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Abstract. This article discusses automatic identifications of functional struc-
tures of artifacts from given behavioral models of components and their connec-
tion information (called functional understanding). We propose an ontology of
functional concepts which provides a rich vocabulary representing functions to-
gether with clear definitions grounded on behavior. The ontology enables the
understanding system to limit the search space at functional level and to screen
out meaningless interpretations. Furthermore, the ontology includes a new cate-
gory of functional concepts named meta-function representing conceptual cate-
gories of relationship between functions. It plays a crucial role in consolidation
of functions to give criteria of grouping functions, that is, identity of consoli-
dated functions. It enables the understanding system to generate such functional
hierarchies that do not correspond to physical structure.

1. Introduction

Functionality of artifacts represents a part of the design rationale, while structure and
behavior do not show it [1,2]. Thus, a lot of research has been carried out on func-
tional representation of artifacts such as [3,4,5,6,7,8]. A functional structure of an
artifact generally consists of functions of components and a whole-part (aggregation)
hierarchy of functions which correspond to a function of the whole system or those of
subsystems [5,9]. It is essential for redesign of an existing artifact to understand its
functional structure in order to consider the intention of the original design [9,10].
Moreover, the functional hierarchy is useful to diagnose artifacts efficiently [11,12].

Our goal here is to identify functional structures automatically from given behav-
ioral models of components and their connection information, called functional un-
derstanding task. We focus on two problems here. One is how to limit the search
space at the functional level, because human uses a large number of verbs representing
functions (we call them functional concepts) without their operational definitions as
discussed in Value Engineering research [13,14]. Nevertheless, almost all of func-
tional models such as those in [1,4,6] are specific to the target system, and thus only a
few generic functional concepts have been proposed [5,7,9]. We need a rich vocabu-
lary of functional concepts with operational definitions in order to limit the search
space and give constraints on the functional structures.



The other problem is identity of functions in the functional hierarchy. As pointed
out in [5,15], the identity of the component from the viewpoint of function in the func-
tional hierarchies is different from that from the structural (or topological) viewpoint.
Then, when the understanding system consolidates (aggregates) functions of compo-
nents into a super-function and then generates a functional hierarchy, the identification
of functional groups of the given structural components is one of the crucial issues.
Nevertheless, although functions of components [3,4,5,7] and causal relations among
components at behavioral level [6,7] have been investigated, little is known concern-
ing the relationship between functions. This is one of the reasons why the conven-
tional functional understanding systems [3,12,15,16] generate such functional hierar-
chies that correspond to structure and topology. We need sophisticated conceptualiza-
tion (categories) at the functional level of causal relations in order to give criteria for
grouping functions and identity of consolidated functions in functional hierarchy.

We have been tackling these issues on the basis of Ontological Engineering [17],
aiming at explicit specification of conceptualization of functional concepts. We iden-
tify an ontology of functional concepts of artifacts, which provides a rich vocabulary
for functional representation. The ontology plays a role to limit the search space in
functional understanding and to screen out meaningless functional interpretations. The
ontology includes a new category of functional concepts named meta-function in order
to represent conceptual categories of relationship (interdependence) between functions
of components. It plays a crucial role in consolidation of functions to give criteria of
grouping functions.

In this article we firstly overview the ontology of functional concepts. Section 3 de-
scribes the process of functional understanding. The contribution of this work by com-
parison with the related work is also discussed.

2. Ontology of Functional Concepts

The ontology of the functional concepts is designed to provide a rich and comprehen-
sive vocabulary for both human and knowledge-based systems. It consists of the four
spaces as shown in Fig. 1.

2.1 Base-functions

A base-function of a component is defined as a result of interpretation of a behavior of
the component under an intended goal [8]. Fig. la shows the energy-related base-
functions organized in an is-a hierarchy with clues of classification. A base function is
defined by conditions of behavior and the information for its interpretation called
Functional Toppings (FTs) of the functional modeling language FBRL (abbreviation
of a Function and Behavior Representation Language) [8]. 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. For example, a base-function “to take energy” is defined as
“an energy flow between two mediums” (a behavioral condition), and “focus on the
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Fig. 1. The ontology of functional concepts (part)

source medium of the transfer” (functional toppings). The definition of “to remove” as
a its specialized function is that of “to take” plus “the heat is unnecessary”. Note that
such definition using FTs is highly independent of its realization, that is, the details of
behavior and internal structure of the component.

The ways of achievement represent such realization at the functional level, that is,
“is-achieved-by” (whole-part) relation between the base-functions so-called functional
decomposition [4,9,18]. We also explicated the background knowledge of the func-
tional decomposition such as the physical law and the intended phenomena (we call it
a way of achievement). Fig. 1b shows some ways of achievement of “to heat an ob-
ject” in OR relationship, which are described in terms of concepts in other three
spaces. For example, the external heat-source way implies a feature of structure; the
location of heat generation is different from the target object.

2.2 Function Types and Meta-functions

The function types represent the types of goal achieved by the function [5]. Keuneke
proposes some function types including “ToPrevent” which represents to “keep a
system out of an undesirable state of objects” [5]. However, because it focuses on
changes of objects associated with the component, the objective of the function is
implicit, that is, another function would be affected by the state. Therefore, we rede-
fined the function type as “ToMake”, “ToMaintain”, and “ToHold”[19] and redefined
“ToPrevent” as a kind of a meta-function as below.

The meta-functions (denoted by mf) represent a role of a base function called an
agent function (f;) for another base function called a target function (f;) [20]. A meta-
function is concerned not with changes of objects of these components but with func-



tions of the components, while other two kinds of functional concepts are concerned
with existence or changes of objects. We have defined the eight types of meta-
functions as shown in Fig. 1d (an is-a hierarchy). We begin definition of meta-
functions with the condition where there is a causal relation from the focused parame-
ter of f, to that of f,. If the goal of f;is not satisfied when f; is not achieved, the f; is said
to have a mandatory contribution for the f,. Although we can intuitively say that f, has
a ToEnable meta-function for f; in such a case, the authors define a narrower meaning
of ToEnable by excepting the cases of ToProvide and ToDrive as follows.

Firstly, when a function f, generates such an object (or energy) that will be a part of
the focused entity of f; (called material), the function is said to perform a meta-
function “to provide material” for f;. When a function f, generates or transfers such an
energy that intentionally consumed by f; (called driving energy), the function is said to
have the meta-function “to drive f;”. Lastly, ToEnable meta-function is used for chang-
ing a necessary condition for f; excepting the cases of ToProvide and ToDrive. What
we mean by this weak definition is that the conditions such as the existence of the
material and that of the driving energy are too obvious to be said to enable a function.

Furthermore, a function f, having positive effects on the undesirable side effect of a
function f;; is said to have a meta-function “to allow the side-effects of f;;”. On the
other hand, if a serious trouble (e.g., faults) is caused in a function f;, when a function
/. 1s not achieved, the function f; is said to have a meta-function “to prevent malfunc-
tion of f;,”. The details of definitions and examples are shown in [20].

2.3 Application Domains and Assumptions of the Ontology

Up to now we have defined about one hundred and ten base-functions, three function
types, eight meta-functions, and about one hundred ways of thirty base-functions. We
do not claim completeness of the set of concepts. Note that we define precisely the
meaning of concepts for discrimination. The definitions may be narrower than those
we use in natural language, because we tend to use them confusingly. The ontology is
applied to modeling of a power plant, an oil refinery, a chemical plant, and manufac-
turing processes [20]. The models in the all applications share many functional con-
cepts except those specific to the chemical domain such as “react”. Currently, our
ontology assumes the existence of something flowing (or transferred) among compo-
nents which carries energy (called objects) on the basis of the device ontology. Then,
it covers functions in fluid-related plants and does not cover mechanical phenomena.
An investigation on functional concepts in different domains is in progress.

3. Functional Understanding

The functional understanding problem is to identify functional structures of an artifact
from the given behavioral models of components and connection information. The
process of understanding shown in Fig. 2 consists of the following three steps; behav-
ior-function mapping, identification of meta-functions among base-functions, and
consolidation of functions to build functional hierarchies as discussed below.
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Fig. 2. Three steps of functional understanding
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Fig. 3. Behavior-function mapping of a boiler

3.1 Behavior-Function Mapping

Firstly, the understanding system exhaustively generates candidates of base-functions
to be performed by each component context-independently. It is enabled by FTs, be-
cause FTs can specify mapping from behavior to function and possible values of each
FT for a behavioral model are limited. For example, in the case of the boiler shown in
Fig. 3, the system generates a functional interpretation f; which consists of O-Focus on
the “phase” parameter and P-Focus on the inlet water and the outlet steam.

Then, the understanding system screens out meaningless ones by matching them
with the base-functions in the ontology. Such functional interpretations that match
with no concept in the ontology are screened out as a meaningless interpretation as-
suming the completeness of the ontology in the functional space. In Fig. 3, the func-
tional interpretation f; is successfully matched with a functional concept “vaporize”.
In contrast, f; is screened out as a meaningless interpretation. Although many candi-
dates of the functional interpretations remain, plausible functional interpretations are
identified by the following steps.
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3.2 Identifying Meta-functions

Secondly, the understanding system identifies meta-functions between a pair of gener-
ated base-functions using a qualitative reasoning engine for checking causal relations
and a diagnostic engine for predicting unintended phenomena. The identification algo-
rithm is described in [20]. For example, imagine that we are given to generate heat”
function of the furnace and “to vaporize water” function of the boiler in Fig. 4. Firstly,
causal relations between the functions are checked. Because there is a mandatory
causal relation from the focused parameter of the heat generation (the amount of the
heat energy of the combustion gas) to the focused parameter of the vaporization (the
amount of the steam), then the heat generation is the agent function and the vaporiza-
tion is the target function. Next, the conditions of meta-functions are checked. Be-
cause the heat energy generated by the furnace is not material (part of) the steam but is
consumed by the boiler (i.e., the amount of the energy is reduced) for generating the
steam, the meta-function between them is ToDrive (mf;in Fig. 4).

On the other hand, because the steam of which phase is gas is a necessary condition
of the “to rotate” function of the turbine and the phase is neither material of rotation
nor the consumed energy, the “to vaporize” function of the boiler is said to have a
meta-function ToEnable (see mf5).

According to identified meta-functions, the understanding system deletes such
meaningless functional interpretations that do not contribute to any others. In the ex-
ample, the functional interpretation f, “remove heat” of the boiler shown in Fig.3 is
deleted. It represents reduction of heat energy of the combustion gas, which is mean-
ingless in the power plant.

3.3 Consolidation of Base-functions

Lastly, the base-functions generated in the behavior-function mapping are consoli-
dated (aggregated) into super-functions (as a function of a subsystem or the whole
system). Then, functional hierarchies are generated basically in a bottom-up manner.
If the function of the whole system is not given, some whole functions could be in-
ferred. Such top-most functions that do not have effects to the outside of the system,
however, can be rejected according to the assumption of goals of artifacts.




Table 1. Heuristics for generating functional hierarchies

A: Functional concepts heuristics (mandatory)

*  Al:Super-function heuristic. Given a viewpoint
for recognition, there always exists a super-
function for a functional group.

e A2:Causal relation conservation heuristic. The
causal relations among parameters are conserved
in generating functional hierarchies.

B: Preference heuristics (mandatory)

e Bl:Serial heuristic. In serial functions, the system
can consolidate functions in the head of chains.

e B2:Simultaneous heuristic. In functional groups
which have parallel-type relations, the system can
firstly consolidate simultaneous functions.

e B3:Causal relations heuristic. The super-function
made from sub-functions which have many causal
relations is preferred.

e B4: Meta-function preference heuristics. (B4a)
ToDrive represents more cohesive relation than
that of ToProvide to any f;. (B4b)ToEnable and
ToPrevent are preferred because they are more
specific than others.

: Hierarchical knowledge heuristics (alternative)

e HI: Ways of achievement heuristic. Functional
hierarchies are generated according to the prede-
fined knowledge of ways of achievement.

.

X:

H2: Meta-functions heuristic. Functional hierar-
chies are generated according to the meta-functions
among base-functions. The main function accord-
ing to meta-functions is interpreted as a super-
function.

Preference heuristics (optional)

.

*  X2:Causal-relations-first heuristic.

* X3:Coverage-first

X1:Parallel-first heuristic. Such functional groups
that have parallel-type relations are preferred.

Such func-
tional groups that have causal relations are pre-
ferred.

heuristic.  Such functional
groups that have many functions are preferred.

: Grouping heuristics (optional)

Y1:Structural groups heuristic. The component of
the functions in a functional group should be the
same.

Y2:Energy-groups heuristic. The energy which the
function focuses on should be the same.

Y3:Medium-groups heuristic. The medium which
the function focuses on should be the same.

Y4:Attribute-groups heuristic. The type of func-
tional parameters should be the same.

Y5:Meta-function-groups heuristic. The groups are
made according to meta-functions.

As discussed in the introduction, the crucial issues are the grouping of the base-

functions and selecting super-functions from the candidates. Our approach is based on
heuristics and meta-functions. We have identified 16 heuristics shown in Table 1 for
grouping of functions (category Y. We call them grouping heuristics), knowledge
source of super-functions (category H. hierarchical knowledge heuristics) and select-
ing a super-function from candidates (category A, B and X. preference heuristics).

Application of the heuristics in category H, X and Y can be specified by users,
which enables the system to generate various functional hierarchies. The heuristics in
the category H specify the knowledge for generating super-functions, that is, either the
ways of achievement shown in Fig. 1b (HI) or the meta-functions among base-
functions as discussed later (H2). The user can select a kind of knowledge alterna-
tively. The heuristics in the category X determine preferences of groups of functions,
that is, which groups of functions should be firstly consolidated into a super-function.
The users can specify the order of applying the heuristics (or not apply the heuristics).
For example, when a user specifies that the X/:parallel-first heuristic are preferred
than the X2:causal-relations-first heuristic (denoted by X7/>X2), functions in parallel-
type relations are firstly consolidated, and then those in causal-type relations are con-
solidated. It means that additional functions will be integrated into the hierarchy.

The heuristics in the category Y specify the condition for grouping the functions.
The users can specify the order of relaxing them (or not apply the heuristics). The
understanding system firstly makes the groups of given base-functions according to
the all criteria of the category Y specified by users, and then consolidates them into
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super-functions according to the user-specified heuristics in H and X and all heuristics
in A and B. When there is no functional group to be interpreted, one of the heuristics
in the category Y is relaxed according to the specified order. Then new functional
groups are made, and then functions in them are consolidated.

On the other hand, those in category A and B represent working assumptions of the
system and thus are always applied. For example, B/:serial heuristic reflects humans
understanding way based on the temporal order. B3:causal relations heuristic repre-
sents a preference of super-functions supported by many causal relations.

Meta-functions play a crucial role in consolidation. Firstly, because each type of
meta-functions has own strength to make the functional groups, the grouping and
selecting can be done according to the types of the meta-functions among them as well
as causal relations and structural relations (e.g., serial, parallel, and simultaneous). It
is implemented as Y5 heuristic in Table 1 for generating groups according to meta-
functions and B4 heuristic for giving strength (i.e., preference) of each meta-functions
for the case that some meta-functions contribute to the same target function.

Meta-functions also indicate a main function in the functional group which other
functions contribute to. Because the whole function of a functional group can be equal
to such a main function, the understanding system can generate a super-function which
is equal to the main function (although the target objects of functions are different).
According to H2 heuristic representing this, the super-functions can be generated
without the predefined aggregation patterns of functions such as [3,16,18] and our
ways of achievements shown in Fig. 1b in the case of H/ heuristic.

3.4 Examples of the Consolidation

Fig. 5 shows an example of the functional hierarchy of the power plant shown in Fig.
4, which is generated according to meta-functions among base-functions (the heuris-
tics setting is H2 and Y5). Firstly, “to generate heat” and “to vaporize” having To-
Drive meta-function are consolidated into a super-function “to vaporize water”, before
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the pair of “transfer water” and “to vaporize” having ToProvide is consolidated ac-
cording to B4a heuristic. In the case of “to rotate shaft” which is the target function of
three meta-functions, ’to generate dry steam” is interpreted earlier than “to heat wa-
ter” because ToEnable and ToPrevent are more specific than others (B4b heuristic).

Fig. 6 shows another example according to another heuristics setting without using
meta-functions. In this case, the super-functions are generated according to the knowl-
edge base of ways of achievement of function shown in Fig. 1b. Firstly, the system
makes the functional groups such as the functions changing pressure-type parameters
(fg; in Fig. 6) according to the specified grouping heuristics Y4, that is, groups made
by kinds of parameters. Next, in the functional group fg,, the external heat-source way
of “to heat” in Fig. 1b matches “to generate heat” and “to give heat”, then they are
consolidated into a super-function “to heat”. After functions in other functional groups
are consolidated into each super-function, the groups are relaxed and then these con-
solidated functions are consolidated into a super-function “to rotate shaft” according
to the adiabatic expansion way.

When the user changes the order of applying the heuristics or relaxing, the different
functional hierarchies are generated. The user’s specification of heuristics can be
viewed as a viewpoint for recognition of the target system, and the generated hierar-
chy reflects the viewpoint. These functional hierarchies are very different from each
other. While the first one (Fig. 5) represents how to obtain the driving energy and how
to convert the heat energy to kinetic energy, the second one (Fig. 6) represents condi-
tions for kinds of parameters. Some other hierarchies are shown in [19].

4. Related Work and Discussion

Ontology of Functional Concepts

Some sets of “primitives of behavior” are proposed in [7,9,12,21]. We added more
intention-rich concepts such as “remove” with unnecessary intention and organized in
is-a and part-of hierarchy. In Value Engineering research [13], standard sets of verbs
(i.e., functional concepts) for value analysis of artifacts are proposed [14]. There is,
however, no machine understandable definition of concepts.



We also identify a new category called a meta-function. The CPD in CFRL [6]
represents causal relations among functions. Lind categorizes such relations into Con-
nection, Condition and Achieve [7]. 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 objects associated with components.

Functional Understanding

The teleological analysis in the de Kleer’s work [3] identifies “function” of devices
from results of qualitative simulation (i.e., behavior), which is a pioneer work of func-
tional understanding task. Function is, however, defined (and identified) as a causal
direction of parameters in his work, while our functional understanding can identify
intention-rich concepts in the is-a hierarchy. Moreover, his process of aggregation
(called “parsing”) is done by some substitution rules according to the topology of the
circuits. We decompose it into two phases, that is, identification of meta-functions and
consolidation of functions according to them. Meta-functions are detached from the
topology and then functional hierarchies which do not correspond to the structure can
be generated. In summary, ontological consideration is premature in this work.

The functional understanding based on FR [16] uses templates of CPDs represent-
ing functional hierarchies as behavioral causal relations. Thus, functional hierarchies
are directly generated from the behavioral model without the functional concepts.
They are also limited to those associated with structure. We detached interpretation of
function of components from the hierarchical (aggregate) abstraction. Price et al. dis-
cuss the interpretation of behavior with functional labels [15]. It corresponds only to
the behavior-function mapping.

Furthermore, without the predefined aggregate patterns such as the substitution
rules [3] and templates of CPDs [16], our system can generate functional hierarchies
according to meta-functions among functions (see Fig. 5) as well as using the prede-
fined general pattern knowledge called the ways of achievements (Fig. 6).

The consolidation theory [22] tries to capture the general rationales of consolida-
tion of components. While we share the goal, its consolidation rules are simple and
based on topological relations (e.g., series and parallel) between the limited behavioral
primitives. Automatic aggregation in [12] also treats such topological aggregation. We
try to explicate the identity of consolidated (aggregated) function as not only such
topological relations but also interdependency between functions as meta-functions.

5. Summary

We proposed an ontology of functional concepts including the meta-functions, which
contributes to solving the issues of functional understanding task mentioned in Intro-
duction, that is, how to limit the reasoning space and how to identify functions in
functional hierarchies. For the first issue, the ontology provides such primitives that
are targets in the behavior-function mapping and screens out meaningless interpreta-
tions. For the second issue, the meta-function gives identity of functions in the hierar-
chies and then it enables the system to consolidate (sub-)functions into super-functions
as functional hierarchies based on heuristics and meta-functions without the prede-



fined patterns for aggregation. Furthermore, application of the heuristics can be speci-
fied by users, which enables the system to generate various functional hierarchies. An
investigation on limitation of the ontology mentioned in Section 2.3 is in progress.
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