sequence of graphs π = ( G1 , . . . , Gn )
for which the derivation steps Gi ⇒ri Gi+1 , i ∈ {1, . . . , n − 1}, have been achieved
by applying the graph transformation rules ri ∈ P (cf. Definition 3.4 on Page 66). π G
denotes some derivation based on graph transformation rules of the design graph
grammar G = Σ, P, s , and π G ( G ) denotes a derivation (s, . . . , G ). A shortest derivation is denoted by π ∗ .
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Definition 3.15 (Derivation Rule Sequence) Let π = ( G1 , . . . , Gn ) be a derivation.
We define the derivation rule sequence belonging to π as ρπ = (r1 , . . . , rn −1 ), where
Gi ⇒ Gi+1 is achieved by applying the graph transformation rule ri , 1 ≤ i ≤ n − 1.
Typically, the human understanding of the design of technical systems bears a
monotonic character. This means that the design process is constructive, deletion operations are avoided where possible, leading to a system with the smallest number of
construction steps possible. The following definitions shed some light on this matter.
Definition 3.16 (Deletion Operation) A deletion operation is a graph transformation step G ⇒ G  such that

|VT | > |VR | or | E T | > | E R |
where VT , E T , σ T and VR , E R , σ R designate the target and replacement graph respectively.
Remarks. Definition 3.16 tolerates that constructive graph transformation steps may
perform partial deletions, as long as there are more insertions. Figure 3.13 illustrates
the consequence of the presence of deletion operations within a derivation.
Destructive
derivation
s

...

GA

G

...

Constructive
derivation

Figure 3.13. A derivation containing deletion operations. Due to possible cycles the derivation
length is unbound.

With the aid of the above notions, the aforementioned restriction to rule structures can be introduced formally.
Definition 3.17 (Monotonicity, Shortcut-Free) Let G, G  be graphs and G a design
graph grammar. A derivation π = ( G, . . . , G  ) is called monotonic, if and only if ρπ
does not involve deletion operations.

• G is monotonic, if and only if for every G ∈ L (G) there exists a monotonic
derivation π G ( G ).
• G is called shortcut-free, if for every G ∈ L (G) the shortest derivation is a monotonic derivation.

84

D ESIGN G RAPH G RAMMARS
?
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Figure 3.14. A monotonic derivation of a chemical plant’s structure model.

Distance between Graphs Shortest derivations play a role when computing the
distance between two graphs. As mentioned at the outset, the quality of a design G
can be measured by the distance between G and the ideal design G ∗ , as provided by
an expert. In practice, this is done by determining the necessary graph transformation
steps required for the derivation ( G, . . . , G ∗ ) and calculating the involved effort.
Since our approach depends on a concrete design graph grammar within a given
domain, it is assumed that the ideal design G ∗ is also derivable with the given grammar. In this connection we distinguish between the direct distance between two
graphs and their derivational distance. Figure 3.15 illustrates the notions.
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Figure 3.15. Distance between a design G and the ideal design G∗ with respect to the design
graph grammar derivation.

Talking about Figure 3.15, it is clear that the derivational distance between the
two designs is equivalent to the effort necessary for the “derivation” ( G, . . . , GA ,
. . . , G ∗ ). Put in other words, the distance between G and G ∗ is bound by the effort
required to transform G back into an ancestor GA plus the effort required to derive
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G ∗ from this common ancestor GA .
Remarks. The concept of derivational transformation is brought into play since domain knowledge for π G ( G ), i. e., for a construction from scratch, is available in many
cases. In contrast, starting a design process with an existing structure model requires
knowledge for an arbitrary design adaptation. Observe that in some favorable cases
it may happen that a design G is an ancestor of the ideal design G ∗ .
Determining the Transformation Effort Determining the graph transformation sequence for the derivation ( G, . . . , G ∗ ) depends on two factors: The knowledge about
the derivation of G and G ∗ and the desired granularity of the distance statement.
With respect to the former it can be argued that the design G has been automatically
generated—its derivation is therefore known; a derivation of G ∗ , if not available,
must be determined by some heuristic search procedure (209).
As far as the desired granularity of the distance statement is concerned, a naive
approach consisting of a simple comparison of derivations is conceivable. It implies
an element-wise comparison of π ( G ) and π ( G ∗ ), i. e., to search for a graph GA in
π ( G ) ∩ π ( G ∗ ). A more elaborate approach involving finding the largest common
ancestor results in a more meaningful upper bound for the derivational distance.
The search for a common ancestor is a nontrivial task involving the graph matching problem mentioned on Page 78; the search for the largest common ancestor is
even more toilsome, since there may exist more than one derivation for a given graph.
Note that this problem does not correspond to the NP-hard maximum common subgraph problem (146), although the algorithms described there could be used to find
at least an approximation of the largest common ancestor.
Again, the monotonicity property proves to be a valuable feature of a design
graph grammar: The absence of deletion operations reduces the search space considerably. A sufficient, even though rarely satisfiable condition for monotonicity is
the following.
Lemma 3.4 (Monotonicity Condition) Let a design graph grammar G = Σ, P, s
be given. G is monotonic if the following holds for every graph transformation rule
r = T, C → R, I , r ∈ P: R encompasses a matching of T .
Put in other words, the target graph is a subgraph of the replacement graph.
After determining the graph transformation rules required for the derivation
( G, . . . , G ∗ ), the effort necessary for this transformation can be calculated from both
the domain and the graph-theoretical point of view.
In order to take the domain into account, we introduce a function cdom : P → R+
0,
which yields for a graph grammar G = Σ, P, s the effort of the application of a rule
r ∈ P within the domain dom. Then, the overall domain effort when transforming a
design according to a derivation π then is:
effort(π ) =

∑

r ∈ρ π

cdom (r)
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If a function cdom cannot be stated, a function c DGG : P → R+
0 that computes
a graph-theoretical effort, including aspects such as context and matching, must be
used instead:
effort(π ) = ∑ c DGG (r)
r ∈ρ π

Part II
Case Studies
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A
Model Simplification
The term model simplification speaks for itself: By reducing a model’s complexity a
problem solving task in question shall become tractable. Within analysis tasks, model
simplification aims at a reduction of a model’s constraint complexity; with synthesis
tasks, search space complexity is of paramount importance: It is a measure for the
number of models that have to be synthesized and analyzed in order to solve a configuration or design problem. See Page 46, Section 2.4, for both an introduction to
generic model simplification techniques and a comparison to other model construction approaches.
The two case studies of this chapter present approaches to solve complex design
tasks. Both tasks comprise creative aspects, and for neither a design recipe is at hand:
The acquisition effort for the design knowledge exceeds by far the expected payback
(167), and, moreover, the synthesis search spaces are extremely large and scarcely to
control—despite the use of knowledge-based techniques.
Two possibilities to counter this situations are “competence partitioning” and
“expert critiquing”. The idea of competence partitioning is to separate the creative
parts of a design process from the routine jobs, and to provide a high level of automation regarding the latter (see (257, pg. 93) or (261)). Expert critiquing, on the other
hand, employs expert system technology to assist the human expert rather than to
automate a design problem in its entirety (108, 77).

Simplification

Level of
function

Level of
behavior

Abstracted
demands D̂

1

Demands D

Synthesis
2

Structure model
S <F,M>

3

Behavior model
B' <F',M'>

Adaptation

Behavior model
B <F,M>

(raw design)

4

(acceptable)

Figure A.1. The paradigm of functional abstraction in design problem solving.
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The paradigm of “design by functional abstraction”, illustrated in Figure A.1,
can be regarded as a special expert critiquing representative. We have chosen this
name for the problem solving method to reveal its similarity with the problem solving
method H EURISTIC D IAGNOSIS, which became popular as the diagnosis approach
underlying M YCIN (41)1 .
The key idea of design by functional abstraction is a systematic construction of
candidate solutions within a very simplified design space, which typically is some
structure model space. A candidate solution, S F, M , is transformed into a preliminary raw design, B  F, M , by locally attaching behavior model parts to S F, M .
The hope is that B  F, M can be repaired with reasonable effort, yielding an acceptable design B F, M .
Design by functional abstraction makes heuristic simplifications at least at two
places: The original demand specification, D, is simplified towards a functional specification D̂ (Step (1) in the figure), and, S F, M is transformed locally into B  F, M
(Step (3) in the figure). Both, the synthesis step and the adaptation step may be operationalized with complete algorithms (Step (2) and (4) in the figure).
The solutions in the following case studies were developed after this paradigm.

1 See

Section 1.4, Page 22, for a discussion and a graphical illustration of this method.
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Case-Based Design in Fluidics

Fluidic drives are used to realize a variety of production and manipulation tasks.
Even for an experienced engineer, the design of a fluidic system is a complex and
time-consuming task, that, at the moment, cannot be automated completely. Designing a system means to transform demands, D , towards an explicit system description,
which is a behavior model B F, M of the desired system in most cases:

D −→ B F, M

(A.1)

Taken the view of configuration, the designer of a fluidic system selects, parameterizes, and connects components like pumps, valves, and cylinders such that D is
fulfilled by the emerging circuit.2 Solving a fluidic design problem at the component
level is pretty hopeless, and we will apply model simplification to reach tractability. Note that model simplification must not be bound up with a coarsening of the
behavior model or a reduction of the number of components involved: As pointed
out in (257, pg. 27), the reduction of an unconstrained synthesis space towards an
(even large) space of variants can transform an innovative design problem towards
a tractable configuration problem. This strategy is applied successfully here; the rationale was already given in (258), under the label “functional decomposition” and
“functional composition” respectively.
Model construction

Model utilization

Simplification

Physical behavior model

Case-based
reasoning

Function
i
+
Axis i

Restricted synthesis space

Figure A.2. Model simplification is realized by restricting the space of possible structure models
towards a regular subset. Based on the simplified model, the design problem can be tackled
with methods from the field of case-based reasoning.

The principle claims to perform a configuration process at the level of functions
(instead of components), which in turn requires that fluidic functions possess constructional equivalents that can be treated in a building-block-manner. This requirement is fairly good fulfilled in the fluidic domain, and the respective building blocks
are called “fluidic axes”.
2

The ideas presented in section have been verified in the hydraulic domain in first place; however, they can be applied in the pneumatic domain in a similar way, suggesting us to use
preferably the more generic word “fluidic”.
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Definition A.1 (Fluidic Axis) A fluidic axis both represents and fulfills a function D
of an entire fluidic plant. The axis defines the connections and the interplay among
the working, control, and supply elements that realize D.3
The overall design approach developed in this section follows the paradigm
depicted in Figure A.1, Page 89: (1) The original demand specification, D , is abstracted towards a functional specification D̂ . (2) At this functional level a structure
model S F, M according to the coupling of the fluidic functions in D̂ is generated.
(3) S F, M is completed towards a tentative behavior model B  F, M by plugging
together locally optimized fluidic axes; here, this step is realized by a case-based
reasoning approach (see Figure A.2). (4) The tentative behavior model B  F, M is
repaired, adapted, and optimized globally.
Remarks. A human designer is capable of working at the component level, implicitly
creating and combining fluidic axes towards an entire system. His ability to automatically derive function from structure—and vice versa: structure for function—allows
him to construct a fluidic system without the idea of high-level building blocks in the
form of fluidic axes.

Underlying Models
A fluidic system can be described at different levels (layers) of abstraction. From the
standpoint of design problem solving, the following layers are important: The demand layer, which specifies a complex set of demands D , the functional layer, which
specifies the model of fluidic function B̂ F̂, M̂ , and the component layer, which specifies the electro-fluidic system model B F, M .
The demand layer contains the entire specification for the desired behavior of a
fluidic system. Vier et al. discuss possible demands in detail, such as tolerance constraints, operating restrictions, boundary values, etc. (291). Central elements of D ,
however, are the cylinder profiles, which prescribe the courses of the forces, the velocities, or the pressure. Implicitly, these profiles characterize particular phases of the
working process, such as a speed phase, a slowing down phase, or a press phase.
Figure A.3 shows cylinder profiles for a hydraulic system that operates in the low
pressure range and that contains two axes, which perform a combined manipulation
and pressing task.
A model of fluidic function, B̂ F̂, M̂ , is a discrete event model. The gist of
B̂ F̂, M̂ is a set of state variables, FX , along with the discrete state prescription function, ∆. Each state variable in FX represents the function of a fluidic axis in M̂; ∆
characterizes the behavior of the fluidic axes by means of the working phases of the
output units, which are cylinders in most cases. A formal specification of B̂ F̂, M̂ is
3

The same definition is also given in Section D.3, which deals with the functional analysis of
fluidic systems.
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Figure A.3. Demanded cylinder profiles for a hydraulic system.

given in Case Study C.2 on Page 182, where a model of fluidic function is reformulated into a similarity measure. In this place we confine ourselves to an illustration
of B̂ F̂, M̂ at the example.

Phase

Phase Type

Value

Axis x

f1
f2

const-drive-out
const-drive-in

0.5 m / s
− 0.8 m / s

Axis y

f1
f2

hold-pressure
fast-drive

− 2.0 m / s

Global phase schedule
f1

Axis x

f2
f1

Axis y
Time

0s

2s

f2
4s

Table A.1. Functional layer that corresponds to the demand layer of Figure A.3; four phases
have been identified and scheduled.

Table A.1 shows the functional layer that corresponds to the demand layer of
Figure A.3. Here, four phases have been identified and scheduled. The respective
fluidic axes must be coupled sequentially to realize D .
An electro-fluidic system model, B F, M , is a combined discrete event/continuous time model. The elements in M designate hydraulic or pneumatic components
and, for control purposes, electrical components; the elements in F designate fluidic and electrical quantities. B F, M is based on local behavior constraints for the
components in M, represented by algebraic and differential equations. Typically,
B F, M contains feedback loops, and the simulation of ∆ requires global computation methods. A formal specification of B F, M is given in Case Study B.2 on
Page 139, where an electro-fluidic system model is compiled into a heuristic rule
model. In this place we confine ourselves to an illustration of B F, M in the form of
the circuit diagram in Figure A.4.
The shown circuit realizes the functional description above; it thus represents a
solution of the design task outlined in Figure A.3.
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Bx<Fx,Mx>

x(t)

By<Fy,My>

x(t), F(t)

Figure A.4. Circuit diagram with two axes Bx Fx , M x and B y Fy , M y . Putting together the
components’ local behavior descriptions according to the diagram yields the behavior model
B F, M .

Model Simplification
The design task in question contains creative parts: The structure of a fluidic system is
not predefined and has to be created. Moreover, demanding model formulation and
inverse simulations must be performed to compute unknown parameters as well as
to check the system with regard to the desired demands.
By model simplification the design task can be made tractable—but, in contrast
to the far-reaching restrictions applied in Case Study A.2, model simplification here
concerns only size and structure of the synthesis space. The behavior fidelity, F, the
behavior granularity, M, and the state prescription function, ∆, retain their complexity.
The model simplification idea goes back on the observation that human engineers tackle design tasks not at the component level, but at the level of function.
Equation A.1 then reads as follows:

D −→ D̂ −→ B F, M
where D̂ is a functional description of the desired system, corresponding to the model
of fluidic function, B̂ F̂, M̂ . What makes this observation so interesting here, and
not, e. g., for Case Study A.2, is the fact that the mapping D̂ −→ B F, M can be
decomposed into rather independent subproblems. This principle, which we call
“functional composition” (258), says that
(1) each specification of demands, D , can be translated into a set of fluidic functions, D̂ = { D1 , . . . , Dk },
(2) each function D ∈ D̂ can be mapped one to one onto a fluidic axis BD FD , M D
that operationalizes D,
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(3) D can be realized by coupling the respective axes for the functions in D̂ ,
whereas the necessary coupling information can be derived from D , and
(4) the coupling structure is formed by a recursive application of couplings from
the type set {series, parallel, sequential} (explained below).
While the first point goes in accordance with reality, the Points (2) and (3) imply
that a function D is neither realized by a combination of several axes nor by constructional side effects. This assumption, as well as the assumption made in Point (4) represent noticeable simplifications.
Anyway, under this working hypothesis, D can be transformed towards an
electro-fluidic system model, B F, M , within two design steps: by separately designing a fluidic axis for each fluidic function D in D̂ , and by coupling these axes in
a qualified way. Figure A.5 depicts this view.

D

{D1 ,...,Dk }

Separate
design

Fluidic functions

{B1<F1,M1> ,..., Bk<Fk,Mk>}

Axes
composition
B'<F', M'>

Fuidic axes

Electro-fluidic
system model
(raw design)

Coupling scheme

Figure A.5. Automating fluidic circuit design by functional composition.

The scope of the structural simplifications that are implied by the principle of
functional composition is reflected by the (small) size of the design graph grammar,
G = Σ, P, ? , that defines the restricted synthesis space L (G). Σ = {b, t, f , s, c, w,
A, B, C, D } where the nonterminals designate a biconnection, triconnection, fluidic
function, supply element, control element, and working element. P contains seven
rules of the form T → R, I presented below; apart from rule (1b) only the graphical
form is shown.
?

b

f

(1a) Initial rule.
s

b
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(1b)

T = VT , E T , σ T = {1}, {}, {(1, f )}
R = VR , E R , σ R = {2, 3, 4, 5}, {{2, 3}, {2, 5}, {3, 4}, {4, 5}},
{(2, b ), (3, w), (4, b ), (5, c)}
I = {(( A, f ), ( A, c))}
f

w

b

Function-to-axis conversion.

(1c) Biconnection deletion.

b

c

A

b

A

B

B

The rules (2a)–(2c) encode the introduction of a series coupling, a parallel coupling, and a sequential coupling respectively.
(2a)

b

f

b

b

f

b

b

(2b)

f

b

b
b

w

f

b

b

b

f

b

t

f

t

w

b

b

b

(2c)

c
b

t

w

t

b

The following display rules change the appearance of the labeled graph into a
building block structure.
t

c
c

(3) Display rules.

s

w
s

w

Figure A.6 shows the circuit from the example and its building block structure.
The building block structure corresponds to the derivation (1a) −→ (1b) −→ (2c) −→
(1c), followed by an application of the matching display rules.
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w
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c

c
s

Figure A.6. Circuit diagram and related building block representation.

Remarks. The S CHEMEBUILDER system developed by Oh et al. also pursues a design
approach that is based on model simplification (204, 48): A demand set D is interactively decomposed into subtasks, assuming that each of the subtasks is realized by
means of a single hydraulic axis. The axes in turn are retrieved from a database containing carefully selected design prototypes. However, Oh et al.’s approach lacks especially in two respects: (1) Axes can only be connected in parallel at a single nesting
depth, which restricts the possible designs to a uniform circuit type. (2) An analysis
of a composed circuit in the form of a simulation is not integrated.

Working with Simplified Models: Case-Based Design
Taking the simplifying view of the design process as shown in Figure A.5, the step
{ D1 , . . . , Dk } −→ { B1 F1 , M1 , . . . , Bk Fk , Mk } can be realized by case-based reasoning (short: CBR) methods—provided that the following can be developed: A similarity measure for fluidic functions and an adaptation concept for fluidic axes.
The following paragraphs introduce the case-based design approach in greater
detail. We start with a short introduction to design problem solving and CBR; the
next but one paragraph develops a similarity measure for fluidic functions D ∈ D̂ .
This measure is vital to realize the retrieve step in the CBR approach: For a given
function D it identifies the most similar fluidic axis BD FD , M D from a collection C of
axes. The two paragraphs thereafter are devoted to revision; it is shown in which way
misfitting axes and even entire circuits can be adapted. The last paragraph presents
some evaluation results.
Note that the coupling of the selected axes, i. e., the step { B1 F1 , M1 , . . . ,
Bk Fk , Mk } −→ B  F, M , does no longer constitute a design (or search) problem,
since we strictly follow the coupling scheme defined by the design graph grammar G .
Case-Based Reasoning and Design Let a case combine a description of a problem along with a solution. Basic idea of case-based reasoning (CBR) is to exploit
previously solved cases when solving a new problem. I. e., a collection of cases is
browsed for the most similar case, which then is adapted to the new situation. The
commonly accepted CBR cycle shown in Figure A.7 goes back to Aamodt and Plaza
and is comprised of four steps (1).
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(1) Retrieve. A case relevant for the problem is retrieved.
(2) Reuse. Having performed more or less adaptations, the retrieved case may be
reused.
(3) Revise. Having evaluated the adapted case, additional repair adaptations may
be applied.

ve
trie

Re

e
us

Re

(4) Retain. The new case, consisting of the problem along with a solution, is stored.

Similar
cases
Problem

Case
base

Adapted
case

Revised
case

t

n

Problem

is

e

Re

ai

Re

v

Solution

Figure A.7. The classical CBR cycle, as it can be found in (1), for instance.

Configuration, design, synthesis—these terms stand for problem classes where
the AI paradigm “generate and test” has been applied rather successfully (34, 46,
170). CBR, however, follows the paradigm “retrieve and adapt” (156). Both concepts
can work fine together to solve design problems.
A previously solved design problem that contributes a good deal to the desired
solution may bound difficult synthesis and adaptation tasks to a tractable rest problem. Following this idea, the starting position of a design problem should be created with CBR methods, while for the heuristic and search-intensive adaptation tasks
other AI paradigms come into play.
For the time being, our focus is on design problems stated in the form of a desired
fluidic function D; a solution of such a problem is every electro-fluidic system model
B F, M of a fluidic axis whose behavior complies with D.
Remarks. There exist two concepts of how a problem’s solution can be defined: One
of them codes the problem solving process, the other codes the result of a problem
solving process, for example in the form of a system description B F, M . From this
distinction result two analogy concepts in CBR, namely that of derivational analogy
(belonging to the former) and that of transformational analogy (belonging to the latter) (36, 95, 109). For reasons of clearness, the considerations of this paper are oriented
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at the latter, i. e., at the system description view, but they could be reformulated to
the process-centered view as well.
Definition A.2 (Case, Case Base, Query) Let D be a set of design problems, and let
S be a set of design solutions. A case C is a tuple C = D, S , D ∈ D , S ∈ S , where S
constitutes a solution for D. A set C consisting of cases is called a case base. A case of
the form Q = D, · is called query or problem definition to a case base.
When given a query Q = D, · to a case base C , two jobs must be done to obtain
a solution to Q: The retrieval of a similar case C, and the adaptation of C such that D
is fulfilled.
Wess mentions three approaches to define similarity (298): Similarity based on
predicates, similarity based on a preference relation, and the most generic concept,
similarity based on a measure. In connection with design problem solving, only the
last is powerful enough, and the following definition will formalize a similarity measure for design case bases.

Given is a symmetric
Definition A.3 (Case Similarity, Similarity Measure)
function sim D : D×D → [ 0; 1], which additionally has the reflexivity property,
sim D ( Dx , D y ) = 1 ⇔ Dx = D y . Moreover, let Cx = Dx , S x and Cy = D y , S y ,
Cx , Cy ∈C , be two cases. Then the case similarity sim : C×C → [ 0; 1] is defined by
means of sim D in the following way: sim(Cx , Cy ) = simD ( Dx , D y ).
Remarks. (1) The semantics of sim D shall be as follows. The more similar two fluidic
functions Dx and D y are, the larger shall be their value simD ( Dx , D y ). (2) The symmetry property guarantees that sim(Cx , Cy ) = sim(Cy , Cx ); the reflexivity property
defines the self-similarity of a case.
A Similarity Measure for Fluidic Functions Note that a similarity measure for fluidic engineering must anticipate the constructional effort that is necessary to transform a fluidic system—and not its functional abstraction: Given two fluidic systems,
S x , S y , and two related functional descriptions in the form of the cases Cx , Cy , then
sim(Cx , Cy ) must quantify the effort to reconstruct S x into S y , and vice versa (see Section 3.4, Page 81, for a concept to measure transformational efforts in design tasks).


Supposed there is a case base, C , with cases of the form D, B F, M , and a query,
D, · , for which a suited fluidic axis shall be retrieved from C . Then a mapping, sim D ,
with the following properties is required.
(1) simD is defined on the domain D×D , where D is a set that comprises the possible fluidic functions.
(2) simD is a similarity measure as defined in Definition A.3.
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(3) simD is semantically reasonable, or formally:




“sim D ( D, D y ) = max simD ( D, Dx ) | Dx , B F, M ∈ C ”
⇔


“ D y , B y Fy , M y ∈ C is the best case in C to realize Dx ”

Remarks. The similarity measure sim D estimates two fluidic functions respecting their
similarity. It maps from the Cartesian product of the domain of fluidic functions
onto the interval [ 0; 1]. The last property, (3), postulates that sim D should become
maximum only for those cases in C that realize the demanded function D best.
The elementary characteristic of a fluidic function D is defined by both the sequence and the type of its phases. Valuating two fluidic functions respecting their
similarity thus means to compare their phases. However, the phases in turn are characterized by their type, duration, distance, force, or precision, and each of which can
be quantified by a special phase similarity measure. Table A.2 gives a quantification
for sim phase, the similarity of two phases’ types, which is the most important phase
characteristic and which is used in the following definition.
Phase type

Position

Constant

Accelerate

Hold-Pos

Hold-Press Press

Fast

Position
Constant
Accelerate
Hold-Pos
Hold-Press
Press
Fast

1
0.3
0.5
0
0
0.3
0.7

0.3
1
0
0
0
0.7
0.7

0.5
0
1
0
0
0.2
0.4

0
0
0
1
0.6
0.3
0.0

0
0
0
0.6
1
0.8
0

0.7
0.7
0.4
0
0
0
1

0.3
0.7
0.2
0.3
0.8
1
0.0

Table A.2. The similarity between two phase types, sim phase.

Definition A.4 (Similarity Measure for Fluidic Functions) Let the fluidic function
( x)
( x)
Dx designate the phase sequence ( f 1 , . . . , f p ) ∈ D , and let the fluidic function D y
( y)
( y)
designate the phase sequence ( f 1 , . . . , f q ) ∈ D for some p, q ∈ N. A phase-typebased similarity measure for fluidic functions, simD : D×D → [ 0; 1] is defined as
follows.
min{ p,q }
1
( y)
( x)
sim D ( Dx , D y ) =
sim phase( f i , f i )
max{ p, q } i∑
=1
Remarks. (1) Obviously does sim D fulfill the conditions of a similarity measure. (2) In
the case p = q not all phases will match and hence not all phases are considered in
the computation of sim D . A fact, which does reflect our comprehension of similarity
in most cases—it does not if, for instance, Dx and D y are described at different levels
of detail. This and other shortcomings have been addressed in the work of (110): He

A.1

C ASE -B ASED D ESIGN IN F LUIDICS

101

proposed and realized an algorithm that enables a smart matching between phase
sequences varying in length.
In Section C.2 it is shown how a similarity measure for fluidic axes, simaxes , can
be constructed automatically by solving a regression problem on a database of similarity samples. Clearly, there is a tradeoff in knowledge acquisition effort and classification quality: While the function sim axes from Section C.2 probably leads to worse
similarity estimations, the construction of sim D required substantial acquisition and
implementation time.
Adaptation of Fluidic Axes By means of the above similarity measure for fluidic
functions, simD , the k most similar cases can be retrieved from a case base of fluidic axes given a query D, · . Note, however, that these cases merely form solution
candidates; usually, a retrieved case must be adapted to fulfill the demanded fluidic function D. Case adaptation plays a key role in case-based design (148) and is
performed within the reuse step (bring to mind Figure A.7 again).
The following definition specifies the terms “modification” and “adaptation”.
While each adaptation represents a modification, the inverse proposition does not
hold: A modification of some case establishes an adaptation only if the modified
object of the case—in our setting a modified fluidic axis B  F, M —fulfills the demanded function D to a higher degree than does the unmodified axis B F, M of the
original case.


Definition A.5 (Modification, Adaptation (264)) Let Cx = Dx , Bx Fx , M x ∈ C be
a case, and let Q = D, · be a query. Amodification of Cx respecting Q is a function
µ : D×C → D×B , with µ ( D, Cx ) = D y , B y Fy , M y . B designates the space of
behavior models for fluidic axes.

A modification of Cx is called adaptation of Cx if the following condition holds:4


 
 
sim D y , B y Fy , M y , Q > sim Dx , Bx Fx , M x , Q
Case adaptation can be realized in different ways. A popular approach is the
formulation of adaptation knowledge in the form of (heuristic) modification rules
(19, 106, 270). In technical domains where the behavior of the system to be adapted is
well understood, a particular type of modification rules, called “scaling” rules here,
can be employed to encode modification knowledge.

Given is a query Q =
Definition A.6 (Scale Function, Scalable, Scaling (264))

D,
·
,
a
subset
of
the
demanded
fluidic
function
D
⊆
D, and a case Cx =


Dx , Bx Fx , M x ∈ C . A function ν : D×C → D×B is called scale function of Cx
respecting D  if the following conditions hold.


(1) Cy = ν ( D  , Cx ) = D y , B y F, M
with D  ⊆ D y
4 The

condition is equivalent to the following: sim D ( D y , D ) > sim D ( D x , D ).
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(2) sim(Cy , Q) > sim(Cx , Q)

Cx is called scalable with respect to D, Cy is called scaling of C.
Remarks. (1) In other words, with respect
to a part of the desired function, D  ⊆ D,

there is a case Cx = Dx , Bx Fx , M x in the case base whose fluidic axis Bx Fx , M x
can be modified—say: scaled—towards B y Fy , M y in such a way that B y Fy , M y
provides D  and Cy is more similar to Q than is Cx . (2) Obviously does each scaling
establish an adaptation.

Figure A.8. Scaling a cylinder respecting a desired force.



Example. Consider the design of a lifting hoist where Cx = Dx , Bx Fx , M x , the most
similar case found respecting the query Q = D, · , does not fulfill the maximum
force constraint ( Fmax, w) ∈ D. Given this situation, Cx can be scaled up to fulfill D if
the force difference between the existing and the desired system is of the same order
of magnitude (see Figure A.8).
In this simple example the scaling of the force is possible since the responsible
underlying physical connections, the balance of forces, can be quantified. A reasonable scale function could utilize this law as follows. It adapts the force value v of Cx
according to the demanded value w by scaling the piston area, Acyl , to a new value
with respect to the maximum pressure allowed, pmax, i. e., Acyl = w/ pmax. The resulting state prescription function is designated with ∆ y .
Formally, the scale function takes two arguments (recall Definition A.6); the first
of which defines the subset of D to be achieved by scaling, the second is the case to
be modified:

 

• Cy = ν {( Fcyl , w)}, Cx = D y , B y Fy , M y ∈ D×B
where D y = D \ {( Fcyl , v)} ∪ {( Fcyl , w)}, and B y Fy , M y
{ ∆ y }.

= Bx Fx , M x \ {∆ x } ∪

Note that condition (2) of Definition A.6 is fulfilled: The similarity between the
scaled case Cy and the query Q is strictly larger than the similarity between the original case Cx and Q.
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A Design Language: Adaptation of Entire Circuits The composition of the adapted fluidic axes follows the coupling scheme from Page 95 and yields a preliminary
design solution, B  F, M , a so-called “raw design”. There is a good chance that
B  F, M incorporates the potential to fulfill the specification D , say, that a sequence
of modification steps can be found that transforms B  F, M into a behavior B F, M
which complies with D . An example for such a modification is the following piece of
design knowledge.
“An insufficient damping can be improved by installing a by-pass throttle.”
This measure encodes a lot of implicit engineering know-how, among others:
(1) A by-pass throttle is connected in parallel, (2) the component to which it is connected is a cylinder, (3) if there are several cylinders in the system, an engineer knows
the best-suited one, (4) a by-pass throttle is a valve. Figure A.9 illustrates the repair
rule.

Figure A.9. Illustration of the repair rule “An insufficient damping can be improved by installing a bypass throttle.”: Interpret context (cylinder), choose the best context amongst several candidates
(left cylinder), apply repair action to context (connect throttle in parallel).

What is more, engineers use design knowledge in a flexible way; i. e., a particular
piece of knowledge can be applied to different contexts in a variety of circuits. Flexibility is a major reason which makes it difficult to encode the expressiveness of the
above example on a computer. Suppose we were confronted only with systems of
the same topological set-up, then measures like the above (“Install a by-pass throttle.”)
could simply become hard-wired within a would-be design algorithm.
To formulate sophisticated modification knowledge as in the example above, a
more powerful concept than scaling rules is sought. One possibility getting the knack
of the outlined problems is to specify implicit knowledge explicitly. For these purposes, we have been experimenting with a prototypic scripting language tailored to
fluidic circuit design.5 This language was a precursor of the design graph grammar
concept, which is introduced in Chapter 3 of this thesis. In this place we will not
delve into the design language’s syntax and semantics but shortly outline its concepts; details can be found in (238, 270).

• Action Types. Figure A.10 shows the basic action types that are available in the
design language.
5 The research was part of the OFT-project, which was supported by DFG grants KL 529/7-1,2,3

and SCHW 120/56-1,2,3.
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Select

Get
Parameter action

Component action

Insert

Set

Delete

Figure A.10. All kinds of modifications must be put down to the five basic action types shown
in the figure.

• Separation of Location and Action. Each action can be equipped with location
information that specifies where the action shall take place. This way, knowledge of location and knowledge of action are strictly distinguished—a separation that resembles the distinction of structure and behavior. The semantics of
a location specifier corresponds to a matching with context as it is defined in
Section 3.1 on Page 61.
• Modification Schemes. Actions can be organized within so-called modification
schemes, which provide simple macro facilities with local variables, loops, and
branching.
• Meta Knowledge. To control the application of different adaptation measures,
we characterize them with values from [ 0; 1] indicating the effectiveness, the
undesired side effects, called repercussion, and the realization cost, (290, 289).
From these values an overall confidence κ can be derived that is conform to
application requirements and the designer’s preferences κe f f , κrep , and κcost . Table A.3 shows an expert’s evaluation of measurements to increase a cylinder’s
damping factor.
Here, installing a throttle in by-pass to the cylinder (see Figure A.9) is ranked
first option; the resulting drain flow through the by-pass moves the eigenvalues of the related transfer function to a higher damping. An extensive theory
on the analysis, the assessment, and the adaptation of hydrostatic drives is
given in (288).
Modification Measure

Effectiveness

Repercussion

Cost

κ

Throttle in mainstream
Throttle in side stream
Throttle in by-pass
Damping network

0.1
0.4
0.8
0.9

0.4
0.4
0.4
0.8

0.8
0.5
0.5
0.1

0.39
0.44
0.64
0.61

Table A.3. Possible remedies to increase a cylinder’s damping factor that has been judged being
too low. The computation of κ relies on the preferences κ e f f = 0.5, κ rep = 0.15, and κ cost = 0.35,
which have been proposed by an domain expert.

Observe that the scaling function ν in Definition A.6 (Page 101) gets by without an
extra evaluation step. I. e., the effects of an adaptation can completely be foreseen, or,
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at least, they can be estimated within narrow bounds. This cannot be guaranteed for
more complex adaptations, such as exemplified in Figure A.9 or as they can specified
within our design language. In practice, each modification step must be followed
by an evaluation step in order to assess the actual state of design quality.6 However,
evaluability is no matter of course, which leads to the following definition.
Definition A.7 (Evaluable (264)) Let D be a set of design problems, and let S be a set
of design solutions. A case C = D, S , D ∈ D , S ∈ S , is called evaluable if a function
ε : S → D with ε( S ) = D can be stated.
Evaluability prepares the ground for complex adaptations. Using CBR terminology, these adaptations are called “repair” or—along with a preceding evaluation—
“revise”. Obviously, adaptation plus evaluation can be performed several times,
leading to a cycle that renders the design cycle presented at the outset in Figure A.7.
Here CBR forms a frame where an approach for design problem solving is embedded.
Remarks. Automatic evaluation often turns out to be a complex job involving demanding reasoning and simulation tasks (94, 259).
Experimental Results Most of the concepts of this subsection have been operationalized. In this regard, Hoffmann has implemented a hydraulic design assistant
(110), which is linked to A RT D ECO, our drawing and simulation environment for fluidic systems (257, 262). The design assistant enables a user to formulate his demands
of the desired circuit as a functional specification D̂ . For each D ∈ D̂ a sequence of
phases can be defined, where for each phase a set of characteristic parameters, such
as duration, precision, or maximum values can be stated.
Given some D̂ , the retrieval mechanism of the assistant searches the case base for
axes fitting best the specified functions, according to the measure simD . Afterwards,
these building blocks are scaled and composed towards a new system, and, finally,
a drawing is generated which can directly be simulated and evaluated. Figure A.11
shows a query (top left), the functional description of the generated design (below),
and the related drawing.
Clearly, a direct evaluation of generated design solutions must be limited within
several respects since
(1) an absolute measure that captures the quality of a design does not exist, and
(2) the number of properties that characterizes a design is large and their quantification often requires a high effort.7
6

Adaptations whose effect cannot be predicted at a sufficient accuracy are called “Level 2 adaptations” in (264).
7 Characterizing properties include: number of components, reliability, cost, effort for setting
into operation, effort for maintenance, degree of standardization, fault-proneness, diagnosability.
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Figure A.11. A design query (top left), the functional description of a solution (below left), and
the automatically generated drawing of the design solution.

Anyway, the quality of a generated design can also be rated indirectly, by quantifying its distance to a design solution created by a human expert. The term “distance” is used with the semantics of our theory in Section 3.4, Page 81, and stands for
the necessary modification effort to transform the machine solution into the human
solution. The experimental results presented in Table A.4 describe such a competition. The underlying experiments have been performed by Hoffmann (110); a more
detailed discussion of evaluation concepts can be found at the same place.
|D|

Retrieve

Reuse

sim D ≥ 0, 8

sim D ≥ 0, 9

O.K.

Expert modification

1
2
3
4
5

' 1s
' 1s
' 1s
' 1s
' 1s

0.10s
0.63s
0.91s
1.43s
2.00s

17
16
17
15
18

13
11
10
8
6

10
9
7
5
1

10x(+), 6x(o), 1x(–)
8x(+), 7x(o), 1x(–)
7x(+), 8x(o), 2x(–)
3x(+), 10x(o), 2x(–)
1x(+), 15x(o), 2x(–)

Table A.4. Runtime results and modification effort for automatically generated designs (see an
explanation of the entries below).

Description of the table columns:

• |D|. Number of axes of the queries in the test sets; a test set contains 20 queries.
• Retrieve. Average time of a retrieve step in seconds.
• Reuse. Average time of a reuse step in seconds.

A.1

C ASE -B ASED D ESIGN IN F LUIDICS

107

• simD ≥ 0.8. Number of generated designs where sim D , the averaged similarity
simD over all axes, is not smaller than 0.8.
• simD ≥ 0.9. Number of generated designs where sim D , the averaged similarity
simD over all axes, is not smaller than 0.9.
• Simulation O.K. Number of generated designs whose simulation results fulfill
the demands of the query.
• Expert Modification. Evaluation of a human expert. The symbols (+), (o), and (–)
designate a small, an acceptable, and a large modification effort to transform
the machine solution into a solution accepted by the human expert.
Note that this evaluation follows the paradigm of structure model distance,
which is introduced and formalized in Section 3.4, Page 81.
Test environment was a Pentium II system at 450 MHz with 128 MB main memory; the operating system was Microsoft Windows NT 4.0.

Synopsis
Problemclass Design of technical systems.
Problem Solving Method Design by functional composition: Synthesis of functional building blocks that have been retrieved and adapted by CBR methods.
Source Model Discrete event/continuous time model B F, M = FU , FZ , FY , V , ∆,
Λ , defined over F, M .

• Fidelity Level F. Fluidic, mechanical, and electrical quantities.
• Granularity Level M. Fluidic and electrical components.
• Input FU . Driving profiles for the cylinder forces.
• State Prescription Function ∆. Explicit local differential equations; implicit nonlinear algebraic equations.
• Output Function Λ. Courses of selected physical quantities.
• Behavior Model Processing. Differential-algebraic system solving.
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Simplified Model Collection of single fluidic axes. Each fluidic axis is a discrete
event/continuous time model B F, M similar to the source model. The simplification results from the isolated processing and simulation of the axes, neglecting feedback, constructional side effects, and functionality that results from structure.
Knowledge Source Principle of “functional composition” copied from human designers (258).
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Structure Synthesis
in Chemical Engineering

This section introduces an approach to synthesize structure models in the field of
chemical engineering. The approach may be applied to various kinds of chemical
design problems, but by now we focus on a particular type of chemical processes
only, the design of plants for the food processing industry (241, 242).
A chemical plant can be viewed as a graph where the nodes represent the devices, or unit-operations, while the edges correspond to the pipes responsible for the
material flow. Typical unit-operations are mixing (homogenization, emulsification,
suspension, aeration etc.), heat transfer, and flow transport. The task of designing a
chemical plant is defined by the given demand D, in the form of properties of various input substances, along with the desired output substance. The goal is to mix or
to transform the input substances in such a way that the resulting output substance
meets the imposed requirements.
The design happens by passing through (and possibly repeating) the following
five steps: Preliminary examination, choice of unit operations, structure definition,
component configuration, and optimization. An automation of the steps at a behavioral level would be very expensive—if possible at all. Present systems limit design
support to isolated subjobs; they relieve the human designer from special simulation
or configuration tasks, and the effort involved there is high enough (33, 144).
Model construction

Model utilization
A

A
40l
Starch
syrup

Water

70˚C

70˚C, ≤ 0.2Pas

20˚C

70˚C

70˚C, ≤ 0.001Pas

45l

[0-50˚C]

Propeller
Range: [0-50˚C]
≤ 110˚C
≈ 4Pas

[0-0.5m3/h]

[0-50˚C]
20˚C

Caramel
syrup

vl

vl

?

Structure
synthesis

Simplification

[0-0.5m3/h]

Sugar
15kg

100l
≤ 110˚C
≈ 4Pas

Propeller
75% Solution
≈ 60˚-70˚C
≈ 30Pas

[0-0.5m3/h]

Physical behavior model

B

B

Simplified structure model

Figure A.12. The behavior model is abstracted to a structure model, say a design graph grammar
G , where physical quantities are represented as linguistic variables. This way, the synthesis
space is restricted to the set of graphs L (G).

Primary concern of our project was the investigation of possibilities to support
the design process as a whole, with the long-term objective to operationalize stepspanning optimization knowledge.8 The result of our research is comprised best at
Figure A.1 on Page 89: (1) The properties of the input and output substances, D,
are abstracted towards linguistic variables, D̂. (2) At this functional level a structure
8 The

section describes a cooperative work with André Schulz in the W IMOM project; the
project was supported by DFG grants PA 276/23-1 and KL 529/10-1.
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model S F, M is synthesized that fulfills D̂ and that is used as a solution candidate for D. (3) S F, M is completed towards a tentative behavior model B  F, M ,
(4) which is then repaired, adapted, and optimized.
Clearly, the mentioned steps will not happen at the highest level of behavioral
and structural details, and the underlying model is simplified in several respects.
The remainder of this section outlines Step (1) and Step (2) of our work as it is illustrated in Figure A.12: The next subsection introduces the source model as it is used
by the human designer, the next but one subsection describes the model simplification measures taken, while the last subsection specifies, in extracts, the design graph
grammar that accomplishes the structure model synthesis.
Note that this section cannot tell a success story; Step (3) and Step (4) are not
developed far enough to make a meaningful evaluation of our ideas possible9 , and,
consequently, emphasis is put on modeling here. However, this new approach to the
complex design problems in chemical engineering seems promising to us, and, its
most interesting property is its flexibility:

• Due to the use of design graph grammars, design problem solving is not restricted to variations of a fixed plant structure. As well as that, new design
knowledge on structure can easily be integrated, at the human designer’s desired level of granularity.
• The completion of a structure model towards a behavior model (Step (3) in Figure A.1, Page 89) is not prescribed. Hence, behavior can be modeled at an arbitrary level of fidelity—falling back on existing simulation tools for chemical
behavior models, such as A SCEND, M ODEL . LA , or S PEEDUP (211, 274, 208, 173).

Underlying Models
The design of a food processing system as meant here grounds on behavior descriptions of intermediate complexity: Most of the partial and ordinary differential equations have been abstracted to purely algebraic relations or to rules of thumb. This
description level is sufficient for standard design tasks in chemical engineering and
is approved.
Definition A.8 (Stationary Chemical Engineering Model) Let S be a chemical engineering system and let F, M be a model of S. A stationary chemical engineering
model over F, M is a memoryless behavior model, B F, M = FU , FZ , FY , V , ∆, Λ ,
whose elements are defined as follows.

(1) F = FU ∪ FZ ∪ FP is a set of functionalities, described below. The elements in
M designate different types of mixers, heaters, and pumps.
9

Actually, a prototypic realization of the concept was presented on the ACHEMA 2000 fair in
Frankfurt.
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(2) The input variables, FU , the constraint variables, FZ , and the output variables,
FY , describe the same physical quantities, i. e., substance properties such as
state of aggregation, temperature, granularity, uniformity of the mixture, or
viscosity. In particular, FU defines the substances’ initial properties, and FZ
defines the substance properties at various places within the system S. FY ⊆ FZ
specifies the properties of the output substances in S. FP = F \ ( FU ∪ FZ ) is the
set of component properties.
(3) The sets U f and Z f designate the domains of the variables f in F . Likewise, U ,
Z , and Y designate the Cartesian products of the input variable domains, the
constraint variable domains, and the output variable domains. V comprises
the domains of all functionalities.
(4) The set of state variables, FX , is empty; i. e., B F, M is memoryless. The algebraic state prescription function ∆ : U → Z maps an input vector onto the
global vector of substance properties, FZ .
B F, M is a local behavior model (cf. Page 31): The behavior constraints δ ∈ ∆
can be mapped one-to-one onto the components in M.

(5) Λ is the identity mapping.
Remarks. In a design problem only the substance properties of the input and output
substances, FU and FY , are given, and the task is to complete these sets towards a
structure model S F, M . The next paragraph provides an example.
Example Given is the task specification excerpt in Table A.5, describing the properties of three input substances (starch syrup, water, sugar) and the desired properties
of the output substance, caramel syrup.
Name

State

Mass

Temperature

Viscosity

Starch syrup
Water
Sugar

liquid
liquid
solid

36.63%
15.75%
47.62%

20◦ C
20◦ C
20◦ C

0.2-1.6 Pas
0.0010012 Pas
–

Caramel syrup

liquid

100.00%

110◦ C

?

Table A.5. Substance properties of the input quantities sugar, water, starch syrup, and the
output substance caramel syrup.

Based on this specification, the five design steps of the general procedure mentioned at the outset are as follows.
(1) Preliminary Examination. The first observation made by the engineer is that
one of the substances, sugar, is a solid and must be dissolved within one of
the other input liquids. Since water has a lower viscosity than starch syrup,
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it will be better to mix sugar and water first and then add the starch syrup to
the solution. Depending on the mass ratios the water may have to be heated
beforehand to increase solubility.
(2) Choice of Unit-Operations. The comparison of the mass ratios of sugar and water leads to the conclusion that heating is necessary; thus, a heat transfer unitoperation is needed to heat the water. The heated water and the sugar are
then mixed—for this purpose a mixing unit-operation for lower viscous substances is appropriate. To avoid recrystallization, the starch syrup should also
be heated, thereby making another heat transfer unit-operation necessary. Finally, the heated sugar solution and the heated starch syrup are mixed. In
order to reach the required temperature of 110◦ C, another heat transfer unitoperation will be needed. Furthermore, pump unit-operations are required to
transport the substances between devices.
Starch
syrup
Water

Caramel
syrup

Sugar

Figure A.13. A possible design of the example process.

(3) Structure Definition. The choice of unit-operations, although having no direct
impact on the structure, allows for certain conclusions pertaining to the ordering of the unit-operations. In this case this ordering is relatively evident;
Figure A.13 depicts the chosen topology. Note that this is one possible structure complying with the simplified demands; the remaining steps determine
the behavior of the design and make some corrections, if applicable.
(4) Configuration of Devices. Based on the mass, the volume, and the other properties of the involved substances, matching devices are chosen from databases or
data sheets. For the sake of simplicity we will refrain from a detailed description here and refer to Figure A.14, where the abstract design with additional
data from the underlying model is shown.
(5) Optimization. The computed properties of the plant design usually represent
feasible values, but improvement may still be possible. With this goal in mind,
the parameterization process is repeated and parameters adjusted accordingly.
In our case the last heat transfer unit-operation of the process chain represents
an overkill—the last mixing unit-operation is then slightly changed so that only
devices with a built-in heat transfer unit are considered. This change shortens
the process chain, thereby reducing costs and mixing time.
Remarks. Alternatively, another design with fewer devices is conceivable. For instance, water and starch syrup could be mixed first, and the resulting solution used to
dissolve sugar. This structure choice would require one heat transfer unit-operation
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100l
≤ 110˚C
≈ 4Pas

Caramel
syrup

[0-0.5m3/h]

Sugar
15kg

Propeller
75% Solution
≈ 60˚-70˚C
≈ 30Pas

[0-0.5m3/h]

Figure A.14. Design solution showing part of the underlying model.

less than the proposed design because both water and the starch syrup have to be
heated to the same temperature, which is best done if both substances are mixed together beforehand. However, this alternative would cause a longer mixing time, since
the sugar must be dissolved in a more viscous solution (compared to pure water).

Model Simplification
Instead of deriving a concrete solution at the modeling level that is imposed by the
supplied demands, the physical model is simplified to an abstract model. On this
abstract level, a solution can be efficiently calculated and transferred back to the
physical level, although some adjustments may be necessary at this point (recall the
paradigm illustrated in Figure A.1). The following model simplification steps lead to
a more tractable design problem; they are oriented, in as much as it is possible, at the
taxonomy of model abstraction techniques compiled by Frantz (84).
Model Boundary Assumptions pertaining to the external features of the model—
input variable space, global restrictions etc.—are made.

• Single Task Assumption. It is general practice to combine different chemical processes in order to share by-products or partial process chains. Such a combined
design corresponds to the solution of different tasks simultaneously—a procedure which belongs to optimization. Here, design is restricted to n : 1 case,
and overlapping plant structures are split and dealt with separately as shown
in Figure A.15. Say, FY comprises the properties of a single substance.
• Model Context.The way models, or parts of models, are embedded into a context is clearly defined. Pumps, for example, have a strict structural relationship; they have one input and one output, i. e., the degree is fixed, and the
predecessor of a pump must be another device.
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Figure A.15. Single task: Overlapping plant structures are split and treated separately.

• Limited Input Space. Firstly, we concentrate on tasks of the food processing
branch of the chemical engineering domain. This restriction results in further
simplifications: The chemical plants to be designed do not exceed a certain
magnitude, as well as the range of some variables, such as temperature, which
is limited to “small” values, say, below 200◦ C.
Furthermore, the focus is laid on liquid mixtures. This means that at least one
input has to be a fluid.
Another restriction is the number of relevant substance properties. During
design generation, decisions are taken based on the abstract values of a small
set of substance properties, such as temperature, viscosity, density, mass and
state. Properties such as heat capacity, heat conductivity or critical temperature
and pressure are neglected at this point.

• Approximation. Instead of using different functions and formulas that apply
under different conditions, only one function or formula covering the widest
range of restrictions is used in each case. For example, there are more than
50 different formulas to calculate the viscosity of a mixture, most of which are
very specialized versions and only applicable under very rare circumstances.
The formula ln (η) = ∑i ϕi · ln (ηi ), however, is very often applicable and delivers a good approximation, even in the complicated cases.10
Behavioral Simplification Now the focus is shifted to aspects within the model,
where the behavior of components is simplified:

• Causal Decomposition. To prevent components from exerting influence on themselves, feedback loops are ruled out. This simplification step makes structural
manipulation and behavioral analysis easier.
10 The

symbols ϕ i and ηi designate the volume portion and the viscosity of input i.
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The situation depicted below shows a cycle within a chemical plant. The purpose of the backward edge is to transport evaporated substance back into the
mixer; this gaseous substance condenses on the way.

• Numeric Representation. Although the use of crisp values leads to exact results,
fuzzy sets are used to represent essential value ranges. This simplification diminishes the combinatorial impact on our graph grammar approach, since substance properties are coded into edge labels and the use of crisp values would
lead to an excessive number of rules.
The following figure shows the fuzzy representation of the substance property
“viscosity”:
Membership

low

1.0

medium

high

0.5
0
1

500

5000

mPas

• State Aggregation. In general, the material being processed within a device is
not in one state, but actually in various different ones. For instance, inside
a heat transfer device a fluid may be, depending on the reading point, cold,
warm, in liquid form or gaseous. This behavior is simplified by assuming that,
inside any device, a material will be in one single state.
• Temporal Aggregation. Time is neglected, making any statements about continuous changes to material properties no longer possible; changes to material
properties are connected to entry and exit points within the plant structure.
• Entity Aggregation by Function. Different device entities are represented by one
device performing a function common to all devices. For example, all different
mixer types could be described by one special mixer, as shown below.

116

M ODEL S IMPLIFICATION
• Entity Aggregation by Structure. Devices usually consist of different parts that
can be configured separately. For instance, a plate heat transfer device is composed of a vessel and a variable number of plates. The arrangement of the
plates within the vessel is a configuration task.
The following figure sketches the composition of a plate heat transfer device
and of an anchor mixer.
+

+

+

• Function Aggregation. In contrast to entity aggregation by function, where devices are represented by a special device, we aggregate here functions. For
instance, mixers are capable of performing different functions, such as homogenization, emulsification, aeration, suspension etc.
Derived Relationships Some fields of chemical engineering still remain unveiled
and are dealt with as black boxes. In such cases one has to resort to look-up tables
and interpolation, as far as sufficient information is available. For example, the output of a mixer, measured in terms of the Reynolds and Newton numbers, has to be
determined experimentally, and this data is usually only available as tables.
Some model aspects of minor consequence are ignored, thereby simplifying the
model as a whole. One good example are pipes used to transport the substances
within the plant: In general, the length and the material of a pipe determine the
degree of thermal loss of a substance being conveyed.
Remarks. The model simplification steps listed above can be classified into two different types: Steps pertaining to the model structure and steps belonging to the model
behavior. Note that steps may be connected to both structure and behavior.
The steps that simplify the model structure—simple task assumption, model context, limited input space, causal decomposition, numeric representation, entity aggregation by function—yield a model that is fitting to be processed with graph grammars. These steps restrict the graph structure and specify the types and granularity
of node and edge labels.
The steps belonging to the model behavior—limited input space, approximation,
causal decomposition, numeric representation, state and temporal aggregation, entity aggregation by structure, function aggregation, derived relationships—result in
a model suitable for qualitative simulation.
The model simplification steps performed here relate to the domain of chemical
engineering. For other domains not necessarily the same steps will be appropriate;
the modeler has to determine which model simplification steps are fitting individually.
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Working with Simplified Models: Structure Synthesis
This section presents excerpts of a design graph grammar, G , for the synthesis of
structure models in chemical engineering; the grammar has been developed within
the W IMOM project. The algorithm S YNTHESIS S TEP operationalizes the search in the
structure space L (G). Starting point of S YNTHESIS S TEP is the grammar G and some
labeled graph G encoding a partial structure model of the desired system. Initially,
G consists of a center node labeled “?” and adjacent nodes for the input and output
substances. Figure A.16 shows the start graph related to the previous example.
Starch
syrup

{s ,

l tl ,

vh }

Water

{sl, tl, vl}

Sugar

t}
{s s, l

?

{sl, th}

Caramel
syrup

Figure A.16. Start graph for the algorithm S YNTHESIS S TEP related to the example. The edge
labels are sets abbreviating the substance properties from Table A.5: s s , s l for solid and liquid
state, tl , th for low and high temperature, and vl , vh for low and high viscosity.

S YNTHESIS S TEP
Input.
A graph grammar G and a structure model G = S F, M .
Output. A structure model containing only terminal nodes or the symbol fail.
(1) if terminal-p( G ) then result = G
(2)
else
(3)
result = fail
(4)
rules = find-matchings(G , G)
(5)
while rules = ∅ ∧ result = fail do
(6)
rule = select-rule(rules, G)
(7)
rules = rules \ {rule}
(8)
result = S YNTHESIS S TEP (G , apply-rule(rule, G))
(9)
end
(10)
end
(11) return result
The algorithm employs calls to four subfunctions:
(1) Terminal-P. A Boolean function that checks whether G contains a node labeled
with “?”. If not, terminal-p(G) returns true.
(2) Find-Matchings. Searches for all possible matchings of rules in G in the partial
structure model G, according to Definition 3.2, Page 61. In this regard, Section 3.4, Page 78, provides some complexity remarks.
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(3) Select-Rule. The most knowledge-sensitive function with respect to search efficiency and design quality. By now, in the W IP system the rules are selected
according to static rule precedences. However, the static precedences shall be
replaced by a dynamic, context-sensitive precedence function, that has been
computed by means of the model compilation method described in Section B.1.
(4) Apply-Rule. Applies a rule in compliance with the semantics specified in Definition 3.4 (Page 66) and 3.5 (Page 68) respectively.

Chemical Engineering Grammar In the sequel, rules of the design graph grammar
for the structural design of food processing plants are shown; a complete listing and
a formal specification can be found in (240).

• Available Unit-Operations. There are many devices that can be used for the same
task (heating, conveying, mixing). In this place the rule set is limited to one
heat transfer unit-operation, one conveying unit-operation, and two mixing
unit-operations for low and high viscous substances. Additionally, two combined mixing and heat transfer unit-operations are allowed (see Figure A.17).

Figure A.17. available unit-operations of the graph grammar rule set.

• Substance Properties. The most relevant substance properties are temperature,
viscosity, and state. Further properties of importance are density, heat capacity
etc., but we refrain from taking these into consideration here.
• Label Class Granularity. For each scalar substance property we choose to use a
label consisting of two different variants: “low” and “high”. Thus, temperature
is represented by tl and th , and viscosity by vl and vh . The property state is
represented by ss , sl , and s g , corresponding to the three states “solid”, “liquid”
and “gaseous”.
Let G = Σ, P be a design graph grammar for the synthesis of chemical plants
with Σ = Σunit ∪ Σsubstance. Σunit = { p, h, mpropeller, manchor, hmpropeller, hmanchor A, B, C,
D, E } where the nonterminals designate a pump, a heater, mixers, and heater-mixer
combinations; Σsubstance = {tl , th , vl , vh , ss , sl , s g }. P is the set of graph transformation
rules of the form T → R, I ; the rules are divided into groups related to the substance
properties state, temperature, and viscosity.
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State-related rules: (1) Splitting of solids and fluids, and (2) improvement of solubility by heating (only graphical).

(1) T = VT , E T , σ T = {1, 2, 3}, {(1, 3), (2, 3)},
{(1, A), (2, B ), (3, C ), ((1, 3), sl ), ((2, 3), ss )}
R = VR , E R , σ R = {4, 5, 6, 7}, {(4, 6), (5, 6), (6, 7)},
{(4, A), (5, B ), (6, C ), (7, C ), ((4, 6), sl ), ((5, 6), ss )}
I = {(( D, A, E ), ( D, A, E )), (( D, B, E ), ( D, B, E )), (( D, C, E ), ( D, 7, E ))}
A

A
sl

sl

C

B
ss

(2)

C

sl

C

B
ss

A

A
sl

sl

{s ,
l

C

B

th }

C

B
ss

ss

Temperature-related rules: (1) Improvement of mixing properties by heating an
input, (2) improvement of mixing properties by dealing with warm inputs separately
(only graphical), and (3) aggregation of mixer and heating chain into combined device (only graphical).

(1) T = VT , E T , σ T = {1, 2, 3}, {(1, 3), (2, 3)},
{(1, A), (2, B ), (3, C ), ((1, 2), tl ), ((2, 3), th )}
R = VR , E R , σ R = {4, 5, 6, 7, 8}, {(4, 5), (5, 6), (6, 7), (7, 8)}, {(4, A), (5, h),
(6, p), (7, B ), (8, C ), ((4, 5), tl ), ((6, 7), th ), ((7, 8), th )}
I = {(( D, A, E ), ( D, A, E )), (( D, B, E ), ( D, B, E )), (( D, C, E ), ( D, C, E ))}
A

A
tl

(2)

B

A

tl

th

A
th

B

th

C
B

th

(3)

th

C

th

C

th

C

B

th

C
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Viscosity-related rules: (1) Choice of mixer for lower viscous inputs, (2) improvement of mixing properties by dealing with high viscous inputs separately (only
graphical), and (3) improvement of mixing properties by heating high viscous input
(only graphical).

(1) T = VT , E T , σ T = {1, 2, 3}, {(1, 3), (2, 3)},
{(1, A), (2, B ), (3, ?), ((1, 2), vh )}
R = VR , E R , σ R = {4, 5, 6}, {(4, 6), (5, 6)},
{(4, A), (5, B ), (6, manchor), ((4, 6), vh )}
I = {(( D, A, E ), ( D, A, E )), (( D, B, E ), ( D, B, E )), (( D, C, E ), ( D, manchor , E ))}
A

A
vh

B

(2)

vh

?
B

A

A
vh

vh

C

B

vh

C

B
vh

(3)

C

vh

A

A
vh

B

vh

{v

h,

C

th } C

B
vl

vl

Remarks. Observe that the substance property under consideration determines the
types of structural manipulation that are possible. For instance, all substance properties lead to splitting rules, the property “temperature” is connected to optimization
rules, and the property “viscosity” implies choice rules. Likewise, the other substance
properties not covered by the above design graph grammar are also associated with
specific structural transformations.
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Synopsis
Problemclass Design of technical systems.
Problem Solving Method Design by functional abstraction: Synthesis of a structure model, which is then completed and adapted with respect to its physical behavior.
Source Model Memoryless behavior model, B F, M = FU , FZ , FY , V , ∆, Λ , defined over F, M .
• Fidelity Level F. Substance properties such as state of aggregation, temperature, granularity, uniformity of the mixture, or viscosity, which are specified as
numbers from R.

• Granularity Level M. Chemical engineering devices like mixers, heaters, and
pumps.
• Input FU . Properties of the input substances.
• Output FY . Properties of the single output substance.
• State Prescription Function ∆. Algebraic behavior descriptions; locality principle
fulfilled: The constraints δ ∈ ∆ can be mapped one-to-one onto the components
in M.
• Behavior Model Processing. Local and global constraint processing methods.
Simplified Model Memoryless behavior model, B F, M = FU , FZ , FY , V , ∆, Λ ,
defined over F, M .
• Fidelity Level F. Elimination of less significant component parameters and substance properties. Abstraction of the remaining numerical substance properties
towards linguistic variables.

• Granularity Level M. Corresponds widely to the source model.
• Input FU . Fuzzified properties of the input substances.
• Output FY . Fuzzified properties of the single output substance.
• State Prescription Function ∆. Design graph grammar. Simplified algebraic behavior descriptions.
• Behavior Model Processing. Derivation based on design graph grammars. Local
and global constraint processing methods.
Knowledge Source Simplifications proposed by domain experts, relating the
model boundary, the synthesis space, and the behavior.
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B
Model Compilation
The aim of model compilation is to shift processing effort from the model utilization
phase to the model construction phase. Model compilation is a powerful construction
approach to address a model’s analytic complexity, its constraint complexity, or the
search space complexity. The idea behind several model compilation approaches is
to break global connections of the source model down to local connections. In the
compiled model the local connections may be encoded as (1) exploratory short cuts
within a large search space or as (2) computational short cuts bridging long-winded
calculations. See Page 48, Section 2.4, for a comparison to other model construction
approaches.
This chapter presents a synthesis and an analysis case study. In Section B.1, model
compilation is used to automatically generate control knowledge that guides the
search when solving complex resource-based configuration problems. In Section B.2,
model compilation (along with model simplification) is used to derive a heuristic
diagnosis model from a deep behavior model that is based on state prescription constraints.
In this sense, the first case study aims at the identification of exploratory short
cuts while the second case study depends on the possibility to formulate computational short cuts. Both compilation approaches are scalable. Scale factor in the configuration case study is the depth of the analyzed search space; scale factor in the
diagnosis case study it is the precision at which simulations are performed.
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B.1

Generating Control
Knowledge in Configuration Tasks

Configuration is the process of composing a model of a technical system from a predefined set of components. The result of such a process is called configuration too
and has to fulfill a set of given constraints. Aside from technical restrictions a customer’s demands constitute a large part of these constraints (34, 46, 92, 141, 165).
A configuration process may rely on both a structure model and a behavior
model. If emphasis is on the former model, the configuration approach is called
skeleton configuration or structure-based configuration. If a behavior model forms
the backbone of the configuration process, only very few standardized configuration approaches exist. An important representative in this connection is the so-called
resource-based configuration approach, which becomes center in this place.
Within the resource-based configuration approach the components involved are
characterized by simplified functional dependencies, so-called resources. On the one
hand, a resource-based modeling provides for powerful and user-friendly mechanisms to formulate configuration tasks (140). On the other hand, the solution of
resource-based configuration problems is NP-complete, which means that no efficient algorithms exist to solve a generic instance of that problem (257).
Actually, when given a real-world configuration problem formulated within a
resource-based description, the search for an optimum configuration can often be
realized efficiently by means of heuristics that were developed by domain experts.
Stated another way, a concrete resource-based system description can be compiled
by enriching it with control knowledge. This section picks up that observation:
It presents a method to automatically generate control knowledge that guides the
search when solving complex resource-based configuration problems.
The compilation approach emphasizes the view that a resource-based configuration problem can be attacked at two different scenes: At a preprocessing stage, where
heuristics are generated, and at a configuration stage, usually at the customer’s site,
where a concrete configuration problem is solved. Figure B.1 illustrates this view.
Model construction

Resourcebased
model

Compilation

Model utilization

Control
knowledge

Force = 2000 N
VelocityMax = 2.4 m/s
Force = 2000 N
...
VelocityMax = 2.4 m/s
...
... for geometry constraints
Values
...
...
Values
Other
dependencies
Force
= 2000
N for geometry constraints
... = 2.4 m/s
VelocityMax
Other dependencies
...
...
Values for geometry constraints
... Force = 2000 N
VelocityMax
= 2.4 m/s
Other
dependencies
Force = 2000 N
...
VelocityMax = 2.4 m/s
...
... for geometry constraints
Values
...
...
Values
Other
dependencies
Force
= 2000
N for geometry constraints
... = 2.4 m/s
VelocityMax
Other dependencies
...
...
Values for geometry constraints
...
Other dependencies

Configuration
process

Demands

Configured
system

Figure B.1. Partitioning the resource-based configuration process.

That a partitioning of the configuration process is possible is in the nature of
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most configuration problems: Input of the preprocessing step is the entire configuration model, and preprocessing must be re-applied whenever this model is changed.
Such changes come along when new components are added or when functionalities
of existing components are modified. Input of the configuration step are demand
sets, which are customer-dependent. The ratio, p, of component model changes and
demand set changes satisfies p ' 1.
The remainder of the section is organized as follows.
(1) In the next subsection, resource-based configuration is introduced, and the balance algorithm, a method to process resource-based component models, is outlined.
(2) The performance of the basic balance algorithm can be significantly improved
by exploiting heuristics that provide a decision base during the search. This is
the starting point of the next but one subsection, where we show in which way
such heuristics can be derived by model compilation within a preprocessing
step.
The concepts presented here have been operationalized and evaluated at a realworld real-world setting(141), which is outlined in “Implementation” subsection.

Resource-Based Models and Configuration
There exist a lot of methodologies that describe in which way configuration problems can be tackled. Their adequacy depends on the configuration task, the domain,
and, of course, the description of the configuration building blocks. Especially when
configuring modular technical systems, resource-based configuration is an important
configuration methodology.
Introduction to Resource-Based Models The resource-based model establishes
an abstraction level that reduces a domain to a finite set of functionality-value-pairs
(105). More precisely, the functionalities that are involved in the configuration process are divided into equivalence classes, the resources. Functionalities of the same
resource class can be charged against each other, rendering the components to suppliers and demanders of resources.
E. g. when configuring a small technical device such as a computer, one functionality of a power supply unit could be its power output, f 1 , and one functionality of
a plug-in card could be its power consumption, f 2 . Both functionalities are elements
of the resource “power”: A power supply unit supplies some power value f 1 = a1 ,
while each plug-in card demands some power value f 2 = a2 . In its simplest form,
demanded values are represented by negative numbers, which are summed up with
the supplied, positive numbers. Within a technically sound model the balance of each
resource must be zero or positive. Figure B.2 depicts a resource-based descriptions of
computer components.
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Power
supply
{f1}

M
M

n
n

Power
{f1, f2, f3}

a1

a1 + a2 + a3 ≥ 0

R

M supplies n units of resource R

R

M demands n units of resource R

Card A
{f2}

a2
a3

Card B
{f3}

Figure B.2. Resource-based modeling of simple computer components.

With respect to the example, F, M is defined as follows: F = { f 1 , f 2 , f 3 }, M =
{{ f 1 }, { f 1 , f 2 , f 3 }, { f 2 }, { f 3 }}. Note that the set M contains both components and
resources. Also note that a dependency network as shown in Figure B.2 represents a
structure model of F, M . Resource-based configuration means the instantiation of
such structure models and the simulation of the underlying behavior models.
In the simplified resource-based configuration model all components have only
a single state. As a consequence, the state description function, ∆, is constant. The
output of a resource-based model is a vector comprising the summed up resources.
If a component is used k times, its functionalities are k-fold supplied or demanded.
Hence, the output function, Λ, is a linear form.
It is the aim of a configuration process to synthesize a model that fulfills a set
of demands. Under the resource-based model, demands are charged against the
output vector. Figure B.3 extends the example by introducing the resource “RAMextension”, which comprises the functionalities f 4 and f 5 . For a given demand d at
resource “RAM-extension” both conditions, a1 + k · a2 + a3 ≥ 0 and k · a4 + a5 ≥ d,
must be fulfilled.

Power
supply
{f1}

M
M

n
n

a1

Power
{f1, f2, f3}

a1 + k·a2 + a3 ≥ 0

R

M supplies n units of resource R

R

M demands n units of resource R

k·a2
a3

Card A
{f2, f4}

k·a4
RAM extension
{f4, f5}

Card B
{f3, f5}

a5

k·a4 + a5 ≥ d

Figure B.3. In the example, F, M is defined as follows: F = { f 1 , f 2 , f 3 , f 4 , f 5 } , M =
{{ f 1 } , { f 1 , f 2 , f 3 } , { f 2 , f 4 } , { f 3 , f 5 } , { f 4 , f 5 }}.

The resource-based model is suitable for a configuration problem if the following
conditions are fulfilled:

• Structural information plays only a secondary role.
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• The components can be characterized by functionalities that are supplied or
demanded.
• The components’ functionalities are combined in order to provide the system’s
global behavior.
In the following we give a precise specification of the simplified resource-based
configuration problem and its solution.1 As introduced by (114), these definitions
specify the state prescription function, ∆, in a normal form as a matrix A. Each column of A represents the functionality vector of a component; likewise, the rows of A
represent the resources. I. e., an element ai j defines the amount at resource i of component j. A configuration problem then is a linear inequation system defined on A.
For the example of Figure B.3 the matrix and the inequation system are given below.

A=

a1
0

a2
a4

a3
a5


,

A



1

k

1

T



≥

0
d



Definition B.1 (Resource-Based Model) Let F, M be a model. A simplified resource-based model over F, M is a constant behavior model, B F, M = FZ , FY ,
V , ∆, Λ , whose elements are defined as follows.

(1) F is a set of functionalities; the elements in M are called objects (or components) and resources.
(2) FZ is the set of constraint variables, and FY is the ordered set of output variables.
The domain for each f ∈ F is Z. V comprises the domains of all functionalities.
(3) The set of state variables, FX , is empty. The state prescription function ∆ is
constant, it assigns each functionality in FZ a value from Z. ∆ can be written as
an r× o matrix A, whose rows and columns define the resources and objects in
M respectively. In the following we will use the symbols O ⊂ M and R ⊂ M
to designate the set of objects and resources respectively.
Between a resource R ∈ R, an object O ∈ O , and a matrix element ai j the following relation holds:
ai j = 0
ai j > 0
ai j < 0

⇔
⇒
⇒

O∩R = ∅
O ∩ R = 1, Semantics: O supplies ai j units of R
O ∩ R = 1, Semantics: O demands ai j units of R

1 Compared to the original definitions in (192), the definitions here are weakened within the fol-

lowing respects: (1) The value domain of all functionalities is Z, (2) the only way to combine
two functionalities is the addition of their values, and (3) supplies and demands are compared with the “≤”-operator. As a consequence, symbolic functionalities or sophisticated
configuration constraints cannot be formulated straightforwardly. However, the definition
reflects a great deal of the required modeling power for typical resource-based configuration
problems.
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(4) The output function Λ is given by Ak, say, FY = Ak. In this connection k ∈ No
is called the vector of object occurrences, or simply, configuration.

Remarks. Note that the output function Λ depends on the number of object occurrences.
Definition B.2 (Resource-Based Configuration Problems) Given is a simplified resource-based model FZ , FY , V , ∆, Λ over F, M , several configuration problems can
be stated (192, 257).2

• F IND C ONF
Let d be a vector from Nr , called the demand vector.
Problem: Determine a configuration k ∈ No such that the inequation system
Ak ≥ d is fulfilled.
• F IND O PT C ONF
Let d be a demand vector from Nr , and let c : O → R+ be a cost function that
assigns some cost to each object in O .
Problem: Determine a configuration k ∈ No that fulfills Ak ≥ d and that is
cost-minimum.
In the following we abbreviate the problem F IND C ONF with Π and the problem
F IND O PT C ONF with Π∗ .
Processing Resource-Based Models If there exists a configuration k that solves
the resource-based configuration problem Π, k can be determined with the balance
algorithm. This algorithm operationalizes a generate-and-test strategy and has been
implemented in the configuration systems C OSMOS, C CSC, A KON , and M OKON
(105, 155, 294, 273). The generate part, controlled by propose-and-revise heuristics
or simply by backtracking (171), is responsible for selecting both an unbalanced (or
unsatisfied) resource R and a set of components that supply f ∈ R. The test part simulates a virtual balance. A resource is called unsatisfied, if the sum of its demanded
functionalities exceeds the sum of its supplied functionalities.
Basically, configuration works as follows. First, the demand set of the virtual balance is initialized with all demanded functionalities, and k is set to the zero-vector.
Second, with respect to some unsatisfied resources R, an component set is formed;
its functionalities are added to the corresponding resources of the balance, and k is
updated by the component set. Third, it is checked whether all resources are satisfied. If so, k establishes a solution of the configuration problem Π. Otherwise, the
configuration process is continued with the second step.
Consider a simple configuration problem where an initial demand vector d T =
( R1 , R2 ) = (6, 0) is given. Two components, O1 and O2 , can be used to fulfill the
demand vector; they are defined in table B.1.
2 At

the same place the authors introduce also a number of decision problems.
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Component

Functionalities

Resource

Functionalities

O1
O2

{ f 1 = 2, f 2 = 1}
{ f 3 = 4, f 4 = − 1}

R1
R2

{ f1, f3 }
{ f2, f4 }

Table B.1. Resource model of the example.

After initialization, the balance has the entry {( R1 , − 6), ( R2 , 0)}. Now the configuration algorithm has to choose a component that fulfills the unsatisfied demand at
resource R1 . If we assume that component O2 is chosen, the balance and the actually
explored search space will look as depicted in Figure B.4.

R1
Balance: {(R1, -2), (R2, -1)}
O1

O2

...
R1

R2

O1

Resource selection
Component selection

...

...

...

O2

...

Figure B.4. Configuration situation after the first decision.

Note that in the configuration situation of Figure B.4, both a decision regarding
component selection and resource selection must be made. A solution of the example
is given with k T = (O1 , O2 ) = (1, 1) or k T = (3, 0).

Compiling Resource-Based Models
Resource-based component models provide great knowledge acquisition support
since the configuration knowledge consists of local connections to the very most part
(257). However, the basic balance processing algorithm is of exponential time complexity.
In many real-world configuration problems the optimum solution must be found
for a given demand vector, say, some instance of Π∗ must be solved. Hence, if no
powerful heuristics are at hand that control the functionality and component selection steps, merely small configuration problems can be tackled by resource-based
configuration.
Resource selection is related to the search space’s total depth in first place; component selection affects the effort necessary for backtracking. An “intelligent” strategy
within these selection steps is the major engine of efficient balance processing (278).
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In this connection the preprocessing idea comes into play. By preprocessing the
resource-based component model, implicit knowledge relating a selection strategy can
be made explicit, e. g. in the form of an estimation function. The following subsections
outline preprocessing techniques. The considerations are not of a purely theoretical nature but have been operationalized within the configuration system P RE A KON
(141).
Computing a Precedence Order for Resources Let V, E be a graph of a
resource-based model. Note that, by definition, V, E is bipartite, each edge e ∈ E
corresponds one-to-one to a non-zero element in A, and that the incident nodes of e
correspond to one object and one resource.
Definition B.3 (Component-Resource Graph) Let B F, M = FZ , FY , V , ∆, Λ designate a resource-based model over F, M . A directed, bipartite graph V, E of
F, M is called component-resource graph, if for each edge (v, w) ∈ E with matrix
entry a ∈ A the following holds.
a > 0 ⇔ v corresponds to a component and w corresponds to a resource
a < 0 ⇔ v corresponds to a resource and w corresponds to a component
Component-resource graphs reflect the supply and demand dependencies of a
resource-based model. Consider the component-resource graph in Figure B.5. A
demand in d should only be processed, if all components of the system that also need
this resource are already determined. E. g., since component O3 supplies nothing, it
should be selected first, and while O1 demands nothing, it should be selected last.
R1

O1

R4

R2
O

R

O supplies R

O

R

O demands R

O4

O2
R3

O3

Figure B.5. A sample component-resource graph.

Obviously, the number of O’s instances required to satisfy a resource can be determined without backtracking, if O’s outdegree in the component-resource graph
is zero (on condition that the components selected and the resources processed are
deleted in the graph). Note that the sequence of nodes we get by this procedure corresponds to a reversed topological sorting of the graph. The order by which resources
occur in this sorting defines the succession by which unsatisfied resources should be
selected from the balance.
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Remarks. Given the case that F, M represents a non-causal model, the related
component-resource graph V, E will contain cycles. To compute a topological sorting, all strongly connected components must be detected first, a computation that
can be done in O(| E |) for a connected directed graph (9). Then, the condensed graph
can be constructed where each strongly connected component is represented by one
node, and a topological sorting based on this graph can be computed.
Computing a Precedence Order for Components To satisfy an open demand at
a resource R, a simple selection strategy is to choose from all components that supply
R the cost-minimum one. Certainly such a greedy strategy is often too shortsighted,
and we are looking for a strategy that has global configuration knowledge compiled
in. Such a strategy can be operationalized by means of a function that computes a
reliable estimation of the follow-up costs bound up with the selection of a particular
component.
The subsequent simplifications are a reasonable compromise when constructing
such an estimation function:
(1) A configuration situation is solely characterized by those resources that are
currently unsatisfied.
(2) A resource is satisfied by components of the same type.
(3) Components are regarded as suppliers of a single resource.
(4) There exist no restrictions between components.
Remarks. Point 1 neglects that unused resources in a partial configuration may be
exploited in a further course of the configuration process. Point 2 neglects that a
combination of different components may constitute a more adequate solution for an
unfulfilled resource than a set of components of the same type. Point 3 neglects that
a component may supply several resources each of which is demanded in the partial
configuration. Point 4 neglects that other constraints than supplies and demands
must be satisfied by a configuration (mounting restrictions for instance).
Based on the above simplifications an estimation function h(O, R, n ) for the computation of follow-up costs can be directly constructed.3 R denotes the demanded
resource, n denotes the amount to which R is demanded, and O denotes a component that supplies R and that is used to satisfy the open demand. We will construct h
within three steps:
(1) Each component O ∈ O has some local cost c(O), but it also causes particular
follow-up costs. Together they make up a component’s total cost ct .
3 The

estimation function discussed here was proposed and operationalized by Curatolo (140).
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(2) A component’s follow-up costs result from its demands. More precisely: Let O
be a component and d(O) the set of resources demanded by O. Then, of course,
we would like each demand vd (O, R ) of component O at resource R ∈ d(O) to
be satisfied at minimum costs. Note that all components that will be selected
to satisfy R entail follow-up costs on their turn. I. e., if we selected component
O in order to satisfy a required demand R, we would expect the following total
cost ct :


ct (O, R) : = c(O) + ∑ min ct (O , R ) ,
R ∈ d ( O )

where

c(O) ∈ R+
d(O)
s( R)

O  ∈ s ( R )

local cost of component O
demanded resources of O
components that supply R

Note that the term for ct assumes that each required demand can be satisfied
by exactly one component. This shortcoming is addressed within the next step.
(3) The following term computes for a given amount n at resource R the number
of components O that are necessary to satisfy R:


n
vs (O, R)
Putting the pieces together results in an estimation function h that computes for
a component O and a demand R at the amount of n the total costs:


 
 

n



h O , R , vd (O, R )
· c(O) + ∑ min
,
h(O, R, n ) : =
vs (O, R)
O  ∈ s ( R )
R ∈ d ( O )
where

c(O) ∈ R+
d(O)
s( R)
vs (O, R) ∈ N
vd (O, R) ∈ N

local cost of component O
demanded resources of O
components that supply R
supply at resource R of component O
demand at resource R of component O

Example. Recall the example from Page 129, where a simple knowledge base containing two components, O1 and O2 , and two resources, R1 and R2 was given. In this
place we elaborate on the same example, but we define aside from the components’
resources also their local costs c.
According to the formula previously derived, h is defined as follows.
n
· 100
(no follow-up costs)
h(O1 , R1 , n ) =
2
(no follow-up costs)
h(O1 , R2 , n ) = n · 100
n
· (10 + 100)
(follow-up costs for R2 )
h(O2 , R1 , n ) =
4
(R2 can never be satisfied by O2 )
h(O2 , R2 , n ) = ∞
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Component

Functionalities

Local cost

Resource

Functionalities

O1
O2

{ f 1 = 2, f 2 = 1}
{ f 3 = 4, f 4 = − 1}

100
10

R1
R2

{ f1, f3 }
{ f2, f4 }

Table B.2. Resource model of the example with local cost.

Again, the demand vector at the system searched for is d T = ( R1 , R2 ) = (6, 0).
The resulting search tree is depicted in Figure B.6.

{(R1, -6), (R2, 0)}
R1
O1

(300)

{(R1, -4), (R2, 1)}
R1

(200)

O1

O2

{(R1, -2), (R2, -1)}

(110)

O1 (100)

{(R1, 0), (R2, 0)}

R1
O2

(110)

{(R1, 2), (R2, -2)}

C* = 220

R1
O1

(220)

R2

{(R1, -2), (R2, 2)}

(100)

O2

O2

R2
O1

(110)

(200)
{(R1, 0), (R2, 3)}
C = 300

{(R1, 3), (R2, 3)}

{(R1, 4), (R2, -2)}

C = 210

R2
O1
(100)

Balance
Resource selection
Component selection

{(R1, 6), (R2, 0)}
C = 220

Figure B.6. Search tree of the configuration example.

The search tree is two-layered and consists of two types of nodes. Filled nodes
establish choice points regarding the resource to be satisfied next. The related balance
is shown framed above the node. Outlined nodes establish choice points regarding
the component to be selected next. The edges of the search tree are labeled with the
configuration decisions. Below the actually selected components, put in parentheses,
the estimation function’s values are annotated.
The tree shows in which way the control information of h is exploited. If alternative components are given to satisfy an open demand, h defines an order by which
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the nodes are expanded. In the example, component O2 is chosen at the first choice
point, while O1 is chosen at the next. The earlier a solution is found, the earlier its
cost information c can be used to cut off partial configurations exceeding c.
Properties of the Precedence Order Functions The precedence order for resource selection is optimum if F, M is causal. Following up this order will correctly
inform the balance algorithm respecting the total demand at some resource. If F, M
is not causal, the tie amongst the resources involved in a dependency cycle must be
broken by some heuristic: For instance, the resources could be ranked according to
their size, which minimizes the number of backtracking candidates amongst the components.
The precedence order for component selection is based on the cost estimation
function h. The function h cannot be used to realize an admissible Best-First search
of type A∗ , since h is neither consistent nor optimistic.
Remarks. (1) An algorithm is admissible if it is guaranteed to return an optimal solution whenever a solution exists (209). (2) Consistency implies that the estimation
function is optimistic, and, consistency is equivalent to monotonicity (202).
Observe that the computation of the sum cost of all unsatisfied resources of a
balance by means of h clearly leads to an overestimation of a configuration’s total
cost. In fact, even if a balance is assessed by the cost of only one unsatisfied resource,
h cannot be considered as an optimistic estimation function for a configuration’s total
cost. This is shown now.
Let h(O, R, n ) be the estimated cost for a configuration that uses O to fulfill a
demand of n at resource R, and let h∗ (O, R, n ) be the optimum cost for such a configuration. h is optimistic if the inequation h(O, R, n ) ≤ h∗ (O, R, n ) holds for all
O ∈ s( R), R, and n. Consider the sum term of h:
 

∑ min h O , R , vd (O, R )
R ∈ d ( O )

O  ∈ s ( R )

For each resource R ∈ d(O) separate cost estimations are performed and accumulated. But, there may be some interactivity between two objects O1 and O2 that
are used to satisfy two resources R1 , R2 ∈ d(O): Object O1 may also supply the demanded resource R2 , rendering a separate treatment of R2 superfluous. Given this
kind of interactivity between objects, h > h∗ .
Depending on both the actual configuration problem and specialties of the domain, h can be improved or constructed according to other paradigms:
• In place of a preprocessing that first selects a resource R and then decides
which of the components is suited best, a combined consideration of resources
and components is conceivable. This way restrictions between components
can be taken into account.

• Instead of assessing the cost with respect to a single resource, estimation functions for the simultaneous treatment of resources can be developed.
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Implementation at a Real-World Problem
The configuration of telecommunication systems is grounded on technical know-how
since the right boxes, plug-in cards, cable adapters, etc. have to be selected and put
together according to spatial and technical constraints. Customer demands, which
form the starting point of each configuration process, include various telephone extensions, digital and analog services, or software specifications. Typically, there exist
a lot of alternative systems that fulfill a customer’s demands from which—with respect to some objective—the optimum has to be selected.
For this kind of domain and configuration problem the resource-based component model establishes the right level of abstraction: Technical constraints can be
reduced to a finite set of functionality-value-pairs, which are supplied or demanded
from the components. In a nutshell, the configuration problem in hand forms an
instance of Π∗ .
To cope with their huge and increasing number of telecommunication system
variants and to reduce the settling-in period for their sales personnel, Bosch Telenorma, Frankfurt, started along with our working group the development of the
resource-based configuration system P RE A KON (141). Early versions of P RE A KON
showed the necessity of a heuristic search space exploration if optimum configurations should be found in an acceptable time, given realistic demand vectors d.
For the following reasons we refrained from a manual integration of control
knowledge:
(1) The control knowledge of domain experts is usually contradictory and incomplete.
(2) The additional effort bound up with maintenance of heuristic knowledge complicates a configuration system’s introduction.
(3) Each modification of the knowledge base (e. g. because of new components)
can potentially invalidate existing heuristics.
Instead, the model compilation concept presented in this place was pursued—the
automatic generation of control knowledge by means of preprocessing.
A precise computation or a complete representation of h is impossible here, since
an exhausting search for all values in O, R, and n had to be performed. As a way out,
aside from the simplifying assumptions already made on Page 131, h is approximated
in the following way.
Firstly, depending on both the resources, R ∈ R, and the components, O ∈ O , the
recursion depth of h is bound to some number k. If a search depth of k is reached
while the balance is still unsatisfied, an approximate value estimating the remaining
cost is assumed. Secondly, h(O, R, n ) is computed only for a few points n, including
typical minimum and maximum demand values. The sampling points are used to
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construct for each component O and each demanded resource a function that interpolates h. The result is a family of | F | functions h f (n ), which can be evaluated at
configuration runtime.
The implementation of such estimation functions h f (n ) within P RE A KON led to
a significant speed-up for realistic instances of Telenorma’s configuration problem.
P RE A KON was the first configuration system at Telenorma that provided realistic
means for being used at the customer site. Technical details, an evaluation, and a
comparison of the outlined as well as of related estimation functions can be found
in (278).

Synopsis
Problemclass Synthesis of modular technical systems according to a demand vector d.
Problem Solving Method Balance configuration.
Source Model Constant behavior model FY , FZ , V , ∆, Λ , defined over F, M .

• Fidelity Level F. Aggregated physical properties. No compatibility or continuity
constraints.
• Granularity Level M. Definition of components, O ⊂ M, and resources, R ⊂
M. O ∩ R = ∅, O ∪ R = M. Let r = |R| and o = |O|
• State Prescription Function ∆. The functionalities f ∈ FZ are constants, FX = ∅
(memoryless). ∆ defines both object-functionality-value triples, (O, f , v), with
O ∈ O , f ∈ FZ , v ∈ Z and linear inequations on the elements in R. ∆ can be
represented as an r× o matrix A. The definition of ∆ guarantees locality but not
causality.
• Output Function Λ. Λ is a linear combination Ak, k ∈ No . k is the vector of
component occurrences, also called configuration.
• Order of Magnitude of the Application. |O| ≈ 100 and |R| ≈ 200; the size of a
particular resource R ∈ R varies from 1 (specialty) to o (ubiquity). On average, resource size and component size are of the same order of magnitude and
smaller than 20.
• Behavior Model Processing. Systematic generate-and-test, realized by backtracking on an And-Or-graph.
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F, M and FY , FZ , V , ∆, Λ correspond to the source model.

• Resource Precedence Function. Reversed topological sorting of the componentresource graph of F, M .
• Component Precedence Function. Realized by h(O, R, n ), a cost estimation function that recursively considers follow-up costs. For runtime and space efficiency reasons, h is bound in depth and interpolated at selected sampling
points.
• Behavior Model Processing. General best-first search with delayed termination
and non-monotonic cost estimation function.
Knowledge Source Graph-theoretical analysis. Search space exploration. Selective evaluation and interpolation of cost estimation functions.
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B.2

Flattening Deep
Models for Diagnosis Purposes

Let a technical system S and a related behavior model B F, M over F, M be given.
If B F, M describes the behavior of the correctly working system, then deviations
between the predicted behavior of the simulated model B F, M and the observed
behavior of the faulty system are called symptoms. Diagnosis means to explain
symptoms in terms of one or more misbehaving components in M.
The diagnosis of systems that are described by complex behavior models is a
challenge (57): Both the heuristic approach and the model-based approach entail
large difficulties. Following the heuristic paradigm requires the elicitation of diagnosis rules by questioning domain experts or evaluating records from the past—a
road which is insecure, fault-prone, and tedious.
Following the model-based paradigm means to synthesize and simulate a behavior model and to compare predicted behavior to observed behavior (221). Modelbased diagnosis, e. g. in the form of the GDE (51, 81), requires excellent simulation
capabilities because several inverse simulation runs (from symptoms back to causes)
are necessary til all symptoms are covered. Among others, following problems are
connected to diagnosis based on first principles. (1) Long paths of interaction between components result in a large number of diagnosis candidates, which in turn
result in a large number of measurements to be carried out. (2) Many technical systems have a feedback structure; as a consequence, cause-effect chains, which form
the base for GDE’s reasoning process on violated assumptions, do not exist.
Model construction

Compilation

Behavior model

Model utilization
1.000
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1.001
2.233
2.234
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3.466
3.466
3.467
4.232
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1.000
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3.466

0.000
0.000
0.010
200.000
200.000
200.000
200.000
200.000
200.000
200.000
0.000
0.000
0.010
200.000
200.000
200.000
200.000
200.000

0.000
0.000
0.000
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0.010
200.000
200.000
200.000
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0.000
0.000
0.000
0.000
0.000
0.010
200.000
200.000
200.000

0.000
0.244
0.244
0.244
0.244
0.000
0.000
-20.092
-20.092
5.731
60.000
0.244
0.244
0.244
0.244
0.000
0.000
-20.092

Simplification

Rule
model

Heuristic
diagnosis

Simulation data base

Figure B.7. Simulating a fluidic circuit in various fault modes yields a database from which, in
turn, a rule-based diagnosis model is constructed.

In this section we present an approach for the automatic generation of tailored
diagnosis systems for fluidic systems—it shall disburden us from long expert interviews and from consistency problems bound up with large rule bases. Clearly, an
automatically generated diagnosis system cannot be expected to detect very particular faults, but it can provide a reasonable support with respect to frequently occurring
component defects.
Our diagnosis approach is based on model compilation: By simulating a fluidic
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circuit in various fault modes and over its typical input range a simulation database is
compiled. From this database a simplified rule-based behavior model is constructed
where the long cause-effect chains have been replaced with much simpler associations and which is optimized for a heuristic classification of the interesting faults (see
Figure B.7). It thus may have the potential to combine the advantages of a modelbased approach, such as behavior fidelity and modularity, with the efficiency and
robustness of a heuristic approach.
1.0
0.8
0.6
0.4

Proposal of component
set (≤ 3) including fault
Unique fault proposal

0.2

1

2

3

4

5

6

Number of
observers

Figure B.8. Classified faults depending on the number of installed measuring devices (observers). Dark bars indicate a unique proposal of the faulty component, light bars an ambiguous
proposal (≤ 3 components including fault).

An implementation of the approach and tests with medium-sized hydraulic systems, from which Figure B.8 shows an extract, are promising. The diagnosis task was
to detect unseen instances of realistic component faults, which established variations
of 12 different fault models.

Underlying Models
Definition B.4 (Electro-Fluidic System Model) Let S be a fluidic system and let
F, M be a model of S. A electro-fluidic system model over F, M is a combined
discrete event/continuous time model, B F, M = FU , FZ , FY , V , ∆, Λ , whose elements are defined as follows.

(1) F = FU ∪ FZ is a set of functionalities, described below. The elements in M
designate fluidic, i. e., hydraulic or pneumatic elements and, for control purposes, electrical elements. To the former count cylinders, motors, different
types of valves, pumps, tanks, and measuring devices. To the latter count relays, switches, and power supplies, among others.
(2) FU is the set of input variables, defining the extrinsic forces at the cylinders,
but also the switching events signaled by a numerical control; FZ is the set of
constraint variables for the fluidic and electrical quantities. FY ⊆ FZ is the set
of output variables, i. e., quantities in FZ that shall be observed: Velocities of
the cylinder pistons and pressure and flow variables at various places.
(3) The sets U f , U Tf , and Z f designate the domains of the variables f in F . Likewise, U , U T , Z , and Y designate the Cartesian products of the input variable
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domains, the constraint variable domains, and the output variable domains.
The time base T is a subset of R+ . V comprises the domains of all functionalities.
(4) ∆ declares a set of state variables, FX ⊆ FZ , and a state space, X , which is
the projection of Z with respect to FX . If S does not contain structural singularities, there is a state variable (continuous or discrete) for each reactive
element. Given a state vector x ∈ X , a vector of functions u (t) ∈ U T , and
some t ∈ T , ∆ determines a constraint vector z ∈ Z including a new state, say,
∆ : X ×U T× T → Z .
(5) Λ is the identity mapping.

The precedent definition can be regarded as a correct behavior model specification for an electro-fluidic system. For our model-based diagnosis approach we
need also a model of fault behavior in the sense of the GDE+ (275, 277, 54). A fault
behavior model is an extension of the above electro-fluidic system model: There
is an additional state variable set FD and a second state prescription function ∆ .
FD defines fault states of the components M ∈ M, such as resistance deviations,
leaking amounts, or decreases in performance. Consequently the domain of ∆ is
D×X ×U T× T; ∆ specifies the fault behavior relations of the components in M.
Remarks. (1) ∆ defines a nonlinear differential-algebraic system; details respecting behavior laws for fluidic components can be found in (15, 22, 70, 174, 175). (2) Both the
electro-fluidic system model and its fault model extension are local behavior models.
That is to say, a special one-to-one correspondence between the relations in ∆ (∆ )
and the components M ∈ M can be stated (cf. Section 2.1, Page 31). In particular,
we claim that the fault behavior model complies with the no-function-in-structure
principle (same Section, Page 34).
Fault Behavior in Fluidics In the following, we list important faults of fluidic
components; moreover, exemplary fault behavior relations from ∆ are stated for the
check valve and the cylinder.

• Check Valve Faults. Jamming, leaking, broken spring.
These faults affect the resistance characteristic of the valve in first place. Let p1
and p2 be the pressure values at the two valve connections, let q be the flow
through the valve, and let R its hydraulic resistance. Then, the pressure drop
at a turbulent flow is
∆p = R · q 2

where

∆p : = p1 − p2 .

The resistance law is given in Table B.3 for both the correct and the faulty behavior. If the valve is operating in its range of control, the fractions are well
defined and ∆p > pO .
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Correct resistance behavior
R=

· ∆p
( ∆p − p0 ) 2
m2
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Faulty resistance behavior
R=

m 2 · ∆p
( ∆p − p0 · ( 1 + εvalve ))2

Table B.3. Behavior law for the resistance of a correct and a faulty check valve operating in its
control range. The deviation coefficient εvalve ∈ FD specifies a component-specific random
variable according to the characteristic shown in Figure B.9 (left).

The variable εvalve in the faulty resistance equation is a state variable from FD .
Since the resistance of a malfunctioning valve is a continuous quantity, εvalve
is modeled as a continuous random variable. The left-hand side of Figure B.9
shows a characteristic density function for εvalve, the right-hand side classifies
the fault behavior with respect to its seriousness based on two Fuzzy membership functions for the linguistic variables “simple fault” and “severe fault”. See
(24, 59) for an introduction to Fuzzy modeling.
Density
function

1.0

Membership

Simple fault
Severe fault

εvalve

0
-0.2

0 ~ O.K.

0.2

εvalve

0
-0.2

0 ~ O.K.

0.2

Figure B.9. A sample distribution of the resistance deviation of a faulty check valve (left) and the
fault classification with respect to fault seriousness (right). Note that the left curve does nothing
say about the valve’s failure rate.

• Cylinder Faults. Slipping, interior or exterior leaking.
The next but one equations from ∆ model a pressure-dependent leakage flow
resulting from a defect sealing. Let p1 and p2 be the pressure values at the
two cylinder connections, and let q 1 and q 2 be the respective flows. Then the
balance of forces at the cylinder always is
F = ak · p1 − ar · p2 + d · ẋ + m · ẍ
where ak , ar , d, and m designate the piston area, the ring area, the coefficient of
friction, and the moved mass. The flow equations take a leakage flow q l into
account:

q 2 = − ar · ẋ − q l where q l : = | p1 − p2 | · εcyl
q 1 = ak · ẋ + q l
As before, a component-specific density function and a fault behavior classification must be stated for the deviation coefficient εcyl ∈ FD .
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• Throttle Valve Faults. Incorrect clearance, sticking.
• Directional Valve Faults. Defect solenoid, contaminated lands.
• Pump Faults. Decrease in performance.

Flattening a Deep Model by Compilation
This subsection introduces a powerful diagnosis approach for systems that are described by behavior models B F, M as specified in Definition B.4—i. e., complex,
continuous time models, which may also contain feedback loops.4 Main idea of the
diagnosis approach is model compilation. However, model simplification does also
play a role: Simplification techniques are employed to generalize the compiled model
and to make it manageable. The entire model construction process comprises five
steps.
(1) Behavior Model Contamination. The local behavior specification ∆ M ⊆ ∆ of some
component M ∈ M is replaced with its faulty counterpart ∆M ⊆ ∆ , resulting
in a fault behavior model B  F, M . Whichever of the single fault or multiple
fault assumption is pursued, the behavior contamination happens either for
one component at a time or for several components at once.
(2) Systematic Simulation. The objective is to learn as much as possible about
B  F, M . For this purpose B  F, M is excited with meaningful values for
the input variables in FU .
Step (1) and (2) are repeated for all fault candidates M ∈ M. Together, they realize a compilation of B  F, M : Processing effort, i. e., the simulation in our case,
is shifted from the model utilization phase to the model construction phase (cf. Section 2.4, Page 2.4). Result of the compilation is a simulation database C . The subsequent steps, (3)–(5), make up the model simplification. Figure B.7 on Page 138
illustrates this division of the model construction process.
(3) Data Abstraction. Abstraction means to generalize the simulation database C by
mapping its values onto a small number of deviation intervals (the symptoms),
without loosing too much of the discrimination information. Result of this step
is an interval database C I .
(4) Focusing. By a simulation, all physical quantities of a model can be observed.
In contrast, at a real system, symptoms can be observed only at the few points
where measuring devices have been installed. To ensure that these points are
useful for diagnosis purposes we determine them—following the objective to
maximize their fault discrimination capability. Result of this step is the observable subset of C I , the observer database CO , where CO ' C I .
4 The

approach was operationalized and verified in a close cooperation with Uwe Husemeyer (115).
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(5) Rule Generation. By means of data mining methods, which treat the different
intervals as propositional symbols, associations, say, rules between symptoms
and faults are sought within CO . Result of this step is a rule database C R where
C R ' CO .
The remainder of this subsection is devoted to selected aspects of the model construction steps (2)–(5). Clearly, since all construction steps are fairly complex their
succinct presentation cannot come up to all respects, and references for further reading are given.
Systematic Simulation The evaluation results, a few of which are presented later
on, significantly prove the success of our ideas. This paragraph outlines reasons for
this success from the modeling and simulation standpoint.
One pillar of our approach is the approximation of a huge amount of simulation
data by a comparatively small rule set. This is fruitful only if the simulation data
can be generalized, that is to say, learned. Recall in this connection that B F, M (or
B  F, M ) establishes a combined discrete event/continuous time model. I. e., the
trajectories of the constraint variables in FZ can be considered as piecewise continuous segments, which are called “phases” here. The discrete constraint variables such
as valve positions, relays, and switches are constant within a phase, and between
each two consecutive phases one or more of them change their values. The continuous constraint variables such as pressures, flows, velocities, positions, etc., which
are the target of our learn process, follow continuous but diverse curves. Due to the
dynamic nature of B F, M the curves show a decreasing, increasing, oscillating, or
some superimposed characteristic.
From the viewpoint of diagnosis, the (quasi-)stationary values (in each phase) of
the continuous constraint variables are in the role of symptoms, since they can be
observed at the measuring devices. Our working hypothesis is that between the continuous input variables and many of the continuous constraint variables a monotonic
characteristic can be assumed—as long as a single phase is considered. The simulation procedure reflects this “single-phase-monotonicity hypothesis” as follows.
Given are an initial state vector x0 ∈ X or x0 ∈ D×X , a vector of—typically
constant—input functions u (t) ∈ U T , and some t ∈ T. Then, during simulation, samples z of the resulting vector of constraint trajectories are drawn at those points
in time τ , τ ≤ t, where a state change is imminent. Each constraint vector z =
( z1 , . . . , z| FZ | ) extracted this way is taken as a vector of stationary values representing
the phase where it was drawn. With respect to the compilation process it is enriched
by further information: A unique number π ∈ N designating its phase, the responsible vector of input function values at time τ , u (τ ) = (u 1 , . . . , u | FU | ), and a vector d
encoding component faults d ∈ D along with membership values specifying the seriousness of the faults. For the time being we commit ourselves to the single-fault case,
and d is of the form (d, µd ). Altogether, a fault-simulation vector c is constructed:
c(π , u, d ) : = (π , u 1 , . . . , u | FU | , z1 , . . . , z| FZ | , d, µd )
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If the behavior model was not contaminated, that is to say, a faultless simulation
has been performed, we write c(π , u ) instead of c(π , u, d ).
Under the single-fault assumption, the total number of simulations, n, depends
on the number of input quantities, | FU |, the desired resolution of the input range, r,
the number of component faults, | D |, and, for the faulty component currently chosen,
its number of fault behavior graduations, s. Hence, the input sample number is in
O(r| FU | ), the fault behavior variations are in O(| D | · s), and n is in O(r| FU | · | D | · s).
The n samples of simulation vectors c make up the simulation database C .
Remarks. (1) Note that each simulation entails for each phase π a model synthesis problem followed by a solution of the resulting state-space or steady-state
model. (2) Related to our purposes, the systematic simulation of a combined discrete event/continuous time model provides some pitfalls. Depending on the input
functions u (t) ∈ U T or a component’s fault type, phases may be dropped. Clearly,
the application of the 2-operation within the data abstraction step (see below) does
only make sense for vectors c that stem from the same phase. Therefore, the system
D ÉJÀV U , which operationalizes the diagnosis approach, contains heuristics for both
the detection of missing phases and the introduction of dummy phases.5
Data Abstraction Most probably, the highest importance in the presented diagnosis approach comes up to the skillful abstraction of the simulation data, which transforms the raw data C towards the interval database C I . It is realized within three
steps.

• Difference Computation. Based on the operator “2”, for each fault-simulation
vector c(π , u, d ) ∈ C the difference of its constraint variables z to the faultless
simulation vector c(π , u ) with same u in the same phase π is computed.
The measuring instruments in the real system S give information about effort
variables and flow variables. The former are undirected, and a difference between two values of this type is computed straightforwardly. The latter contain
directional information, and their difference computation needs a more thorough analysis.
Let z( x) and z( y) be two values of flow
defined as follows.
 ( x)
z − z( y)



 “0/+”




 “0/-”
( x)
( y)
z 2 z = δz =
“+/0”


 “+/-”




“-/0”


“-/+”
5A

variables. Then the operation “2” is
if z( x) , z( y) are unidirectional
if z( x) = 0, z( y) > 0
if z( x) = 0, z( y) < 0
if z( x) > 0, z( y) = 0
if z( x) > 0, z( y) < 0
if z( x) < 0, z( y) = 0
if z( x) < 0, z( y) > 0

more elaborate presentation of this system is given in (115) under the name A RGUS . The
employed fluid simulator is A RT D ECO (257, 262).
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The strings such as “0/+” read as “zero instead of positive”, etc. Since “2”
does not define an injective operation, the difference computation is bound up
with a loss of information.

• Generalization. If z( x) and z( y) are unidirectional flow values or if they are values of two effort variables, the 2-operation maps into R. We now generalize
these difference values from R towards intervals—acting on the maxim of the
previously introduced single-phase-monotonicity hypothesis.
If no event occurs, we expect that ∆u , the restriction of the state prescription
function with respect to a single input variable u ∈ FU , behaves monotonically
for significantly large variations of u. In particular, we expect that ∆ε , the state
prescription function in dependence on a single deviation coefficient ε at constant input u, behaves monotonic within the standard deviation interval of ε
(see again the left-hand side of Figure B.9).
If the conditions are fulfilled for several constraint variables, the generalization of the single simulation differences towards intervals is justifiable. In this
connection, we collect for each constraint variable z ∈ FZ and for each phase
π its difference values δ z (short for δ z,π ) and construct a one-to-one mapping
onto a set of intervals I z (short for I z,π ). Except for the direct neighbors of
zero, the difference values form the center of their associated intervals; moreover, the intervals do not overlap each other, and they cover the entire do(i)
(i +1)
be the interval centers of adjoining intervals and
main of z. Let δ z and δ z
(i)
(i +1)
sign(δ z ) = sign(δ z ), then the interval border between these intervals lies
(i)
(i +1)
in the middle, at (δ z + δ z )/2.
Figure B.10 exemplifies for some constraint variable z and some phase π eight
simulations that result from several inputs and fault variations. The letters
(i)
below the δ z specify the behavior model contaminations, say, the chosen component faults; above the δ z -axis the associated intervals in I z are shown.
Iz

δz
(1)

δz

(2)

δz

(3)

δz

0 ~ O.K.

(4)

δz

(5)

δz

(6)

δz

(7)

δz

(8)

δz

⇑

⇑

⇑

⇑

⇑

⇑

⇑

⇑

a

b

b

d

c

c

d

a

(i)

Figure B.10. Eight difference values δ z , which result from one faultless simulation and eight
fault simulations z(i ) for some constraint variable z within a certain phase; the differences have
been generalized towards nine intervals (including the zero interval). The letters below encode
the fault contaminations in the behavior model B F, M that led to the constraint variable
values z(i ) .

Note that the computation of adjoining interval borders according to the rule
(i)
(i +1)
(δ z + δ z )/2 implies a linearity assumption on ∆ and ∆ : Variations δu and

146

M ODEL C OMPILATION
δε of the input vector and the deviation coefficient vector are independent of
the actual amount of the varied variables. Clearly, this linearity postulation
further tightens the assumptions of the single-phase-monotonicity hypothesis.
That the further tightening is admissible becomes clear if one takes a closer
look at the functions in ∆ and ∆ . Many of the nonlinear connections are ana(i)
lytical functions of square characteristics, whereas each difference δ z between
(i)
the faultless simulation and a sample z of the fault simulations can be considered as an operating point. And, a linear approximation close to some operating point corresponds to an approximation of the functions in ∆ and ∆
by the first term of a Taylor series, which is bound up with a small error for
polynomials of degree two (237).

• Interval Reduction. Actually, we could stop at this point and use the phasespecific intervals I ∈ I z , z ∈ FZ , to learn rules of the following or similar form:
If δo1 ∈ Io1 ∧ δo2 ∈ Io2 ∧ δo3 ∈ Io3

Then “Fault a is occurred”

where the δoi are symptoms that have been observed at the real system S within
phase π . There are two important aspects that advised us to subtly reduce the
sets of intervals. Firstly, our intervals are not purposefully constructed but result from a large number of simulations; i. e., they may be too small or come
along with ill-formed interval boundaries when compared to human read-off
practices. Secondly, a large number of small intervals is opposed to the generalization thought; it may lead to highly specialized rules that never become
(2)
(3)
applied in practice. For instance, look at the difference values δ z and δ z in
Figure B.10: Their associated intervals can be unified without loosing discrimination information.
In our diagnosis system D ÉJÀV U this shortcoming is addressed as follows. Depending on the interesting physical quantity z ∈ FZ , the favorable number r z
of read-off intervals is acquired, assuming that commercial measuring devices
will be employed. Given some quantity z with interval set I z , a lower bound
ρ z for the interval width is determined by dividing the range (the sum of the
smallest negative and the largest positive value of the δ z ) by r z . To guarantee
plain interval boundaries for the human sense of esthetics, ρ z is approximated
by the function ρz :

|ρ z − ρz (n )| → min

where ρz (n ) = n · 104log10 ρz 5 ,

n ∈ {1, 52 , 5, 10} (B.1)

The interval boundaries in I z are moved to the closest integer multiple of the
solution of approximation (B.1); thereafter, all adjoining intervals that contain
the same set of faults are unified. Figure B.11 illustrates the procedure at the
previous example.
Due to the abstraction step we leave the domain of real numbers, R, and continue
on a symbolic (propositional-logical) level with weak ordinal information: For each
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δz

a

b

b

0

c

c

d

d

a

Figure B.11. The D ÉJÀV U interval reduction applied to the example in Figure B.10. The interval
widths are multiples of a common basis ι z ; intervals with equal faults have been unified.

constraint variable z ∈ FZ and for each phase π , a new domain Iz (short for Iz,π ) is
introduced. Iz is the union of the special symbol set {0/+, 0/-, +/0, +/-, -/0, -/+}
and a set of interval names, which map in a one-to-one manner onto the reduced
set of real-valued intervals I ∈ I z . In the sequel, the symbolic interval database that
emerges from C by data abstraction is denoted with C I . Note that the number of
simulation vectors has not been reduced, say, |C| = |CI |.
Remarks. From its nature, the data abstraction step can be compared to discretization
methods that transform a cardinal domain to an ordinal domain in order to make a
classification or learning approach applicable (216, 56). According to Dougherty et al.
such transformation methods can be distinguished with respect to locality, supervision, and interdependency. The presented method is global, since the interval formation is applied to the entire range of a variable; it is supervised, since it exploits
classification knowledge (the faults within an interval); however, it does not consider dependencies between variables. Anyway, note that we are not solving a true
discretization problem, since we are working on a sample database and not on continuous functions.
Focusing Based on the state prescription function ∆ of the fault behavior model
B  F, M , values for all constraint variables in FZ are computed. In fact, restricted
to a handful of measuring devices, only a small subset O of FZ , | O| = k, can be
observed at the real system S. The objective of the focusing step is to determine
the most informative constraint variables in FZ —or, speaking technically, to place a
set of k measuring devices such that as much faults as possible can be classified by
interpreting the k displayed values. In the sequel, the observed constraint variables
are also called observers.
Diagnosis Background. The deviations found when comparing the predicted behavior of the simulated model B F, M to the observed behavior of the system S are
called symptoms. These symptoms have to be explained in terms of one or more
misbehaving components, so to speak, they have to be reproduced by a simulation of
some contaminated model B  F, M . A set of correctly modeled components whose
simulated behavior does not correspond to the observed behavior contains at least
one faulty component and is called a conflict. A faulty component that does not
contradict any of the observed symptoms is called a diagnosis candidate, or short, a
candidate. A candidate that is affirmed to be the cause of all symptoms is called a
diagnosis.
A model-based diagnosis approach such as the GDE6 is organized as a cycle of the
6 GDE

stands for “General Diagnostic Engine” (51, 81). It is the most popular model-based di-
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following tasks: behavior simulation, conflict identification, candidate generation,
and candidate discrimination. Observations at the system S play a key role because
they are the driving force within the cycle.
At this point, the model compilation idea becomes apparent: Model compilation
breaks open the diagnosis cycle. All possible observations have already been made,
namely offline; they are stored in the simulation database C and C I respectively.7 And,
the restated question from above is: Which of the quantities in FZ can be used to form
meaningful diagnosis rules?
We will answer this question by analyzing for each phase π the sets Iz , z ∈ Fz of
symbolic intervals with respect to their correlations to the set D of (symbolic) component faults. The analysis covers both dependency aspects and information-theoretical
considerations.

• Observer Dependency. Clearly, observers that depend on each other correlate in
their diagnosis information and must be excluded from further examination.
Because of good-natured domain properties and, in particular, the subsequent
multivariate rule generation step, the dependency analysis here is narrowed to
the bivariate case. Since the observers’ domains are nominally scaled for the
most part, the contingency coefficient of Pearson is used. It relies on the χ2
contingency, which measures the association between two variables in a twoway table. Table B.4 shows the generic structure of such a two-way table (left)
and a concrete example (right).

ι1 ∈ Io1
..
.
ιr1 ∈ Io1
∑

τ1 ∈ Io2

. . . τr2 ∈ Io2

∑

h(ι1 , τ1 )
..
.
h(ιr1 , τ1 )

. . . h(ι1 , τr2 )
..
..
.
.
. . . h(ιr1 , τr2 )

h(ι1 , ◦)
..
.
h(ιr1 , ◦)

h(◦ , τ1 )

. . . h(◦ , τr2 )

n

δ p3 < 20
δq7 < 1.5

a

b

δq7 ≥ 1.5

d

∑

4

c

δ p3 ≥ 20

∑

a

d

5

b

c

3

4

8

Table B.4. Generic structure of a two-way table for the variables o1 , o2 (left); r 1 and r 2 define the
number of symbolic intervals, | Io1 |, | Io2 |, in the domains of o1 and o2 . The right table shows for
observed differences at pressure p3 and flow q 7 the distribution of four component faults.

Given two observers, o1 , o2 ∈ FZ and the set of all component faults, D, then
h(ι, τ ) designates the phase-specific frequency of tuples (ι, τ , d), ι ∈ Io1 , τ ∈ Io2 ,
and d ∈ D:


h(ι, τ ) =  (ι, τ , d) | c ∈ C I ∧ c = (ι, τ , d) 
agnosis approach and has been varied, improved, and adapted within many projects. From
a logical viewpoint, the GDE implements diagnosis as a reasoning task grounded on O.K.
and not-O.K. assumptions for components.
7 Diagnosis systems that follow this paradigm have everything of S already seen—a fact, which
advised us to name our system D ÉJÀV U.
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where C I denotes the projection of the interval database C I regarding some
phase π , two constraint variables, o1 , o2 , and the component faults. Since one
is interested in the association between two variables related to different component faults, the computation of h(ι, τ ) disregards multiple occurrences of the
same variable instantiations (ι, τ ) associated with the same fault.
Let o1 , o2 ∈ FZ be two observers with the symbolic interval domains Io1 and Io2
for a certain phase π . Then, their χ2 contingency is defined as follows (188,
103).

χ2 (o1 , o2 ) =

∑ ∑

ι ∈ Io1 τ ∈ Io2



h(ι, τ )
h(ι, τ ) − 

h(ι, τ )

2

h(ι, ◦) · h(◦, τ )
where 
h(ι, τ ) =
n

h(ι, τ ) that
The observed frequencies h(ι, τ ) are compared to the frequencies 
one would expect if there were no association between the variables; n designates the number of considered tuples. Two observers are independent
from each other if χ2 (o1 , o2 ) = 0 holds. To obtain the unique range [ 0; 1]
for χ2 -values of dependent variables we compute the contingency coefficient
C ∗ (o1 , o2 ) after Pearson.

∗

C (o1 , o2 ) =

χ2 (o1 , o2 )
·
n + χ2 (o1 , o2 )



r
r−1

where

r = min{| Io1 | , | Io2 |}

Note that the number of intervals for some constraint variable z ∈ Fz is significantly smaller than 10, whereas the number of potential observers, | FZ |, depends on the size of the system S, and it is in the magnitude of 102 for middlesized systems yet. Hence, the effort for the observer dependency analysis is
assessed with O(| FZ | 2 ). Within our experiments we gave a limit of 0.6 for the
contingency coefficient C ∗ , resulting in the exclusion of 40-50% of the blindly
positioned observers.

• Observer Information. Only very few observers O ⊂ FZ are actually installed in
a real system: | O| < | FZ | · 10−1 . This fact underlines the importance that comes
up to an intelligent construction of O. At heart, all considerations presented
here are based on the idea of hypothetical measurements; the idea goes back
on the work of Forbus and de Kleer who argue as follows.
“If every device quantity were observable and measurements were free,
then the best diagnostic strategy would be to measure everything.”
Forbus and de Kleer, 1993, pg. 631

Clearly, measurements are not free, and Forbus and de Kleer try to estimate
the measuring cost hidden in a particular diagnosis situation. They stipulate
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on the following setting. (1) Every measurement can be made at equal cost.
(2) Amongst the set of possible diagnosis, only those of minimum cardinality
are of interest—a principle which is also known as Occam’s razor.
Reasoning by hypothetical measurements means to evaluate for all z ∈ FZ , i. e.,
for all potential observer places, how an observed difference δ z would reduce
the set of possible diagnosis, D. For instance, assuming that D = { a , . . . , h }
and that we are given the simulation results shown in Table B.4, a measurement
of q 7 resulting in the symptom “δq7 ≥ 1.5” complies only with the component
faults b , c , and d . However, the measurement could also result in the symptom “δq7 < 1.5” where the component faults a ,. . . , d come into question.
With respect to the database C I and a given phase π , let κ ( z, ι) ⊆ D designate
the set of diagnoses that comply with symptom “( z, ι)”; i. e., diagnoses entailing a difference δ z at quantity z ∈ FZ , which is characterized by the interval
ι. Related to the example, κ (q 7 ,“≥ 1.5”) = { b , c , d }. If one presumes that
all diagnoses (component faults) in the set D occur equally likely8, then the
likelihood that a particular symptom “( z, ι)” will occur can be estimated by
|κ ( z, ι)|/| D |, the fraction of diagnoses that comply with the symptom.
We are now in a position to state for every observer place z both (1) the likelihood that an observed difference δ z lies within some ι ∈ Iz and (2) the possible diagnoses κ ( z, ι) one of which must have caused δ z . If we also knew the
measurement effort to discriminate amongst the remaining diagnoses κ ( z, ι),
the most informative observer place in FZ could be determined. For this purpose, the simplifying assumption is made that the diagnoses D are equally distributed over the | Iz | = r intervals in Iz , z ∈ FZ . Henceforth, logr κ ( z, ι) defines
a lower bound for the number of measurements that are necessary to isolate
each of the faults in κ ( z, ι). Putting all together, we obtain formula (B.2), which
estimates the measuring (discrimination) effort to identify a component fault
from D using observer z when given the diagnosis situation described by the
interval database C I .
e( z) =

|κ ( z, ι)|
· logr |κ ( z, ι)| where r = | Iz |
|κ ( z, τ )|
z

∑ ∑τ ∈ I

ι ∈ Iz

(B.2)

Within the D ÉJÀV U system, the minimization of formula (B.2) over all z ∈ FZ is
used as a heuristic to determine the most informative observer places O ⊂ FZ .
Known a-priori probabilities P (d) for the component faults d in D can be easily
integrated by replacing the likelihood estimator in (B.2), yielding formula (B.3).


(B.3)
e( z) = ∑ ∑d∈κ ( z,ι ) P (d) · logr |κ ( z, ι)|
ι ∈ Iz

Formula (B.2) is similar to that of Forbus and de Kleer; it differs in the respect
that in the simulation situation of the GDE (or GDE+) each component fault
leads exactly to one symptom, and thus ∑τ ∈ Iz |κ ( z, τ )| = | D |.
8A

fact which is not explicitly stated in (81).
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Let O ⊂ FZ be the set of selected observers. Then, the database that emerges
from the interval database C I by eliminating all variables in FZ \ O is called observer
database CO ; it is much smaller than C I . However, the number of elements is unchanged, |C I | = |CO |.
Remarks. The abstraction from the real-valued simulation database C towards the
symbolic database C I provides the ground for the application of the informationtheoretical considerations. In the next subsection, starting on Page 153, the true
power of the model compilation idea related to the classical model-based diagnosis approaches becomes apparent: It results from the combination of behavior model
contaminations and the anticipation of simulation runs.
Rule Generation The observer database CO emerges from the interval database C I
by focusing, which in turn emerges from the simulation database C by abstraction.
The vectors c in the databases undergo the modifications shown in Table B.5.
Result

Operation
Simulation ⇒ C
Difference computation
Generalization
Interval reduction ⇒ C I
Elimination of dependencies
Selection of observers ⇒ CO

Phase

Input

Behavior

Fault

(π ,
(π ,
(π ,
(π ,
(π ,
(π ,

u 1 , . . . , u | FU | ,
u 1 , . . . , u | FU | ,

z1 , . . . , z| FZ | ,
δ1 , . . . , δ| FZ | ,
I 1 , . . . , I | FZ | ,
ι1 , . . . , ι| FZ | ,
ιo1 , . . . , ιom ,
ι o1 , . . . , ι ok ,

d, µd )
d)
d)
d)
d)
d)

Table B.5. Modifications that the elements in the different databases undergo during the
abstraction operations and the focusing operations.

The aim of the rule generation step is to extract reliable diagnosis rules from the
observer database CO . Clearly, the rules will have a propositional-logical semantics
and are of the form

ιo1 ∧ . . . ∧ ιok → d with ιoi ∈ Ioi ,

d ∈ D,

and

k ≤ |O|,

where oi ∈ O; O ⊂ FZ is the set of the chosen observers; the symbols of a rule form a
subset of a single vector c ∈ CO . The left and right sides of the rule are called premise
and conclusion respectively.
The semantics of such a rule r is defined by means of two propositional-logical
truth assignment functions, α : Iz , z∈ FZ → {0, 1} and β : D → {0, 1}. For some
constraint variable z ∈ FZ , let I ∈ I z be the real-valued interval associated with the
interval symbol ι ∈ Iz , and let δ z be a symptom. Then α and β are defined as follows.
!

α (ι) =

1,
0,

If δ z ∈ I
otherwise.

!

β (d) =

1,
0,

If component fault d is occurred.
otherwise.
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A truth assignment function α matches a rule r if its premise, r− , becomes true
under α . If also the rule conclusion becomes true under a truth assignment function
β, then r is called positive.
Note that the inference direction of the above rules is reverse to the cause-effect
computations when simulating a behavior model B  F, M : We now ask for symptoms and deduce faults, and—as opposed to the simulation situation—this inference
process must not be unique. Perhaps there is a unique mapping from symptoms to
faults in the original simulation database C . However, it is very likely that the rigorously simplified observer database CO encodes ambiguities. As a consequence, we
may get ambiguous rules, i. e., rules with the same premise (symbolic intervals) that
are associated with different faults.
To cope with this form of uncertain knowledge we forget about a strictly logical
interpretation and characterize each rule r by its confidence, c, and its support, s:
c(r) =

h(r)
h(r− )

and

s(r) =

h(r)
|CO |

where h(r) denotes the frequency of r in CO , while h(r− ) denotes the frequency of the
rule’s premise in CO .
The rule generation can be realized straightforwardly and is a combinatorial
problem at heart. In the D ÉJÀV U system, the rule generation step is realized with data
mining methods, and strategies are employed with respect to confidence-thresholds
and subsumption tests in order to avoid computational overhead (115).9 Note that,
as in the abstraction and focusing steps before, rule generation happens separately
for each phase π , and we obtain the rule database C R with phase-specific rule.
The last aspect of the presented model compilation/simplification procedure
relates to the processing of the rules in C R . We just introduced definitions for a
rule’s confidence and its support but provided no operational semantics. The classics amongst the rule-based systems that employs rules with confidences is M YCIN
(250, 35). However, M YCIN ’s formula for the confidence computation of a diagnosis is not applied in D ÉJÀV U : The computation scheme used in M YCIN is designed
for the accounting of a handful of rules—it fails in our setting where confidences of
10-100 rules predicting the same a diagnosis candidate d ∈ D must be reckoned up.
Due to its successive confidence update the M YCIN formula quickly leads to confidence values close to 1, even for lower confident rules. In our situation, we know
for every set of symptoms that is delivered from the observers O ∈ FZ , which rules
in C R match. Clearly, a confidence computation should exploit this global view, and
we developed the better suited formula (B.4). It computes for each fault d ∈ D its
confidence in “β (d) = 1”10 , when given a rule database C R and a truth assignment
α . The formula consists of two terms: (1) A base term, where the impact of a positive
9 Rules
10

of the described form are called “association rules” in the data mining jargon (6, 254).
Under the single fault assumption this means β( x) = 1 ⇔ x = d, x ∈ D.
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rule with maximum confidence cannot be weakened and, (2) , an update term, where
the confidences of the positive rules are weighted with all matching rules.


c(“β (d) = 1”) ≡ c(d) = c(r∗ ) + 1 − c(r∗ ) ·

1
|R− |

∑ c(r)

(B.4)

r ∈R

where R− ⊂ C R comprises the matching rules, R ⊂ C R comprises the positive rules,
and r∗ denotes a positive rule of maximum confidence.
Remarks. The diagnosis results mentioned at the outset were achieved with automatically constructed rule databases C R that have not been manually revised. The source
models are medium-sized hydraulic systems consisting of 20-50 components.

How to Assess Observability and Diagnosability
This subsection continues the considerations related to the observer selection step
from Page 150. The next paragraph shows, how the selection heuristic (B.2) based on
(81) can be turned into an optimum placement strategy. Based on this consideration,
the next but one paragraph introduces a new concept for assessing the diagnosability
of a system S. The key idea is to relate the information gain of increasing sets of
observers, which are optimally placed in S, to the theoretical optimum. This relation
can be expressed in a concentration measure, which is called a systems discrimination
entropy.
Model Compilation Enlarges the Observability Horizon The equation (150),
which estimates the effort to discriminate between several diagnoses in D when using
observer z ∈ Fz , has a look-ahead of 1: For each observable interval ι, discrimination
must go further on, amongst the remaining set κ ( z, ι) ⊆ D of diagnoses. A global
selection strategy would determine a set of observers O ⊂ FZ such that the overall
discrimination effort is minimum.
Within the diagnosis setting of the GDE, a global selection strategy can only be
employed, if additional hypothetical simulation runs are performed: Let ι be the observation resulting from a hypothetical measurement at some observer z. Then ι is
interpreted as additional system input, and for each component M of the conflict set
(cf. Page 147), a simulation is performed with the reduced state prescription function
∆ : = ∆ \ δ M .11 Since such a symptom-driven, hypothetical simulation concept is
computationally very expensive, Forbus and de Kleer do not follow this idea. Moreover, the execution of symptom-driven simulations for diagnosis purposes in realvalued behavior models is questionable.
Within our compiled model setting, C I , a large database with simulation scenarios
is to our disposal, which can be exploited for a global selection strategy. In this regard,
construction of ∆ reveals that the GDE is able to detect faults that were never anticipated.

11 This
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we introduce the conditional probability Pz (ι| D ) which specifies the probability that
the symptom ι can be observed at observer z ∈ FZ under the condition that some fault
from D has been occurred. We use the frequency distribution of D in the database C I
to estimate the probabilities Pz (ι| D ):
Pz (ι| D ) =



{d ∈ k( z, ι) | d ∈ D }


∑ι ∈ Iz {d ∈ k( z, ι) | d ∈ D }

where k( z, ι) is the multiset counterpart of κ ( z, ι); i. e., k( z, ι) is the set of diagnosis
that comply with symptom “( z, ι)”, and multiple occurrences of the same intervalfault combination are counted multiply. Related to the example in Table B.4, k(q 7 ,“<
1.5”) = { a , a , b , c , d }, and Pq7 (“< 1.5”|{ a , b }) = 3/4.
Now Equation (B.2) from Page 150 can be extended to exploit a-priori knowledge
about the diagnoses D amongst which the observer z ∈ FZ shall discriminate:
e( z, D ) =

∑ Pz (ι| D) · logr | D ∩ κ (z, ι)|

ι ∈ Iz

where

r = | Iz |

(B.5)

The minimization of Equation (B.5) over FZ yields the most informative observer
for a look-ahead of 1. By a recursive application of (B.5) to the remaining sets of
diagnoses D ∩ κ ( z, ι), we can extend the observation horizon—until a unique fault
classification is achieved. Each recursion step corresponds to a new observation.
Given a number of observations allowed, k, we define the discrimination effort
for a system as the number of observations that must additionally be made to discriminate between all diagnoses. Clearly, this makes sense only if the k observations
are optimum with respect to the expected information gain. The following definition affords the demanded; it provides a lower bound for the expected number of
additional observations.
Definition B.5 (Expected Discrimination Effort) Let S be a system that is characterized by an interval database C I . C I defines the set of diagnoses, D, the set of possible
observers, FZ , the conditional probabilities, Pz , and the function κ. Then the expected
discrimination effort of S with respect to a maximum number of observations k > 0
is defined as





 min ∑ Pz (ι| D ) · e( D ∩ κ ( z, ι), k − 1) , if k > 0 and | D | > 1
z ∈ Fz
ι ∈ Iz
e( D, k) =



logr (| D |),
if k = 0 or | D | = 1

where Iz comprises the intervals of an observer z, z ∈ FZ , r = | Iz |, and the function κ
returns for an observer z and an interval ι ∈ Iz the set of complying diagnoses.
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When setting k = 1 and employing the relative frequency instead of the conditional probability, e( D, k) becomes the original formula of Forbus and de Kleer (81).
Remarks. The definition of the expected discrimination effort implies several assumptions. (1) The set of diagnoses, D, is complete, (2) the diagnoses in D are equally
distributed, and (3) the available observers, FZ , are independent from each other. The
presented formula uses the same resolution r for all observers but can be easily extended to allow for observer-specific resolutions r z .
The formula for expected discrimination effort e( D, k) does not explicitly exclude
that an observer is used twice during the recursive descend. The following lemma
closes this gap; it shows under which conditions the observer assignment is unique.
Lemma B.1 (Unique Observer Assignment) Let | D | > 1, k > 0, and z ∈ FZ . If D is
no subset of some κ ( z, ι), ι ∈ Iz then the observer z has not been used by now during
the determination of e( D, k).
Remarks. The condition of the Lemma precludes that κ ( z, ι) ∩ D = D holds for some
interval ι. Given such a case, the related observer, z, cannot provide discrimination
information respecting D in the interval ι, and the related discrimination effort is
P (ι| D ) · logr (| D |), if no further observer is chosen.
Proof of Lemma B.1. For a given set of diagnoses, D, some k > 0, and a set of observers,
FZ , let e( D, k) designate the expected discrimination effort.
Assume that observer z has been chosen twice within the computation of e( D, k).
The first time z is chosen, the current set D is split into—not necessarily disjoint—
(1)
(1)
sets D1 , . . . , Dz . For each of these sets the relation Di ⊆ κ ( z, ιi ) is fulfilled. If z is
chosen a second time, it has to discriminate amongst the diagnoses of a particular
(2)
(2)
D j ∈ { D1 , . . . , Dz }. In the course of observer selection the diagnosis sets either
become smaller or remain unchanged, so D j ⊆ κ ( z, ι j ) still holds. This contradicts
the condition of the Lemma.
Quantifying a System’s Diagnosability There is the interesting question how to
assess the difficulty to diagnose a system. In the following we will present the necessary considerations and develop such measure. Starting point is the formula for the
expected discrimination effort, e( D, k).
If k = 1 then e( D, k) = minz∈ FZ (∑ι ∈ Iz P (ι| D ) · logr (|κ ( z, ι)|)). The term ∑ι ∈ Iz
P (ι| D ) · logr (|κ ( z, ι)|) becomes minimum if the diagnoses are distributed equally
amongst the r intervals in Iz . This, in turn, allows us to factor out the term
logr (|κ ( z, ι)|), and e( D, 1) simplifies to logr (|κ ( z, ι)|) · ∑ι ∈ Iz P (ι| D ) = logr ( | Dr | ).
Repeating the same assumptions for k = 2 yields:
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e( D, k) =
=

=
=

minz∈ FZ (∑ι ∈ Iz P (ι| D ) · e(κ ( z, ι), 1))
e(κ ( z, ι), 1)
logr ( |κ (rz,ι )| )
logr ( |rD2 | )

Note that the minimum number of observations totally required depends on both
the observers’ resolution, say, their number of intervals, r, and the number of diagnoses | D |. The infimum number of observations necessary to discriminate between
each diagnosis is 4 logr | D |5. It is used to specify E ∗ , the accumulated ideal discrimination effort of a system S as follows.
Definition B.6 (Accumulated Ideal Discrimination Effort) The accumulated ideal
discrimination effort of a system S with respect to a set of diagnoses D and an observer resolution r is defined as
E∗ (D) :=

4 logr | D |5

∑

logr

i =1

|D|
ri

The difference between the accumulated expected and the accumulated ideal discrimination effort can be used as a measure for the difficulty to diagnose a system.
The larger this difference is the more does a faulty system behave agnostic. Note
that this measure gives an estimation that is independent of the number of possible
observers, thus providing a system-specific characteristic. At the best, the difference
between the expected and the ideal discrimination effort is zero. Figure B.12 illustrates the difference between the discrimination efforts pictorially; the accumulated
difference is called discrimination entropy here.
Discrimination
effort

Expected discrimination effort

Discrimination entropy
Ideal discrimination effort

1

2

3

...

Number of
observations

Figure B.12. Discrimination entropy: The difference between the accumulated expected and the
ideal discrimination effort.

Definition B.7 (Discrimination Entropy) The discrimination entropy E of a system
S with respect to a set of diagnoses, D, is defined as

E :=

∞

∑ e(D, k)

k=1



− E∗ (D)

B.2

F LATTENING D EEP M ODELS FOR D IAGNOSIS P URPOSES

157

Synopsis
Problemclass Diagnosis of continuous technical systems.
Problem Solving Method Generation of a heuristic diagnosis model from first
principles.
Source Model Discrete event/continuous time model B F, M = FU , FZ , FY , V , ∆,
Λ , defined over F, M .

• Fidelity Level F. Fluidic, mechanical, and electrical quantities.
• Granularity Level M. Fluidic and electrical components.
• Input FU . Extrinsic cylinder forces and valve switching signals.
• State Prescription Function ∆. Explicit local differential equations; implicit nonlinear algebraic equations.
• Output Function Λ. Trajectories of all physical quantities.
• Behavior Model Processing. Differential-algebraic system solving.
Compiled Model Compiled, heuristic simplification of B F, M .

• Fidelity Level F. Selected and coarsened physical quantities of the source model.
• Granularity Level M. Monolithic global model.
• Input FU . Input quantities of the source model plus additional physical quantities that represent observed symptoms.
• State Prescription Function ∆. Propositional-logical rules with confidence values.
• Output Function Λ. None.
• Behavior Model Processing. Rule processing with confidence computation.
Knowledge Source Systematic simulation of both correct and faulty source models. Generalization of the simulation data; elimination of quantities by informationtheoretical methods. Rule generation by data mining.
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C
Model Reformulation
We designate a model construction process as reformulation, if the model is transformed from one representation into another—while leaving the model’s accuracy
and granularity unbiased. The reasons for a reformulation can be multifaceted: There
may be requirements related to processing (the model processor does not accept the
source model’s form), security (the source model’s internals are to be hidden), knowledge transfer (the source model’s essence is needed within another application), processing properties (the reformulated model can be easier processed), model handling
(the reformulated model can be easier maintained, understood, or communicated),
and other reasons. See Page 52, Section 2.4, for a comparison to other model construction approaches.
Just as much as it can serve different purposes, the model reformulation process
can take different forms; the case studies of this chapter give an idea of this spectrum.
In Section C.1, model reformulation happens within a special electrical engineering
application, that is to say, the transfer of an electrical circuit from the voltage/current
domain into the wave domain. Driving force are processing advantages: The reformulated model comes up with excellent numerical properties. In Section C.2, model
reformulation means to make an expert’s problem-solving expertise, which is encoded in the form of an object classification, explicit in the form of a similarity measure. Here, the driving force is knowledge transfer: Similarity measures are used
within various knowledge-based analysis and synthesis tasks.
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C.1

Constructing Wave Digital
Structures from Electrical Circuits

This section is subjected to wave digital structures, short: WDS. Wave digital structures have their origins in the field of filter design, where they are designated more
specifically as wave digital filters (72, 73). They can be considered as a particular class
of signal flow graphs whose signals are linear combinations of the electric current and
flow, so-called a/b-waves. The translation of an electrical circuit from the electrical
v/i-domain into the a/b-wave-domain establishes a paradigm shift with respect to
model processing; it is bound up with profound numerical advantages. However,
since neither the modeling accuracy nor its granularity is affected, the translation
into a wave digital structure establishes a model reformulation.
Model construction

Model utilization

T

-1

γ2

T

T

Reformulation

Causal
simulation

T

e
γ1

γ3

γ4

γ5
0

Electrical circuit model

Wave digital model

Figure C.1. Reformulation of an electrical circuit model as wave digital structure for model processing reasons.

When migrating from a voltage/current description of an electrical circuit S towards a wave digital structure, the model is completely changed: The structure
model of S is interpreted as a series-parallel graph with closely connected components and transformed into an adaptor structure (cf. Figure C.1). This reformulation
aims at the analysis, say, simulation of S, as illustrated at Gero’s design cycle in Figure C.2.
Expected
behavior

Synthesis

Eva

lua

Gero´s cycle
Alternative analysis path

tion

Electrical
Reformulation
circuit model

WDS

Analysis
(simulation)
Simulated
behavior

Figure C.2. An extension of Gero’s widely-accepted model of the human design process (92); the
automatic construction of WDS aims the analysis step (shown gray).

Note however, that the construction of a wave digital structure constitutes a syn-
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thesis task at heart: The design of a sophisticated algorithmic model. Since this design task is not trivial and demands experience, its automation is a worthwhile undertaking. In this place, the necessary concepts and algorithms for a WDS design
automation are prepared. In particular, we present the algorithm A DAPTORS which
computes for a given electrical circuit the optimum wave digital structure in linear
time. Note that this result cannot be further improved.

Underlying Models
Definition C.1 (Electrical Circuit Model) Let S be a passive electrical circuit and
let F, M be a model of S. An electrical circuit model over F, M is a dynamic,
continuous time model, B F, M = FU , FZ , FY , V , ∆, Λ , whose elements are defined
as follows.

(1) F = FU ∪ FZ is a set of functionalities, described below. The elements in M are
called one-ports1 , elements, or components, where capacitances and inductivities are the only reactive elements.
(2) FU is the set of input variables, specifying voltage and current signals; FZ is
the set of constraint variables for the electrical quantities. FY ⊆ FZ is the set of
output variables, i. e., quantities in FZ that shall be observed.
(3) The sets U f , U Tf , and Z f designate the domains of the variables f in F . Likewise, U , U T , Z , and Y designate the Cartesian products of the input variable
domains, the constraint variable domains, and the output variable domains.
The time base T is a subset of R+ . V comprises the domains of all functionalities.
(4) ∆ declares a set of state variables, FX ⊆ FZ , and a state space, X , which is the
projection of Z with respect to FX . If S does not contain structural singularities,
there is a state variable for each reactive element. Given a state vector x ∈ X , a
vector of functions u (t) ∈ U T , and some t ∈ T , ∆ determines a constraint vector
z ∈ Z including a new state, say, ∆ : X ×U T × T → Z .
(5) Λ is the identity mapping.
Definition C.2 (Corresponding Graph of an Electrical Circuit) Let S be an electrical circuit and let F, M be a model of S. The corresponding (electrical) graph G ( S )
of S is a structure model V, E, σ over F, M ; it is defined as follows.

(1) V is the set of segments of the interconnecting network in S that form areas of
equal potential.
1

We restrict ourselves to one-port elements here.
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(2) E is a set of two-element sets {v, w} ∈ P(V ), | E | = M, whose elements correspond in a one-to-one manner to the components in M. {v, w} is in E iff the
potential areas v and w are connected by the component in M that corresponds
to {v, w}.
(3) σ is some labeling function.
C3
1

R1

2

3

L
+
e

C1

C2

R2

4

Figure C.3. Drawing of an electrical circuit with its corresponding graph (right). The shaded
regions in the circuit indicate the areas of equal potential in the interconnecting network.

Remarks. Definition C.2 enables us to disburden our considerations from electrical
circuits and use their graph equivalents instead.
Example. Given the drawing of an electrical circuit S depicted in Figure C.3; a corresponding graph G of S is defined on the set of points V = {1, 2, 3, 4} and has the
edge set E = {{1, 2}, {1, 4}, {2, 3}, {2, 3}, {2, 4}, {3, 4}, {3, 4}}.

Reformulating a Circuit as Wave Digital Structure
Targeted especially on readers with less background knowledge in classical network
theory or signal theory, this subsection introduces the underlying ideas of wave digital structures.
Overview Let B F, M be an electrical circuit model. Related to B F, M , an algorithmic model in the form of a wave digital structure can be created, which is a rather
complex reformulation where several constraints are to be met. The reformulation
involves the following principal steps.
(1) Topology reformulation of the Kirchhoff interconnecting network.
(2) Description of component behavior in the a/b-wave domain.
(3) Discretization by numerically approximating the differential equations.
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Remarks. The above reformulation steps divide into local operations (Step 2 and 3),
which act on the components of the electrical circuit in an isolated manner, and into
the global topology reformulation in Step 1. Note that Step 2 and Step 3 are orthogonal to each other; i. e., their order of application can be interchanged.
In a nutshell, a wave digital structure is a particular kind of signal flow graph. Its
topology is constructed by means of series and parallel connectors; the signals that
are processed when traveling along the signal flow graph are wave quantities. In the
remainder of the subsection, examples to each of the above reformulation steps will
be presented and the rationale will be discussed.
Topology Reformulation Let S be an electrical circuit and G its corresponding
graph. The reformulation of the Kirchhoff interconnecting network of S grounds on
the identification of subgraphs in G that are either connected in series or in parallel
to each other. Both series connections and parallel connections are specializations of
a concept called “port”, as much as each component with two terminals establishes a
(one-)port as well. A port fulfills the port condition, which claims that the currents at
terminal 1 and terminal 2, i1 and i2 , fulfill the constraint i1 = −i2 at any point in time.
Objective of the topology reformulation is the replacement of series and parallel
subgraphs by special connectors. They guarantee that Kirchhoff’s laws are fulfilled
and permit a special network analysis approach.
Common network analysis approaches are based on mesh equations, node equations, or state equations (74, 37, 286). Following a common approach means to set up
and transform matrices, in a way the mesh-incidence matrix, the branch-impedance
matrix, the node-incidence matrix, the branch-admittance matrix, or the state space
matrix. Computations on matrices are global computations in the sense that a system
of equations must be treated at the same time to find the equations’ solutions. By
contrast, a computation is local if a single equation at a time is sufficient to compute
a solution of that equation, and if this solution is coded explicitly in the equation.
If the topology of S is realized solely by means of series and parallel connections, model processing effort can decisively be decreased: Due to the special topology, computational effort can be made up front—during model construction time—
resulting in a new behavior model whose equations can be processed locally. Note
that a behavior model where all equations can be processed in a local manner, e. g. by
local propagation, establishes a causal behavior model (cf. Definition 2.5, Page 32).
Such a behavior model represents the most efficient algorithmic model possible.
Transfer to the a/b-Wave Domain and Discretization The electrical quantities
voltage, v, and current, i, can be expressed in terms of other quantities, e. g. by socalled wave quantities, a, b, which are linear combinations of v and i. The transformation pursued here is defined as follows.
a = v + Ri

b = v − Ri

(C.1)
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The wave quantities defined in the equations (C.1) are called voltage waves,
where a and b represent the incident and reflected wave respectively. R is called port
resistance; R must be positive, but apart from that its value can be chosen arbitrarily
for each port Fettweis (73, pg. 273).
We outline now the transfer from the v/i-domain to the a/b-domain at a reactive element, the capacitance. Starting point is the following differential relationship
between the current and the voltage at a capacitance, where v(tk−1 ) designates the
known voltage at tk−1 .
v(t k ) = v(t k−1 ) +

1
C

"

tk
tk−1

i (τ )dτ

where tk : = t0 + kT, k ∈ N

(C.2)

To translate equation (C.2) into the discrete-time domain, we approximate the
integral by means of the trapezoid rule.
v(t k ) ≈ vk : = vk−1 +


T 
i k + i k−1
2C

(C.3)

where vk−1 , ik , and ik−1 denote the approximate values for the respective exact values
v(tk−1 ), i (tk ), and i (tk−1 ).
Equation (C.3) can be translated to the a/b-wave domain, for instance by using
the identities (C.1). Moreover, because of the special (and simple) form of the trapezoid rule, it can directly be expressed in terms of a and b:
vk −

T
T
i k = vk−1 +
i k−1
2C
2C

⇔

b k = ak−1

with R =

T
2C

(C.4)

T
as port resistance for a capacitance obviously leads to the simChoosing R = 2C
plest overall expression. Figure C.4 shows the capacitance in the v/i-time domain
and the related wave flow diagram.

i

v

a
C

R

T

b

Figure C.4. Capacitance and related wave flow diagram with R =

T
2C .

Remarks. (1) Equation (C.4) shows that a reformulation of the electrical quantities in
terms of wave quantities is bound up with the fact that an implicit integration in v
and i by means of the trapezoid method becomes explicit in a and b. (2) Note that
the other electrical elements can be transfered to a/b-wave domain in a similar way
(72). Figure C.5 shows the wave flow diagrams for a resistance and a resistive voltage
source.
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Figure C.5. Resistance (left) and resistive voltage source (right) and their related wave flow diagrams with R = R0 .

The Role of Adaptors If the topology reformulation of a circuit model happens
in the a/b-wave domain, the connectors that are used to model series and parallel
subgraphs get a special name—they are called series adaptor and parallel adaptor
respectively.
Adaptors come along with ports where the a/b-equivalents of electrical components or other adaptors can be connected. An adaptor can be understood as a mathematical building block that introduces constraints on the a/b-waves of its connected
elements such that in the original circuit Kirchhoff’s voltage and current law are fulfilled. Clearly, these constraints depend on the elements, and they are considered in
the form of the elements’ port resistances that are used to compute the vector of adaptor coefficients γ . Figure C.6 shows an electrical circuit and its related wave digital
structure containing one series adaptor.
0

R1

R2

R2
e

+
e

C

R1

γ

RC

T

Figure C.6. Electrical circuit with two resistances and a capacity (left) and the related wave digital structure (right). The shaded areas in the circuit indicate the decomposition into three ports.
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Automating the Topology Reformulation
For an electrical circuit model B F, M , the a/b-equivalents of the electrical components in M can be constructed straight away—a situation which does not hold for the
reformulation of the circuit’s interconnecting network. This subsection addresses the
problem and, consequently, makes the automatic reformulation of B F, M as a wave
digital structure possible: It introduces the theoretical underpinning to generate the
optimum adaptor structure for a given electrical circuit.
This adaptor structure is encoded as a special decomposition tree; the algorithm
for its generation is based on the graph-theoretical concepts of connectivity, independent subnetworks, triconnected components, series-parallel graphs, and tree decomposition. The presented considerations are not restricted to electrical systems but can
be transferred to mechanical, fluidic, and other—here called—effort-flow-systems.
Graph-Theoretical Concepts for Effort-Flow-Systems A coupling between two
subsystems of an effort-flow-system can be represented by a pair of variables whose
product is the instantaneous power being transmitted trough an energy port Wellstead (297, pg. 12). For each port these system variables divide into one intensive
flow variable (current, fluid flow, velocity, etc.) and one extensive effort variable
(voltage, pressure, force, etc.). Figure C.7 illustrates such a generic port.
f
e

System 1

System 2

f

Figure C.7. Energy transmittal in effort-flow-systems is realized by means of ports each of which
being characterized by an effort variable, e, and a flow variable, f .

When joining together ports, connection constraints are introduced that relate to
the subsystems’ effort variables and flow variables. The constraints are called compatibility and continuity constraints and are of the following form:
e = e1 + e2
e = e1 = e2

f = f1 = f2
f = f1 + f2

(series connection of two ports)
(parallel connection of two ports)

Remarks. (1) For electrical systems, compatibility and continuity constraints are
known as Kirchhoff’s voltage and current law respectively. (2) Observe that both the
series and the parallel connection of two ports again yields a port. This fact, along
with the plain form of the connection constraints, enables one to easily combine the
characteristics of the ports to a total value. And, as already pointed out before, this
gives rise to an algorithm that computes the quantities for a given system S by means
of local propagation.
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Recall that a prerequisite for the design of a wave digital structure from the model
B F, M of a system S is the detection of the ports within G ( S ). Clearly, if S is constructed from bottom-up by applying only series and parallel connections, G ( S ) will
be isomorphic to a series-parallel graph, and all ports can be easily found. However,
typically this is not the case, and S contains “closely connected” subsystems.
A solution of this problem is described in (257) as part of a network preprocessing
approach: The port concept is extended towards so-called independent subnetworks,
and the relation between independent subnetworks and triconnected components is
exploited to identify all ports within a flow network.2 We will follow the same avenue
here; the remainder of this paragraph presents the necessary definitions.

A two-terminal labeled graph is a
Definition C.3 (Two-Terminal Graph, Flow)
triple G, s, t , where G = V, E is a (multi)graph and s, t ∈ V , s = t. s and t are
called source and sink of G respectively.
A mapping f : E → V × R, f ({v, w}) → (u, x), u ∈ {v, w}, on a two-terminal
labeled graph G, s, t is called flow on G if the conservation law holds for every
point v, v = s, t in G:
!
x if f (e) = (v, x)
y
=
0
with
y
=
∑
− x otherwise
e ∈ Ev
E v ⊂ E comprises the edges incident to v. If the function f does also depend on
the parameter time, t, the conservation law must hold for any element in the domain
of t.
Remarks. Standard flow definitions refer to directed graphs and a positive flow function f . In the presented definition the flow function prescribes both flow direction
and flow value since we are dealing with undirected graphs. Of course, a nonpositive flow function can be made positive by partially redefining it: ({v, w}, (v, x))
is replaced with ({v, w}, (w, − x)) if x < 0.
Ports are characterized by the property that they possess two terminals where for
each point in time the related flow values are of equal amount and opposite direction.
In this sense, a terminal of a port corresponds to the graph-theoretical concept of an
edge. For our analysis of graphs it is necessary to extend the port concept towards
so-called independent subnetworks whose terminals correspond to nodes.
Definition C.4 (Independent Subnetwork (257)) Let G = V, E be a graph, and let
H be a subgraph of G induced by VH ⊂ V with |VH | > 2. A two-terminal labeled
graph H, s H , t H is called independent subnetwork of G, if the following condition
holds:
2 There,

the ports are identified to reformulate a global model of a fluidic network into a new
model that can be processed by local propagation. However, with respect to its runtime
O(| E | · |V |) the used detection algorithm for triconnected components is suboptimum.
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(1) Every walk from a point in V \ VH to a point in VH contains either s H or t H .

An independent subnetwork H will be called minimum, if there exists no independent subnetwork which is induced on a proper subset of VH .
Let H, s H , t H be an independent subnetwork of a two-terminal labeled graph
G, s, t . Observe that the topology of H guarantees that an energy exchange between
H and G can happen only via the nodes s H and t H . Moreover, Kirchhoff’s node rule
states the conservation of the electric current, which thus defines a flow in the sense
of Definition C.3. From this conservation property follows that for each current flow
on H the sum of all in-going currents at s H equals the sum of all outgoing currents at
t H Jungnickel (126, pg. 106). Together both aspects enable us to enclose independent
subnetworks with a hull, say, to investigate them in an isolated manner. An important consequence is that the concepts “port” and “independent subnetwork” can be
used interchangeably (see Figure C.8).

Independent
subnetwork

s

a

a=s

b

b=t

Port

t

Figure C.8. Substituting an independent subnetwork (left) for a port (middle) does not violate
the conservation law.

Remarks. (1) The parts of a circuit model that correspond to independent subnetworks
of the circuit graph G ( S ) have to be simulated by a global numerical procedure (257).
Consequently, we are interested in a decomposition of G ( S ) into minimum independent subnetworks. (2) Independent subnetworks are not multiports. The physical
concept of a multiport can be entirely reproduced by adding to the definition of G ( S )
a decomposition C of the edge set E. Each set C ∈ C stands for a subset of E and
defines a multiport in a definite way.

Let G,s, t be a two-terminal
Definition C.5 (Series-Parallel Graph (26, 31))
labeled graph. G is called two-terminal series-parallel with source s and sink t if it
can be built by means of the following three rules:
(1) Base Graph. Any graph of the form G = {s, t}, {{s, t}} is a two-terminal
series-parallel with source s and sink t.
Let G1 = V1 , E 1 be two-terminal series-parallel with source s1 and sink t1 , and
let G2 = V2 , E 2 be two-terminal series-parallel with source s2 and sink t2 .
(2) Series Composition. The graph formed from G1 and G2 by unifying t1 and s2 is
two-terminal series-parallel, with source s1 and sink t2 .
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(3) Parallel Composition. The graph formed from G1 and G2 by unifying s1 and s2
and unifying t1 and t2 is two-terminal series-parallel, with source s1 = s2 and
sink t1 = t2 .
Two-terminal series-parallel graphs can be represented by decomposition trees,
also called sp-trees, cf. (50), which generalize the series and the parallel composition
to more than two operands.
Definition C.6 (sp-Tree) An sp-tree T G,s,t of a two-terminal series-parallel graph
G, s, t is a rooted tree whose nodes are either of type s-node, p-node, or leaf-node.
Each node is labeled by a pair (u, v), u, v ∈ V ; the children of an s-node are ordered;
the leafs of T G,s,t are of type leaf-node and correspond one-to-one to the edges of G.

Every node of an sp-tree corresponds to a unique two-terminal series-parallel
graph H, u, v , where H is a subgraph of G and (u, v) is the label of the node. The
root of T G,s,t has label (s, t) and corresponds to the graph G, s, t . The two-terminal
series-parallel graph defined by an s-node is the result of the series composition applied to its children in their given order. The two-terminal series-parallel graph defined by a p-node is the result of the parallel composition applied to its children.
Figure C.9 exemplifies the definition.
c
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Figure C.9. Series-parallel graph (left) and its sp-tree representation (right).

The composition rules laid down in Definition C.5 make apparent that a seriesparallel graph whose sp-tree has a root node label of series-node and parallel-node
type has a vertex connectivity of one and two respectively. Graphs of a higher vertex
connectivity are the result of either connecting more than three two-terminal graphs
at the same time or by connecting two-terminal graphs by a different rule. Formally,
the vertex connectivity of a graph is defined as follows.
Definition C.7 (Vertex Connectivity κ ( G )) κ ( G ) is called vertex connectivity of G
and is defined as follows: κ ( G ) = min {| T | | T ⊂ V and G \ T is not connected }.
G is called k-connected, if κ ( G ) ≥ k.
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Remarks. A cut point (or articulation point) of a graph G is a point v ∈ V for which
G [V \ {v}] has more connected components than G.3 A connected graph without cut
points is called biconnected; a connected graph with cut points is called separable;
the maximum inseparable induced subgraphs of a graph G are called biconnected
components. The separation of a graph G into its biconnected components is unique
(283). This fact, together with the fact that each biconnected component is analyzed
on its own, we can assume without loss of generality that the considered graphs are
biconnected.
The subsequent definition extends the cut point construct, it is derived from
Hopcroft and Tarjan [1973].
Definition C.8 (Separation Pair) Let { a, b } be a pair of vertices in a biconnected
multigraph G, and let the edges of G be divided into equivalence classes E 1 , . . . , E n
such that two edges which lie on a common path not containing any vertex of { a, b }
except as an endpoint are in the same class.

The classes E i are called separation classes of G with respect to { a, b }. If there are
at least two separation classes, then { a, b } is a separation pair of G unless (1) there
are exactly two separation classes, and one class consists of a single edge, or (2) there
are exactly three classes, each consisting of a single edge.
If G is a biconnected multigraph such that no pair { a, b } is a separation pair of G,
then G is triconnected.
While the triconnectivity of a graph G follows canonically from Definition C.7
or C.8, the characterization of a graph’s triconnected components is more involved.
The reason for this difficulty is that triconnected components possess no property
that permits their detection by a divide-and-conquer approach. Instead, it is necessary to investigate the relation of H with respect to G if a subgraph H of G forms a
suspect triconnected component. Moreover, Hopcroft and Tarjan introduce different
types of triconnected components, and hence the relation between H and G must be
investigated relating different properties (111). Their definitions are given now.
Definition C.9 (Split Graph, Splitting, Split Component) Let G be a multigraph
with separation pair { a, b } and related separation classes E 1 , . . . , E n . Moreover,
let E  = ki=1 E i and E  = ni=k+1 E i be such that | E  | ≥ 2, | E  | ≥ 2, and let
G1 = V ( E  ), E  ∪ {( a, b )} , and G2 = V ( E  ), E  ∪ {( a, b )} . Then the graphs G1
and G2 are called split graphs of G with respect to { a, b }. Replacing G by two split
graphs is called splitting G.
If the split graphs are further split, in a recursive manner, until no more splits are
possible, the remaining graphs are called split components of G.
Remarks. (1) The new edges { a, b } added to G1 and G2 are called virtual edges; they
can be labeled to identify the split. (2) If G is biconnected then any split graph of
3 G [V ]

denotes the subgraph of G that is induced by V.
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G is also biconnected. (3) The split components of a multigraph are not necessarily
unique.
The split components of a multigraph are of three types: triangles of the form
{ a, b, c}, {{ a, b }, { a, c}, {b, c}} , triple bonds of the form { a, b }, {{ a, b }, { a, b },
{ a, b }} , and triconnected graphs. To obtain unique triconnected components, the
split components must be partially reassembled.
Reassembling is accomplished by merging. Suppose that G1 = V1 , E 1 and G2 =
V2 , E 2 are two split components containing an equally labeled virtual edge { a, b }.
Then the result of a merging operation is a graph G1+2 with node set V1+2 = V1 ∪ V2
and edge set E 1+2 = E 1 \ {{ a, b }} ∪ E 2 \ {{ a, b }}.
Definition C.10 (Triconnected Component) Let G be a multigraph whose split components are a set of triangles S3 , a set of triple bonds P3 , and a set of triconnected
graphs C . If the triangles are merged as much as possible to give a set of polygons S ,
and if the triple bonds are merged as much as possible to give a set of bonds P , then
the set of graphs S ∪ P ∪ C forms the set of triconnected components of G.
Remarks. (1) The triconnected components of a graph G are unique (see (284)).(2) The
triconnected components in S are not triconnected. They establish generic series
connections: Virtual edges designate the connection of a subgraph; the other edges
designate single elements in S. From the viewpoint of a Kirchhoff interconnecting
network the non-virtual incident edges can be replaced with a single edge of appropriate impedance. This process is called series reduction. (3) The triconnected
components in P are defined on two points only. They establish generic parallel
connections: Virtual edges designate the connection of a subgraph; the other edges
designate single elements in S—from the viewpoint of a Kirchhoff interconnecting
network they can be replaced with a single edge of appropriate admittance. This
process is called parallel reduction. (4) The triconnected components in C establish
minimum independent subnetworks (see (257)).

1

2

1

4

1

2

3

3

3
First separation pair
Second separation pair

4

Figure C.10. A graph and its split components. When the triangles ( 1, 3, 4) and ( 1, 2, 3) are
merged, the right hand side shows all triconnected components of the graph.

Figure C.10 shows a graph and its split components. Except the triangles (1, 3, 4)
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and (1, 2, 3), the split components establish triconnected components; the set of triconnected components is complete if the triangles are merged.
The algorithm presented in (111) delivers the triconnected components as defined
above and runs in O(| E |). We will rely on it in the next subsection. The algorithm
originates from Auslander and Parter’s idea for an efficient planarity test (111, 14).
Root of its efficiency is the statement of necessary conditions for separation pairs
along with a clever computation of these conditions within several depth-first search
runs.
Hopcroft and Tarjan’s algorithm does not consider the semantics of independent
subnetworks. As a consequence, independent subnetworks can be torn, resulting
in inadmissible segmentations. Figure C.11 shows two isomorphic graphs with a
different s, t-labeling. A decomposition of this graph into its split components tears
the independent subnetwork with source s2 and sink t2 .

s1

t1
s2

s2

t2

t2
s1

t1

Figure C.11. Two isomorphic graphs with a different s, t-labeling (left) and the related split components (right). The independent subnetwork with the labeling s 1 , t1 is torn.

Obviously all triconnected components of a two-terminal labeled graph G, s, t
establish independent subnetworks if s and t are nodes of the same triconnected component. The following definition and Lemma C.1 formalize this assertion.
Definition C.11 (Elementary Contraction, s-t-Contractible) Let G, s, t , G = V ,
E , be a connected two-terminal labeled graph (not necessarily series-parallel), let
v, w ∈ V , v = w, and let Vw ⊂ V comprise the nodes adjacent to w. Then the graph
G  = V  , E  is called an elementary contraction of G respecting v, if V  : = V \ {w},
and E  : = E \ {{w, x} | x ∈ Vw } ∪ {{v, x} | x ∈ Vw , x = v}.
G is called s-t-contractible towards a graph G  = V  , E  , if G  is the result of a
sequence of elementary contractions, and if {s, t} ∈ E  .
The s-t-contractibility states that the flow conservation between s and t remains intact
for a two-terminal labeled graph G, s, t . It can be ensured by simply adding the
edge {s, t} to G if s and t are not adjacent. This modification of G does not restrict its
segmentation into independent subnetworks.
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Lemma C.1 (s-t-Contractibility) Let G, s, t , G = V, E , be a connected twoterminal labeled graph (not necessarily biconnected) with source s and sink t, and
let {s, t}  ∈ E. Moreover let G  be V, E ∪ {{s, t}} , and let G1 , . . . , Gm be the triconnected components of G  . Then the following holds:

(1) ∃ Gi which is s-t-contractible,
(2) G  can be decomposed into the same independent subnetworks like G.
Proof. Point (1). Follows immediately from the fact that there must be some graph Gi
that contains the edge {s, t}. Point (2). Observe that for an independent subnetwork
Gi , a, b that has s (or t) amongst its nodes one of the following equations must hold:
a = s or b = s. This follows from the independent subnetwork definition. If G  cannot
be decomposed into the same independent subnetworks like G then this must be on
account of the edge {s, t}. It prohibits a segmentation of some Gi into the independent subnetworks Gi , s, a and G j , t, b , which could be formed when segmenting
the original graph G. Since Gi , s, a and G j , t, b form independent subnetworks, a
and b must be articulation points of G, which in turn means that {s, a} and {s, b } establish separation pairs in G  . Hence, an independent subnetwork Gk can be formed
that contains {s, t} as its only non-virtual edge. Conversely, the edge {s, t} does not
%
prohibit the formation of independent subnetworks that can be formed in G.
As outlined in the remarks on Page 171, the three types of triconnected components form the backbone for the segmentation of a circuit S: Based on the the sets S ,
P , and C , a connector structure, or as the case may be, an adaptor structure is easily
constructed. In this connection it is useful and quite natural to extend the concept of
sp-trees (Definition C.12) towards spc-trees.
Definition C.12 (spc-Tree) An spc-tree T G,s,t of a two-terminal (multi)graph G, s, t
is a rooted tree whose nodes are either of type s-node, p-node, c-node, or leaf-node. A
c-node is labeled by the graph VH , E H , u, v it stands for; the other nodes are labeled
by a pair (u, v). The children of an s-node are ordered; the leafs of T G,s,t are of type
leaf-node and correspond one-to-one to the edges of G.

Every node of an spc-tree corresponds to a unique two-terminal graph H, u, v ;
the root of T G,s,t corresponds to the graph G, s, t . The two-terminal graph defined
by an s-node is the result of the series composition applied to its children in their
given order, and the two-terminal graph defined by a p-node is the result of the parallel composition applied to its children. The two-terminal graph defined by a c-node
is triconnected, has more than three nodes, and follows no construction rule.
The spc-tree T G,s,t , T G,s,t = VT , E T is easily constructed. VT = {1, . . . , n +
| E G |} where n denotes the number of triconnected components and | EG | denotes the
number of edges in G; the nodes in {1, . . . , n } correspond one-to-one to the triconnected components and are labeled respecting the triconnected component’s type as
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S-node, P-node, and C-node respectively. E T contains an edge {v, w} if and only if
one of the following conditions is fulfilled: (1) v and w correspond to triconnected
components and have a common virtual edge, (2) v corresponds to a triconnected
component and w is an edge in v.
Remarks. Since both the series adaptor and the parallel adaptor are realized as threeport adaptors, the nodes of the spc-tree that are labeled as P-node or S-node may be
expanded again to account for their restricted number of ports. Moreover, observe
that the height of the decomposition tree defines the longest propagation path of the
adaptor structure. Consequently the root of the decomposition tree should be defined
as some node leading to a minimum tree height. The subsequent definition picks up
both aspects and introduces a normalized spc-tree.
Definition C.13 (Normalized spc-Tree) Let T G,s,t = VT , E T be an spc-tree. T G,s,t
is called normalized spc-tree if each node v ∈ VT labeled S or P has at most two
successors, and if the root v of T G,s,t represents a center of T G,s,t and has a degree
larger than 1.
Remarks. (1) T G,s,t is normalized by replacing each node v ∈ VT labeled S or P that
has more than two successors with the root of a balanced binary tree, Tv , whose leafs
are the successors of v; the inner nodes of Tv get the same label as v. (2) The center of
a tree T = V, E can be computed in O(|V |) (186).
The Algorithm A DAPTORS The previous paragraph provides the theoretical underpinning for the following adaptor synthesis algorithm.
A DAPTORS
Input.
An electrical circuit model B F, M of a system S.
Output. A normalized spc-tree defining the optimum adaptor scheme and
adaptor types, the port resistances, and the adaptor coefficients.
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

Generate the corresponding graph G of S.
Partition G respecting its biconnected components G = { G1 , . . . , Gm }.
∀ G  ∈ G do
Check G  for inadmissible segmentation.
Detect triconnected components in G  .
Construct an spc-tree for G  .
end
Construct an spc-tree T G,s,t for the entire graph G.
Normalize T G,s,t .
Compute the port resistances and adaptor coefficients.

Theorem C.1 Given an electrical circuit model B F, M containing |M| = n elements. Then A DAPTORS computes a normalized spc-tree defining the optimum
adaptor scheme and types, the port resistances, and the adaptor coefficients in O(n ).
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Proof. The runtime bounds for the steps in line 1–5 follow from the considerations
and algorithms pointed out in the previous subsection. The connection of the forest
of the m spc-trees, m < n, Line 8, is linear. Finally, the adaptor computations, Line 10,
involve only a constant number of operations for each of the n elements (see the
previous subsection and especially (72, 73)).
In the sequel, steps of A DAPTORS are illustrated at the sample graph of Figure C.12, which establishes the corresponding graph G of some electrical circuit S.

s

t

Figure C.12. Corresponding graph G of some electrical circuit S.

Line 2. Partition G respecting its biconnected components, G1 , . . . , Gm . Label the
articulation points of the Gi by si or ti , such that each biconnected component contains
a source si and a sink ti (see Figure C.13).
G3

G1
G2
s1

t1

s2

t2
s3

Articulation point

t3

Figure C.13. Decomposition of G respecting its biconnected components and relabeling of the
biconnected as two-terminal graphs.

Line 4. Check for inadmissible segmentations. In the sample graph an edge {s2 , t2 } is
introduced. However, this step is superfluous for electrical circuit models if s and t
are incident to the signal source.
C1

S2
P2

P1

C2
P3

S1
Node of separation pair
Virtual edge

Figure C.14. Detection of the triconnected components in G3 .
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Line 5. Detect in G3 the three sets of different triconnected components, S , P , and C .
Figure C.14 shows the result.
Line 6. Construct an spc-tree T G3 ,s3 ,t3 for G3 ; the Figure C.15 shows the result. At
this place the previously mentioned series reductions and parallel reductions are ideally performed: Engineering knowledge on useful reductions can be formulated by
means of simple contraction rules, which may even investigate the context of an element.
P3

S1

C2

P1

P2

C1

S2

Adaptor

Figure C.15. An unnormalized spc-tree of G3 ; the leafs of the tree correspond to the edges in G3 .

Line 8. Construct an spc-tree T G,s,t for the entire graph G. This accomplished by
connecting the roots of the trees T Gi ,si ,ti with a new node that is labeled as an S-node.
Line 9. Normalize the decomposition tree T G,s,t ; the Figure C.16 shows the result.
Obviously, the ideal adaptor for having no reflection-free port is associated with the
root of the normalized the decomposition tree.
S10
S11

S12

S13

S14

P1
C1

P2
S2

S15

S16

P3
C2

Adaptor

Figure C.16. The normalized counterpart of the spc-tree from Figure C.15.

Line 10. Based on the component parameters in F, F ∈ B F, M , compute the port
resistances for the adaptors.
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Remarks. The algorithm A DAPTORS can be extended with respect to multiports. To
this end each subgraph that is induced by a multiport is completed such that it forms
a clique.
Design Generation by Graph Grammars The transformation of an spc-tree into
a corresponding adaptor structure can be specified by a design graph grammar that
operationalizes the following tasks: (1) Normalization of the spc-tree by splitting
s-nodes and p-nodes with more than three edges, (2) replacement of c-nodes with a
special two-port adaptor structure, (3) replacement or comprisal of particular element
combinations, and (4) generation of the layout and the domain-typic appearance.
Figure C.17 hints some of the transformation tasks.
1

s

8
9

1

p

2

3

2

p

s Series connection
p Parallel connection

3

4

s

5

8

9

4
5

Series adaptor
6

Parallel adaptor

7

7

6

Figure C.17. Transformation of an spc-tree into an adaptor structure.

The grammar G = Σ, P performs the transformation task (1) where Σ = { p, s,
A, . . . , H } and P contains two splitting rules (for s-nodes shown below) of the form
T → R, I :

(1) T = VT , E T , σ T = {1, 2, 3, 4, 5}, {{1, 5}, {2, 5}, {3, 5}, {4, 5}},
{(1, A), (2, B ), (3, C ), (4, D ), (5, s)}
R = VR , E R , σ R = {6, 7, 8, 9, 10, 11}, {{6, 10}, {7, 10}, {8, 11}, {9, 11},
{10, 11}}, {(6, A), (7, B ), (8, C ), (9, D ), (10, s), (11, s)}
I = {(( E, A), ( E, A)), (( F, B ), ( F, B )), (( G, C ), ( G, C )), (( H, D ), ( H, D ))}
A

C

A

s
B

C
s

D

B

s
D

With respect to transformation task (2) we refer to a paper of Meerkötter and
Fränken (178). They present a generic construction rule for adaptor structures if the
graph G ( S ) of an electrical system S contains closely connected subgraphs. Due to
the complexity of this transformation we abstain from a presentation of the respective
design graph grammar in this place. For the same reason the graph grammar rules in
the sequel, relating the transformation tasks (3) and (4) are only specified graphically.
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Transformation task (3) contains design optimization potential. According to engineering know-how and design experience, new elements can be substituted for
particular element combinations, or elements of the same type can be comprised—
examples:
ei

A

r

A

er

r1

s

r2

s

r1+r2

r1

p

r2

p

1/(r1+r2)

(3a) Introduction of resistive sources.

(3b) Comprisal of series resistances.

(3c) Comprisal of parallel resistances.

The figures below show some display rules that change the appearance of an spctree into an adaptor structure. The interesting point in this connection is that such
rules fit seamlessly in Brandenburg’s layout graph grammar approach.
s

p

(4a) Adaptor display rules.
A

A

B

er

e

A

(4b) Port display rules.

B

r

A

c
A

T

A

Because of the regular structure of wave digital filters, layout graph grammars
are an adequate means for the drawing task in hand. They perform a syntax-directed
translation of textual representations of graphs into graph drawings (30). A design
graph grammar becomes a layout graph grammar by attribution, where the attributes
describe geometric relations. Details and successful applications of this approach can
also be found in (98, 29, 311).
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Synopsis
Problemclass Analysis; specifically simulation of passive, electrical continuous
time systems.
Problem Solving Method Integration of differential-algebraic equations.
Source Model Dynamic, continuous time model FU , FZ , FY , V , ∆, Λ .

• Fidelity Level F. Electrical quantities.
• Granularity Level M. Electrical elements that form one-port elements.
• Input FU . Voltage and current signals.
• State Prescription Function ∆. Implicit state space description in the form of
local, but non-causal differential-algebraic equations.
• Output Function Λ. Courses of selected quantities in F.
• Behavior Model Processing. Implicit integration method.
Reformulated Model Dynamic, continuous time model FU , FZ , FY , V , ∆, Λ .

• Fidelity Level F. Voltage-wave quantities.
• Granularity Level M. a/b-equivalents of the electrical elements and adaptor
building blocks.
• Input FU . Wave signals.
• State Prescription Function ∆. Causal difference equations.
• Output Function Λ. Courses of selected quantities in F.
• Behavior Model Processing. Local propagation.
Knowledge Source Topological analysis of the source model’s Kirchhoff interconnecting network. Comprisal and replacement rules for elements in M.
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Learning Similarity
Measures from Object Classifications

The section addresses a key aspect within various knowledge-based analysis and
synthesis tasks: The construction of a measure that adequately models the similarity
between two problem instances. This may be the similarity between two documents
within a document retrieval task, the similarity between two cases within a casebased reasoning task, or a similarity assessment between two points in a graph when
working on a visualization task.
Given two problem instances, a domain expert is in a position to assess the similarity between these instances with respect to a problem solving task in hand. It is a
question of high importance how this part of an expert’s problem-solving expertise
can be elicited and made explicit.
In its general form, a set of objects (the problem instances), O, is given, where each
object x ∈ O is described by a vector of features or demands, d( x) = ( f 1 , . . . , f p ). The
similarity between two objects x and y, x, y ∈ O, is taken to assess the usability of a
solution of instance x as a solution for instance y—an idea that became popular under
the name of case-based reasoning, CBR (1, 156). Usability can be stated a-posteriori
only while the similarity between two objects can be stated immediately (196). The
quantification of the concept “usability” by means of the similarity between two feature vectors shows the crucial importance that comes up to the computation of the
features.
In the following, the similarity between two objects x and y is designated by a
relation “sim” where sim( x, y) determines a value from the interval [ 0; 1]. The larger
is the value of sim the more similar are x and y to each other.
Developing “sim” is a Knowledge Acquisition Problem A recurring situation
in, for instance, case-based problem solving is that a set of cases is given, but no
similarity measure can ad-hoc be stated. A similarity measure establishes a particular
form of knowledge, which—using AI terminology—can be acquainted from some
source. An often applied concept to acquire similarity knowledge is the interview
of domain experts: “Are these two problem instances, x and y, similar?” “What are
the significant features that make x and y similar?” “To which extent are x and y
similar?”
The sample questions make problems of the concept “knowledge acquisition by
questioning” obvious. On the one hand, it is hard for the domain expert to give
quantifiable answers while, on the other hand, it is hard for the knowledge engineer
to access the quality of these answers. This is not surprising since knowledge about
object similarities establishes problem-solving expertise, which—in itself—is hard to
become operationalized, as already pointed out by Hayes-Roth et al.:
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“The transfer and the transformation of problem-solving expertise
from a knowledge-source to a program is the heart of the
expert-system development process.”
Hayes-Roth, Waterman, and Lenat, 1983, pg. 23

In this section we exploit the fact that a similarity measure can also be constructed
from other knowledge sources, for instance from the knowledge that is encoded
within an existing object classification (266). Obviously, each classification implies
knowledge about feature relevance and feature similarity with respect to the classified objects. Given such a knowledge source, methods from the field of machine
learning can be used to transform implicit knowledge on object similarities into an
explicit similarity measure (see Figure C.18).
Model construction
d1
d2

y
x

Reformulation
(f(x1),f(y1), sim(x1,y1))
(f(x2),f(y2), sim(x2,y2))
...

Acquire classification knowledge

f(x) f(y) ⇒

w1
w2

Σ ~ sim(x,y)

d1d2
d12

...

x,y

dp2

Model
utilization
Case-based
design

...
wk

Document
retrieval

Similarity measure

Figure C.18. Instead of interviewing domain experts, a similarity measure is constructed from
an existing classification of the objects.

We view this process as a kind of model reformulation (see Page 52) since there
is a paradigm shift in model processing: The features of a model are no longer used
for some (absolute) classification process; instead, two model instances are taken and
their relative distance in the model space is assessed. This reformulation happens,
ideally, without altering the model’s accuracy or its level of granularity. Also note
that the processing efficieny is not affected.
Remarks. The development of a similarity measure is highly domain-dependent, and
we fall back on the domain of fluidic engineering from which realistic models and
tasks are derived. In fact, the automatic generation of a similarity measure for fluidic
engineering tasks should be seen as a completion of our approach to the automation
of fluidic circuit design in Section A.1. There, the similarity measure was developed
in close collaboration with human designers.
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Underlying Model and Tasks
Similarity measures can be used for those tasks in fluidic engineering that are not
treated at a deep, physical level of behavior but at the much more abstract level of
function. At this level, the complex physics of a fluidic circuit is reduced to a set of
features which characterizes the circuit’s usability to fulfill a desired function. The
following list outlines tasks that are solved at an abstract functional level.

• Functional Analysis. Check whether two fluidic systems are similar with respect
to their intended operation (288).
• Fluidic System Design. Construct a new fluidic system by coupling together
already designed units (fluidic axes) from different systems (258, 110).
• Document Retrieval. Query a database for diagrams of fluidic systems that are
similar with respect to a given set of demands.
The model of fluidic function as specified in Definition C.14 establishes the
knowledge level at which the mentioned tasks are solved. The next subsection shows
in which way this functional model is encoded as a feature vector for fluidic circuit
objects.
Taken an engineer’s point of view, the gist of a model of fluidic function consists
of a set of state variables, FX , along with the discrete state prescription function, ∆.
Each state variable in FX represents the function of a fluidic axis; ∆ characterizes
the behavior of the fluidic axes by means of the working phases of the output units,
which are cylinders in most cases.

Let S be a fluidic system and let
Definition C.14 (Model of Fluidic Function)
F, M be a model of S. A model of fluidic function over F, M is a discrete event
model, B F, M = FU , FZ , V , ∆ whose elements are defined as follows.
(1) F = FU ∪ FZ is a set of functionalities, described below. The elements M ∈ M
are called fluidic axes.
(2) FU is the set of input variables, defining the extrinsic forces and events. FZ is
the set of constraint variables, defining the working phases of the axes and the
velocities of the cylinder pistons.
(3) The sets U f , U Tf , and Z f designate the domains of the variables f in FU and FZ .
Likewise, U , U T , and Z designate the Cartesian products of the input variable
domains and the constraint variable domains. The time base T is a subset of
R+ . V comprises the domains of all functionalities.
(4) ∆ declares a set of state variables, FX ⊆ FZ , and a state space, X , which is the
projection of Z with respect to FX . The state variables correspond one-to-one
to the fluidic axes in M; the number of states in X is finite. ∆ specifies the
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discrete phase transitions of a model of fluidic function and comprises both an
external and an internal state prescription function, say, ∆ = ∆e ∪ ∆i .
Given a vector of external events (triggered by an operator or a numerical control), ∆e prescribes the next state, depending on the current state and the vector
of input forces at the current point in time. In contrast, ∆i schedules the next
state change that is triggered by proximity switches or piston stops, so-called
internal events. ∆i depends on the current state, the vector of input force functions, and the time elapsed since the last state change.
Remarks. For the purposes of this section it is not necessary to engage into state prescription functions for discrete event models and their simulation. The interested
reader may refer to (310, 206), for instance.
Events valve-parallel

valve-crossed
piston-stop

piston-stop

Input force
F ∈FU (N)

F, v
hold-pressure

Phases
P ∈FX

const-drive-out
const-drive-in
null

null

NC F
Es

Velocity
v ∈FZ (m/s)

Figure C.19. The diagrams on the left-hand side describes a possible functional model of the
circuit on the right.

Example. The example specifies the functional model of a fluidic system with a single
axis whose cylinder drives out, performs a press job, and drives in. Figure C.19 shows
for a constant extrinsic force, F, and the switch events triggered by a numerical control, E s , both the respective diagrams and the circuit. The state space X , constructed
over the single state variable P, consists of four states which are called (working)
phases.
(1,2) Model.
FU = { F, E s }, FZ = { P, v}, FX ⊆ FZ = { P },
F = FU ∪ FZ , M = {{ F, E s , P, v}}
(3) Domains.
UF = R+ , UFT = UF since F (t) is constant.
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UEs = {valve-parallel, valve-crossed},
XP = {const-drive-in, const-drive-out, hold-pressure, null}, Zv = R
(4) State Prescription.
∆ e : X P × U F × U Es → Z ,
∆ i : XP × UF × T → Z
The function ∆e prescribes the next phase, which is started immediately on
an external event. The function ∆i schedules the next phase; i. e., it prescribes
the next phase, which will be started not until the internal event piston-stop is
occurred. Table C.1 shows a simplified definition of ∆ where the elapsed time
til the piston-stop events has been omitted.
Current phase

Force

Event

Next phase

null
const-drive-out
const-drive-out
hold-pressure
const-drive-in
const-drive-in

500N
500N
500N
500N
500N
500N

valve-parallel
piston-stop
valve-crossed
valve-crossed
piston-stop
valve-parallel

const-drive-out
hold-pressure
const-drive-in
const-drive-in
null
const-drive-out

Velocity
0.5m / s
0m / s
− 0.8m / s
− 0.8m / s
0m / s
0.5m / s

Table C.1. Definition of ∆ for the example. The specification is simplified insofar that ∆ does
not schedule the internal piston-stop events at definite points in time.

Remarks. The abstraction from a physical behavior model in continuous time towards
an event-based functional model can be done automatically. For this, the state prescription function of the continuous time model is simulated and investigated with
respect to intervals of stationary flows or velocities (115). However, the development
of such an abstraction is not discussed in this place.

Similarity Measures
Our objective is the development of a similarity measure for models of fluidic function to solve the engineering tasks mentioned at the outset. Our approach is the
application of learning methods; they shall bridge the gap between implicit expert
knowledge about circuit similarities and explicit similarity functions. This subsection develops the necessary concepts.
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On Similarity Measures in General Much work has been done in the last decades
on similarity measures; good overviews can be found in (224, 69, 123, 298, 219). A
common similarity measure is the simple weighted linear similarity function. Let
( x)
( x)
( y)
( y)
( f 1 , . . . , f p ), ( f 1 , . . . , f p ), p ∈ N, be two feature vectors of two objects x, y. Then
the simple weighted linear similarity measure between x and y is defined as follows.
sim( x, y) = w0 +

∑

1≤i ≤ p

( x)

wi · ( f i

( y)

2 f i ),

w0 , wi ∈ R

It is often claimed that sim is a symmetric function which maps onto [ 0; 1] and that
it provides the reflexivity property, say, sim( x, y) = 1 ⇔ x = y (see Definition A.3,
Page 99). The definition of the operator “2” depends on the features’ types:

• Cardinal. A feature is called cardinal if and only if all values of the feature are
real numbers. Values of cardinal features can be added, subtracted, multiplied,
and divided and the result is still a reasonable value for the feature. For cardinal features, f ( x), f ( y), the following definition is often used:
f ( x) 2 f ( y) = −| f ( x) − f ( y) |

• Nominal. Nominal values can only be compared with respect to equality. If a
nominal feature has only two possible values it is called a binary feature. For
nominal features, f ( x), f ( y), the following definition is often used (301):
f ( x) 2 f ( y) =

!

1,
0,

if f ( x) = f ( y)
otherwise

Remarks. Note that learning such functions means to find adequate values for the
parameters wi . More complex distance functions have been examined by the authors
in (266).
A Similarity Measure for Fluidic Systems Following Definition C.14, each hydraulic system S can be reduced to a functional model B F, M . In accordance
with (269, 110, 288), the similarity between two hydraulic systems, S x , S y , is defined
using the similarities between individual axes in the respective functional models
B Fx , M x and B Fy , M y :
sim( S x , S y ) =

∑

Mx ∈M x

max{sim axes ( Mx , M y ) | M y ∈ M y }

(C.5)

where M x and M y denote the axes of S x and S y , simaxes denotes a function measuring the similarity between two axes, and |M x | ≤ |M y | holds.
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Let an axis Mx be described by a p-dimensional vector of cardinal features d( Mx ),
( x)
( x)
say, d( Mx ) = ( f 1 , . . . , f p ) ∈ R p . Then the similarity measure simaxes ( Mx , M y ) shall
be defined as a simple weighted linear similarity:
sim axes ( Mx , M y ) = w0 +

∑

1≤i ≤ p

( x)

wi · | f i

( y)

− f i |,

w0 , wi ∈ R

(C.6)

The feature vector of a fluidic axes, d( M ), which is necessary to compute the
similarity between two fluidic circuits, S x , S y , is directly extracted from the functional
models B Fx , M x and B Fy , M y . Each axis is described by two types of features,
phase descriptions and phase orders, both of which are defined below.
(1) Phase Description. Phases are divided into the categories K = {constant-drive,
position-drive, hold-position, accelerate, fast-drive, hold-pressure, press}, | K | = 7.
Each category κ ∈ K is characterized by 5 features, which answer the following
questions.
a) Which maximum force (in Newton) is applied to the working element?
b) How many phases of the specific category exist in the respective axis?
c) How long (in seconds) is the duration of the phase ?
d) Which distance (in mm) is covered by the working element?
e) How precisely must the axis work? This is a value from [ 0; 1] that defines
the acceptable deviations from the duration, the distance, and the force.
(2) Phase Sequence. For each combination (κ1 , κ2 ), κ1 , κ2 ∈ K, κ1 = κ2 , a feature is deployed that specifies the number of times a phase of category κ1 is immediately
followed by a phase of category κ2 .
Together, the feature vector—so to speak, demand vector d( M ) for an axis M is
organized as follows.

d( M ) = (phase description “constant-drive”), (phase description “position-drive”),
(phase description “hold-position”), (phase description “accelerate”),
(phase description “fast-drive”), (phase description
“hold-pressure”),

(phase description “press”), (phase sequence)
Methods for Constructing Similarity Measures Existing methods for constructing similarity measures can be divided into two main classes: (1) Methods that employ reinforcement-learning and (2) algorithms that rely on statistical analysis for the
main part.
Reinforcement-learning methods predict a similarity value and ask the user or a
different system to rate the prediction. Based on this rating the weights wi are adjusted. Statistical methods analyze given examples and deduce appropriate weights.
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Name

Type

Remarks

E ACH
R ELIEF
C CF
G M - CDW

reinforcement learning
reinforcement learning
statistical
statistical

extra parameters needed
binary weights
only binary features
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Literature
(233)
(136)
(45)
(113)

Table C.2. Selected existing methods for the construction of similarity measures.

Table C.2 lists representatives of well known methods; more examples can be found
in (25, 8, 255).
These methods have in common that the knowledge acquisition step (how to
obtain the necessary knowledge from an expert) and the learning step (finding appropriate values for the weights wi ) are not treated separately. Our approach, which
is described in the next section, differentiates between these two steps.
Combining the knowledge acquisition step and the learning step entails several
problems:

• Since the expert is integrated into such methods in a predefined manner, no
flexibility is granted in the way the knowledge is obtained. Hence additional
knowledge sources cannot be tapped.
• Although the methods mentioned in Table C.2 rely on standard learning
paradigms such as reinforcement learning, they do not apply standard learning algorithms such as regression or neural networks but employ proprietary
algorithms. While for standard learning algorithms advantages and disadvantages have been examined, almost nothing is known about the proprietary algorithms.
• Verifying a combined method is difficult since learning problems cannot be
distinguished from knowledge acquisition problems.
A Universal Strategy Take again a look at Figure C.18 on Page 181. It hints the
two steps of the universal strategy that is employed here to construct a similarity
measure: A knowledge acquisition step and a reformulation (learning) step. This
separation allows for the usage of both tailored acquisition methods and tailored
learning methods to obtain the necessary information from an expert. The first step
always results in a database, C , of feature-vector pairs whose similarity is already
known:
C = {(d( x1 ), d( y1 ), sim( x1 , y1 )),
(C.7)
(d( x2 ), d( y2 ), sim( x2 , y2 )),
(d( x3 ), d( y3 ), sim( x3 , y3 )), . . .}
The reformulation step uses the rated vector pairs and applies a supervised learning strategy to find values for the weights wi . For our applications both regression
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and neural networks have been applied. Note that only a small but typical set of
objects, the learning set, is used for learning purposes.

Reformulation Strikes a New Path to Acquisition
The similarity between two hydraulic systems, S x , S y , has been reduced to a maximization of the cumulated similarities between fluidic axes, simaxes , used in Equation (C.5) on Page 185. The specification of values for this function poses a knowledge acquisition problem, because domain experts have the necessary knowledge
only implicitly. To express their understanding about axes similarities explicitly, e. g.
as a mathematical function, means asking to much for most experts. The reformulation of similarity knowledge that is encoded implicitly in a classification shows a
way out.4
Knowledge Source 1: Partitioning the Set of Objects For this method the expert
has to partition a given set of axes. Two axes are similar if and only if they belong
= { M1 , . . . , Mn } be the set of axes and let c :
→
to the same class. Let
C be the classification function, where C comprises the set of possible classes. The
classification function c is specified by the domain expert. Then the similarity sim axes
is defined as follows.
!
1, if c( Mx ) = c( M y )
∀ Mx , M y , ∈
: sim axes ( Mx , M y ) =
(C.8)
0, otherwise

M

M

M

Reasonable classes, for example, are C = {manipulation, press, hold} or C = {highpressure, low-pressure, fast-drive}.
The main disadvantage bound up with this knowledge source is that a partitioning, say, a disjunctive classification, is sometimes difficult to be stated. The advantages of this knowledge source are:

• n classifications define

n2
2

similarities.

• Domain experts have few problems in classifying fluidic axes.
Although in the learning set only the similarity values 0 and 1 are given, learning
algorithms like regression result in similarity measures that can yield any similarity
value from the interval [ 0; 1]. This is because the given data is abstracted by the
learning algorithms.

4 This

is in accordance with Richter’s argumentation: Knowledge (on similarity) is distributed
over the containers vocabulary, similarity measure, case base, and solution transformation,
where each container is able to contain all available knowledge (223).
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Knowledge Source 2: Graphical Similarity Specification This method demands
a minimum of explicit knowledge. The expert is asked for an exemplary visualization
of his understanding of the similarity between objects. By means of a computer,
this visualization is abstracted towards a graph, from which a similarity measure is
computed. No additional knowledge is demanded from the expert.
= { M1 , . . . , Mn } be the set of axes. The expert manually defines a
Again let
→ N× N, which defines a two-dimensional
layout by specifying a function ρ :
position for each axis. The similarity of two axes Mx , M y is defined by:

M

M

simaxes ( Mx , M y ) = −|| Mx , M y || 2

(C.9)

where || x, y|| 2 denotes the Euclidean distance between the positions of x and y.
The following points distinguish this knowledge source from the previous one:

• The graphical definition of similarities is closer to the mental model of the user
than is the definition of a classification function c.
• By placing n objects,

n2
2

similarities are defined.

A difficulty of the graphical similarity specification is that by placing one axis, the
distances to n − 1 other objects must be taken into account. To simplify this layout
problem, only object distances up to certain maximum distance are considered. For
this, the layout is clustered in a first step, say, groups of closely related objects are
identified.
Remarks. Observe the duality to clustering by multi-dimensional scaling, where the
similarity assessments between the objects form the starting point (16, 103). The approach of this section goes the other way round: Having a clustering in the form of
classes or a two-dimensional plot, one is able to construct a similarity measure.
Learning and Results Input for the learning step was a database of the form (C.7)
with rated axes pairs (d( Mx ), d( M y ), simaxes ( Mx , M y )), which was used to find values
for the weights wi in the similarity function (C.6). Learning was done by applying
least-square regression and by means of neural networks. Details can be found in
(21, 234, 302, 112).
The described acquisition methods have been implemented and applied to the
learning of similarity measures for fluidic axes. As the subsequent results show, usable similarity measures could be constructed from both knowledge sources.

• Knowledge Source 1. 67 fluidic axes were classified into 9 classes by a domain expert; the similarity measure was constructed according to Equation (C.8). The
error rate on the learning set was 12%, while the error rate on a test set was
16%.5 The error rate was defined as the percentage of axes that were misclassified when using the learned similarity measure as classificator.
5 The

learning set comprised the axes used for the learning process; the axes in the test set have
not been used for learning.
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• Knowledge Source 2. A graphical arrangement of circuit documents, which has
been proposed by the domain expert, was analyzed and similarity measures
were constructed. To evaluate the quality of the learned measures the Mean
Square Error (MSE) was used:


∑

(simtaxes ( Mx , M y ) − simeaxes ( Mx , M y ))2

Mx ,M y

where simtaxes denotes the similarity as predicted by the learned similarity measure, while simeaxes denotes the empirical similarity measure (C.9) defined by
the manual layout. On a test set, an MSE of 0.22 has been achieved. Since
the similarity values are from the interval [ 0, 1] the MSE defines an average
variation from the empirical similarity.
More on Learning A closer look to the regression method revealed that about
20 features played a predominant role; half of them represented phase orders. Important phase descriptions were “precision”, “distance”, and “number of phases”; relevant
phase orders were “constant-drive after constant-drive” and “position-drive after holdposition”. An F-Test stated a significance of 0.001 respecting the above regression,
thus precluding random influences.
The R2 -value of the regression, which measures the amount of explained variation, was 0.2. Say, the regression explained the observation only partially. To improve
this result a more complex similarity function than Equation (C.6) can be employed.
This makes sense since domain experts allege dependencies between the axes’ features. The following similarity measure considers also a possible interactivity between axis features:
p

sim axes ( Mx , M y ) = w0 + ∑ wi · | f i
i =1

( x)

( x)

p

p

− f i | + ∑ ∑ wi j · | f i( x) − f i | · | f j( x) − f j |
( y)

( y)

( y)

i =1 j =1

( y)

where w0 , wi , wi j ∈ R, f i ∈ d( Mx ), and f i ∈ d( M y ). The regression based on this
function improved the R2 value to 0.49, stating that dependencies between features
have been captured.
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Synopsis
Problemclass Acquisition of similarity knowledge for demanding analysis and
synthesis tasks in fluidic engineering.
Problem Solving Method Clustering; regression of weight vectors.
Source Model Collection B of discrete event models of the form B F, M = FU ,
FZ , V , ∆ defined over F, M (models of fluidic function). The elements in M are
comprises all fluidic axes in B ; i. e., it is the set union
called fluidic axes; the set
of the M in F, M , F, M ∈ B . A model of fluidic function in B is characterized as
follows.

M

• Fidelity Level F. Selected fluidic quantities.
• Granularity Level M. Fluidic axes; |M| is the number of axes.
• Input FU . The input variables f ∈ FU prescribe extrinsic forces and events at the
fluidic axes.
• State Prescription Function ∆. The state variables f ∈ FX , | FX | = |M|, define a
vector of phases; a phase is a symbolic description of a simple fluidic function
such as fast-drive or hold-pressure. The number of states in X is finite. ∆ consists
of an external and an internal state prescription function and specifies the discrete phase transitions. The dimension of ∆’s domain is bound by 3 · |M| + 1,
resulting from |M| state variables, 2 · |M| inputs, and the time base.
• Behavior Model Processing. Discrete event simulation.
Reformulated Model

B is unaltered.

• Similarity Measure. A function sim axes :
fluidic axes a similarity value.

M

MM
×

→ [ 0; 1], which assigns two

Knowledge Source Classification of fluidic axes by a domain expert; the classifior as two-dimensional arrangement of its
cation can be given as a partitioning of
elements.
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D
Model Envisioning
Model envisioning means information visualization or visual data mining respecting
models of technical systems; it can be considered as a new kind of problem solving
method. In particular, we summarize methods under this term that prepare structure
models in a graphical way in order to provide insights or to simplify the access when
dealing with large systems. See Page 53, Section 2.4, for a comparison to other model
construction approaches.
Model envisioning happens in several steps: structure model preparation, clustering or identification, and graph drawing. Depending on the application, the importance of these steps may vary. Typically, the result of an envisioning process yields
a platform for subsequent analysis, modification, maintenance, or acquisition tasks.
This chapter presents three applications where model envisioning has successfully been employed. Section D.1 shows how envisioning is used within the model
formulation of computer networks. In Section D.2, envisioning is employed to simplify the understanding and maintenance of configuration knowledge bases, and
within Section D.3, envisioning provides a strategy for the functional analysis of fluidic systems.
From the standpoint of the methods employed, the three sections emphasize
three different aspects. Section D.1 concentrates on graph clustering; in particular,
it introduces both a new measure for the evaluation of clusters and a new algorithm
for cluster detection. Section D.2 uses clustering as well, but focuses on graph drawing and classification. Section D.3, however, can be regarded as a domain-specific
graph matching problem, which is attacked by the combined application of design
graph grammars and shortest-path algorithms.
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D.1

Supporting Model Formulation for LANs

The design and configuration of computer networks, such as local area networks
(LANs), needs profound knowledge of the volume and the distribution of the network’s traffic. While many tools support the recording and the statistical analysis of
inter-computer communication, e. g., the traffic can be measured on each data line
by so-called RMON-devices, there is no generic concept to form a global model from
this data. As a consequence, it is hard to formulate generic design or configuration
rules for such networks—although a lot of design decisions have to be met: Which
computers shall be bundled in a single virtual LAN? Where to place routers? Which
topology is preferable? Must the switching technology be upgraded?
In (265) Stein and Niggemann suggest to tackle the mentioned model formulation
and analysis problems by purposefully rendering a network’s traffic graphs. The
idea is to use clustering techniques to envision the coherence between the measured
communication load and the underlying network structure (see Figure D.1).
Model envisioning

Subsequent
tasks

Preparation

Clustering

...

Traffic
matrix
Computer network

Traffic graph

Clustered topology

Figure D.1. Model envisioning of a computer network is attained by creating and clustering the
network’s traffic graph.

The presented approach shall help to identify components that are bottlenecks
for the traffic, to detect critical network situations, or to identify shiftings in the communication structure that may result from new users, new technologies, and new
tasks.
Note that the coherence between communication clusters and network clusters
can be expressed graphically, by using graph drawing methods to envision traffic bottlenecks and critical network situations, as well as numerically. The latter is achieved
by comparing the routing effort within the original network structure and the structure proposed by the clustering.

D.1

S UPPORTING M ODEL F ORMULATION FOR LAN S

195

Underlying Models
Definition D.1 (Structured Cabling Traffic Model) Let S be a network with structured cabling topology and let F, M be a model of S. A structured cabling traffic model over F, M is a memoryless behavior model, B F, M = FU , FZ , V , ∆ ,
whose elements are defined as follows.

(1) F is the set of aggregated communication loads; M defines the nodes of the
network and corresponds to the network elements at the primary, secondary,
and tertiary level; | Mi ∩ M j | ≤ 1 with Mi , M j ∈ M, i = j. In particular, let
Mt ⊂ M correspond to the network elements at the tertiary level.
(2) For each M ∈ Mt there is an input variable in FU , | FU | = |Mt |, that defines
the communication traffic generated by the user behavior at M; the set of
constraint variables, FZ , defines the communication load between each pair
of adjacent nodes. No output variables are considered in this model, and
F = FU ∪ FZ .
(3) The sets U f and Z f designate the domains of the variables f in F . The domain
of each input variable is N|Mt | ; given a vector for the input variable of Mi ,
Mi ∈ Mt , its j-th component defines the communication traffic in KByte/s from
Mi to M j , M j ∈ Mt . The domain of each constraint variable is N; if Mi ∩ M j =
∅, Mi , M j ∈ M, the constraint variable in Mi ∩ M j defines the communication
load in KByte/s between Mi and M j .

U and Z designate the Cartesian products of the input variable domains and
the constraint variable domains. V comprises the domains of all functionalities.
(4) The set of state variables, FX , is empty. The state prescription function ∆ maps
an input vector u ∈ U onto the global vector of communication loads, say, ∆ :
U → Z.
(5) Based on FU , a so-called traffic matrix A of dimension |Mt |×|Mt | can be defined; A becomes an upper triangle matrix if communication directions are
neglected. Each element ai j, i< j in A defines the communication load between
two—not necessarily adjacent—nodes Mi and M j in Mt .
Example. Table D.1 specifies a model F, M of some network and the graph of
F, M , which corresponds to the network topology. Here, the functionalities F are
{u 1 , u 2 , u 3 , z1 , . . . , z5 } and the network elements M are { M1 , . . . , M6 }.
The behavior model B F, M is defined as follows. The network elements M1 ,
M2 , and M3 form the tertiary level Mt ; the set of input functionalities, FU , is
{u 1 , u 2 , u 3 }; the set of constraint functionalities, FZ , is { z1 , . . . , z5 }. The domain Ui
for a functionality u i ∈ FU is N3 ; the domain Zi for a functionality zi ∈ FZ is N;
U := U1 ×U2 ×U3 , and Z := Z1 × . . . × Z5 .
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Objects in M
M1
M2
M3
M4
M5
M6

M6
z4

= { u 1 , z1 }
= { u 2 , z2 }
= { u 3 , z3 }
= { z1 , z2 , z4 }
= { z3 , z5 }
= { z4 , z5 }

z5

M4
z1

M5
z2

z3

M1 M2

Mt

M3

Table D.1. Model F, M of a network with structured cabling topology (left-hand side) along
with the graph of F, M (right-hand side).

In this example, ∆(u ) is defined as the cumulative load on ( z1 , . . . , z5 ) when routing the communication traffic of an input vector u ∈ U along shortest paths, assuming
uniform edge lengths.
    
10
10
0


15 ,  0  , 20 , the value of
For instance, when given the input u =
12
12
0


∆(u ) ∈ Z is (47, 57, 54, 54, 54). Observe that ∆(u ) defines the communication load
on the edges in the above graph of F, M , generated at M1 , M2 , and M3 .

The directed and the undirected traffic matrix representations of FU are given in
the tables below.
From: M1
To:

M1
M2
M3

0
15
12

M2

M3

10
0
12

10
20
0

M1
M2
M3

M1

M2

M3

0
0
0

25
0
0

22
32
0

Definition D.2 (Peer-to-Peer Traffic Graph) Let B F, M = FU , FZ , V , ∆ be a structured cabling traffic model. The related peer-to-peer traffic graph of B F, M is an
undirected, weighted graph G = V, E, w , w : E → N. V = {v1 , . . . , v|Mt | }, E is
defined by means of the traffic matrix A:

{vi , v j } ∈ E ⇒ w({vi , v j }) = ai j + a ji ,

∧ ai j + a ji > 0 ⇒ {vi , v j } ∈ E

Example. With respect to the above example, the peer-to-peer traffic graph G is defined as follows. V = {v1 , v2 , v3 }; E = {{v1 , v2 }, {v1 , v3 }, {v2 , v3 }}; w({v1 , v2 }) = 25,
w({v1 , v3 }) = 22, w({v2 , v3 }) = 32.
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Envisioning the Model-Traffic-Coherence
Two new ideas are outlined in this subsection: (1) The clustering of traffic graphs
as a means to envision weak points in the design of computer networks, and (2) the
Λ-measure and its computation as a means for clustering weighted graphs.1
The rationale behind the former point is evident: Large edge weights (= high
communication loads) in a traffic graph G = V, E, w indicate a high degree of node
interaction. Clearly, the distance between such nodes in the network must be minimum in order to minimize the routing effort, which in turn can be quantified by the
routing’s congestion and dilatation values (157).
A network topology should consider the communication behavior by placing
nodes with a high communication load close to each other.

Figure D.2. The left side shows the topology of a local area network; nodes at the tertiary level
that belong to the same switch are encircled. The right side shows a traffic graph of this network,
which results from a traffic recording; edges with a zero weight have been omitted.

Look at the local area network on the left-hand side of Figure D.2. The encircled
nodes are sets of network elements at the tertiary level, and within each set the node
distances are minimum. In other words, the network topology defines equivalence
classes—say: clusters—within Mt , whereas the objective is to keep the inter-cluster
communication load as small as possible.
The right-hand side of Figure D.2 shows a traffic graph that has been constructed
from a traffic recording of the left network. The traffic graph contains the same nodes
like the network, but all edges belonging to the topology have been removed, while
edges indicating the communication loads between the nodes in Mt have been introduced.
Let us assume that the traffic graph could be clustered with respect to the measured traffic in such a way that the intra-cluster communication is maximized while
1 The

section presents some results of the cooperative and pleasurable research with Oliver
Niggemann in the field of clustering and visualization.

198

M ODEL E NVISIONING

the inter-cluster communication is minimized. Then the similarity between the clustering of the network topology and the clustering of the traffic graph envisions the
adequacy of the chosen network topology. This similarity is called model-trafficcoherence here.

Figure D.3. Clustering of the network topology from Figure D.2 (indicated by the node symbols
and by shaded areas on the left and right side respectively). Basis for the clustering is the
weighted traffic graph.

Figure D.3 shows a traffic graph clustering according to the outlined philosophy;
for envisioning purposes the clustering is drawn within the network topology. Obviously, there is a considerable incoherence between the traffic graph clustering and
the topological clustering; it gives rise to a reconfiguration of the network topology.
More information and other applications grounded on traffic visualization can be
found in (201). Observe that the most delicate question within the envisioning procedure was kept unanswered up to now: What are suited concepts and algorithms to
cluster weighted graphs in the desired way? This and related questions are addressed
now.
Clustering: The Λ-Measure Here as well as in the subsequent section, clustering is
used as a technique to identify structures within graphs. But what is structure? Our
common sense understanding of this term is reflected quite well by the following
definition.
“Structure defines the organization of parts as dominated by the
general character of the whole.”
Merriam-Webster Publishing Company, 1998

To quantify this descriptive definition for graphs, we have developed a new measure, called “weighted partial connectivity”, Λ, which has been presented in (265).
The weighted partial connectivity is defined for a decomposition—say, a clustering
of a graph G, and it is based on the graph-theoretical concept of edge connectivity.
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Definition D.3 (Decomposition/Clustering, Cut, Edge Connectivity) Let G =
E be a graph with nodes V and edges E.2
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(1) C( G ) = (C1 , . . . , Cn ) is a decomposition (clustering) of G into n subgraphs
induced by the Ci , if Ci ∈C = V and Ci ∩ C j, j=i = ∅. The induced subgraphs
G (Ci ) are called clusters.
(2) cut(C) ⊆ E comprises the edges between the clusters.
cut(C) =

{(vi , v j ) | (vi , v j ) ∈ E, vi ∈ Ci , v j ∈ C j }
Ci ,C j ∈C ,i < j

(3) The edge connectivity λ ( G ) of a graph G denotes the minimum number of
edges that must be removed to make G an unconnected graph: λ ( G ) =



min{| E | : E ⊂ E and G = V, E \ E  is not connected}.
Definition D.4 (Λ) Let G be a graph, let C = (C1 , . . . , Cn ) be a decomposition of G,
and let λ (Ci ) ≡ λi designate the edge connectivity of G (Ci ). The weighted partial
connectivity of C , Λ (C), is defined as
Λ (C) : =

n

∑ | Ci | · λ i

i =1

Figure D.4 shows a graph and three decompositions each of which is evaluated
with its weighted partial connectivity Λ. Obviously, a maximization of Λ ( G ) leads to
a clustering that resembles G’s structure—a fact which suggests the following definition.
Definition D.5 (Λ-Structure) Let G be a graph, and let C ∗ be a decomposition of G
that maximizes Λ:
Λ (C ∗ ) ≡ Λ ∗ : = max{Λ (C) | C is a decomposition of G }

Then the contraction H = C ∗ ( G ), E C ∗ is called Λ-Structure, or simply: structure
of G.
Remarks. (1) A key feature of the Λ-structure as a clustering criterion is its implicit
definition of a structure’s number of clusters. (2) The weighted partial connectivity,
Λ, can be made independent of the graph size by dividing it by the graph’s node
number |V |. The resulting normalized Λ value is designated by Λ̄ ≡ |V1 | · Λ.

2 Concepts

and definitions of graph theory are used in their standard way; they are adopted
from (158, 126).
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λ1 = 2

λ2 = 3

Λ = Λ* = 4·2 + 4·3 = 20

λ1 = 1

λ2 = 2

Λ = 5·1 + 3·2 = 11

λ2 = 1
λ3 = 2

λ1 = 2

Λ = 3·2 + 2·1 + 3·2 = 14

Figure D.4. Three graph decompositions and their related Λ-values.

Operationalizing Λ-Maximization This paragraph presents a fast clustering algorithm that optimizes the weighted partial connectivity Λ. The algorithm implements
a local heuristic and is suboptimal.
Initially, each node of a graph gets assigned its own cluster. Within the following
re-clustering steps, a node adopts the same cluster as the majority of its neighbors
belong to. If there exist several such clusters, one of them is chosen randomly. If
re-clustering comes to an end, the algorithm terminates.

Figure D.5. A definite majority clustering situation (left) and an undecided majority clustering
situation (right).

The left-hand side of Figure D.5 shows the definite case: most of the neighbors
of the central node belong to the left cluster, and the central node becomes a member
of that cluster. In the situation depicted on the right hand side, the central node has
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the choice between the left and the right cluster. We now write down this algorithm
formally.
M AJOR C LUST
Input.
A graph G = V, E .
Output. A function c : V → N, which assigns a cluster number to each node.
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

n = 0, t = false
∀v ∈ V do n = n + 1, c(v) = n end
while t = false do
t = true
∀v ∈ V do 

c∗ = i if  u | {u, v} ∈ E ∧ c(u ) = i  is maximum
if c(v) = c∗ then c(v) = c∗ , t = false
end
end

Remarks. (1) To avoid “chaining effects”, the choice point situations of the algorithm
must be treated randomly. This applies to Step 5, when selecting a node v ∈ V, as
well as to Step 6, when several maximum clusters stand to reason to define a node’s
in Step 6 is called a definite
majority
new cluster membership c∗ . (2) A re-clustering


decision, if and only if the maximum of  u | {u, v} ∈ E ∧ c(u ) = i  is unique (cf.
the left-hand side of Figure D.5).
Extension for Weighted Graphs. It is both useful and obvious to extend our structure
identification approach by introducing edge weights. The amount of the weight w(e)
models the importance of an edge e ∈ E. The necessary prerequisite is a generalization
of Λ (C) by introducing the weighted edge connectivity λ̄ of a graph G = V, E as
follows.



λ ( G ) = min{ ∑ w(e) | E ⊂ E and G = V, E \ E  is not connected }

e∈ E



In the same way the algorithm M AJOR C LUST is altered: Every node v now adapts
the same cluster as the weighted majority of its neighbors, i. e., every neighbor counts
according to the weight—so to speak: the importance of the edge connecting it to v.
Graphs without edge weights can be understood as special cases of weighted graphs
with a constant weight function.
Theorem D.1 (Definite Decision Runtime of M AJOR C LUST)
JOR C LUST terminates after O(| E |) definite majority decisions.

The algorithm M A -

Proof of Theorem. Let G = V, E be a graph, and let C( G ) be a decomposition of G.
of nodes adjacent to v that have a different
Moreover, kC : V → N defines the number


cluster membership, say, kC (v) =  {v, w} | {v, w} ∈ E, w ∈ V, c(v) = c(w) , and
KC ( G ) = ∑v∈ V kC (v) defines the sum of all kC -values for G. KC ( G ) is connected to
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the set of inter-cluster edges by the identity KC ( G ) = 2 · | cut(C ( G ))|, and obviously
holds the inequation KC  ( G ) ≤ 2 · | E | for every decomposition C  ( G ).
Let v ∈ V be the node that will change its cluster membership in consequence of a definite majority decision, and let {C1 , . . . , CkC } ⊆ C( G ) designate the clusters adjacent
to v before the cluster change. Without loss of generality we assume the following
ordering of the adjacent clusters according to their sizes: | C1 | ≥ | C2 | ≥ . . . ≥ | CkC |.
If v is currently a member of cluster C j it follows that | C1 | > | C j | , j ≥ 2, since v is
subject to a definite majority decision.
After v’s move from cluster C j to C1 , KC ( G ) is decreased by 2 · | C1 | and increased by
2 · | C j |, where 2 · (| C1 | − | C j |) > 0. Since initially KC ( G ) ≤ 2 · | E | holds, M AJOR C LUST
must terminate after O(| E |) definite majority decisions.
%
Recall that the above M AJOR C LUST -algorithm permits “pathological” cases,
where the algorithm oscillates between two or more indefinite clustering situations.
Although such a situation is unlikely to happen, it does prohibit the specification of
a worst case runtime complexity. Corollary D.1 circumvents this indeterminacy by
imposing an additional restriction.

Assuming that M AJOR C LUST termiCorollary D.1 (Runtime of M AJOR C LUST)
nates if it comes to no definite majority decision for |V | steps, M AJOR C LUST terminates after O(|V | · | E |) steps.
Proof of Corollary. The proposition follows directly from Theorem D.1.
Remarks. The restriction of the corollary poses no severe limitation for the transferability of the runtime considerations: Indefinite clustering situations can be averted
completely by adding a randomly distributed weight surcharge δ (e), e ∈ E, to every
edge weight w(e). By constructing δ sufficiently small with regard to the minimum
of the weight function w, the overall characteristic of the edge weight distribution
is not affected. This advisement and experimental results show the usability of the
algorithm for large graphs with several thousand nodes.
The algorithm’s greatest strength, its restriction to local decisions, is bound up
with its sub-optimality. In every step only a node’s neighbors are considered, resulting in an excellent runtime behavior. On the other hand, by disregarding global
criteria like the connectivity, M AJOR C LUST cannot always find the optimum solution.
Figure D.6 exemplifies the behavior: The optimum solution for graph (a) is one
cluster, which is also the solution as found by M AJOR C LUST . For graph (b), a splitting into the two clusters {v1 } and V \ {v1 } is optimum. M AJOR C LUST cannot find
this decomposition—working strictly locally, it behaves exactly as on graph (a) and
creates only one cluster.
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(a)

MAJORCLUST
resembles Λ-value
maximization

v1
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Λ−value
maximization

MAJORCLUST
clustering

Figure D.6. The local behavior of M AJOR C LUST may lead to sub-optimum Λ-values.

Clustering: Comparison and Theoretical Considerations
This subsection outlines well-known clustering approaches (the interested reader
may delve in (122, 69), among others) and gives a performance comparison between
two representatives and M AJOR C LUST . As well as that it presents an interesting theoretical contribution: By formulating the “strong splitting condition” a close relation
between Min-cut clustering and Λ-maximization is pointed out.
Existing clustering approaches can be qualified as working hierarchically or nonhierarchically. Hierarchical algorithms create a tree of node subsets by successively
subdividing or merging the graph’s node sets. In order to obtain a unique clustering,
a second step is necessary that prunes this tree at adequate places.
Hierarchical algorithms can be further classified into agglomerative and divisive approaches. The former start with each vertex being its own cluster and union
clusters iteratively. The latter start with the entire graph as a single cluster, which
is successively subdivided. Examples for divisive algorithms are Min-cut clustering or dissimilarity-based algorithms; typical agglomerative algorithms are k-nearest
neighbor or linkage methods. Non-Hierarchical algorithms subdivide the graph into
clusters within one step; examples are clustering techniques based on minimum
spanning trees (307), self-organizing Kohonen networks, or approaches which optimize a given goal criterion (18, 227, 231).
Λ-maximization and M AJOR C LUST can be qualified as non-hierarchical and exclusive. M AJOR C LUST quickly finds a—usually suboptimal—solution for the problem of Λ-maximization. Based on a set of randomly created graphs, Figure D.7
contrasts M AJOR C LUST ’s runtime characteristic related to Min-cut clustering and
Kohonen clustering. More comprehensive analyses of M AJOR C LUST are given in
(198, 182).
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Clustering Based on Nearest-Neighbor Strategies Nearest-neighbor clustering
operates by merging the two closest clusters; its widespread use results in several
variations (80, 252, 125, 69). The following qualitative comparison to M AJOR C LUST
cannot take all existing variations into consideration.
(1) Nearest-Neighbor clustering, like all hierarchical algorithms, does not define
the (optimum) number of clusters. Λ-maximization implicitly defines both
cluster number and size.
(2) The greedy nature of nearest-neighbor methods (unlike as in M AJOR C LUST ,
nodes are never reassigned to another cluster) leads to so-called chaining effects (69).
(3) The transformation of the partitioning tree into a unique clustering results in
difficulties if clusters have strongly varying point densities or inter-cluster distances.
(4) Nearest-neighbor methods rely on distance information only and disregard
connectivity information. For weighted graphs this may lead to clusterings
which lack the human sense of esthetics, for unweighted graphs this may result in a failure to find any clusters.
Clustering Based on the Minimum Cut Min-cut clustering subdivides a weighted
graph recursively at its minimum cut (158, 304), which is the smallest set of edges
whose removal disaggregates the graph. Min-cut clustering can produce natural
clusterings but is bound up with several problems.
(1) It has to be predefined when a cluster should not be subdivided anymore.
(2) The computation of a graph’s minimum cut is expensive. Moreover, the minimum cut is often not definite, resulting in a choice point situation when recursively dividing the graph.
(3) Min-cut clustering tends to form clusters with a single point, thus lacking the
human sense of esthetics.
Kohonen Clustering This method defines a clustering of a weighted graph implicitly by centroid nodes (147, 21, 184): Each node belongs to its closest centroid node.
Initially, a number of centroid nodes is chosen randomly from the graph’s node set.
Then, by iteratively investigating all nodes, each centroid node moves into the center of its cluster. The algorithm terminates when all centroid nodes possess stable
positions.
Aside from the difficulty of determining a useful number of centroid nodes, its
main restriction results from the behavior to create always centric cluster regions.
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Figure D.7. Experimentally determined runtime behavior between Min-cut clustering, Kohonen
clustering, and M AJOR C LUST. The underlying graph data base contains about 1000 graphs
whose average degrees lie between 4 and 20.

Theoretical Considerations Different rules of decomposition, which are implied
by the Λ-structure clustering, are worth to be noted. They come into play if the
decomposition of C( G ) of a (sub)graph G fulfills the property stated in the next definition.
Definition D.6 (Strong Splitting Condition (265)) Let G = V, E be a graph, and
let C( G ) = (C1 , . . . , Cn ) be a decomposition of G. C( G ) fulfills the strong splitting
condition, if the following strict inequation holds:

λ ( G ) < min{λ1 , . . . , λn }
Remarks. (1) Let Λ 1 designate the Λ-value of the trivial decomposition C1 ( G ) of a
graph G, where C1 ( G ) ≡ (V ). If for some C( G ) the strong splitting condition is satisfied, the application of the proposed decomposition enlarges the Λ-value for G, i. e.,
Λ (C( G )) > Λ 1 . In this sense, the strong splitting condition can be designated as a
commensurate decomposition rule.
(2) Let G be a subgraph of some graph H, and let some decomposition C( G ) of G
fulfill the strong splitting condition. Then the application of the C( G ) raises the mean
of the clusters’ connectivity values λi in H.
(3) If for no decomposition C the strong splitting condition holds, G will be decomposed only, if for some C the condition |V | · λ ( G ) < Λ (C) is fulfilled. This inequality establishes a necessary condition for decomposition—it is equivalent to the following special case of the structure definition: max{Λ ({V }), Λ (C)} = Λ (C), since
Λ ({V }) ≡ |V | · λ ( G ).
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Obviously does a graph decomposition according to the strong splitting condition follow the human sense when identifying clusters or structures in a graph, and
there is a relation to the Min-cut splitting approach, which is pointed out now.
Theorem D.2 (Strong Splitting Condition) Let G = V, E be a graph, and let
C( G ) = (C1 , C2 ) be a decomposition of G into two clusters. If C( G ) fulfills the strong
splitting condition λ ( G ) < min{λ1 , λ2 }, the application of C( G ) results in a decomposition at a minimum cut.
Proof of Theorem. Let C  ( G ) be a decomposition of G with |C  ( G )| = 2 and C  ( G ) =
C( G ), and let cut(C  ( G )) be minimum. C  ( G ) = C( G ) entails that the decomposition
prescribed by C  ( G ) splits either C1 , C2 , or both. Since the respective edge connectivities λ1 and λ2 are strictly larger than λ, every split of C1 or C2 must contain more than
λ edges. Hence, cut(C  ( G )) cannot be minimum.
%
Remarks. If the strong splitting condition does not apply, an optimum decomposition
according to the structuring value need not be the same decomposition as found by
a minimum cut strategy. This is a consequence of the latter’s disregard for cluster
sizes. Figure D.8 demonstrates such an example. Here, Cx refers to a clique with
x ≥ 3 nodes. An optimum solution according to the weighted partial connectivity Λ, which is also closer to the human sense of esthetics, consists of one cluster
{v1 , v2 , v3 , v4 } and a second cluster Cx . An algorithm that employs Min-cut splitting
does only separate v1 .

Clustering according to Λ

Clustering according
to the minimum cut

Cx
v3
v2

v4
v1

Figure D.8. Weighted partial connectivity (Λ-) maximization versus Min-cut clustering..

Observe that, as already pointed out, maximizing the weighted partial connectivity determines the optimum cluster number, while the minimum cut approach lacks
any criterion for the number of necessary division steps.

D.1

S UPPORTING M ODEL F ORMULATION FOR LAN S

207

Synopsis
Problemclass Model formulation of computer networks.
Problem Solving Method No generic computer-automated method available.
Source Model Memoryless behavior model FU , FZ , V , ∆, Λ , defined over F, M .

• Fidelity Level F. Aggregated communication loads, specified in KByte/s.
• Granularity Level M. Network elements, such as servers, clients, switches,
bridges, and hubs. Mt ⊂ M corresponds to the servers and clients at the
tertiary level.
• Input FU ⊂ F. Communication load caused by the user behavior at the network
elements in Mt ; | FU | = |Mt |.
• State Prescription Function ∆. FX = ∅ (memoryless). ∆ maps an input vector
onto the global vector of communication loads.
• Order of Magnitude of the Application. Experiments have been performed with
|Mt | ranging from 100 to 2000.
Envisioned Model Clustering of a structure model S F, M .

• Clustering. Definition of equivalence classes on the elements in Mt .
• Model-Traffic-Coherence. Coherence between network topology and traffic clustering. The coherence can be evaluated either graphically or numerically. The
latter is achieved by relating the congestion and dilatation values of the original topology with those of the improved topology.
• Subsequent Tasks Enabled. Traffic analysis, identification of bottlenecks, network
administration, network reconfiguration.
Knowledge Source Based on ∆, construction of the weighted peer-to-peer traffic
graph G. Clustering of G by M AJOR C LUST and Λ-maximization.
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D.2

Maintaining Knowledge Bases

The maintenance and analysis of knowledge bases is of central importance when
tackling knowledge-intensive tasks. This section introduces envisioning concepts
that have been developed to simplify the access and the handling of knowledge bases
as they are used within resource-based configuration.
The resource-based configuration paradigm is a successful approach in the field
of automatic configuration of technical systems. It is based on the resource-based
component model, wherein the components of the interesting technical system are
described by simple property constraints (105). Section B.1 of this work looks at
resource-based models from the compilation point of view and gives a detailed introduction to this configuration approach.
Resource-based configuration obtained its popularity since it allows for the local
modeling of large systems: If a component description is modified or if a new component is added to the knowledge base, it is not necessary to review the correctness
of all possible configurations. The constraint modeling paradigm guarantees that a
configuration that fulfills the resource constraints is technically sound.
However, with increasing complexity of the system to be configured, knowledge
acquisition and knowledge management, such as comparative analyses between several knowledge bases, becomes a challenge. In this connection, the visualization of
configuration knowledge bases in the form of component graphs is an interesting
approach: By automatically identifying and rendering the modules and the assembly of the system to be configured, the knowledge engineer can be supported within
reengineering and maintenance tasks. See Figure D.9 for an overview of the envisioning process.
Model envisioning

Subsequent
tasks

ResourcePreparation
based
model

Clustering

Component graph

Drawing

Clustering

...

Layout

Figure D.9. Model envisioning of a resource-based model is attained by creating, clustering, and
drawing the model’s component graph.
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Underlying Models
Definition D.7 (Component-Resource Graph) Let F, M be a model. A component
resource graph over F, M is a directed, bipartite graph V, E whose elements are
defined as follows.

(1) V = VO ∪ VR where VO ∩ VR = ∅ and |V | = |M|. The nodes in VO and
VR correspond to the objects and resources in M respectively (see Section B.1,
Page 124, for an introduction to the underlying ideas).
(2) The semantics of an edge (vo , vr ) or (vr , vo ), vo ∈ VO , vr ∈ VR is as follows.
Object O, corresponding to vo , supplies (demands) resource R corresponding
to v R .
Remarks. This definition is similar to Definition B.3, Page 130, where componentresource graphs were already introduced. In contrast to the former, this definition
does not rely on a behavior model.
Example. The component-resource graph V, E in Figure D.10 belongs to a model
with four components and four resources. V = VO ∪ VR , with VO = {vO1 , vO2 , vO3 ,
vO4 } and VR = {v R1 , v R2 , v R3 , v R4 }; the set of edges, E, may be read of the figure.
R1

O1

R4

R2
O

R

O supplies R

O

R

O demands R

O4

O2
R3

O3

Figure D.10. Component-resource graph of some model F, M . O1 ∈ VO , for instance, supplies
R1 and R4 and demands nothing.

Definition D.8 (Component Graph) Let F, M be a model with the component-resource graph G = VO ∪ VR , E . G becomes a component graph G  = V  , E  , σ by
deleting from G the node set VR and by introducing for each r ∈ VR short cut edges
between all nodes incident to r that are connected by a directed path in G:
V
E

=
=

V \ VR ,
{(v, w) | (v, r), (r, w) ∈ E, r ∈ VR }

The labeling function σ : E  → Σ labels the edges in G  according to the resources
R ∈ R , R ⊂ M.
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Remarks. Note that a component graph is closer to the structural set-up of a technical
system and thus is better suited for envisioning purposes than is the componentresource graph. Also note that the directional information of the edges is preserved.
Figure D.11 shows the component graph of the previous example.
R1

R4

O1
R1
R2

O4

R2

O2
Od

Os

R3

R3

Od presumes Os

O3

Figure D.11. The figure shows the component graph to the component-resource graph from Figure D.10; the latter is shown gray in the background.

Envisioning Resource-Based Models
The envisioning of resource-based models is done by generating, clustering, and
drawing of the respective component graph.
Generating the Component Graph The design graph grammar G = Σ, P below transforms a component-resource graph into a component graph. Note that this
transformation must consider the multiple supply and demand of resources, which
can lead to the introduction of O(|VO | 2 ) new edges. Σ = {o, s, d, A, B, C, D }, P contains six rules, T → R, I : two resource encoding rules, two gathering rules, and
two object combination rules; the first of each is specified formally while the graphics shows both of them.

(1) T = VT , E T , σ T = {1, 2}, {(1, 2)}, {(1, o), (2, A)}
R = VR , E R , σ R = {3, 4, 5}, {{3, 4}, {4, 5}}, {(3, o), (4, s), (5, A)}
I = {(( B, o), ( B, o)), ( B, A), ( B, A))}
o

A

o

s

A

o

A

o

d

A
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(2) T = VT , E T , σ T = {1, 2, 3}, {{1, 3}, {2, 3}}, {(1, s), (2, s), (3, A)}
R = VR , E R , σ R = {4, 5}, {{4, 5}}, {(4, s), (5, A)}
I = {(( B, s), ( B, s)), (( B, A), ( B, A))}
s
A

s

A

A

d

A

s

d
d

(3) T = VT , E T , σ T = {1, 2, 3, 4}, {{1, 2}, {2, 3}, {3, 4}},
{(1, o), (2, s), (3, A), (4, d)}
R = VR , E R , σ R = {5, 6, 7, 8, 9}, {{5, 6}, {7, 8}, {8, 9}},
{(5, o), (6, d), (7, s), (8, A), (9, d), ({5, 6}, A)}
I = {(( B, o), ( B, o)), ((C, s), (C, s)), (( D, d), ( D, d))}
o
o

s

A

A

s

o
o

d

d

d

A

A

A

d

B

B
d

A

B

The edge labels represent the resources that are shared between adjacent nodes,
say, components. It is plausible that different resources establish different connection
strengths between components, and that domain knowledge can be used to define an
order amongst the resources in R ⊂ M.
Within the resource-based component models we divide the resources into the
four classes listed in Table D.2. The connection strength (1 = weakly connected, 4 =
strongly connected), given in the third column, is used to define a weight function on
the edges of the component graph.
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Connection
presume( o1 , o2 )
simple( o1 , o2 )
plug-in ( o1 , o2 )
slot( o1 , o2 )

Technical interpretation
o1
o1
o1
o1

needs o2 without explicitly using a resource
uses a resource of o2
uses a resource of o2 and is connected to o2
uses both a resource and place within o2

Strength
1
2
3
4

Table D.2. Connection types, their technical interpretation in the domain, and a number
indicating the characteristic connection strength.

Clustering To come straight to the point, the clustering of the component graph
is accomplished by Λ-maximization, which is approximated with M AJOR C LUST (see
Section D.1, Page 199). The remainder of this paragraph explains the rationale behind
the clustering of structure models and underpins the adequacy of Λ-maximization.
The use of clustering methods to render the structure model of a technical system
relies on the following paradigms (cf. 265, pg. 124).
(1) Modular Character. The system can be decomposed into several modules or
functions such that each element of the system (say, each node of its component
graph) belongs to exactly one module.
(2) Connectivity. Modules are defined implicitly, merely exploiting the graphtheoretical concept of connectivity: The connectivity between nodes assigned
to the same module is assumed to be higher than the connectivity between any
two nodes from two different modules.
Remarks. Point 1 reflects hierarchical or decentralization aspects of a system or an
organization. Point 2 is based on the observation that the elements within a module
are closely related; the modules themselves, however, are coupled by narrow interfaces only. A similar observation can be made respecting organizational or biological
structures. These structuring paradigms may not apply to all kinds of systems—but,
for a broad class of technical systems they form a useful set of assumptions.
The narrow-interface-property of Point 2 suggests the following definition for the
quality of a clustering C (see Page 199 for the definition of a clustering and its cut).
Definition D.9 (Quality of a Clustering) Let G = V, E be a graph. The quality of
a clustering, q (C), is defined as the ratio of the cluster density, d(C), and the cluster
connectivity, c(C).
q (C) =

| E | − | cut(C)|
| cut(C)|
d(C)
, where d(C) =
and c(C) =
.
c(C)
|V |
|C|

Experiments have shown that Λ-maximization resembles a maximization of q (C).
Because of the involved graph properties and numerical effects that cancel each other,
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this behavior cannot be proved in its generality for arbitrary graphs. Even if a comparison of Λ-maximization and q-maximization is restricted to clusterings with a constant number of clusters, no strict dominance can be observed.
Example. Figure D.12 shows for three similar graphs two clusterings C1 (left) and C2
(right) with |C1 | = |C2 | = 2. While Λ (C1 ) < Λ (C2 ) holds within all cases, the qvalues develop irregularly: q (C1 ) < q (C2 ) in Case 1, q (C1 ) = q (C2 ) in Case 2, and
q (C1 ) > q (C2 ) in Case 3.
(1)

λ1 = 2

λ2 = 1

Λ = 5 λ 1 + 2 λ 2 = 10 + 2 = 12

λ1 = 3

λ2 = 1

Λ = 4λ 1 + 3λ 2 = 12 + 3 = 15

(2)
λ1 = 1
Λ = 5λ1 + 2λ2 = 5 + 2 = 7

λ2 = 1

λ1 = 3

λ2 = 1

Λ = 4λ 1 + 3λ 2 = 12 + 3 = 15

(3)
λ1 = 1
λ2 = 2
Λ = 5 λ 1 + 4 λ 2 = 5 + 8 = 13

λ1 = 3
λ2 = 2
Λ = 4λ 1 + 3λ 2 = 12 + 6 = 18

Figure D.12. Top down: Each line shows a graph with two clustering alternatives (left and right)
and the respective Λ-values.

The reason for the divergent behavior is that the Λ-value considers a density
distribution by reckoning up individual cluster densities, while the q-value relies
on a single density mean. This shows the supremacy of Λ-maximization over qmaximization. Note that clustering based on a graph’s minimum cut (see Page 204)
does also consider individual densities, but treats only two clusters at the same time.
Λ-maximization, on the other hand, is not restricted to a fix cluster number but determines the cluster number implicitly—a fact that makes Λ-maximization superior
to Min-cut clustering as well.
Component Graph Drawing Drawing a clustered component graph happens
within two steps: Cluster arrangement and drawing subgraphs in the clusters. The
former step is accomplished by a simulated annealing optimization whose evaluation
method aims at a minimization of the entire layout area but penalizes the intersection
of cluster boundings. Details can be found in (200).
For the graph drawing step a circular layout algorithm proved to be first choice.
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Figure D.13. The component graph of the knowledge base for the configuration of telecommunication systems.

This algorithm first constructs a minimum spanning tree and defines the center of
this tree as the new root (186). The nodes are placed in concentric circles around
the center node while each layer of the tree forms its own circle (55). The runtime
complexity O(| E | · log | E |) is bound by the minimum spanning tree computation.
The Figures D.13 and D.14 depict knowledge base envisioning examples: They
show component graphs of an original knowledge base that is used for the resourcebased configuration of telecommunication systems. The presented layouts have been
computed according to the mentioned principles. The snapshots were created with
the S TRUCTURE M INER system, which has been developed by Niggemann (198) and
which contains the mentioned as well as several other layout algorithms. Note that
due to the lack of color, fading features, and interactive zooming the printed layouts
must stay behind their screen counterparts in the S TRUCTURE M INER program.
Component Graph Classification Envisioning knowledge bases does not only relate to lucid graph layouts but is a collective term for various knowledge base man-
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Figure D.14. The left snapshot shows the largest cluster of the above knowledge base. The
right snapshot renders the same cluster but shows only connections of the types “plug-in” and
“slot”.

agement methods. One such method is called “component graph classification” here.
The method is intended to support the comparative analysis when several knowledge bases are given, which stem, for instance, from the same domain, from modeling
variants of the same technical system, or from different points of time in a knowledge
base’s life cycle. Among others, comparative analyses play a role within configuration problems.

Analog
Dialing
Dialing
Extensions
Base
Module
Universal
Adapters

Figure D.15. The figure illustrates component graph classification: Between two configuration
knowledge-bases, which describe telecommunication system variants, the same technical modules are identified and rendered in a similar way.

Figure D.15 shows two component graphs, which originate from the configuration knowledge bases of two similar technical systems. By component graph classification it becomes possible to contrast those parts of the system that represent the
same module, or that resemble each other with respect to their function.
The classification of a component graph G is a matter of similarity assessment
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for the clusters found in G—each of which is represented by a subgraph Hx of G, x ∈
{1, . . . , k}. The characterization of a subgraph H in turn is reduced to a p-dimensional
vector of graph features d( H ) listed in Table D.3, say, d( H ) = ( f 1 , . . . , f p ) ∈ R p . Observe that the features are independent of the domain.
Feature
number of nodes
number of edges
minimum/maximum/average node indegree
minimum/maximum/average node outdegree
minimum/maximum/average distance between nodes
diameter
number of biconnected components
edge connectivity
number of clusters found by M AJOR C LUST
Table D.3. Graph features chosen for the cluster similarity assessment.

We used regression to construct for each cluster x ∈ {1, . . . , k} a classification
function c x : R p → {1, . . . , k}, which maps a feature vector d( H ) of an arbitrary
graph H onto [ 0; 1]. A value of c x (d( H )) = 0 indicates that cluster x and the cluster
represented by H are not similar, while c x (d( H )) = 1 stands for a very high cluster
similarity. The function c y of a maximum similar cluster respecting a feature vector
d( H ) fulfills the inequation c y (d( H )) ≥ c x (d( H )), x = 1, . . . , k. Figure D.16 illustrates
the classificator.
f1

w11
wk1

1

f2

...

max

Identified
cluster

...
fi

w1p

Graph feature i

x Linear combination for cluster x

fp

k

wkp

Figure D.16. For each of the k clusters of a component graph a classification function c is constructed, which maps a graph feature vector ( f 1 , . . . , f p ) onto [0; 1].

For this kind of direct classification a linear model for the functions c x proved to
be sufficient (10):
cx ( f 1 , . . . , f p ) = w0 +

∑

1≤ j≤ p

wi j · f j ,

x = 1, . . . , k

The weights wi j are computed by means of k multiple linear regressions but could
be learned using a neural network approach as well (302, 21, 226). Input for the
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regression of a function c x are vectors (d( H ), v), where v = 1 if H represents the
cluster x and v = 0 otherwise.
In our knowledge base example (see Figure D.13 and Figure D.15), regression was
performed on a training set with 42 clusters. The discrimination quality of the learned
functions was verified with 5 test sets containing between 16 and 22 clusters: The
classification error was less than 16%. In other words, in most of the given knowledge
bases (each describing a different system) it was possible to identify those modules
that play a similar technical role.

Graph Drawing: Other Methods
A variety of methods has been developed to draw graphs nicely; most of them pursue a categorical approach: They try to arrange a graph according to a particular
scheme, paradigm, or philosophy, such as hierarchical leveling, attracting forces, or
recurring resemblances (280, 220, 60, 86, 128, 248, 281, 303). A categorical approach
can produce excellent layouts if a graph is biased towards some layout paradigm,
and if this property of the graph is actually detected.
Without implying a graph structure, the layout of a graph can be defined by a
quality measure, q, that captures a variety of esthetics criteria. Nevertheless, depending on q and the graph size, the maximization of q establishes an extremely difficult
optimization problem, which can rarely be solved efficiently.
Recent graph drawing developments arm up layout algorithms by the exploitation of cluster information: A graph is divided into subgraphs, the so-called clusters,
which can be laid out rather independently from each other. Our graph drawing
approach of the previous subsection can be seen as a precursor of these developments (199).

Figure D.17. The left snapshot shows a random layout of the “base module”-cluster of Figure D.14; the right snapshot shows the same cluster layouted by means of a spring-embedder
algorithm.
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Good overviews on graph drawing algorithms can be found in (282, 55). Their
pros and cons with respect to visual structure mining have been investigated by us
and are discussed amongst others in (198). A hierarchical leveling algorithm (280),
for instance, is suited well when component-resource graphs instead of component
graphs shall be envisioned (200).
Finally, we present in Figure D.17 (right-hand side) a layout of a part of the
knowledge base example, generated with the well-known spring embedder algorithm (128). This algorithm belongs to the class of “force-directed” layout algorithms
that produce acceptable layouts for a wide range of graphs. Force-directed algorithms model a graph as a set of rings (= nodes) connected by springs (= edges). The
nodes are placed in some initial state and the springs move the nodes toward a minimum energy state. This energy is reduced by solving a partial differential equation
for each vertex. Each vertex is repositioned in turn until the energy goes below some
threshold.

Synopsis
Problemclass Maintenance of Knowledge Bases.
Problem Solving Method No generic computer-automated method available.
Source Model Structure model S F, M of a resource-based model, defined over
F, M (cf. Section B.1, Page 136).
• Fidelity Level F. Aggregated physical properties.

• Granularity Level M. Definition of components, O ⊂ M, and resources, R ⊂
M. O ∩ R = ∅ , O ∪ R = M.
• Order of Magnitude of the Application. |O| ≈ 100 and |R| ≈ 200; the size of
a particular resource R ∈ R varies from 1 (specialty) to |O| (ubiquity). On
average, resource size and component size are of the same order of magnitude
and smaller than 20.
Envisioned Model Graph layout of the clustered component graph of S F, M .
• Clustering. Definition of equivalence classes on the elements in O , which correspond to subsystems or modules.

• Layout. Clear arrangement of clusters and drawing of all components and connections. Graphical emphasis of different component connections, which may
be faded in or out.
• Subsequent Tasks Enabled. Creation of new knowledge bases, comparative analysis of knowledge bases, maintenance of components, technical analysis, identification of delivery bottlenecks.

D.2

M AINTAINING K NOWLEDGE B ASES

219

Knowledge Source Classification of resources respecting connection strengths.
Clustering of component graph by Λ-maximization due to M AJOR C LUST ; drawing
by a circular layout algorithm. Identification of equal clusters (modules) by a graphtheoretical similarity assessment.
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D.3

Analyzing the Structure of Fluidic Systems

The analysis and design of fluidic control systems is a complex and time-consuming
task that, at the moment, cannot be automated completely. Nevertheless, important
subtasks like simulation or control concept selection can be efficiently supported by
a computer. Prerequisite for a successful support is a well-founded analysis of a
fluidic system’s functional structure. The functional structure shows the fundamental
modes of action of a circuit by isolating the different tasks (functions) the plant has
to fulfill. It represents some kind of qualitative system description. Key elements
within the functional structure are (1) the so-called “fluidic axes”, defined below and
exemplified in Figure D.18, and (2) the couplings between several axes, which are
introduced later on.
Definition D.10 (Fluidic Axis) A fluidic axis both represents and fulfills a function D
of an entire fluidic plant. The axis defines the connections and the interplay among
the working, control, and supply elements that realize D.3

Figure D.18. The figure depicts drawings of five fluidic (hydraulic) axes for different functions
and of different complexity.

This section shows how the functional structure of a fluidic system can be rendered automatically, that is to say, envisioned. The envisioning process relates to
graph theory in first place and is sketched out in Figure D.19.
Model envisioning

Subsequent
tasks
A1

Preparation

Fluidic circuit

A2

...

Identification

Fluidic graph

Axes scheme

Figure D.19. Model envisioning of a fluidic circuit means to render the functional structure. It is
attained by identifying the circuit’s axes along with their couplings in the fluidic graph.
3 The

same definition is also given in Section A.1, which deals with the automated design of
fluidic systems.
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In this place we do not engage into the benefits of a structural analysis; related
information can be found in (271, 288). Also note that the examples used here are
taken from the hydraulic domain, but the envisioning methodology can be applied
to pneumatic systems as well.

Underlying Models and Coupling Types
Definition D.11 (Corresponding Graph of a Fluidic System) Let S be a fluidic system and let F, M be a model of S. The corresponding (fluidic) graph G ( S ) of S is a
structure model V, E, σ over F, M ; it is defined as follows.

(1) F is the set of variables decribing physical properties of S, such as pressures,
flows, velocities, forces, etc.
(2) M is the set of fluidic components used within S and can be partitioned into
four sets, W , C , S and A. W comprises the working elements such as cylinders
and motors, C comprises the control elements, i. e., the directional valves, S
comprises supply elements like pumps and tanks, and A comprises auxiliary
elements such as filters.
(3) σ : V → {w, c, s, a, i } is a labeling function. It assigns each node v ∈ V a label
from {w, c, s, a}, indicating the membership of its related component Mv ∈ M.
If two components share a control functionality, the associated edge in E is
labeled i (information exchange). Note, since G ( S ) is a graph of the model
F, M there is a bijective mapping between M and V (cf. Definition 2.1,
Page 26).
Figure D.20 contrasts a hydraulic circuit with its corresponding graph.
w

Working element

Control element
Auxiliary elements

i

a

a

a

NC
Supply elements

s

c

s

s

Figure D.20. Hydraulic circuit (left) and its fluidic, say, hydraulic graph (right). Control lines are
shown dashed.
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A Hierarchy of Coupling Types The recognition of the fluidic axes does not suffice to fully analyze a system. Within the diagnosis context, for instance, knowledge about the relationships between individual axes is essential for a precise statement concerning a faulty component, since a defect within one axis may spread its
faulty behavior throughout the entire plant. Similar considerations apply to simulation tasks, design problems, or the development of a control strategy for a crucial
working element. Thus, it is necessary to investigate the interdependences between
the axes within a functional circuit analysis. The following coupling types have been
worked out by Stein and Vier (271).

• Type 0 (No Coupling). Fluidic axes possess no coupling if there is neither a
power nor an informational connection between them.
• Type 1 (Informational Coupling). Fluidic axes which are connected only by control connections are called informationally coupled. Notice that control lines
can be realized by means of electrical, hydraulic, or pneumatic lines.
• Type 2 (Parallel Coupling). Fluidic axes which possess their own access to a
common power supply are coupled in parallel.
• Type 3 (Series Coupling). A series coupling connects fluidic axes whose power
supply or disposal is realized via the preceding or following axis.
• Type 4 (Sequential Coupling). A sequential coupling is given, if the performance
of a following axis depends on the state variables, e. g. the pressure or the position of the preceding one in order to work in a sequence.
In order to facilitate an automatic classification of the above coupling types, a
precise mathematical formulation must be developed. It is given in the following
definition and relies on the concept of fluidic graphs.
Definition D.12 (Coupling Types) Given is a model F, M of a fluidic system S
containing two subcircuits, A, B, that realize two different fluidic axes. Let G ( S ) : =
V, E, σ be a fluidic graph of S, and let G ( A) : = VA , E A and G ( B ) : = VB , E B be
subgraphs of G ( S ) corresponding to the axes A and B.

• Type 0 (No Coupling). If G ( S ) is not connected, and if G ( A) and G ( B ) are subgraphs of different connected components in G, then A and B are not coupled.
• Type 1 (Informational Coupling). Let E = {e | σ (e) = i } be a set of edges
associated with control lines in S. If G  : = V, E \ E  is not connected, and if
G ( A) and G ( B ) are subgraphs of different connected components in G  , then
A and B are informationally coupled.
• Type 2 (Parallel Coupling). Let v a ∈ VA and vb ∈ VB , v a = vb , Mva , Mvb ∈ C , i. e., v a
and vb are associated with control elements. Moreover, let vs ∈ V be associated
with a supply element Mvs ∈ S . Then A and B are coupled in parallel if for each
node vw , associated with a working element Mvw ∈ W , a path P : = {vs , . . . , vw }
exists such that the following conditions hold.

D.3

A NALYZING THE S TRUCTURE OF F LUIDIC S YSTEMS

223

(1) P ∩ {v a , vb } = {v a } ⇒ vw ∈ Va
(2) P ∩ {v a , vb } = {vb } ⇒ vw ∈ Vb
w

w

c

c

s

w
c

s

w
c

s

s

Figure D.21. Circuit with two axes coupled in parallel (left) and circuit containing hydraulic axes
coupled in series (right).

• Type 3 (Series Coupling). Let v a ∈ VA and vb ∈ VB , v a = vb , Mva , Mvb ∈ C , i. e., v a
and vb are associated with control elements. Moreover, let vs ∈ V be associated
with a supply element Mvs ∈ S . Then A and B are coupled in series if there
exists a node vw , associated with a working element Mvw ∈ W , such that for
each path P : = {vs , . . . , vw } the following condition holds.
(1) v a ∈ P ⇒ vb ∈ P.

• Type 4 (Sequential Coupling). Let be VA = VB . A and B are sequentially coupled
if A and B have no coupling of type 0, . . . , 3.
w
w

c
s
Figure D.22. Circuit containing sequentially coupled hydraulic axes.

Remarks. The engineering point of view: Axes of type 0 don’t have any physical
connection and can be investigated independently. Axes coupled in parallel are controlled by their own control elements; if axes are coupled in series, at least one axis
controls the flow of all other axes (cf. Figure D.21).
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Envisioning the Functional Structure
Due to their inherent structure, the recognition of fluidic axes and their coupling
types within a system S can be solved with path search algorithms on G ( S ): Each
axis needs a pump, representing a pressure source, some valves along with additional auxiliary components for control purposes, and cylinders and motors which
represent the working devices responsible for the output. However, fluidic axes typically contain substructures that hinder a straightforward detection, and a three-step
envisioning procedure has been developed, consisting of graph preprocessing, axes
identification, and coupling type determination. Details may be found in (267).
Graph Preprocessing To reduce the complexity of G ( S )—but, in first place, to
make axes identification possible at all, G ( S ) is simplified by means of merging, deletion, and contraction rules. Figure D.23 illustrates the application of such rules.
3

a

4
5

a

1
2

Figure D.23. Simplification of a circuit by expanding T-junctions, stripping off branches, and
deleting loops. The left-hand side shows places where contraction rules are applied, the righthand side shows the use of merging rules.

The following design graph grammar provides a means to accomplish the preprocessing of G ( S ). Let G = Σ, P be a design graph grammar for the structural
simplification of fluidic circuits where Σ = { a, c, s, A, B, C }, P : = Pcontraction ∪ Pmerging
is the set of graph transformation rules, T → R, I , and is specified in the following.
(1,2) Contraction of Sequences. Contractible sequences divide into dead branches and
into auxiliary components connected in series with working or control elements (cf. Figure D.23, Case 1 – 3 respectively).
T = VT , E T , σ T = {1, 2 , 3}, {{1, 2}, {2, 3}}, {(1, A), (2, a), (3, B )}
R = VR , E R , σ R = {4, 5}, {{4, 5}}, {(4, A), (5, B )}
I = {((C, A), (C, A)), ((C, B ), (C, B ))}
A

a

B

A

B
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T = VT , E T , σ T = {1 , 2, 3 }, {{1, 2}, {2, 3}}, {(1, s), (2, A), (3, s)}
R = VR , E R , σ R = {4, 5}, {{4, 5}}, {(4, s), (5, A)}
I = {(( B, A), ( B, A))}
s

A

s

s

A

(3) Contraction of Loops. A circuit may contain cyclic structures or components
connected in parallel. These structures are not necessary for detection purposes
if they neither contain nor control a working element (cf. Figure D.23, Case 4).
T = VT , E T , σ T = {1, 2}, {{1, 2}, {1, 2}}, {(1, a), (2, a)}
R = VR , E R , σ R = {3}, {}, {(3, a)}
I = {(( A, a), ( A, a))}
a

a

a

(4) Merging with Control Elements. The merging of auxiliary elements with control
elements is applied to auxiliary nodes of degree 3 and shown as Case 5 on the
right-hand side of Figure D.23.
T = VT , E T , σ T = {1, 2}, {{1, 2}}, {(1, c), (2, a)}
R = VR , E R , σ R = {3}, {}, {(3, c)}
I = {(( A, c), ( A, c)), (( A, a), ( A, c))}
c

a

c

Figure D.24 shows a part of a hydraulic circuit, the corresponding graph, and the
application of the two sequence contraction rules.
c
G(S)
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(2)

s
s

Figure D.24. Application of the sequence contraction rules for the circuit of Figure D.23.
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Remarks. The runtime complexity in the preprocessing is dominated by the algorithm
for loop detection, which can be assessed with O(| E |) (177).
Axes Identification Identifying a fluidic axis means to search for a set of nodes in
the fluidic graph G ( S ) whose counterpart in the circuit realizes a particular function.
Each such set must contain a node labeled s and one or more nodes labeled w. Moreover, all components that also belong to the axis must lie on some path between the
working and the supply element. This observation suggests to employ Dijkstra’s and
Floyd’s algorithms (177, 68) to investigate in the preprocessed fluidic graph all shortest paths between nodes corresponding to supply elements and nodes corresponding
to working elements.
Each shortest-path run labels the edges in the form of a directed tree, which encodes a successor relationship between the nodes. Nodes that lie on the same path in
the directed tree define the components that belong to the same axis. The time complexity for this axes identification procedure is O(|V | 2 · | E |) and is discussed in (271).
w

A1

w

A3

A2
4

c
s

c

w
3

s

Figure D.25. The preprocessed circuit (left), its corresponding graph (middle), which is used to
indentify axes and couplings in order to construct the axes coupling scheme (right).

Coupling Type Analysis The analysis of coupling types requires the comparison of
supply paths between the working elements of the axes. If a circuit contains exactly
two axes, the coupling type can be classified with a search effort of O(| E |). Given
a circuit with n axes, possible couplings between all axes pairs must be analyzed.
Using a naive approach, the above search effort is carried out (n2) ∈ O(n 2 ) times. If,
on the other hand, a circuit contains a lot of axes of only one coupling type, a linear
number of comparisons is sufficient.
In this connection the transitivity property of coupling types can be exploited.
E. g., given three axes, A1 , A2 , and A3 and information on the couplings κ ( A1 , A2 )
and κ ( A1 , A3 ), κ ∈ {0, . . . , 4}. Then for the third coupling holds that κ ( A1 , A2 ) ≥
min{κ ( A1 , A2 ), κ ( A1 , A3 )}. Stated another way, a weaker coupling is not possible
since the axes A1 and A3 are coupled indirectly via A2 (cf. Figure D.26).
Remarks. The above determination procedure is simplified within some respects. It
neglects, for instance, that identical axes must be identified as such and comprised to
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A2
κ(A2, A3)

κ(A1, A3)

A3
Figure D.26. The couplings between axes are not independent from each other.

one single axis. Identical axes are composed from the same components, they have
an equivalent structure, and they are controlled by a single control element.

Case Study
When working with hydraulic engineering experts it became clear that a definition
of the term “fluidic (hydraulic) axis” must stay imprecise up to a certain degree: The
informal description “A fluidic axis realizes a subfunction of a fluidic system” leaves
a scope of interpretation—e. g., regarding the components which actually must be
count to an axis and which not. Thus a precise definition of the hydraulic axes analysis problem cannot be stated.
The consequences are: (1) A human expert has the final say whether or not the
result of an analysis algorithm is correct. (2) The result of an analysis algorithm must
not be absolutely correct or wrong but correct up to a certain degree.
A2, A3: Roughing mill

A1: Strip feed drive

A4, A5: 1st Finishing mill

A6, A7: 2nd Finishing mill

A15: Forging press

A8, A9: 3rd Finishing mill

A12, A13: Strip leveling device
A14: Clamping cylinder
A10, A11: Strip feed drive

Figure D.27. Hydraulic circuit diagram of a cold-rolling plant.

We overcame the problems that result from this fuzziness by acquiring and en-
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coding analysis knowledge direct from domain experts. Moreover, a library was built
up to prove the quality of our algorithms, which contains 160 hydraulic circuits of different size and complexity from various engineering applications. In the circuits of
this library more than 95% of the hydraulic axes are identified correctly by the algorithms. The solutions of the remaining cases is not entirely off the track but contain a
small number of incorrectly assigned components.
Finally, as a representative example with respect to complexity and dimension,
Figure D.27 shows the circuit diagram of a cold-rolling plant (299, 61). Here, more
than 20 actuators work the coiled steel strips. Figure D.28 depicts the functional view
in the form of the global coupling scheme.
A1

A3 ...

A2

A9

A10

A11

A12

A13

3

Series
coupling

A15

A14
4

3

1

Series
coupling

Parallel
coupling

2

2

Sequential
coupling

Informational
coupling

Figure D.28. The global coupling scheme of the above cold-rolling plant.

Synopsis
Problemclass Functional analysis of fluidic systems.
Problem Solving Method No generic computer-automated method available.
Source Model Structure model over a model F, M of a fluidic system S.

• Fidelity Level F. Variables decribing physical properties of S, such as pressures,
flows, velocities, or forces.
• Granularity Level M. Fluidic components used within S.
• Order of Magnitude of the Application. Medium-sized up to large circuits, |M| ∈
[ 20, . . . , 500].
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Envisioned Model Isolated fluidic functions within the structure model.

• Fluidic Axes. A set of numbers {1, . . . , k}, denoting the k axes found, and
a mapping from the components in M onto P ({1, . . . , k}), the power set of
{1, . . . , k}.4
• Coupling Scheme. A rooted tree with k leafs, defining the coupling hierarchy
between the k axes. The inner nodes are labeled with a coupling type number
from {0, . . . , 4}.
• Subsequent Tasks Enabled. Demand formulation and interpretation, smart simulation, optimization, control concept selection and evaluation diagnosis, didactics.
Knowledge Source Definition of fluidic axes and coupling types by domain experts. Representative circuit library for test purposes. Graph-theoretical analysis of
structure models of fluidic systems with respect to both the definitons and heuristic
classification knowledge.

4 Recall

that a component can belong to several axes.
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