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fact, we see many examples that fail to organize
knowledge in such a way.

Abstract
It has been recognized that design knowledge is
scattered around technology and target domains.
One of the two major reasons for it is that different
frameworks (viewpoints) for conceptualization of
design knowledge are used when people try to
describe knowledge in different domains. The other is
that several key functional concepts are left
undefined or even unidentified. In this paper, we first
overview the state of the art of ontological
engineering which we believe is able to make a
considerable contribution to resolving these
difficulties. We then discuss our enterprise aiming at
systematization of functional knowledge used for
synthesis. We discuss ontologies that guide
conceptualization of artefacts from the functional
point of view. The framework for knowledge
systematization is based on an extended device
ontology and a functional concept ontology built on
top of the extended device ontology. This paper
particularly discusses the extended device ontology
and its application in the mechanical domain. The
utilization of the systematized functional knowledge
in several application systems is also discussed
together with its advantages.

The above issue is recognized as that of knowledge
engineering because it is deeply related to how we can
deal with knowledge. Needless to say, design process
is inherently knowledge-rich, and hence a computer
which tries to facilitate the process should be able to
utilize knowledge skilfully in any sense. Nevertheless,
the conventional knowledge technology is not good
enough to realize it, which has been shown by the
failure of expert systems. However, ontological
engineering, which is the successor to knowledge
engineering, has been expected to overcome some
difficulties the conventional knowledge engineering
cannot solve.
The main objective of this paper is to propose an
innovative framework for systematization of
functional knowledge and its applications to
engineering
knowledge
management
through
Ontological Engineering (Sowa 1995, Guarino 1997,
Mizoguchi and Ikeda 1997, Smith and Welty 2001).
Explication of conceptual structure behind the design
knowledge using ontological engineering contributes
to interoperation between knowledge and to
sharing/reuse of knowledge by providing a firm basis.
Among various kinds of design knowledge, we
concentrate on functional knowledge. The next section
briefly overviews the ontological engineering and
describes the scope of our enterprise. Section 3
describes the skeletal plan of our ontology building for
knowledge systematization. Section 4 discusses an
extended device ontology that plays a crucial role in
our framework. On the basis of the device ontology
proposed, functional ontologies are discussed in detail
in section 5. In order to demonstrate the utility of the
knowledge systematization, an overview of
application systems is described in section 6. Section 7
discusses related work followed by concluding
remarks.
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1. Introduction
Design is a creative activity that translates a
requirement specification at the functional level into a
set of attribute values of concrete things. Although
advancement of computer and AI technologies has
enabled easy access to information related to structure
and/or shape of artefacts, design know-how used in
the conceptual design phase is left implicit because of
its subjectivity and implicitness. As discussed in the
knowledge management research, such subjective, and
hence implicit knowledge is highly required to be
made explicit to share within a community. The same
applies to design community and it is expected that
design knowledge sharing will improve the design
process drastically. In order to make it happen,
however, we need to resolve some big problems. One
of them is to devise a framework for capturing and
describing conceptual design knowledge that has
rarely been shared within any community. Such a
framework should be general enough for being shared
by people in different domains and should enable
consistent description of such knowledge in a
computer interpretable form. However, it is a
challenge to make it possible to describe subjective
design knowledge in a general and sharable form. In

2. Ontological Engineering and Knowledge
Systematization
2.1 From knowledge engineering to ontological
engineering
In AI research history, we can identify two types of
research. One is "Form-oriented research" and the
other is "Content-oriented research". The former
investigates formal topics like logic, knowledge
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representation, search, etc. and the latter content of
knowledge. Apparently, the former has dominated AI
research to date. Recently, however, "Content-oriented
research" has attracted considerable attention because
a lot of real-world problems to solve such as
knowledge systematization, knowledge sharing,
facilitation of agent communication, media integration
through understanding, large-scale knowledge bases,
etc. require not only advanced formalisms but also
sophisticated treatment of the content of knowledge
before it is put into a formalism.

ontology according to the target knowledge. The task
ontology for design represents the process of
designing activities. Such design task ontologies have
been explored as problem-solving method (PSM)
research in knowledge engineering community or
design methodology research in the engineering
design community. For example, pioneer work of
analysis of design task have been done by
Chandrasekaran (1990). In the design community,
there are many generic models of designing and
design processes such as (Yoshikawa 1981, Takeda et
al. 1990; Gero 1990, 2002, Hubka and Eder 1998).
Here, we go into neither their details nor other work,
because we concentrate on the domain ontology.

Although the importance of such "Content-oriented
research" has been gradually recognized these days,
we do not have sophisticated methodologies for
content-oriented research yet. In spite of much effort
devoted to such research, major results were only
development of a knowledge base. We could identify
the reasons for this as follows:
1) It tends to be ad-hoc, and
2) It does not have a methodology which enables
knowledge to accumulate1.
It is necessary to overcome these difficulties in order
to establish the content-oriented research. Ontological
Engineering has been proposed for that purpose.

Domain ontology for design is concerned with things
to be designed (we call it a “design target” here).
When we consider design of only physical systems,
the design target can be a product in the case of
product design or a manufacturing process in the case
of manufacturing design. The domain ontology
generally aims at representation of the design targets
themselves (such as structure and shape) and/or
temporal changes of their physical attributes (so-called
behaviour and function).

Ontological Engineering is a research methodology
which gives us kernel conceptualization of the world
of interest, semantic constraints of concepts together
with sophisticated theories and technologies enabling
accumulation of knowledge which is dispensable for
knowledge processing in the real world. Taking
knowledge management as an example, it should be
more than information retrieval with powerful
retrieval functions. It essentially needs contentoriented research because knowledge should be
carefully organized and represented to be sharable by
many people of different viewpoints. We should go
deeper to obtain the true knowledge management.

A part of the general top-level ontology discussed by
Guarino (1997) and Sowa (1995) such as mereology
gives a basis of the domain ontology for design for
representation of physical things. Guarino et al. (1997)
points out that STEP (ISO 10303), a very-large
domain ontology for engineering domain, lacks clear
meaning of modelling entities and necessity of a
formal ontology.
Among the domain ontologies specific to the
engineering products, the device-centred ontologies
have been developed well. It originates from the
system dynamics theory. In this ontology, the target is
represented as a composition of connected
components which have inputs and outputs. For
example, Gruber and Olsen (1994) implemented an
ontology similar to ours in Ontolingua as the
Component-Assemblies Theory. Such a device-centred
ontology is a basis of many model-based systems for
artefacts for problem-solving not only design but also
such as diagnosis. We adopt this type ontology and
extend it in Section 4.

An ontology, which is a system of fundamental
concepts, that is, a system of background knowledge
of any knowledge base, explicates the conceptualization of the target world and provides us with a solid
foundation on which we can build sharable knowledge
bases for wider usability than that of a conventional
knowledge base. Knowledge engineering has thus
developed into ontological engineering.
2.2 Ontology and design (Literature review)
In this section, we briefly discuss ontologies in
engineering domain for design. Such ontologies can be
categorized into “task” ontology and “domain”

As well as the device ontology, the process-centred
ontology have been developed such as one proposed
by Forbus (1984). In this ontology, a physical process
plays a crucial role to change attributes of entities.
Physical entities in the target world just participate in
the process.

1
Machine learning is not considered as a method for
knowledge accumulation. It is just to extract a bunch of
knowledge at once which also suffers from knowledge
accumulation when combine knowledge learned by other
learning methods.

Bond graph is a theory for describing a system
domain-independently in the field of system dynamics
(Rosenberg and Karnopp 1983). It introduces the
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concept of “flow” that represents amount of something
which flows in the system and the concept of “effort”
which has capability to cause the flow. Bond graph
represents the behaviour of the system by combining
each behavioural model built in terms of effort and
flow.

device-centric viewpoint in this paper.
Horváth et al. (1998) discuss design concept
ontologies for comprehensive methodology for
handling design concepts in conceptual design, which
include structure and shape as well as functionality.
For example, in the structural view, the connected
entities are specified by positional, morphological,
kinematical, and functional descriptors.

Borst et al. (1997) propose the PhysSys ontology as a
sophisticated lattice of ontologies for engineering
domain. It consists of meleology, topology, systems
theory, component, process (based on the bond graph)
and mathematics for engineering domain (EngMath),
which supports multiple viewpoints on a physical
system. It forms a basis for a model component library
for physical systems.

The authors and their colleagues have been involved
in research on functional knowledge modelling based
on Ontological Engineering for years. Our main goal
is to propose a fundamental modelling framework of
functional knowledge for sharing by engineers. We
proposed a modelling language of function and
behaviour called FBRL (Sasajima et al. 1995) and an
ontology of functional concepts (Kitamura et al. 2002).
The ontology has been applied for automatic
identification of functional models (Kitamura et al.
2002) and functional knowledge modelling (Kitamura
and Mizoguchi 2003). In this paper, we report
philosophical and fundamental issues of such work.
Especially, we discuss an extended device ontology as
a basis of the modelling framework. Although the
extended device ontology has been introduced in
(Kitamura and Mizoguchi 2003), this paper discusses
the details of definitions and its application to the
mechanical domain. We also report deployment of our
framework in a production company.

Although the PhysSys ontology is well-elaborated, it
includes no ontology for function from the teleological
viewpoint. Needless to say, function plays a crucial
role in design. Because the concept of function is
highly conceptual and thus functional modelling tends
to be ad hoc, explicit ontological commitments are
crucial for functional modelling and authoring of
functional knowledge. Moreover, from our point of
view, the device ontology in PhysSys is weak in that it
does not have enough concepts for understanding the
ontological roles all the participants play. The aims of
our extension of the device ontology in Section 4
include these two issues.
One of the pioneering work for such deeper
ontological commitments is found in (de Kleer and
Brown 1984, de Kleer 1984) for qualitative simulation
and causal explanation of how things work. They
introduce the concept of “function” as a causal pattern
for both keeping context-independency of behavioural
models (the No-Function-In-Structure principle (de
Kleer and Brown 1984)) and teleological analysis (de
Kleer 1984). Moreover, they introduce the concept of
“conduit” for causal explanation based on the
“mythical time” instead of just “connection”. It
clarifies the roles of the simple pipes.

Another motivation of ontologies for design is to
exchange models (or knowledge) in different forms
and/or from different viewpoints. Liu proposed
modelling based on the combination of the device
ontology and the charge-carrier ontology that focus on
movement of free electrons (or holes) in electronic
devices at the microscopic level. (Lui 1992). PACT
aims at integrating design tools as distributed agents
using KQML and KIF (Cutkosky 1993). Sekiya,
Tsumaya and Tomiyama (1999) have been developed
the knowledge intensive engineering framework
(KIEF) with the pluggable metamodel mechanism for
integrating design tools using ontologies of modelling
elements in design tools. However, in this paper, we
do not deal with this issue.

Salustri (1998) emphasizes importance of such
ontological commitments for mapping logical
structures of description languages to the domain of
design knowledge. The identified commitments deal
with aspects of description language, of function and
behaviour, of mereology based on the device ontology,
and of context-sensitivity.

2.3 Ontology and knowledge systematization
The next topic is how to use ontology. Among many
possibilities, the authors believe its use for knowledge
systematization is one of the most promising
(Mizoguchi and Kitamura 2000). This is indeed a
topic of content-oriented research and is not that of a
knowledge representation such as production rule,
frame or semantic network. Although knowledge
representation tells us how to represent knowledge, it
is not enough for our purpose, since what is necessary
is something we need before the stage of knowledge

Chandrasekaran and Josephson (2000) clarify
meanings of the concept “function” based on
ontological consideration. They start with a simple
ontology similar to the device ontology and discuss
two types of functions, that is, device-centric function
and environment-centric function. Although we share
this distinction and the attitude towards the ontological
analysis with them, we concentrate only on the
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representation, that is, knowledge organized in an
appropriate structure with appropriate vocabulary.
This is what the next generation knowledge base
building needs, since it should be principled in the
sense that it is based on well-structured concept with
an explicit conceptualization of the assumptions. This
nicely suggests ontological engineering is promising
for the purpose of our enterprise.

Networking (GEN) initiative also discusses ontologies
in the Common Semantic Models for knowledge
systematisation (Gausemeier et al. 1997). GNOSIS Knowledge Systemization for Post-Mass-Production
Manufacturing project within the IMS program which
we have been involved in also aims at knowledge
systematization.

While every scientific activity which has been done to
date is, of course, a kind of knowledge systematization,
it has been mainly done in terms of analytical
formulae with analytical/quantitative treatment. As a
default, the systematization is intended for human
consumption. Our knowledge systematization adopts
another way, that is, ontological engineering to enable
people to build systematized knowledge bases for
computer consumption. The philosophy behind our
enterprise is that ontological engineering provides us
with the basis on which we can build knowledge and
with computer-interpretable vocabulary in terms of
which we can describe knowledge systematically.
Let us investigate design knowledge in terms of the
two dimensions such as the target knowledge and the
way of investigation. The former has two values:
product(design object) knowledge and process
knowledge. The latter has two values such as
domain-dependent and domain-independent ways.
Concerning design knowledge systematization, the
conventional research on design knowledge is highly
domain-dependent and has investigated such
knowledge by analytical and quantitative methods.
Knowledge base construction for both types of
knowledge has been ad-hoc and domain-dependent.
On the other hand, there are some domain-independent
investigations of design knowledge. Yoshikawa (1981)
initiated the research on General Design Theory
(GDT) to overcome the difficulties caused by the
domain-dependence of the research activities. GDT is
mainly concerned with the static nature of design
process in terms of mathematics to model the
input-output relation of design process ignoring the
internal sub-processes, and hence it does not cover the
dynamic aspects of design. Tomiyama and his
colleagues (Tomiyama 2000) have been investigating
the research on design process modelling using logic
and artificial intelligence and have come up with a
deeper understanding of design process, that is,
“design process is an abduction”. Although this brief
observation is not intended to present a thorough
overview of the design research, it at least shows that
there remains one major issue left untouched, that is,
domain-independent investigation of knowledge about
design objects. The authors have been mainly
attacking this issue sharing the philosophy with other
domain-independent research to reveal the inherent
nature of design.

By building a framework for knowledge
systematization using ontological engineering, we
mean identifying a set of backbone concepts with
machine understandable description in terms of which
we can describe and organize design knowledge for
use across multiple domains. The system of concepts
is organized as layered ontologies as is seen in the
next section.

3. Functional Ontology and Knowledge
Systematization
No one would disagree that the concept of function is
an important member of a top-level ontology of design
world. One of the key claims of our knowledge
systematization is that the concept of function should
be defined independently of an operand that can
possess it and of its realization method. The claim has
a strong justification that the concept of a function
originally came from the user requirements which is
totally operand- and behaviour-independent, since
common people have no knowledge about how to
realize their requirements and are interested only in
satisfaction of their requirement by a device built.
Another justification is reusability of functional
knowledge. If functions are defined depending on
operands or their realization method, few functions are
reused in and transferred to different domains. As is
well understood, innovative design can be facilitated
by flexible application of knowledge or ideas across
domains.
3.1 Functional representation
Functional representation has been extensively
investigated to date (Keuneke 1991; Chandrasekaran
et al. 1993, Chittaro et al. 1993, Lind 1994, Sasajima,
et al. 1995, Umeda et al. 1996, Hubka and Eder 1998,
2001, Chandrasekaran and Josephson 2000) and a lot
of functional representation languages are proposed
with sample descriptions of functions of devices.
However, because it is not well understood how to
organize functional knowledge in what principle in
terms of what concepts, most of the representation are
ad-hoc and lack generality and consistency, which
prevents knowledge from being shared. One of the
major causes of the lack of consistency is the
difference between the ways of how to capture the
target world. For example, let us take the function of a
super heater of a power plant, to heat steam and that of
cam of a cam and shaft pair, to push up the shaft. The

GENIAL project within the Global Engineering
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former is concerned with something that
comes in and goes out of the device but the
latter with the other device that cannot be
either input or output of the device. This
clearly shows the fact that there is a
difference in how to view a function
according to the domain. The difference
will be one of the cause of inconsistency in
functional
representation
and
non-interoperability of the knowledge
when functional knowledge from different
domains is put into a knowledge base.
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The above observation shows that we need
Specialization from device-centered view
a framework which provides us with a
Top
(entity,process,
process,time,
time,etc.)
etc.)
Top level
levelontology
ontology (entity,
viewpoint to guide the modelling process
of artefacts as well as primitive concepts in
Figure 1. Hierarchy of ontology and knowledge of function
terms of which functional knowledge is
described in order to come up with
functional concept is about what the function is going
consistent and sharable knowledge. However,
to achieve. Although the way of function achievement
conventional research of function is not mature
way looks similar to functional decomposition
enough to propose such a framework and only a few
knowledge like that discussed in (Pahl and Beitz 1988),
functional concepts are identified to date (Pahl and
the former is much richer than the latter in that it
Beitz 1988, Chittaro et al. 1993, Lind 1994). Although
consists of four kinds of hierarchies of different roles
value engineering (Miles 1961, Tejima et al. 1981) has
and principles (Kitamura and Mizoguchi 2003). The
a long history of research on functional terms and has
inherent structure of such knowledge is organized in
come up with a rich set of functional vocabulary, they
an is-a hierarchy from which the other three structures
are for human consumption and no operational
are derived according to the requirement. The is-a
definition is made.
structure is carefully designed identifying inherent
property of each way to make it sharable and
3.2 Hierarchy of functional knowledge and
applicable across domains. One of the key issues in
ontology
knowledge organization is clear and consistent
differentiation of is-a relation from other relations
Figure 1 shows a hierarchy of functional knowledge
such as part-of, is-achieved-by, etc. keeping what is
built on top of fundamental ontologies. The lower
the inherent property of the target thing in mind. The
layer knowledge is in, the more basic. Basically,
next chapter is devoted to the intensive discussion on
knowledge in a certain layer is described in terms of
the device ontology that is the key topic of our
the concepts in the lower layer. Top-level ontology
knowledge systematization. All the concepts
defines and provides very basic concepts such as time,
introduced and discussed in the rest of the paper are
state, process and so on. This ontology is under
based on the extended device ontology.
development and not discussed in this paper. Extended
device ontology is developed to provide a common
viewpoint which supports to realize consistent
4. Device Ontology
interpretation of artefacts. This ontology is discussed
in the next section. These two ontologies collectively
4.1 What is device ontology?
work as a substrate on which we can build consistent
Concerning modelling of artefacts, there exist two
knowledge in upper layers.
major viewpoints: Device-centred and Process-centred
views. The device ontology, e.g., one proposed by de
The functional concept ontology specifies functional
Kleer and Brown (1984), specifies the device-centred
concepts as an instance of the concept of “function”
view of artefacts. Device-centred view regards any
defined in the device ontology. Their definitions
artefact as composition of devices which process input
scarcely depend on a device, a domain or the way of
to produce output which is what the users need.
its implementation so that they are very general and
Process-centred view applied to an artefact, e.g., one
usable in a wide range of areas. Theories and
proposed by Forbus (1984), concentrates on
principles of physics and the abstract part library also
phenomena occurring in each artefact (device) to
belong to this class of knowledge called general
obtain the output result with paying little attention to
concept layer.
the devices existing there. Device ontology imposes a
frame or viewpoint on an event to introduce an
Way of function achievement is knowledge about how
engineering perspective. That is, it introduces the
(in what way) a function is achieved, whereas the
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concepts of a black box equipped with input and
output ports. Although physical process
ontology, which specifies the process-centred
view, is more fundamental than device ontology,
there are some cases where process ontology is
directly employed to model real world
events/phenomena instead of device ontology.
Typical cases are found in modelling chemical
processes for which device ontology is not
appropriate
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B2 change
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time
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Figure 2. Four different definitions of behaviour

The major difference between the two is that
while device ontology has an Agent, which is
considered as something that plays the main actor role
in obtaining the output, process ontology does not
have such an Agent but has participants, which only
participate in the phenomena being occurring.
Needless to say, such an Agent coincides with a device
in device ontology.

processed by the device. Note that the label of this
concept “operand” represents “target” of activity of a
device in the same sense in (Hubka and Eder 1998).
Examples of an operand include substance like fluid,
energy like heat, motion, force, information, etc. An
operand has attributes whose values change over time.
A device is something that operates on an operand that
goes through the device. The state change of an
operand is realized by the difference between the
states of the operand at the input port and that at the
output port.

Device ontology specifies the roles played by the
elements that collectively constitute a device. The
concept of role is a hot topic in ontological
engineering because an operand plays different roles
in different situations, and the fact has been a major
source of failure in conceptualization of the world. For
example, a man plays many roles such as husband,
father, son in his family. These roles are defined in the
family context, and hence they are specified by family
ontology. Thus, device ontology can be said as a role
specification system for the elements we recognize in
a device in general.

4.2.2 Conduit and medium
A conduit is defined as a special type of a device that
can be considered as it transmits an operand to output
port without any change in an ideal situation.
Examples include a pipe, a shaft, etc. We exclude
conduit from device.
A medium is something that holds an operand and
enables it to flow among devices. For example, steam
can play the role of a medium because it can hold heat
energy. In some domains, a conduit can play the role
of medium. For example, while a shaft is a conduit for
force and motion, at the same time, it plays the role of
medium for them.

Our claim is not that device ontology enables all kinds
of description of all kinds of artifacts but that we
should appreciate the potentials of device ontology
and we do our best to extend it if possible to extend its
applicability without losing its advantages.
4.2 Extended device ontology

4.2.3 Behaviour
We identified four kinds of definitions of Behaviour.
Figure 2 illustrates simplified situations for behaviour
definition. B0 behaviour is defined as the change of
an attribute value of an operand at the same location
over time. Typical example is increase of the
temperature of fluid at some observation point over
time. Note that what is observed is a different thing at
any time. This is exactly same as the observation of a
real phenomenon and coincides with what numerical
simulation obtains.

This section presents the key concepts(roles played by
operands) in the extended device ontology. The
discrimination between behaviour and function is
discussed in chapter 5. We exclude static behaviour
such as to support by concentrating only on dynamic
behaviours.
4.2.1 Device and operand
Things that exist in the device ontology world are
grouped into two categories: Device and Operand. A
device has input and output ports through which it is
connected to another device(precisely speaking, not a
device but conduit which is explained later in detail).
A device consists of other devices of smaller grain size
and usually is organized in a whole-part hierarchy of
sub-devices. An operand is something that can be
considered as that it goes through a device from the
input port to the output port during which it is

B1 behaviour is defined as the change of an attribute
value of an operand from that at the input port of a
device to that at the output of the device. For example,
the increase of the temperature of steam occurred
during it goes through a super-heater is B1 behaviour.
The key difference between B0 and B1 is that while
B0 behaviour concentrates on the location of the
-6-

observation rather than identity of the observed
operand, B1 behaviour on the identity of the observed
operand rather than the location.

1993) where function is defined as B1 behaviour and
the behaviour corresponding to the function is defined
as series of B1 behaviour of sub-devices of
smaller-grain size. That is, in his definition, the
difference between function and behaviour is relative
to the grain size, which is different from our principle
that function is a teleological interpretation of
behaviour. In (Bhatta and Goel 1997), the internal
behaviour and the output behaviour correspond to the
Chandrasekaran’s behaviour and our B1 behaviour,
respectively.

B2 behaviour is defined as the change of something
inside of a device rather than input/output ports. The
“something” could be motion of a part of the device or
inner state of the device. For example, “rotation of fins
in a fan” is an inner behaviour of “to fan”, “a shaft is
twisted” is an inner behaviour of “to transmit torque”,
etc. This behaviour is based on an answer to the
question such as “what motion is the device
performing?” and is not the behaviour of the device of
smaller grain size but that identified by peeping into
the device with a violation of the “black box
principle” of device ontology.

4.3 Modelling of a mechanical systems based on the
extended ontology
In the extended device ontology, we view motion and
force in mechanical systems as an operand. That is, a
mechanism as a device is considered as a thing that
changes attributes (direction, amount, etc.) of motion
and force.

B3 behaviour is defined as any behaviour to another
device. The important aspect here is B0 and B1
behaviours are concerned with operands rather than
devices.

There are two levels of grain sizes in mechanical
systems: mechanism level and mechanical element
level. By a mechanical element, we mean a gear, a
shaft and so on and by a mechanism, we mean a
complex of elements like a gear pair. Identification of
a mechanism is done by identifying a conduit and by
considering it as the boundary between mechanisms. A
conduit at the mechanism level is a shaft or a wire,
since they just transmit force or motion without

All the definitions above share that behaviour is a
conceptualization of the change of attribute values in
the spatio-temporal space over time. The differences
come from the way of treatment of the location in the
spatio-temporal space and the target of the operation
to be interpreted as behaviour. Another definition of
behaviour, which looks very similar to B1 behaviour
at first glance, is found in (Chandrasekaran et al.
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Figure 3(a) A model of a pair of gears at the “mechanism” level
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Output-b

Out1 Torque and
rotating motion
at the contact to
Shaft-b

Table 1

Device
Conduit
Operand
Medium
Function

Comparison among key concepts in plant and mechanical system domains.

Plant:
Energy
Boiler, turbine,
etc.
Pipe

Plant:
Entity
Boiler, Distiller, etc.

Mechanical:
Mechanism level
Mechanism
(Gear pair, Cam&shaft, etc.)
Shaft and wire

Heat energy
Fluid
(water, steam,etc.)
generate, give,
rob, cool, etc.

Fluid, stuff, etc.
Fluid, tool, or
nothing
divide, distil,
separate, process, etc.

Pipe, Belt conveyer

Force and motion
Shaft and wire

Mechanical
Mech. element level
Mech. Element
(gear, shaft, etc.)
Contact
(Surface, line, point)
Force and motion
Contact

change No. of rotation,
change kind of motion, etc.

change speed, transmit
force and motion, etc.

change from one end to the other end. Let us take an
example shown in figure 3(a). The gear pair is
modelled as a device that accepts torque and angle
velocity as input through a shaft as a conduit and
outputs them with different values determined
according to the ratio of gear numbers. The output is
put on the shaft and transmitted to the belt mechanism
that changes the rotation motion to horizontal motion.
These two mechanisms constitute a larger mechanism.

4.4 Applicability of the extended device ontology to
different domains
The contributions of the extended device ontology are
two fold: it provides us with (1) a machine
understandable framework for modelling artefacts in
different domains with a consistent viewpoint and (2)
appropriate vocabulary in terms of which we can
describe differences between models in different
domains. table 1 shows comparison among models in
plant domain and mechanical system domain. The
differences are summarised as follows: In the
mechanical system domain,
(1) A conduit is degenerated to medium. In other
words, the conduit role and medium role are
played by a single thing at the same time.
(2) In same cases, medium does not flow through a
device, but it allows operands to flow by
transmitting it through their connection (we call
this modelling “non-flowing medium modelling”).
(3) Force and motion are operands processed by a
device.
(4) Conduit at the mechanical element level is virtual.
(5) What is transmitted by a conduit is limited
depending on the types of the kinematical pair.
(6) Conduit is not unique but of variety.

Treatment of elements is as follows: A conduit at the
element level is virtual and is defined as
conceptualization of the mechanical pair(of elements),
that is, the contact point/line/face that locates at the
boundary between the connecting elements. A wheel is
modelled as a device that has a line-contact conduit
that can transmit only tangent velocity and force at the
surface and has fixed (embedded) connection to a
shaft around its central part that transmits everything.
A gear in a gear pair is modelled in the similar way as
a wheel. Let us take an example shown in figure 3(b).
A gear is modelled as a device that accepts number of
rotations and torque and outputs tooth number velocity
(number of teeth per time) and tangent force that is
obtained by dividing the torque by radius of the gear.
This model neglects the boundary between teeth,
though it causes no problem in our goal. Note here
that input torque is not transmitted by a gear or a
wheel as a mechanical element, since torque can be
changed according to the ratio of the number of teeth
of the connecting gears or to the ratio of the radiuses
of the wheels.

In spite of these differences, the extended ontology
captures essential properties of models in the two
domains with explication of their differences. These
results shown in table 1 are based on our research
experiences on plant, production process (Mizoguchi
and Kitamura 2000) and mechanical system domains
for years.

The inherent property of a conduit in the device
ontology is that it transmits all attributes that medium
holds. It is true for pipe in the plant domain and a shaft
in the mechanical domain. But, a wire transmits only
pulling force and the virtual conduit introduced in the
element level of mechanical domain is not the case. It
transmits only limited attributes depending on the pair
of the elements. This is the key extension of our
device ontology.

5. Functional Ontology
We now have obtained a framework for building a
functional model of an artefact. The next things we
need are well-defined fundamental concepts in terms
of which we can describe functional knowledge. In
this chapter, we introduce several categories such as
base function, meta-function, way of function
achievement and method of function achievement
together with functional concept ontology.
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5.1 Definition of function

Context-dependence of
modeling entities
maintain

MetaWe define a Function of a device as
Function
make enable
“teleological
interpretation
of
B1
Layer
make
SystemFunction
Roles
and
make drive
behaviour under a given goal” (Sasajima
types
oriented
types of
Meta-functions
teleofunctions
et al. 1995). This tells us a function of a
logical
device is determined context-dependently,
Whole Generate electricity
Base
function
Achievement
though B1 behaviour is constant
Function
relations
Layer
independently of the context. Considering
Conditional
Vaporize
Interpretation
Rotate shaft
of behavior
that, in most cases of design, the context
under a goal
Give heat
Proportional
Functions
Relations among functions
of a device is determined by the goal to be
achieved by the device, function of a
Behavior
electricity
amount
objectLayer
device
is
determined
goalor
Causal
oriented
phase
relations
Changes
of
amount
of
rotation
purpose-dependently. This reflects the
temperature of
fuel
parameters
temperature
inlet steam
over time
reality that definition of function tends to
Parameters of steam
whole
objective
(aggregation)
be context-dependent and hence, in many
power
Structural
Structure
cases, functional knowledge about design
plant
hierarchy
Layer
is hardly reusable. The major goals of our
Topological
pump boiler
turbine
generator
Physical
research include to give a framework for
structure
Components connections
part
organizing functional concepts in a
(decomposition)
reusable manner and to define them
operationally as an essential step towards
Figure 4. Hierarchy of a target object (a power plant).
knowledge
systematization.
By
operationally, we mean a computer can make use of
A function is achieved by performing(achieving) a
functional knowledge in the reasoning tasks of the
series of sub-functions which is called a method of
functional modelling, understanding of the functional
function
achievement. On the other hand, a
structure of a device and revising it. What we have to
conceptualization
of the principle or intended
do for these goals are as follows:
phenomena or structure that gives justification of why
and how the method achieves the function is called
1. To define functional concepts independently of its
way of function achievement that is considered as
realization so as to make them reusable.
reference
to the essential property of structure and
2. To devise a functional modelling method to enable
behaviour
that achieve the function.
a modeller to relate such reusable functional
definitions to specific application problems, that is,
Note that whole-part hierarchies in the different layers
to get functional concepts grounded onto the
do not always correspond to each other. Although the
behaviour and hence structure.
typical functional structure is one analog to the
3. To formulate a function decomposition scheme to
structural hierarchy, it could have many other different
obtain efficient functional knowledge for design.
hierarchies according to the viewpoint to organize
4. To identify categories of functional concepts for
functional components.
systematization of functional knowledge.
5. To provide rich vocabulary for reasoning in the
Meta-function is a conceptualization of type of a base
functional space.
function and inter-dependency between them. While a
The following is an overview of our work on
base function is concerned with the change of
ontologies of function.
operands in the domain, meta-function is concerned
with
base
functions.
Meta-function
as
5.2 Structure-behaviour-function hierarchy
inter-dependency between base functions is defined as
Figure 4 shows Structure-Behaviour-Function
teleological interpretation of causal relation between
hierarchy. It looks similar to figure 1 but is different
base functions.
from figure 1 which is an abstraction hierarchy of
concepts related to function of artefacts. By structure,
5.3 Function and behavior representation
we
mean
topological
relations
among
language: FBRL
components(devices). Structure of a device constitutes
FBRL: Function and Behavior Representation
a hierarchical structure according to the grain size that
Language (Sasajima et al. 1995) is designed to ground
is shown in the lowest plain in figure 4. By behaviour,
functional concepts onto behaviour and structure of a
we mean B1 behaviour. What is obtained by
device. It is a language for representing a base
teleological interpretation of B1 behaviour under a
function based on our extended device ontology. It
given goal is called (Base) function. The term “base”
consists roughly of input and output ports for device
is used to discriminate it from meta-function
connection, behavioural definition in terms of
introduced later.
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attributes of operands and functional toppings (FT)
that enable a system to map a structural and
behavioural model to a functional concept. FT is
composed of four items:
(1) Obj-Focus specifies operands (objects) to
focus on
(2) O-focus specifies attributes of the operand to
focus on
(3) P-Focus specifies port to focus on
(4) Necessity specifies the necessity of operands

The functional concept ontology is defined using
Hozo, an environment for ontology development and
use (Kozaki et al. 2002). The definitions of function
types and meta-functions have been discussed in
(Kitamura et al. 2002).

6. Roles and Effects of Functional Ontology
6.1 Roles and effects of the extended device
ontology

5.4 Functional concept ontology

The extended device ontology views an artefact as
something that receives input, process and outputs
operands. The operand is something processed by the
device during it goes through a device and hence it
never be another device that cannot go through a
device. This ontology imposes a proper viewpoint
from which one can successfully model a mechanical
system in a way consistent with those models of
engineering artefacts produced in other domains. It is
not an easy task to build models of a lot of artefacts in
a consistent way. “A gear pair changes torque”, “A
cam shrinks a spring” and “A cam pushes up a rod”
are inconsistent with each other in the hidden
computational models. While the first one is based on
the extended device ontology, the latter two are based
on a different ontology, say, inter-device operation
ontology. The organization of knowledge including
these models will lose consistency.

Functional concept ontology defines three kinds of
functional concepts introduced in 5.2 (Kitamura et al.
2002). Figure 5 shows a portion of is-a hierarchy of
those concepts. Base function consists of four kinds of
functions such as function for substance, that for
energy, that for information and that for force and
motion. Figure 5 shows is-a hierarchies of functional
concepts for energy (5a) and motion (5b). Each
concept in the hierarchies are defined using FBRL and
hence operational. For example, an energy function,
To take, is defined as a behavioural constraint: to shift
of energy and P-Focus on the port of energy provider.
To remove is defined as that of to take with an
additional FT, the energy taken is unnecessary as
Necessity FT. These definitions demonstrate high
independence of their implementation, while function
is clearly related to structure and behaviour. As is also
shown in figure 5b, functional concepts that mainly
appear in mechanical system domain are defined in the
same way as others. Note here that because the
definitions are based on the extended device ontology,
all the functional concepts (verbs) have operands
(force and motion) rather than devices (mechanisms
and mechanical elements) as their grammatical object.
Function types
is-a
make
maintain

(c) Function
type

Meta-functions

is-a

hold

drive

Function
Functiontotomotion
motion

undesirable
states

flowing medium

compensate

contribute

mandatory
contribution
material
entities
consumed
energy
provide

The extended device ontology allows us to build
interoperable models and provides us with a guideline
for modelling process. For example, the concept of a
conduit helps us consistently recognize devices by
taking it as the boundary between the devices. In the

Optional
contribution
not
material

allow
prevent

improve

numbers of focused operands
numbers of focused operands
In:0 - out:1
In:1 - Out: 0 In:N - Out:N In:0 - out:1

Generate
Receive
Receive Make
Makemotion
motion Generate
existent
existent

enhance

numbers of motions
In < Out In = Out In > Out

Yes
No
Shift
between
Shiftmotion
motion
between Function
Functiontotomotion
motion
Combine
medium-flows
on
Transmit Combine
Distribute Transmit
medium-flows
onaamedium-flow
medium-flow Distribute

Information
Information functions
functions
Object
functions
Objectis-a
functions

is-afunctions
Energy
is-a
is-a
Make energy existent
Receive
two different
is-a
a medium
mediums
Shift
Focus on
Divide
Join Pass through
both
source
recipient
Change atter
Take
Give
Transfer
changed

Make motion
motion Generate
Receive
Receive Make
Generate
existent
existent

numbers of focused medium flows

(d) Meta-Function

No
need
Remove
Release

Function
Functiontotomotion
motion
on
onnon-flowing
non-flowingmedium
medium

In:1 - Out: 0 In:N - Out:N

control

enable

fixed medium

Function
Functiontotomotion
motion
on
onflowing
flowingmedium
medium

not changed

focus on medium-flows

Take
Take

Transform

Transfer
Transfer Distribute
Distribute

Give
Give
need

no
need

Release
Release

Remove
Remove

Transform
Transform

Transform
Transform

Pass
Pass
through
through
Change
Change
atter.
atter.

Combine
Combine
Pass
Pass
through
through(2)
(2)

Change
Changethe
the Change
Changethe
the
direction
magnitude
direction
magnitude

Transform Transfer (2)

(a) Base-Function (to energy)

category
is changed
numbers of motions
In
>
Out
In
=
Out
In < Out
Transform

(b) Base-Function (to motion)

Figure 5. Functional concept ontology (portion)
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Change
Change
atter.
atter.

Change
Changethe
the
direction
direction

mechanical system domain, a shaft and a wire, which
play the role of conduit in the mechanism level, enable
us to identify each mechanism composed of
mechanical elements. Models designed based on the
extended device ontology has a high composability
thanks to its localized description, that is, its
independence of neighbouring devices that are
connected to each other only through attributes of an
operand. On the contrary, composability of the
inter-device operation ontology is low due to its high
dependence on neighbouring devices.

way knowledge and consists of a goal function
(the macro-function), sub-functions, the relations
among sub-functions such as temporal relations
and description of physical principle. The classes
of functional concepts are used as constraints on
sub-functions to be achieved. The well-defined
and well-organized functional terms contribute to
increase of the sharability and reusability.
(Kitamura and Mizoguchi 2003)
• Explanation generation: Concept/terms in the
functional concept ontology are used as words in
explanations generated. Thanks to the operational
definitions of them, the selection of words and
determination of the abstraction level at which the
explanation is generated can be done flexibly
(Sasajima et al. 1995).
• Specification of the inference space: Problem
solving such as design and diagnosis can be done
in the functional space that is necessary for taking
into account requirements represented in terms of
functional concepts. The inference space is
specified by the functional concepts organized in
the functional concept ontology. Because the
functional
decomposition
knowledge
is
represented in terms of such functional terms,
automatic function decomposition can be done
which is used for functional structure
improvement system (Kitamura and Mizoguchi
1999).
• Automatic
identification
of
functional
structure: The ontology enables automatic
identification of functional structures of a given
structure and device model with the help of
meta-functions (Kitamura et al. 2002).

The extended device ontology provides a unified
framework in which one can build compatible models
in various domains including mechanical systems and
common vocabulary. In fact, terms at the higher level
abstraction are common. Although motion has a
special attribute of direction not common to others,
most of the rest can be treated by a common
framework.
Two kinds of ontologies: the extended device ontology
and inter-device operation ontology can successfully
distinguish two different types of terms such as to
transmit(force) and to move(a box) where the former
is based on the (extended) device ontology and the
latter on the inter-device operation ontology. Both are
incompatible. Figure 5b represents a functional
concept hierarchy in the mechanical system domain.
These functional concepts are bit unfamiliar to experts
in that domain. We found that most of familiar terms
in mechanical system domain belong to the
inter-device operation ontology which is incompatible
to the device ontology, and hence to the
model/knowledge in other domains.
6.2 Use of functional concept ontology
Functional concept ontology provides us with
necessary and sufficient operational terms used for
representing functional knowledge/model together
with constraints satisfied by them. Its utility is
summarized as follows:
• Functional model description: The functional
concept ontology gives generic classes for
instances of functions that appeared in the
functional model of a specific product. Thus, all
functions in the models have explicit meanings
based on the extended device ontology. Because
functional models represent a part of intentions of
designers
(so-called
design
rationale
(Chandrasekaran et al. 1993)), explicit
representation of functional models helps
engineers’ mutual understanding. This type of
utility is discussed in Section 6.3.
• Functional knowledge description: The ways of
function achievement in the product models can
be generalized into generic pattern knowledge of
how to achieve a function. It is called functional

The above types of use and possible utility of our
ontologies are investigated by us. Indexing design
cases by the functional concepts can be other use
(explanation is omitted here):
6.3 Deployment of the research result
The ontology and the systematization framework of
functional knowledge are currently being deployed at
production systems division of Sumitomo Electric
Industries Ltd., Japan, for sharing functional
knowledge of devices used in the daily activities
among engineers in the division. The test use and the
deployment were started in February 2001 and May
2001, respectively. They have described about 103
functional models of production machines. Currently,
about 50 people in two factories use the framework in
daily work. As an example, figure 6 shows the
function decomposition tree of a wire saw for cutting
ingots. The preliminary result is very successful.
Engineers in the production systems division have
been suffering from the difficulty in sharing and
reusing knowledge among engineers in charge of
different devices for long years. They have been

- 11 -

regularly writing a technical report for design review,
maintenance history, etc. and have accumulated a lot.
Unfortunately, however, it has been difficult for them
to understand a report written by other engineers who
are in charge of different devices, and hence few of the
reports are used. The reasons include:
• Descriptions are specific to the target objects
• Knowledge is task-specific
• Vocabulary is not consistent or common
• Much knowledge is left implicit
• To retrieve appropriate report(knowledge) is hard

target facility using its function decomposition tree
and general functional way knowledge. The following
give summary of remarkable results in each type of
usage in the deployment.
As one of the first usage, the models of ways of
function achievement were used as knowledge media
for collaborative work by people having different
viewpoints such as manufacturing engineers,
manufacturing equipment engineers, equipment
operators and equipment maintainers. Although
mutual understanding and collaboration among them
was strongly required, it never happened. The use of
our framework, however, enabled them understand
and collaborate with each other in a facility
improvement project. It turned out that the framework
worked as a common vocabulary which lacked before.

These are caused by deeper causes:
• There is no principle for representing and
organizing functional knowledge
• Every engineer has his/her own viewpoint and
there is no common way of how to view a device
• There no common vocabulary representing
function
• There is no guideline for representing functional
knowledge with little domain-dependence.

In design review activities, the general function
decomposition trees are used as required documents
(i.e., the designer must submit a tree of the target
device) for discussion. As the result, the times of the
design reviews has been reduced to one third.

Our functional ontology and the framework for
knowledge systematization is a solution to overcoming
all the difficulties. In fact, engineers in the production
systems division liked our framework very much and
are happy to use it to represent their knowledge about
devices they take care of. The system we build (named
SOFAST(R)) in this deployment is a server of
functional models and function achievement way
knowledge.

As one of the second usage, a designer was not able to
solve a problem of low quality of semiconductor
wafers after 4-month investigation. By exploring
causes of the problem in the model of ways of
function achievement with a clear description of
physical principles, he found a solution for the
problem within 3 weeks. The reasons of this success
can be considered as follows;
• To write a function decomposition tree of the
target machine with explicit physical principles
makes the designer’s understanding clearer.
• The micro-macro hierarchy of the function
decomposition tree enables the designer to
explore the possible causes of the problem for
each function systematically. The fault tree

Basically, for a target production facility (in general, it
can be a product also), the usage of our framework is
categorized into (1) to communicate with other
designers about the target facility using its (general)
function decomposition tree, (2) to explore causes of a
problem of the facility using its function
decomposition tree, and (3) to redesign (improve) the
Split ingot

Exert force
on the part

Wire

Motor
Shaft

AND

Lose combination force
of the kerf-loss part

Liner
Liner friction
friction way
way
Principle:
Principle: Friction
Friction

Removing
Removing way
way
Principle:
Principle: Separation
Separation
of
of the
the kerf-loss
kerf-loss part
part

Move the part away

Roller
Ingot

Physical
Physical force
force way
way
Principle:
Principle: Force
Force

Table
wafer

AND

Give linear
motion in the
wire direction

Exert vertical
force to ingot
and wire
Tension
Tension way
way
Principle:tension
Principle:tension
AND

Give ingot
force in the
wire direction

Give wire
tension

AND

Give
shaft rotation
motion
Motor2&Motor3

Transform
rotation to
linear

Adjust
tension

Keep large
friction coff.

Rotation
Rotation
motion
motion way
way
Principle:
Principle:
Rotation
Rotation

Measure
tension
Set grinding
compound

Roller&Bobbin
Grinding
Grinding compound
compound
flow
flow way
way
Principle:Flow
Principle:Flow

Remove
scrapings

AND
Motor2 Controller

Dancer Roller

Adjust the
length of wire

Change torque
of bobbin

Coolant
Coolantway
way
Principle:
Principle:
Heat
Heat
conduction
conduction

Get coolant
to touch

AND

Fix ingot
Flow slurry

Cool
wire

Fluid
Fluid
impact
impactway
way
Principle:
Principle:
Shock
Shock

Figure 6. A function decomposition tree of a wire-saw for slicing ingots (portion).
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analysis (FTA) tends to be difficult to enumerate
all possible causes without clear understanding of
function structures.
As one of the last usage, a feasible new improvement
of the wire-saw was found from the knowledge-base
by adopting the way of using magnetic fluid for
controlling tension of the wire. This can be done by
applying a way originating from the textile industry to
the semiconductor industry. This indicates feasibility
of our framework for general functional knowledge.
The success factors include:
• Extended device ontology enables users to be
consistent in interpreting how a device works.
• Clear distinction between functional concept
(goal) and way (its realization method) makes the
knowledge highly domain-independent
• Functional concept ontology provides a rich set
of well-defined functional terms
• Clear distinction between a general-specific
hierarchy(is-a tree) and a whole-part hierarchy
(is-achieved-by tree) enables to have consistent
descriptions of functional decomposition trees
and is-a hierarchies of ways of function
achievement. This avoids the confusion between
the two which has occurred very often.

7. Discussion and related work
We presented the literature review of ontologies for
design in Section 2.2 and definitions of functions in
Section 3. Thus, here, we give the remaining notes on
related work and limitation of our work.
7.1 Domain ontologies for design
Among types of ontologies discussed in Section 2.2,
we concentrate on not the task ontology of design
activities but the domain ontology of artifacts to be
designed. On the basis of the conventional device
ontology (de Kleer and Brown 1984, Gruber and
Olsen 1994), we extended it for dealing with the
mechanical domain. Mortenesen (1999) reports on a
negative observation on the applicability of device
ontology to mechanical elements. We gave wider
definition to the concept of “conduit” introduced by de
Kleer and Brown (1984) for the virtual conduit at the
mechanical element level. We define the concept of
“medium” in mechanical domain precisely. As
discussed section 6.1, our refinement of the device
ontology gives the modeller a more detailed guideline
to capturing the target devices.
Although we do not adopt the process ontology in this
paper, our functional concept ontology includes the
flow-based functions that are found in the flow-based
functional modelling approaches (Chittaro et al. 1993,
Lind 94).

In comparison with the work by Horváth et al (1998),
we concentrate on functionality and then categorize
connections among devices according to their
functions, that is, kinds of transmitting force or motion
in the mechanical domain. In this sense, the “conduit”
as conceptualization of connection corresponds to the
nucleus. The Horváth’s group and we are doing
collaborative research on the integrated modelling
scheme based on our ontologies and the nucleus
theory.
7.2 Definition of function
There are quite amount of research on functional
representation (de Kleer 1984, Sembugamoorthy and
Chandrasekaran 1986, Gero 1990, Chandrasekaran et
al. 1993, Chittaro et al. 1993, Lind 1994; Umeda et al.
1996, Bhatta and Goel 1997, Chandrasekaran and
Josephson 2000). We focus on not purpose functionh
but technical functions in the terminology in (Hubka
and Eder 1998, 2001). The features of our definitions
of functional concepts can be summarized as follows;
(1) Detachment the macro-micro relation from
the teleological interpretation,
(2) Detachment the ways of function achievement
from functions themselves.
(3) Operational grounding of designer’s intention
with behaviour, and
(4) Introduction of “meta-functions”.
Concerning the first point, we discriminate between
the macro-micro hierarchy (the is-achieved-by relation
among functions, aggregation relation of functions)
and
the
teleological
interpretation
(the
behaviour-function relation). Lind (1994) emphasizes
this discrimination and calls them the whole-part
relation and the means-ends relation, respectively.
Umeda et al. (1996) also share it with us. Hubka and
Elder (1998, 2001) distinguish “degree of complexity”
from “aims-means” relation. The former corresponds
to our micro-macro relations. The latter is among
design requirements, black box representation of the
Technical Systems (TS), its function structure, its
organ structure, and its component structure. Although
our modelling framework does not include explicit
representation of the design requirements, we focus on
teleological (subjective) interpretation of objective
behaviours. In (Gero and Kannengiesser 2002),
dynamic changes of the design context such as the
requirements are coped with. Andreasen et al. (1996)
identify several structures including not only
“functional oriented structure” but also “product life
oriented structure” for so-called DFX: Design for
“something”.
On the other hand, as pointed out in Section 4.2, in
(Sembugamoorthy and Chandaraseakaran 1986),
functions are defined as a kind of hierarchical
abstraction of behaviour at more microscopic level. In
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the SBF model (Bhatta and Goel 1997), the internal
behaviour means decomposition of behaviour and
functions. Chandrasekaran and Josephson (1996) point
out the importance of implementation-independent
functional models and then propose representation of
function as effect.
The above discrimination helps us to keep the
functional concepts representing “what is achieved” as
the second point. For example, “to weld steel” is not
just a function but a function implying a specific way
of achievement, that is, fusing the target operand.
Such concepts should be decomposed into “joining”
function and “fusion” way.
The is-a hierarchy of the functional concepts in the
functional concept ontology represents abstraction of
teleological interpretation of “what is achieved”. In
(Hubka and Eder 1998), the hierarchy of “degree of
abstraction” of functions represents specialization of
functions with additional conditions. The conditions
sometimes (not always) may include characteristics of
a concrete way of function achievement such as
“transportation by sea”. We detach such conditions
and thus describe them as specific attributes of a way
of function achievement. In our framework, the is-a
hierarchy is organized according to not derivative
features but physical principles of the achievement
(Kitamura and Mizoguchi 2003).
By the third point, we mean that the functional
concepts can be automatically mapped from
behavioural models by additional teleological
information called FTs (Kitamura et al. 2002). Many
“verb+noun”-style functional representations lack
such operationality. For example, standard sets of
verbs (i.e., functional concepts) proposed for value
analysis in (Tejima et al. 1981) have no machine
understandable definition of concepts.
FTs represent designers’ intention including focus on
operands and necessity of operands, and then enable
us to define intention-rich functional concepts. In
some of research (e.g., the SBF model (Bhatta and
Goel 1997)), function is just “intended” behaviour,
thus there is no compositional difference between
behaviour and function. De Kleer defines function as a
causal pattern between variables in his early work on
teleological analysis (de Kleer 1984). In the FBS
model (Umeda et al. 1996), the functional symbol in
natural language in the verb+noun style represents
intention of designers. We try to identify operational
primitives for representing intention. Keuneke (1991)
defines types of functions such as ToMake. Our FTs
include them.
We also introduced a new type called meta-function.
The CPD in CFRL (Vescovi et al. 1993) represents
causal relations among functions. Lind (1994)

categorizes such relations into Connection, Condition
and Achieve. Rieger and Grinberg (1977) identify
“enablement” as a type of the causal relation between
states and action. Hubka and Eder (2001) categorize
the assisting functions into the auxiliary functions, the
propelling functions, the regulating functions and so
on. The meta-functions are results of interpretation of
such causal relations between functions under the role
of the agent function for the target functions without
mention of the operands associated with components.
The consolidation theory (Bylander & Chandrasekaran
1985) tries to capture the general rationales of
consolidation of components. While we share the goal,
their consolidation rules are simpler than ours and
depend heavily on topological relations (e.g., series
and parallel) between the limited behavioural
primitives.
7.3 Ways of function achievement
In design literature such as (Paul and Betiz 1988),
patterns of function achievement so-called design
catalogs can be found. However, they mainly
concentrate on concrete mechanical pairs. In (Gero
1990; Bradshaw and Young 1991; Bhatta and Goel
1997; Umeda et al. 1996), similar ideas to our idea of
way of function achievement for general functions are
discussed. The major differences between the two
include explicit description of “way” and generic
knowledge based on a functional concept ontology.
Firstly, our ways of function achievement are explicit
conceptualization of the feature of achievement such
as theory and phenomena at the behavioural level.
Such functional knowledge is compliant with the
observations found in the research on design processes
(Takeda et al. 1990) in which it is claimed that
function decomposition is not done solely in the
functional space but also by going back and forth
between the functional, behavioural and structural
spaces. Although capturing of feature of function
decomposition is also found in (Malmqvist 97), it is
not generic knowledge but a model specific to a
product. The design prototypes proposed by Gero
(1990) include structural decomposition as well as
function decomposition. In the FBS modelling
framework (Umeda et al. 1996), a function prototype
includes the physical feathers of behaviour realizing
the function as well as generic function decomposition.
Our description of ways tries to maximize its
generality by pointing partial (and abstract)
information of structure and behaviour.
Secondly, our functional knowledge is based on the
functional concept ontology (Kitamura et al. 2002).
Use of generic functional concepts in is-a hierarchies
facilitates reuse of the knowledge in different domains.
In IDEAL in (Bhatta and Goel 1997), generic
teleological mechanisms (GTM) generalized from
case-specific SBF models are used (modified) in
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design for different context based on analogy. In our
approach based on the limited set of functional
concepts, the ways of function achievement for
specific function are organized in the is-a hierarchy.
Designers can explore them in several abstract levels
explicitly.
The TRIZ theory gives some patterns (or strategies) of
inventions based on contradiction between two
physical quantities (Sushkov et al. 1995). We agree on
the importance of cross-domain knowledge which is
pointed out in the TRIZ theory and thus reusability of
functional knowledge is one of our goals. However,
we concentrate not on design strategies but on a
modelling schema of such generic knowledge and the
design target. The TRIZ theory also pays attention on
physical principles (effects), though we make a clear
relationship between physical principle and the
functional structures.
7.4 Limitation and trade-off
The main point of our work is the ontological
approach for the space in functional level. All
conceptual entities in the functional models are
instances of predefined classes in the functional
concept ontology. In other words, the functional
concept ontology specifies the space of functions and
limits it. This approach enables us to avoid ad hoc
modelling and obtain consistent functional models. On
the other hand, it may reduce the freedom of
functional representation in comparison with
hand-written functional models. The cost of modelling
depends on generality (reusability) of functional
concepts defined in the ontology. Currently, we have
defined 274 concepts including intermediate concepts
and duplication of functions on different target
operands. The ontologies have been applied to
modelling of a power plant, an oil refinery plant, a
chemical plant, a washing machine, a printing device,
and manufacturing processes. Their models include
changes of thermal energy, flow rate, and ingredients
of fluid, force and motion of operands. The current
functional concept ontology can describe simple
mechanical products, though it does not cover static
force balancing and complex mechanical phenomena
based on the shape of operands. The modelling
framework currently does not cope with human’s
philological process, movement of human’s body
(so-called therblig in Industrial Engineering), business
processes and software processes.
We cannot claim completeness of the concepts in our
functional concept ontology. Although one might
think that the set of functional concepts is huge, not
the set of function but of the set of ways of function
achievement is very large. In fact, in Value
Engineering research (Tejima et al. 1981), 158 verbs
are proposed as a standard general set for representing
functions of artefact. Although it includes functions

for human sense as well, we concentrate on functions
changing physical attributes.

8. Concluding remarks
We have discussed ontological engineering and its
application to systematization of functional knowledge.
We have shown that the extended device ontology
contributes to consistent model building of artifacts
and knowledge base building sharable across domains
and to explication of the differences of functional
knowledge in different domains which are seemingly
incompatible with each other. The layers of ontologies
thus help us systematize functional knowledge.
Another contribution of this research can be
summarized as a framework of systematization of
design knowledge about function decomposition. The
idea of “way” of function achievement plays a key
concept for systematization.
We
have
advocated
the
importance
of
“Content-oriented” research rather than form-oriented
research that have dominated AI research to date. The
research described in this paper is a result in this
direction. Knowledge processing never loses its
importance and requires more sophisticated treatment
of knowledge rather than inference mechanisms. To
cope with the high demand on advanced knowledge
processing, we need in-depth understanding about the
nature of knowledge and viewpoints to model the
target world, framework of knowledge description
supported by solid foundation of conceptualization,
and so on. Otology engineering for systematizing
knowledge will become more important in the coming
years.
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