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Abstract

This paper proposes an ontology of functional concepts of artifacts,

which provides a rich and well-organized vocabulary for functional
representation. It includes nine types of the roles played by a function

for another function, named meta-functions, such as “to enable” and
“to drive”. They represent interdependence between functions and an
important part of the design rationale of artifacts. It provides vocabu-
lary for explanation to human designers and primitives specifying
functional reasoning space for (re)design systems.



1 Introduction it )
Understanding of functionality is important for human Meta-
understanding of artifacts, because functionality repre- Function
sents a part of the design rationale [Chandrasekaran et~ Laver = : ; System
al., 1993; Lee 1997]. It is required essentially for redes- E@g‘;‘gf"d} Metafunctions ' oriented
ign of existing artifacts in order to consider the intention functions

of the original design [Goel and Chandrasekaran, 1989].
A crucial factor here is such an understanding should be

object-
orjented

Function Wh Achievement

Humans use many functional concepts for explanation
of the same component. For example, we can explain Behavior
functions of a boiler in a power plant in terms of several Layer

. . . L ions
shared by designers and the redesign supporting systems. et ) _ rgation
To enable the sharing, we need a well-defined functional [L,?‘g;ﬁ;%ﬁ%‘;"” @}_ - Rotate shaft
vocabulary comprehensible to both kinds of the agents. under agoal | Proportional i teleo-
Functiay - Relations among functions logical

;4 ective

verbs such asgditve heat to the steam”, thake vaporiza- | changesof '
tion”, “enable the heat-expansion in the turbinelrive | parameters - / whole
rotation of the turbine-shaft” angaértly achieve power- - (aggregation)

generation”. Such functional concepts should be defined et /
with explicit relations to the physical behavior which the Structure / | ant |} hierar o
reasoning systems can deal with. The crucial issue here .

not to assign the correct English labels to the conce@%’g{gggaﬂ pump [ boller [ ygrca{ turbine 7 generator
but to articulate such concepts and discriminate them. Components _connections ?ﬂimmmgron)
Furthermore, each of them captures a different aspe Figure 1: The four layers of an example model
of the target system. In those examples, although the fir
two refer only the boiler itself, the rest refer other func- This paper proposes an ontology of functional concepts
tions of other components. The latter represent the def artifacts, which provides a rich vocabulary for func-
pendency among functions of components, and hence afienal representation including the dependency among
important to represent the justification of the existence ofunctions. An ontology is defined as an explicit specifi-
the function, i.e., the design rationales. Characterizatiogation of conceptualization [Gruber 1993] and theory of a
of such categories of functional concepts is needed tgrimitive vocabulary for knowledge-based systems
establish a common vocabulary. [Mizoguchi and lkeda, 1997]. The functional concepts in
A lot of research has been carried out on functionabur ontology are categorized into four spaces, which are
representation of artifacts. Almost all functional modelsorganized inis-a or part-of hierarchy. They are clearly
in the conventional research, however, are specific to thgefined by conditions of behavior and the additional in-
target system. While there are a few generic functionaformation for teleological interpretation.
concepts [Keuneke, 1991; Lind, 1994], they are not well We also propose a new category of functional concepts
organized in, say, is-a hierarchy. namedmeta-function in order to represent dependency
On the other hand, in Value Engineering researctimong function. A meta-function represents a role played
[Miles, 1961], standard sets of verbs (i.e., functional conpy a function for another function in order to make the
cepts) for value analysis of artifacts are proposed [Tejimahole system work collaboratively. We have defined
et al., 1981]. It enables the human designers to share deine types of them such as “to enable” and “to drive”.
scriptions of functions of the target artifacts. However, Explicit conceptualization of domain knowledge as
they are designed only for humans, and there is no mantologies helps several problem solving [Abu-Hanna
chine understandable definition of concepts. and Jansweijer, 1994; Boret al., 1997]. We will men-
Furthermore, because the conventional research faton utility of our ontology in explanation and redesign.
cuses on abstraction of behavior of components [Umeda Firstly, we describe the layers of a model and intro-
et al., 1990; Lind, 1994; Sasajimet al., 1995] or hierar- duce the meta-function layer. Next, the ontology of func-
chical abstraction of behavior [Sembugamoorthy andional concepts is discussed. Section 4 mentions the util-
Chandrasekaran, 1986; Vescaial., 1993], the depen- ity of the ontology. Section 5 discusses the contribution
dency among functions such as “to enable” and “to drive'of this work by comparison with the related work. Sec-
in those examples has been left unknown. We have exion 6 describes the limitations of the ontology.
tended a representation language of behavior and func-
tions of components named FBRL [Sasajiehal., 1995] 2 Structure, behavior, function and
in order to cope with such dependency. meta-function

N _ _ . This section overviews the general structure of our
We donot clathmt:;ﬁppropnatTe;s_of gellagﬁsshowmnthus modeling scheme using a part of the model of a power
paper, because the authors are not native English speakers. plant shown in Figure 1 an example. There are three axes.



The vertical one has four layers. The layers of structure,
behavior and function are similar to those proposed in
literature such as [Lind, 1994]. The meta-function layer
is introduced here. The horizontal axis represents rela-
tions among entities of the same grain size. The last axis
to the depth represents the grain size of the entities. An
entity is a part of deeper one. In each layer, there is a
whole-part hierarchy.

Structure layer and Behavior layer. The structure
layer describes topological structure of the artifact. We
adopt the device-oriented ontology [de Kleer 1984]. It
describes the existence of components, physical connec-
tions among them, and a structural hierarchy. The be-
havior layer represents changes of parameter values of
entities over time. The horizontal relations represent cau-
sal relations among parameters. The whole-part relations
represent hierarchical abstractions of behavior.

Function layer. A function of a component is defined
as a result of interpretation of a behavior of the compo-
nent under an intended goal [Sasgjima et al., 1995]. The

should be local. In comparison with the meta-functions,
we call the functionbase functions.

A behavior can be interpreted from object-related as-
pect (called object functions), energy-related aspect
(called energy functions) or information-related aspect
(called information functions). For example, the object
function and the energy function of a turbine are “to ro-
tate the shaft” and “to generate kinetic energy”, respec-
tively.

Figure 2a shows the energy base functions organized in
an is-a hierarchy with clues of classification. A base
function is defined by conditions of behavior and the in-
formation for its interpretation called Functional Top-
pings (FTs) of the functional modeling language FBRL
(abbreviation of a Function and Behavior Representation
Language) [Sasajimet al., 1995]. There are three types
of the functional toppings; (1)O-Focus representing focus
on attributes of objects, (2)P-Focus representing focus on
ports (interaction to neighboring components), and
(3)Necessity of objects.

functions of the boiler includes “to vaporize water” and For example, a base function “to take energy” is de-
“to give heat to water” as shown in Figure 1. The hori-fined as “an energy flow between two mediums” (a be-
zontal relations among functions are causal or structurahavioral condition), and “focus on the source medium of
The causal-type relations are categorized into some suthe transfer” (functional toppings). Moreover, the defini-
types such as proportional and conditional according ttion of “to remove” is that of “to take” plus “the heat is
causal relations among parameters that functions focusnecessary”. Thus, “to take” is a general (super) con-
on. The former represents that a parameter value has preept of “to remove” as shown in Figure 2a.
portional relation with another parameter. The latter rep- Note that definition of base function using FTs is
resents the case where the condition is discrete such hgghly independent of itsmplementation by which we
the condition that the phase of the steam has to be gas forean that details of behavior and internal structure of the
a turbine. On the other hand, the structural-type relationsomponent. For example, P-Focus specifies not concrete
are categorized into subtypes such as series, parallel, deeation but abstract interaction with the neighboring
guential, simultaneous and feedback. The whole-part recomponents. The implementation is represented by the
lations represent that the whole functions are achieved hyays of achievement discussed in section 3.4.
groups of sub-functions (called achievement relations). )

Meta-Function layer. The meta-function layer de- 3.2 Function Types
scribes the roles .Of each function for anoth_er fUﬂCtiOfTrhe function types represent the types of goa| achieved
(called meta-functions) and the types of functions (calledy the function [Keuneke, 1991]. We have redefined the
function types), while other three layers are concerneginction type as “ToMake”, “ToMaintain”, and “To-
with existence or changes of objects. For example, thgiold”. For example, consider two components, an air-
“to vaporize” function of the boiler is said to be ToMake- conditioner (as a heating device) and a heater, having the
type and to perform a meta-function “to enable” for thesame function “to give heat”. The former keeps the goal
“to rotate” function of the turbine according to the defi- temperature of a room. The latter does not. These are said
nition shown in Section 3.3. On the other hand, anothefp be “ToMaintain” and “ToMake”, respectively. We may
function “to give heat” is said to perform a different say that the object words of these verbs are the base
meta-function “to drive” for the same “to rotate”. functions of components.

3 Ontology of functional concepts 3.3 Meta-Functions

The ontology of the functional concepts consists of thd he meta-functions (denoted hy) represent a role of a
four spaces as shown in Figure 2. base function called an agent functioig) for another

base function called objective functioffi))( Figure 3
shows examples of the meta-functionsf{...mf;} in a

A function of a component can be represented by a trar'?‘irm:)rl](.e rrT]\c_)deI ofba power platntf(palr)t)_.Ithe that t:tgufrna—
sitive verb of which grammatical subject is the compo—cew ICN 1S a Sub-component of a boIler 1S Separ rom

nent and of which grammatical objects are the entitieéh?/\l/)g':gvaesg;;ﬁ]at edeﬁﬁga::?neé {or ;X%?nr?égjfunctions as
coming in and going out of the component. Although a yp

function depends on the context, the description itselpOWn in Figure 2c and Table 1. Table 1 shows the ne-
cessary conditions for the meta-functions of relations

3.1 Base Functions



among functions (discussed in Section 2) and behavior of Object/ | Manda-| Typeof |Materid| Con-
the parameter on which f, focused in the f, : Energy | tory | relation sumption

Provide * O * 0 *
To Provide (provider role) Drive Energy ] Proportional ] O
When a function f, generates (or transfers) the materials Enable * 0 Conditional N O
which another function f, intentionally processes, the Improve * . Proportional * *
function f, is said to perform the meta-function “to Enhance | Energy | U | Proportional |  * *
provide material” for the functioff,. The material of, (Legends: /7 must be, 7 must not, * don't care)

can be defined as input objects (or energy) which will be Taple 1: The necessary conditions of the meta-functions (part)
a part of the output objects on which the functfprio-

cuses. For example, the “to transfer water” function ofr 5 Enable (enabler role)
the pump has the meta-function “to provide” for the “to
vaporize” function of the boiler (sedf, in Figure 3).

When whatf, focuses on is energy (i.d.,is an energy

This meta-function is used for representing a condition
playing a crucial role irf, except “to provide” and “to

function), the source energy of the output energy is callegr'\./e" (see T"’.‘ble 1). For examplga, becal_Jse the steam of
material energy. For example, the “to generate heat’ which phase is gas plays a crucial role in occurrence of

function of the burner has the meta-function “to provideth€ h€at-expansion process in the turbine and the phase is
for the “to give heat’ function of the boiler (sed,) neither material of rotation nor the consumed energy, the

because the combustion gas carries the heat energy. |

{9 vaporiz.e" function of the boiler is said to have t_he
general, energy functions have the meta-function “to prometa—funcnon to enable” (sawfs). On the other hand, it
vide” for other energy functions such i, andmf,,.

performs different meta-function “to provide” for the “to
condense” function of the condenser (sefg), because
To Drive (driver role) the functions focus on the same phase parameter.

We call such non-material energy that essentially causegsy a|jow and To Prevent

the internal process of the functidpand then is con- These two meta-functions are concerned with the unde
sumed by the process asiving energy. The function . . ’ . . ; )
y b 9 9y rable side effects of functions. A functidp having

which generates or transfers such a driving energy is saii'2°! . . .
to havg the meta-function “to drivig’. For egamplgythe positive effects on the side effect of a functignis said
“to give heat’ function of the boiler has the meta-t0 have a meta-function “to allow the side-effects gt

function “to drive” for the “to rotate” function of the tur- _1he “undesirable side effect” is defined in a relation

bine (seenf,), because the heat energy is not material ofith another functiorf,, or the whole system. If a serious

revolution of the shaft and is consumed by the rotation. rouble (e.g., faults) is caused in a functign when a
On the other hand, for “to generate kinetic energy”, théunctlonfa is not gchleved, the functmfgls sald to have

same function performs not “to drive” but “to provide” a meta-function “to prevent malfunction ©f". For ex-

(seem,,), because the heat energy is material of the kiample, the “super-heat” function of the boiler prevents

netic energy. In general, the “to drive” is a role of an en_malfunction of the turbinen(f;), because the steam of

ergy function for an object function. low temperature would damage the turbine blade. In gen-

Meta-functions
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Figure 2: The four spaces of the ontology of functional concepts (part)



eral, amost all f, performing “to allow” for f,, also have Note that Figure 2d shows is-achieved-by (whole-part)
a meta-function “to prevent” for the functidg. relations among the functional concepts in OR relation-
ship, while Figure 2a shows is-a relations as the defini-

To Improve and .To Enhance ) o tions of them, which are independent of “how to realize
These meta-functions represaptional contribution for  them.

f,, The discrimination between “to improve” and “to en-

hance” is made by increment of the amount of the inpu4., Utility of the Functional Ontology

energy. For example, the “to keep low pressure” of therq heip or ganize domain knowledge. The ontology can

condenser contributes to the efficiency of the “to rotate’, o, the modeler to describe a model of a concrete sys-

function (seemf,;) without increment of input energy. On (e yith the classes of entities and the constraints among

the other hand, the “to super-heat” function of the boiler, ey a5 discussed in [Abu-Hanna and Jansweijer, 1994].

optionally increases the amount of the input enengfy)( To provide vocabulary for explanation. We have

To Control (controller role) devel_oped an explanation gene_ration system base_q on this

functional framework (partly discussed in [Sasajieta

al., 1995]). It has been successfully applied to a simple
odel of a power plant and a concrete chemical plant.

flow of the combustion gas for the boiler in order to he explanation Qf the latter 1S verified by domain ex-
maintain the amount of flow of the steam. It is said toperts. It can provide expla}natlons at several _abstract|on
have the meta-function “to control” for the “to vaporize” '€V€lS in terms of well-defined sharable functional con-
function of the boiler (not shown in Figure 3). Although cepts and thus facilitate to sh.are the understanding of the
the base function of the control valve from the aspect Oprget systems by _human designers.

To explain rationales as a system. The meta-

the information flow is also represented by the sam . - ; .

word “to control”, the meanings are different. The func- unctions are used for explaining ra§|onalgs of organiza-

tion type of a macro component which consists of thdio" ©f the target system from the viewpoint of the sys-

boiler and the control valve is called to be “ToMaintain”. (M €ngineering without mention of changes of entities
specific to the target system, that is, what types of col-

3.4 Ways of achievement laboration with other functions are done by the functions
in order to make the whole system work.

To specify reasoning space for (re)design. Currently,

When a functionf, regularizes the behavior df, its
meta-function is said to be “to contrfyl. For example,
consider a control valve which changes the amount

A function of f,can be achieved by the different groups

of sub-functions. We call a group of sub-functiofis {.  he investigation on a redesign system to propose im-

f.} constrained by the relations among them (such ag, o ements of existing artifacts is in progress on the ba-
meta-functions)a functional method of an achievement ;s of this functional framework [Kitamuret al., 1998].

of f,. On the other hand, we call the basis of the method general, functional representation enables the
functional way. The way is the result of conceptualization (r¢)design system to reason at the functional level as dis-
of the physmal law, the intended phenomena, the featurg,ssed in a rich literature (e.g., [Bradshaw and Young,
of p.hy3|cal structure, or components qsed. B . 1991; Goel and Chandrasekaran, 1989; Hodges, 1992;
Figure 2d shows some ways of achievement of “t0 giVspata and Goel, 1997]). The ontology provides us a
heat to an object”, which are described in terms of CONgomprehensive vocabulary for design knowledge and
cepts in other three spaces. There are two ways, that igecifies the reasoning space. For example, as discussed
the external and internal heat source ways. Acco_rdlng tR [Hodges, 1992], the design system can select a compo-
theb ?Xtemal heﬁt—sgurﬁze way, It I r(}iecczmpc(;s‘(‘ad Into thﬂent suitable to realize a function from the component
sub-functions, that Is, "to generate heat” and "to ransfef, oy indexed in terms of the systematized functional
heat”. The former should perform the meta-function toconcepts in the ontology
provide” for the latter. In the figure, the latter function . enable redesign with consideration of dependen-
can be decomposed according to ‘radiation way” Ofy among functions. The meta-functions enable us to

conduction way". capture the dependency among functions at an abstraction
Bum Boiler (heat exchanger) Turbine Condenser
mf Mfs Conditional -
Transfer Condiond_ Vaporize |[Enable)--3- -t Rotate shaft Condmonal »
water water B provideSeeSveeeateafocfodosesseeereanseaneenss o
-, Generate L Make
kinetic energy low pressure
Furnace hSupgr-
eating _
Generate L egend:
Give :
Proportional heat agent _meta, b ective -
function function fur]u:tion

Figure 3: Meta-functionsin a power plant (part)



level. As a way of the dependency management [Lee,
1997], the model of dependency among functions in
terms of meta-functions enables the redesign system to
propose drastic improvements of an existing artifact with
consideration of such dependency in the original design.

To enable automatic identification of functional
structure. Our design system includes a functional un-
derstanding module which automatically identifies plau-
sible functional structures from the given structural and
behavioral models [Kitamura and Mizoguchi, 1998]. Alt-
hough the functional understanding task is in principle
difficult because the search space of function is huge, the
ontology plays a role to limit the search space. The on-
tology provides such primitives in the functional space
that are targets in the mapping, and screens out meanin-
gless functional interpretations. The functional under-
standing plays a role to reveal the dependency among
functions of the given artifacts.

5. Related Work and Discussion

The functions in [de Kleer, 1984; Umeda et al., 1990;
Lind, 1994; Sasgjima et al., 1995; Chandrasekaran and
Josephson, 1996] represent abstracted behavior of com-
ponents and are defined as base functions in our frame-
work. The meta-function represents a role for another
function without mention of changes of incoming or out-
going objects of components and hence is totally differ-
ent from such base functions.

In [Sembugamoorthy and Chandrasekaran, 1986;
Vescovi et al., 1993], function is defined as a kind of
hierarchical abstraction of behavior. It corresponds to the
is-achieved-by relations among functions in our frame-
work. The consolidation theory [Bylander and Chandra-
sekaran, 1985] tries to capture the general patterns of
aggregation of the system. In aliterature on design, many
general “patterns” of synthesis are proposed (e.g., [Br

shaw and Young, 1991; Bhatta and Goel, 1997]). Ouf
general ways of achievement, however, explicitly repr
sent the feature of achievement such as theory and ph
nomena. The importance of such key concepts in desi
is pointed out in [Takedat al., 1990]. They enable the
redesign system to facilitate the smooth interaction b

tween models at the structural and functional levels.

e_

jective function contributed to or to be controlled. Our
other functional type “ToHold” is similar to “ToAllow”
identified in [Bonnet, 1992].

In [Hodges, 1992; Borstt al., 1997], the sets of
“primitives of behavior” are proposed. Lind identifies a
few general functions such as “storage of energy” which
are categorized into multiple levels [Lind, 1994]. We
added more intention-rich concepts such as “remove”
with unnecessary intention to the set of the base func-
tions and organized in is-a and part-of hierarchy. Fur-
thermore, we identify some types of the meta-functions.

6. Limitations

Generality: Currently, our ontology is designed for such
a system that has something flowing among components
which carries the energy. It has been successfully applied
to modeling and explanation generation of a power plant,
a chemical plant, and a manufacturing process. Their
models share many functional concepts except those
specific to the chemical domain such as “react”. The on-
tology currently does not cover mechanical phenomena.
Completeness and Naturalness. We do not claim
completeness of the set of concepts. Note that we define
precisely the meaning of concepts for discrimination. The
definitions may narrow than those we use in the natural
language, because we tend to use them confusedly.
Meta-functions in the achievement relations. The
meta-functions discussed in this paper are concerned with
dependency among functions of the same grain-size. That
among functions of the achievement relations in the dif-
ferent grain-size is under consideration.

7. Summary
We proposed an ontology of functional concepts includ-

ading the meta-functions, aiming at a common vocabulary

omprehensible to human designers and a redesign sup-

eborting system. Although our ontology is not formally
g%(_afined in terms of the logic such as Ontolingua [Gruber,

093], we have defined clearly the meaning of functional
concepts using the mapping primitives to the behavior
called FTs. Such definitions enable the redesign sup-
porting system to facilitate the smooth interaction be-
tween models at the structural and functional levels. We

The CPD in CFRL [Vescovet al., 1993] represents e
causal relations among functions which correspond t@'€ currently designing a language named FBRLII sup-
relation among functions on the function layer in ourPOrted by this functional ontology.
framework. Lind categorizes such relations into Connec-
tion, Condition and Achieve [Lind, 1994]. Rieger identi- References
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