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Abstract

Conceptual design seeks to deliver design concepts that implement desired functions. Function and behavior are two
dominant terms used in the research of this design phase. However, there are still some fundamental ambiguities and
confusions over their representation, which have greatly hindered the interchange of research ideas and the develop-
ment of design synthesis strategies. For conceptual design of mechanical products specifically, this paper attempts to
clarify these ambiguities. It classifies function as purpose function and action function and relates them to the different
levels of design hierarchy and abstraction. It distinguishes between semantic and syntactic representations of function
and behavior and summarizes basic representation schemes. It also proposes an input–output action transformation
scheme for semantic function representation and an input–output flow of action scheme for semantic behavior repre-
sentation. Based on these discoveries, a refined framework is proposed for conceptual mechanical product design,
where a function–decomposition–mapping process is elaborated to demonstrate the necessities and usefulness of the
presented work.

Keywords: Action Function; Behavior; Conceptual Design; Purpose Function; Semantic Representation; Syntactic
Representation

1. INTRODUCTION

Conceptual design is the most critical phase of a design
process. In this phase, a design specification in the form of
functional and other requirements is transformed into one
or more design descriptions, each of which consists of a
number of conceptual variants. Satisfying functional re-
quirements is one of the primary design tasks. To achieve
this, the behavior of the design often needs to be explored.
Function and behavior are the two most fundamental and
dominant concepts. Therefore, they need to be properly
represented.

Representation provides semantics and syntax for speci-
fying and manipulating an object of interest. Semantically,
the representation is a description of the characteristics of
the object, which reflects the user’s understanding and per-

ception. Syntactically, the representation is aimed at how
the object can be represented in a computer program or
other media so that it can be easily defined, retrieved, ed-
ited, and manipulated by a designer or a computer program
in specific design situations. Hence, representation can be
semantic, syntactic, or both.

Because of the importance of function and behavior, there
have been countless definitions, descriptions, and discus-
sions on them in the research community. However, there
are still some fundamental ambiguities and confusions over
their representation. It is a rather difficult task to clarify
these ambiguities, given that design is so broad and deep.
As such, this paper attempts to address the problem by re-
stricting the designs to the conceptual stage of mechanical
products. By a common understanding, the mechanical prod-
uct should be an artifact~human made!, it should be a phys-
ical device~with a physical structure and involving only
physical behavior during its operational process!, it should
be of solid state~although liquid state or gas state objects
can be used during its operational process!, and it should be
discrete.
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To demonstrate the necessities and usefulness of the pre-
sented work, a framework of conceptual mechanical prod-
uct design is also proposed.

2. FUNCTION

2.1. Purpose function and action function

Function is an overloaded term, with different researchers
attributing different meanings to it~Chittaro & Kumar, 1998!.
Winsor and MacCallum~1994! state that function can be
viewed as eitherpurposeor action. Chakrabarti~1998! pro-
poses two views of function, that is, function at the same
level of abstraction as behavior~intended behavior! and
function at a higher level~purpose!. Chittaro and Kumar
~1998! distinguish function as beingpurposiveor opera-
tional. Chandrasekaran and Josephson~2000! propose an
environment-centric viewpoint of function~function asef-
fect! and a device-centric viewpoint of function~function
as role!. Hubka and Eder~2001! suggest eight types of
functions according to the categories of purpose of the func-
tion, among which there is apurposefunction and awork-
ing function. All these researchers view function as being
either purposive or operational. However, few have recog-
nized that there are not just two suchviewsof function;
rather, there could be two such functiontypesin a same
design. In addition, there is no existing design synthesis
strategy or framework that explicitly supports these two
function types for the same design problem.

The author advocates both two views and two types of
function and adopts Chakrabarti’s proposal~1998! that both
functions may reside in the same design. For mechanical
product design specifically, the function at the same level
of abstraction as behavior, that is, operational function, can
be more specifically referred to as action function. Here
action is defined asa physical interaction between two ob-
jects of interest, each of which may be a component of a
design or the design itself and its environment. Hence, func-
tion can be semantically classified into two types: purpose
function and action function.

Purpose function isa description of the designer’s inten-
tion or the purpose of a design. It is thus abstract and sub-
jective. It is teleological knowledge and is human oriented.
Action function isan abstraction of intended and useful
behavior that an artifact exhibits. It is not human oriented,
but it is related. The two functions relate to the different
levels of a design hierarchy and abstraction. Generally, the
overall function and some of its subfunctions at the upper
level design hierarchy are expressed as a design intention,
with the relevant concrete actions not known; hence, they
are purpose functions. This overall function and the upper
level subfunctions may need to be implemented by some
lower level subfunctions via certain physical behaviors.
These lower level subfunctions are thus action functions.
For example, in designing a time-telling device, the overall
required function may be expressed as “to tell time.” This is

a purpose function. It may be embodied by an action func-
tion at the lower design level, such as “to rotate the hour,
minute, and second hands around the same pivot, each with
a specific rotary velocity.”

It is noted that the distinction between purpose function
and action function is not clear-cut. This is because an ac-
tion function may also contain design intention, because it
relates to only theintendedand useful behavior. On the
other hand, a purpose function may also imply information
relating to certain required action, even though this is not
explicitly mentioned. For example, in the time-telling de-
sign case, “to tell time” also implies that the device should
have a behavior that a human is able to interpret as telling
time. On the other hand, “to rotate the hour, minute, and
second hands” also annotates a design intention. This is
because in achieving this behavior, the device may also
exhibit other behaviors such as generating heat because of
the friction. However, only the behavior of rotation is what
the designer intends to use.

Nevertheless, a distinction between these two functions
is still necessary and important. First, purpose function is a
higher level design abstraction; thus, it facilitates a wider
range of selection of design solutions. With carefully elab-
orated functional vocabulary, either domain specific or ori-
ented to more domains of interest, purpose function may be
used to enable wider and more flexible design synthesis, for
example, the work of Hirtz et al.~2002!. Action function,
on the other hand, is specific to mechanical design and
some other design domains where an artifact’s behavior is
related to certain actions. It is more directly related to phys-
ical principles by which more concrete design solutions
may be sought.

Second, the perception of purpose function and action
function is useful in clarification of function representa-
tion, as will be discussed in the following sections.

Third, and most importantly, employing both functions
in a same design facilitates design synthesis. This will be
demonstrated in the proposed conceptual design framework.

Note that the notion of purpose function and action func-
tion is slightly different from that of Chakrabarti’s two views
of function. Chakrabarti~1998! views an operational func-
tion as the one that is at the same level of abstraction as the
expected or actual behavior~i.e., shares the same state vari-
ables and is required to use components only within the
system boundary of the design to explain the behavior!;
whereas a purpose function is at the other levels of abstrac-
tion, requiring components of both design and its context
for justification of its fulfillment. Hence, his purpose func-
tion is a function defined across system boundary, whereas
the action function is defined within the system boundary.
Both are operation oriented. Similarly, Kannapan and
Marshek ~1991! regard function as a mapping from a
part of the behavior of the system to a part of the behavior
of its supersystem. They characterize a mechanical system
and its environment by the system interior, the system–
environment interface, and the environment. With this char-
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acterization, they associate behavior with the system–
environment interface and function with the environment.

The author’s action function is similar to that proposed
by Chakrabarti~1998! and Kannapan and Marshek~1991!,
namely, it is an abstraction of system behavior and thus is
operation oriented. It may be defined within or across the
system boundary, depending on whether the environment is
explicitly involved in the system behavior. However, the
purpose function is slightly different.Although purpose func-
tion is at a higher level of design hierarchy and abstraction,
it is not an abstraction of behavior, whether this is a higher
level abstraction or not. Hence, it is not operation oriented.
It is only a description of design intention, even though this
description may imply information relevant to behavior. For
example, for an acceleration sensing device, the purpose
function may be something like “to sense acceleration,”
whereas one of the action functions may be expressed as
“input: acceleration, output: voltage.” These two functions
are at different levels of the design hierarchy; that is, a
partial design solution has already been identified or deter-
mined from the purpose function to the action function. The
purpose function is not only at a higher level of design
hierarchy~e.g., it is given as a design requirement or need!,
but it is also at a higher level of design abstraction~e.g., it
does not mention what the concrete input and output are!.

On the other hand, a few researchers explicitly support
operational semantics of function only. For example, Rosen-
man and Gero~1994! distinguish function from design in-
tention or purpose. Their function is equivalent to the author’s
action function, whereas their design intention is equivalent
to the purpose function. Kirschman and Fadel~1998! clas-
sify four basic types of mechanical functions, which are
oriented to action functions only. Interestingly, Maier and
Fadel~2001! propose a more fundamental concept of “af-
fordance” to subsume function, where their notion of func-
tion is, in effect, that of an action function.Affordance carries
the meaning of the usefulness and purpose of an artifact;
hence, it relates not only to the artifact but also to the user
and the designer. In this sense, it unifies both purpose func-
tion and action function. In fact, as Maier and Fadel~2001!
claimed, “affordance can be used as a unifying concept to
stitch together an array of disparate design approaches.”
However, unlike the popular concept of function, a verified
design synthesis framework is lacking based on this new
concept.

2.2. Semantic representation of function

There has been a long-standing ambiguity in function rep-
resentation. For example, Chakrabarti and Blessing~1996!
summarize that, “Traditionally there have been three ap-
proaches in representing function,” namely, verb–noun pairs,
input–output flow transformations, and transformations be-
tween input–output situations. It is true that these types of
representation have been widely used by the design research-
ers. However, there has been no awareness that the verb–

noun pair is actually a syntactic representation and the other
two are a semantic representation. Hence, such a classifi-
cation causes ambiguity. Unfortunately, a similar classifi-
cation has frequently appeared in the literature. In a recent
article, Chakrabarti and Bligh~2001! state that function can
be represented by a natural language like representation or
by a mathematical representation expressed as a transfor-
mation between input and output. This statement is rigor-
ous because both of these are syntactic representations.

Semantically, an action function can be represented by
an input–output flow transformation~energy, material, and
signal! and an initial–ending state transformation~initial
physical state and ending physical state!. For example, the
function of a lever may be represented by an input force
and an output force, which characterizes the effect of the
lever when it is put into use. Initial–ending state transfor-
mation is used because in delivering a function, an artifact
may undergo a series of physical state changes. The initial
and ending state characterize the designer’s intention in
achieving a required function.

It is notable that the input–output flow~of energy, mate-
rial, and signal! representation has its limitations. This is
because, in the mechanical design domain, it is the physical
interactions between the components~and also between the
design and its environment! that contribute to the achieve-
ment of a function. In this paper, these interactions are re-
ferred to asinput actionsor output actions, depending on
whether they act to or from an object of interest. The input–
output flow of energy, material, and signal only character-
izes some attributes~or properties! of an input–output action,
not the action itself.

For example, if we want to more completely characterize
the function of a lever used “to magnify force,” then there
should be an input–output action. The input action to the
lever can be expressed as “to push0pull the lever at one
end,” whereas the output action from the lever may be ex-
pressed as “to push an object by the lever at the other end.”
The attributes of these actions may be represented by their
associated forces~the input force and the magnified output
force!, the lengths between the respective ends of the lever
and its pivot, the distances that the two ends move, the time
that each of the two actions take, and possibly some others,
depending on the requirement of the specific design prob-
lem. Clearly, this approach has stronger representational
capability than an input–output flow of energy scheme,
where an input force and an output force are commonly
used. More importantly, the explicit representation of input
action and output action facilitates synthetic reasoning, as
will be explained in the section on behavior representations.

As such, the author proposes a new method to represent
an action function: input–output flow ofactiontransforma-
tion. The flow of action includes the input and output ac-
tions involved in the achievement of the action function.
The conventional input–output flow of energy, material,
and signal can be referred to as an input–output flow of
object transformation. The distinctions between flow of
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action and flow of object will be further elaborated in Sec-
tion 3.1, where the lever example will be further discussed.

Furthermore, the input and output actions used in describ-
ing an action function are the intended actions. Unintended
input action to an artifact may exist, and the artifact may
also produce side effects that may affect the artifact’s per-
formance or its environment. Nevertheless, all these un-
intended actions are not supposed to be contained by the
concept of function. This is because, after all, function is a
description of the designer’s intention~purpose function!
or abstraction of intended and useful behavior~action func-
tion!. The intended input action is one of the prerequisites
for the output action to occur. The intended output action is
where a function is eventually delivered. Hence, the author
refers to them as driving input action~or driving input! and
functional output action~or functional output!, respectively.

Similarly, the input–output flow of object transformation
represents only the intended input object and the intended
output object, whereas the state transformation representa-
tion characterizes only those state changes that are of inter-
est to the designers.

In some situations, the input flow of either object or ac-
tion may be achieved earlier than when a function is being
implemented, and thus not at the designer’s interest. This
kind of function may be represented without input flow.
The devices providing this kind of function are intuitively
called a “source,” for example, a battery providing electric-
ity, a flywheel providing mechanical energy, a water tank
providing water, and so on. However, it is obvious that
every function represented by an input–output flow trans-
formation must at least have an output flow~object or action!.

As to the semantic representation of the purpose func-
tion, unfortunately there is no existing method. This is due
to the subjective and abstract nature of the purpose function
itself, or we may say that a semantic representation of a
purpose function is the function itself.

To conclude, only an action function has a semantic rep-
resentation method, which includes three basic forms
~schemes!:

• input–output flow of object transformation: intended
input and intended output~object5 energy0material0
signal!;

• input–output flow of action transformation: driving in-
put and functional output; and

• initial–ending state transformation: initial physical state
and ending physical state.

2.3. Syntactic representation of function

A syntactic representation is the instantiation and embodi-
ment of a semantic representation. Hence, it is more versa-
tile. It could be data, variable, equation, expression, graph,
table, and so on. It could be numerical or symbolic. It could
be an array, list, frame~as in a frame-based scheme!, logic,
rule, object~as in an object-oriented scheme!, and so on.

This article only discusses some basic methods or schemes
of syntactic function representation. In fact, many of the
existing function representation methods proposed in the
literature are merely a mutation of the basic forms dis-
cussed below, because there is no semantic difference be-
tween them.

As mentioned before, function can be syntactically rep-
resented by natural language sentences. This is one of most
commonly used methods, and is used dominantly by human
designers in their design documents, in design researchers’
literature ~e.g., this article!, as well as in computer pro-
grams. Because of the expressiveness and generality of nat-
ural language, it can be used to represent both the purpose
function and action function. Moreover, because of its sub-
jective and abstract nature, a purpose function can only be
represented by natural language sentences.

The syntactic representation of an action function must
signify its semantics, namely, the input–output flow trans-
formation or state transformation. For example, if we use a
natural language sentence approach, an action function may
be represented by a sentence describing its input flow or
initial state and another sentence describing its output flow
or ending state. Alternatively, and more often, we can use a
single sentence with a carefully chosen verb, for example,
the action function of a lever can be expressed as “to mag-
nify force,” where the verb magnify signifies the difference
between input force and output force. For the initial–
ending state transformation, the function can be expressed
as “to transform from an initial state to an ending state,”
where the verb transform signifies the change of the two
states.

Besides using natural language sentences, an action func-
tion can also be represented by other means. We can use
input and output~state! variables. These variables can be
fixed, or they can change temporally. Apart from directly
specifying the input and output, the representation can also
use a state table specifying in and out parameters of a trans-
formation~Schmekel, 1989!; or it can use a matrix, charts,
sketches, and so forth for the same purpose~Kota, 1990;
Hashim et al., 1994; Chiou & Kota, 1999!. Under certain
situations the function representation can also rigorously
employ mathematical functions, such as formulas and equa-
tions. Adopting the term used by Chakrabarti and Bligh
~2001!, the author refers to all these forms of representation
asmathematical forms of input–output0state transformation.

To conclude, there are two basic schemes of syntactic
representation of function: a natural language sentence and
a mathematical form of input–output0state transformation.

2.4. Comparison between two syntactic
representations of function

The natural language sentence approach has the advantage
of generality, flexibility, and expressiveness. However, it
has several limitations.
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First, it lacks rigor in defining a function. Linguistic de-
scription is only a label to the true meaning of the thing to
be described. For example, the function of a bearing can be
described as “to support the shaft.” Here the word “shaft”
only serves as a label or index to the true meaning of a
shaft: a shaft is a straight, round part; a shaft often works by
rotating around its axis; a shaft is normally installed on the
bearing; and so on. All these meanings are the knowledge
relating to shaft, which are supposed to be known to the
designer. Similarly, another word “support” also has its own
meanings. Hence, simply putting the word support and the
word shaft together to form a verb–noun pair style of ex-
pression is not rigorous enough to represent the function
completely.

However, it should be noted that, from a philosophical
viewpoint, this characteristic is also a benefit during the
design synthesis process. In this process, several levels of a
function structure, that is, from purpose functions to action
functions, might need to be generated. The designer may
not know all these levels of function precisely and com-
pletely. In these situations, natural language sentences pro-
vide a good tool in function representation.

Second, the approach lacks uniqueness. For example, the
function of a motor can be described as “to provide mechan-
ical power,” “to change electrical power to mechanical
power,” “to provide rotary motion,” and so on. In addition,
there are many synonyms, such as furnish, generate, offer,
produce, and supply for the word “provide” and alter, con-
vert, transfer, transform, and turn for the word “change.” In
this regard, the concept of affordance proposed by Maier
and Fadel~2001! may provide a good solution because it
has a more complete notion than function.

The mathematical form of the input–output0state trans-
formation approach, on the other hand, has the advantage
of describing a function rigorously. As pointed out by Ull-
man ~1993a!, all methodical design authors use a system
transformational definition of function. Examples of using
the initial–ending state transition approach include Goel
and Stroulia~1996! and Prabhakar and Goel~1998!.

The rigor of this representation is due to the concrete
nature of an action function. Hence, it is advisable to
represent an action function by using some forms of
input–output0state transformation; more precisely, some
mathematical forms of input–output0state transformation
~because a semantic input–output0state transformation
may also be syntactically represented by natural language
sentences!.

As mentioned before, mechanical functions at different
levels of a same design hierarchy may be viewed as either a
purpose function or action function. A natural language sen-
tence scheme can be used because it can represent both
types of function. However, if we want to use a mathemat-
ical form of input–output0state transformation to represent
the action functions, then different schemes have to be used
during the design process, because purpose functions can
only be represented by natural language sentences. For ex-

ample, Yoshioka et al.~1999! proposed a prototype func-
tional modeling system, where two representation schemes,
natural language sentence and input–output flow transfor-
mation, are used at the different phases of the functional
modeling process.

The author believes that a unified approach that incorpo-
rates the characteristics of the two basic schemes would be
preferable because no model transformation is required be-
tween the different schemes. Deng et al.~1998! proposed
an object-oriented representation scheme, where both the
natural language sentence information~via attributes of the
function name! and input–output transformation informa-
tion ~via methodsencapsulated in the object! can be incor-
porated in the scheme.

3. BEHAVIOR

3.1. Semantic representation of behavior

A dominant view of behavior is that behavior is related to
the physical state of a design: either it changes temporally,
thus causing a state transition~Bobrow, 1984; Keuneke,
1991; Tomiyama et al., 1993; Ullman, 1993b; Umeda et al.,
1996!, or it can also remain unchanged, thus maintaining a
static state~Yan, 1993; Deng, 1994; Rosenman & Gero,
1994; Qian & Gero, 1996!. To simplify discussion, this
article will use the term “state transition” to refer to both
situations.

Umeda and Tomiyama~1997! gave a rather comprehen-
sive summary of behavior representations, but they also
failed to clarify whether a representation is semantic or
syntactic. The types of representation given by them in-
clude state transitions, bond graphs~a sophisticated version
of input–output formalism!, physical phenomena, a mix-
ture of state transition and physical phenomena, and the
relative motion used by Chakrabarti and Bligh~1996!. Here
bond graph and relative motion can be unified into input–
output flow of object~energy, material, and signal!. As to
physical phenomena, it is problematic because the phenom-
enon itself needs to be represented in the first place.

From a semantic perspective, the author summarizes ex-
isting behavior representation into the following two types:
input–output flow of object~object5 energy, material, sig-
nal! and state transition.

The input–output flow of object has the same formalism
as that used for function representation, examples of which
can be seen in the previous section. The state transition
behavior representation is in accordance with the state tran-
sition view of behavior discussed above. It characterizes
behavior as a chain or network of physical state change.
Examples can be seen in Umeda and Tomiyama~1997!.

The author believes that the physical state view is only
one general view of behavior. For a specific design domain,
there may be other views more helpful to conceptual design
synthesis. For mechanical design, another useful view of
behavior is the physical interactions between the compo-

Function and behavior representation 347

https://doi.org/10.1017/S0890060402165024 Published online by Cambridge University Press

https://doi.org/10.1017/S0890060402165024


nents of a design as well as between the design and its
environment. An artifact exhibits certain behaviors not only
by the change~or maintaining! of its physical state, but also
by a number of interactions that take place inside the arti-
fact, as well as with its environment, as governed by phys-
ical laws.

Like the input–output flow transformation function rep-
resentation, the input–output flow of energy, material, and
signal only characterizes the attributes of the physical in-
teractions, not the physical interactions themselves. Hence,
behavior can also be more precisely represented by an input–
output flow of action.

It is different from the input–output flow of action trans-
formation used in the function representation that an input
action for behavior representation may be useful or harm-
ful, whereas an output action may be an intended action or
a side effect. Deng et al.~1999, 2000a! represent a behavior
by a set of driving inputs~intended input actions! and a set
of functional outputs~intended output actions!, as well as
possible harmful inputs~unintended and harmful input ac-
tions! and side effects~unintended and undesirable output
actions!. The following is a simple design example to show
the difference between the conventionalflow of objectand
the proposedflow of actionbehavior representation~Deng
et al., 2000a!:

Consider the behavior of a domestic washing machine.
The input and output flow of object is the following:

• input: dirty laundry to be washed, clean water, deter-
gent, and electricity;

• output: clean laundry, dirty water with detergent, noise,
and so forth.

The input and output flow of action is as follows:

• driving input: the starting action from the user or the
customized timer to initiate the washing cycle, the ac-
tion of providing electricity from the power supply,
and the support action from the floor where the wash-
ing machine is installed;

• functional output: the washing machine creates a cer-
tain pattern of motion of the laundry, as well as that of
the water and the detergent used;

• harmful input: the washing machine is provided with
too heavy a load, too much detergent, and so on;

• side effect: the washing machine generates noise and
produces dirty water.

All these actions have their respective attributes, which
can be represented as well. Together with this input–output
flow of action, there should be a representation of the phys-
ical structure of the washing machine, which needs to be
developed during the design process. The environment also
needs to be represented, including the floor that the wash-
ing machine is on and the objects that are being processed
by the washing machine~the laundry, water, and detergent!.
The relationship between the washing machine and the en-
vironment is yet another piece of information, involving
factors such as how the washing machine is put on the floor
~fixed on the floor or able to move freely on the floor, etc.!
and whether the laundry, water, and detergent are inside or
outside the washing machine. Of course, all this informa-
tion is part of a design model, which is not for the behavior
itself to represent.

This example shows the situation of a design at an over-
all artifact level. Another example is the behavior of a lever
in producing the function of “magnifying force”~see Fig-
ure 1!. For this example, the representation will be the same
as its corresponding function representation, because there
is no harmful input and no side effect:

• structure: C1 5 lever with pivot O and end A and
end B;

• attributes of C1:C1V15 length of OA, C1V25 length
of OB;

• driving input: D15 the lever is provided with a push0
pull action at end A;

• attribute of D1:D1V15 force of D1;

• functional output:F15 the lever generates a push ac-
tion at end B;

• attribute of F1:F1V15 force of F1;

• attribute expression:F1V15 D1V1*C1V10C1V2.

Note that the physical structure is also listed. And for
brevity, only a small portion of the attributes of the input–
output action is listed.

To conclude, there are three basic schemes for the seman-
tic representation of behavior:

• input–output flow of object: intended0unintended in-
put, intended0unintended output~object 5 energy0
material0signal!;

• input–output flow of action: driving input, harmful in-
put, functional output, side effect;

• state transition: a chain or a network of physical states.

Fig. 1. The input–output flow of action demonstrated by a lever.
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3.2. Comparison between three semantic
representations of behavior

The state transition type of behavior representation is very
effective when there is distinct and finite change of physi-
cal states for a design problem. However, when there is no
physical state change or the state change is trivial to the
design problem solving, such as the behavior of a bearing
in supporting a shaft, the approach is not effective in cap-
turing the true meaning of behavior.

On the other hand, the input–output flow of object ap-
proach is very effective when there is a distinct flow of
energy, material, or signal. An example of this is given by
Kota and Lee~1990, 1993!, who use a flow of material to
represent the behavior of the hydraulic system. However,
this approach cannot be used for systems where flows are
difficult to identify. Eder and Gosling~1965! define such
systems asassociative systems~association of parts to form
a whole unity!. They pointed out that any attempt to define
inputs and outputs for these systems is rather artificial.
Umeda and Tomiyama~1997! also argue that the input–
output definition of function~and thus behavior! has trou-
ble representing a function that does not transform anything,
such as the function of a fixture and the function of a linear
guide.

The input–output flow of action approach is more com-
prehensive than the input–output flow of object represen-
tation, because it represents the physical interactions, not
just their attributes that are restricted to energy, material,
and signal only. Another strong point is that it can represent
a behavior even when there is no flow of object involved,
because it is possible to represent the behavior by an action
that does not have any explicit attribute. Third, and more
importantly, the input–output flow of action representation
is a higher level design abstraction than that of the flow of
energy, material, and signal. Thus, it facilitates design syn-
thesis, as will be demonstrated in the proposed conceptual
design framework.

Because of their respective merits and demerits, the three
basic representation schemes are not supposed to substitute
each other. They are simply different approaches and should
be applied in their respectively suitable design problems.

3.3. Syntactic representation of behavior

Just as with the syntactic representation of action function,
behavior can also be represented by using natural language
sentences or the mathematical form of input–output flow or
state transition. Note that, although the natural language
sentence is widely used in representing~at least inexpress-
ing! behavior, such as in designers’ verbal communica-
tions, design documents, and research articles, surprisingly,
this has never been recognized in the literature. The reason
behind this phenomenon, as the author believes, is also the
ambiguity between semantic and syntactic representation.

The above example of the household washing machine
gives an example of natural language sentence representa-

tion, whereas the example of lever shows a mathematical
form of input–output flow of action representation. The
merits and limitations of each were described in Section 2.4.

Figure 2 illustrates the relationship between different
types of function, behavior, and the relevant function and
behavior representation schemes. Note that, because the
input–output flow of object0action transformationfunction
representation characterizes only the input and output sides
of the flow, we can leave out the wordflow and simply refer
to this representation scheme asinput–output object0action
transformation. This distinguishes it from the statement of
input–output flow of object0actionbehavior representation.

4. CONCEPTUAL MECHANICAL
DESIGN FRAMEWORK

In this section, the author proposes a framework for the
conceptual design of mechanical products to demonstrate
the necessities and usefulness of the above discoveries. This
is a modification to a two-stage functional modeling frame-
work proposed in Deng et al.~1999! and Deng~2000!. Func-
tional modeling of a conceptual mechanical product can be
regarded as a process of establishing a functional model of
a desired, but physically undefined, product. From this per-
spective it is also a design synthesis process. In the follow-
ing, the author first briefly introduces this functional
modeling framework and then presents the modification
that makes it more consistent and comprehensive for con-
ceptual mechanical product design.

4.1. Existing two-stage functional
modeling framework

One prominent characteristic of conceptual mechanical prod-
uct design is that the design problem is, in general, weakly
coupled or uncoupled at the upper levels of a design hier-
archy and strongly coupled at the lower levels~Deng et al.,
2000b!. A feasible design strategy should thus enable the
designers to decouple a design problem at the upper levels
of the design hierarchy and to solve strongly coupled de-
sign problems at the lower levels. In the existing frame-
work, conceptual mechanical design is stratified into two
functional modeling stages, with the first stage for the up-
per level design hierarchy and the second stage for the
strongly coupled design problems at the lower design levels.

In the first stage, a functional decomposition and map-
ping approach is generally applicable. The existing frame-
work achieves decomposition by identifying functionally
independent design subtasks. For example, in designing a
domestic washing machine, the overall function is “to wash
laundry.” This function might be initially decomposed, by
focusing on the set of functionally independent subtasks,
into subfunctions such as “to add water,” “to wash,” “to
drain,” “to rinse,” and “to spin.” The subtasks associated
with these subfunctions might need to be performed in a
cycle ~that is, with repetition of certain subtasks!. To assist
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the decomposition, domain-specific function decomposi-
tion knowledge may be applied~Deng et al., 2000b!. This
knowledge is formalized knowledge of working principles
or past design scenarios that store the alternatives of neces-
sary subtasks, independent of each other, for the domain-
specific design tasks.

According to axiomatic design theory~Suh, 1990, 1995!,
the design process is a mapping between the functional
domain~functional requirements! and physical domain~de-
sign parameters satisfying functional requirements!. Dur-
ing the functional decomposition process, function–structure
mapping should also be carried out in order to determine
the implementing physical structures.

The second-stage functional modeling further develops
those subfunctions that are not mapped to any physical struc-
ture by generating the desired product’s causal behavioral
process~CBP!. A CBP refers to a network of subbehaviors
required for achieving one or more functions identified from
the first stage. The subbehaviors are causally connected,
because a preceding subbehavior is causally required by the
succeeding subbehavior: The functional output action from
the preceding subbehavior is used as the driving input ac-
tion to the succeeding subbehavior. The rationale behind

this concept is that a function is not just achieved by a
certain physical structure, but rather that this physical struc-
ture must be under its working environment and must un-
dergo a behavioral process.

The subbehaviors used in the CBP are represented by an
input–output flow of action approach. With this repre-
sentation, a CBP can be generated by using a backward
reasoning procedure. Briefly, the procedure starts from gen-
erating the subbehaviors~calledoutput subbehaviors! that
can produce the required functional outputs of the design,
which correspond to the unmapped functions from the first-
stage modeling process. After that, a recursive process is
applied to generate the necessary preceding subbehaviors,
whose functional outputs can be used as the driving inputs
to their succeeding subbehaviors. The procedure continues
until all the initial driving inputs to the generated subbehav-
iors can be provided by the working environment specified
in the design specification.

In generating each subbehavior, the designer can search
for relevant physical phenomena stored in a physical phe-
nomena library, which acts as a supporting design knowl-
edge base for the synthesis of the causal behavioral process.
A physical phenomenon is defined as a distinctive and

Fig. 2. The relationship between function–behavior and their representations.
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generic characterization of a fundamental physical behav-
ioral process guided by a certain physical0action principle,
which involves a behavior actor~i.e., physical structure,
which may consist of a number of components!, certain
working conditions, and a physical effect or effects arising
from the behavioral process. The physical effect or effects
correspond to the functional output action of a behavior.

After the above two functional modeling stages, all the
physical structures corresponding to the subbehaviors of
the generated CBPs, as well as the physical structures iden-
tified by the function–structure mapping, can be assembled
with respect to the assembly relations identified during the
modeling process. The results are then verified to ensure
that they achieve all design requirements~Deng et al.,
2000c!.

For example~Deng et al., 1999, 2000c!, in designing a
paper separation device, the overall function is “to separate
paper,” denoted by the function F111. By focusing on the
functionally independent subtasks, this function is decom-
posed into three subfunctions:

• F2115 transport the paper pack into a specified place,

• F2125 position the paper pack precisely, and

• F2135 separate the paper pack into individual pieces.

These three subfunctions cannot be mapped onto physi-
cal structures and hence must be further developed in the
second modeling stage. As such, one or more CBPs should
be developed. The CBP is represented and visualized by a

CBP graph consisting of design nodes of both subbehaviors
~denoted as B nodes! and environmental elements~denoted
as E nodes!, including their relevant function, behavior, and
structure information. These nodes are causally connected
to form a digraph. For example, Figure 3 shows a CBP
graph developed for function F213.

The procedure for developing this CBP starts from the
output subbehavior B1. Assume that, after searching the
physical phenomena library, the designer decides to use a
phenomenon called “separation by friction,” which sepa-
rates a paper pack into individual pieces by using a rotating
drum and the friction between the rotating drum and the
paper pack. By retrieving information from this phenom-
enon, B1 is specified; it is then represented by an input–
output flow of action scheme:

• driving inputs: B1D15 rotary motion to the rotating
drum; B1D25 pressure and support to the paper pack;

• functional output: B1F15 move the top piece of paper
off the paper pack;

• side effect~SE!: B1F2 5 move the pieces of paper,
except for the top piece, off the paper pack~SE!.

Note that the friction between the top piece of paper and
the second piece of paper might cause the second piece of
paper to be moved off also. This in turn might cause the
remaining pieces of paper to be moved off accordingly.
Hence, it is necessary to represent the side effect~B1F2!.

Fig. 3. A CBP graph developed for function F213.
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The physical components identified from this subbehavior
are:

• B1C15 rotating drum;

• B1C25 paper support; and

• B1C35 paper pack~OBP!, where OBP stands for ob-
ject being processed, meaning it will not be used when
constructing the physical structure of the design later.

After that, more subbehaviors are generated whose func-
tional outputs are used to provide the required driving in-
puts of B1 ~B1D1 and B1D2!. Assume that the design
specification has stated a working environment: E1C15
drum-driving device, which has a functional output: E1F15
rotary motion from E1C1. Hence, E1 is connected to B1,
and E1F1 is used as B1D1. Further on, E1 also needs a
driving input~E1D15 fixing to E1C1!; thus, another envi-
ronmental element, E2C15 installation platform, is identi-
fied and connected to E1.

Regarding another driving input of B1, namely, B1D25
pressure and support to the paper pack, the designer needs
to find another relevant physical phenomenon so that an-
other subbehavior can be generated. Assume that a com-
pression spring is identified. For brevity, its behavior is not
elaborated, but can be seen from Figure 3, where it is de-
noted as B2. The required driving input of B2 can be pro-
vided by environmental element E2~installation platform!,
where the spring is fixed.

For the side effect from B1, which is B1F25 move the
pieces of paper except the top piece off the paper pack
~SE!, yet another subbehavior is needed. As such, subbe-
havior B3 is generated, where a component B3C15 paper
hold is identified. The driving input of B3 can also be pro-
vided by E2; that is, this component is also fixed on the
installation platform.

With the CBP being developed, the identified physical
components can be assembled. Note that during the CBP
generation process, much more information is identified
and formalized than is listed above, for example, the
attributes of physical components and those of the input–
output actions, the constraints on these attributes, the as-
sembly and spatial relationships between the physical
components of the design and between the design and the
environment, and so on. Refer to Deng et al.~1999, 2000a!
for a detailed description of the CBP generation process.
Figure 4 shows a schematic of the physical structure iden-
tified from this CBP example, which achieves function F213
developed from the first modeling stage.

4.2. Refined framework

The stratification of conceptual mechanical design into two
stages is useful in making design efforts more focused, in
organizing the design process, and in formalizing design
knowledge~Deng et al., 2000b!. However, it also leaves
behind a gap between the two stages. This includes a lack
of clarification of what functions should and can be further

developed in the second-stage functional modeling and a
lack of methodology~or at least a guideline! of how these
subfunctions can initiate the second-stage modeling process.

Recall that Section 2 classified function into purpose func-
tion and action function. It also states that for mechanical
design, functions at the upper level design hierarchy are
generally purpose functions. It is now clear that, in general,
it is purpose functions that are involved in the first-stage
functional modeling process, including functional decom-
position and function–structure mapping~note that this does
not completely exclude the involvement of action func-
tions!. Those subfunctions that cannot be mapped to phys-
ical structure and are purpose functions should be mapped
to action functions before further development can be ini-
tiated in the second-stage functional modeling. That is to
say, there should be a mapping from purpose function to
action function. This is because in the second modeling
stage, each subbehavior~represented by driving input, func-
tional output, harmful input, and side effect! is actually an
implementation of its corresponding action function~repre-
sented by the intended driving input and functional output!.
For example, in order to further develop the subfunction of
“to add water” for the washing machine example, this pur-
pose function should be mapped onto some kinds of action
functions, an example of which is “to remove the blockage
of the inlet to let water in.” Obviously, this action function
characterizes a movement action of the blockage of the
inlet. To achieve this action, some driving input actions are
required, which invariably initiates the second-stage func-
tional modeling process.

To facilitate mapping from purpose functions to action
functions, domain-specific mapping knowledge may be
storeda priori. This is similar to the widely practicedcat-
alogue lookup~Chandrasekaran, 1990! or catalogue-driven
~Gui & Mäntylä, 1994! approaches in enabling function–
structure mapping, where a vocabulary of domain-specific
fundamental functions and a catalogue of their correspond-

Fig. 4. A schematic of a paper separation device achieving function F213.
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ing physical structures are predefined and organized. An
example is the aforementioned acceleration sensing device,
where the purpose function “to sense acceleration” may be
directly mapped to the action function “input: acceleration,
output: voltage” or “input: acceleration, output: current,”
given that the knowledge of the commonly used sensing
devices is generally known to the designer.

Besides a direct mapping, behavior can be used to facil-
itate the process. In fact, behavior is commonly utilized in
assisting mapping from function to structure, which is often
referred to asfunction–behavior–structuremapping. By iden-
tifying the behavioral specification of a design and explor-
ing the behavior of existing physical components, designers
can gain useful ideas about the means by which the overall
design task can be achieved.

To assist functional mapping via behavior or physical
domain knowledge, systematic design theory suggests using
physical or working principles~Pahl & Beitz, 1988!, which
is adopted by many researchers, for example, Kuttig~1993!
and Bracewell and Sharpe~1996!. Similarly, design science
also suggests identifying an action principle and0or a mode
of action~Hubka & Eder, 1988, 2001!.

The author embodies physical or action principles as phys-
ical phenomena and uses physical phenomena to assist map-
ping from function to structure, as well as from purpose
function to action function. The same method is also ap-
plied in generating causal behavioral processes. For exam-
ple, in the aforementioned paper separation design case,
both the overall function F111 and its three subfunctions
are purpose functions. For function F213~separate the pa-
per pack into individual pieces!, depending on the different
physical phenomena identified, the corresponding action
function can be the following:

• F3315 slide off the top piece of paper,

• F3325 blow off the top piece of paper,

• F3335 shovel off the top piece of paper,

• F3345 adhere and shift off the top piece of paper,

and so on. These subfunctions are OR connected with F213.
Each is associated with a specific action of the correspond-
ing device, which enables the initiation of second-stage
functional modeling process. For example, F331 actually
corresponds to the CBP elaborated in the previous discussion.

To conclude, there are four types of functional mapping
operations:

• mapping from function to physical structure,

• mapping from function to physical phenomenon to
physical structure,

• mapping from purpose function to action function, and

• mapping from purpose function to physical phenom-
enon to action function.

Note that in the first mapping, function can be both pur-
pose function and action function, hence it can be detailed
into two mappings. In the second mapping, the function
refers to purpose function only. By combining the first map-

ping with the last two mappings, two more mappings be-
come possible:

• mapping from purpose function to action function to
physical structure and

• mapping from purpose function to physical phenom-
enon to action function to physical structure.

In addition, because purpose function and action func-
tion are at different levels of design abstraction and func-
tion and physical means~structure and phenomena! are of
different domains of knowledge, the actual mappings are
not exhaustive; that is, various mappings may be necessary
from a purpose function to a specific action function. Nev-
ertheless, the mappings listed above have explicitly stated
the different mapping types and also demonstrated the di-
rection of the mappings, that is, from purpose function to
action function to physical structure.

To implement these various functional mapping opera-
tions in the first-stage functional modeling, the author pro-
poses to use afunction–decomposition–mapping~FDM!
graph to represent and organize the modeling process~Deng,
2000!. Hence the first modeling stage is also called aFDM
process. An FDM graph is a tree of both functions and
nonfunctions, as is illustrated by an example shown in
Figure 5.

The FDM graph includesfunctionnodes~F!, which can
be either purpose or action function, and three nonfunction
nodes, namely,physical structurenodes~S!, physical phe-
nomenonnodes~P!, andfunctional routenodes~R!. Each
node is associated with anAND or ORoperator~hence, the
node is called anAND nodeor OR node, respectively!,
which signifies the operation between its subnodes. As the
OR operation is already included in the graph, the func-
tional route node~R! is only used to simplify the graph
when an operand of an OR operation involves more than
one node, such as nodes R1 and R2 shown in Figure 4~refer
to the Appendix for a detailed explanation!.

Note that the functional route node is not a physical
structure. For example, in designing a time-telling device,
possible functional routes may include “using a mechan-
ical approach”~thus, a mechanical clock!, “using an elec-
tronic approach”~thus, an electronic clock!, “using a bio-
logical approach”~thus, something the author does not know
either!, and so on. The case study discussed in the follow-
ing section gives a practical example to illustrate this further.

An explanation of the functional modeling process shown
in Figure 5 is given below:

• Overall required function F1~an OR node! is devel-
oped via functional route 1~denoted as node R1! or
functional route 2~denoted as node R2!.

• Via route R1~an AND node!, F1 is decomposed into
F2 and F3. F2~an OR node! can be mapped to either
structure S1 or structure S2. F3~an AND node! is de-
composed into F6 and F7. F6 is a purpose function,
which is mapped to an action function, F12, via phe-
nomenon P1. F7 itself is an action function.
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• Via route R2~an AND node!, F1 is decomposed into
F4 and F5, both of which are purpose functions. F4 is
directly mapped to an action function F8. F5~an OR
node! is mapped to either phenomenon P2, which is
associated with two action functions, F9 and F10, or
phenomenon P3, which is associated with action func-
tion F11.

The rules for constructing the FDM graph are:

• Rule 1: if a node is an R node, then its subnodes may
be of any types~F, S, P, or R nodes!.

• Rule 2: if a node is an S node, then its subnodes can
only be S nodes. That is, the FDM graph allows phys-
ical structure decomposition to be incorporated.

• Rule 3: if a node is a P node, then its subnodes can
only be F nodes or S nodes. The F nodes correspond to
action functions. The S nodes indicate that the de-
signer is mapping a function to its implementing phys-
ical structure through a certain physical phenomenon.

• Rule 4: If a node is an F node and none of its supern-
odes is a P node, then its subnodes can be of any type
~F, S, P or R nodes!.

• Rule 5: If a node is an F node and one of its supernodes
is a P node, then its subnodes can only be F nodes or S
nodes. This is because the current node is an action
function and can only be decomposed or mapped to a
physical structure.

The first-stage functional modeling should be carried out
until all the lowest level nodes are either physical structures
~in the example, S1 and S2! or action functions~in the
example, F7–F12!.

Because the presented work on function and behavior
only applies to the first-stage functional modeling, there is
no modification to the second-stage modeling framework.

4.3. Case study and software implementation

A design case is studied to illustrate the FDM process~first-
stage functional modeling! and its software implementa-
tion. This is a terminal insertion device, which is part of an
automatic assembly system for manufacturing electronic
connectors. A terminal insertion device is used to insert

Fig. 5. An illustration of an FDM graph.
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terminals into a housing to make the conductor and insula-
tor one unit. Figure 6 illustrates the insertion of a terminal
into a housing.~Refer to http:00www.molex.com0training0
bce0index.html for more details.!

Figure 7 shows the software implementation of the pro-
posed FDM process. This is part of the refined version of a
computerized design environment reported in Deng et al.
~1999!. The software uses an oval to represent the function
nodes~F nodes! and a rectangle to represent nonfunction
nodes~R nodes for functional routes, S nodes for physical
structures, and P nodes for physical phenomena!. The AND
links are visualized by the black lines and the OR links are
represented by white lines. The implemented FDM graph is
used to represent, organize, and visualize the first-stage func-
tional modeling process.

Note that the three-digit serial numbers used in the de-
sign nodes are automatically generated by the software, with
the first number representing the number of design level,

the second number representing the number of the group
~each group relates to one node at the immediate next higher
level! the node is in, and the last number representing the
serial number of the node in its corresponding group.

The software is used in an interactive manner. A designer
can start a conceptual design process by specifying func-
tional requirements over the topmost design node, F111,
and develop the FDM graph in a stepwise manner. Domain-
specific functional decomposition knowledge and func-
tional mapping knowledge are storeda priori by using
functional knowledge libraries~Deng et al., 2000b!, with a
functional vocabulary library is also used to index these
libraries. The functional vocabulary library is now up-
graded based on the distinction between purpose function
and action function, which means that the domain-specific
purpose functions and action functions are stored under dif-
ferent classification schemes. The functional knowledge li-
braries are extended with new types of functional mapping
knowledge to support mapping from purpose function to
action function. Figure 8 shows the user interface for spec-
ifying design nodes of the FDM graph. Apart from directly
specifying design nodes, the designer can also search the
design knowledge libraries to retrieve the relevant data to
assist the design process.

The FDM graph shown in Figure 7 corresponds to a par-
tially developed FDM process of the design case. The over-
all required function is F1115 insert terminal into housing
to make them one unit.

This is a purpose function, which does not state the con-
crete input–output actions needed for its implementation.
From past design experience, which is well documented in

Fig. 6. The insertion of a terminal into a housing.

Fig. 7. The software implementation of the FDM process.
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connector engineering, there are two design alternatives for
further developing this function. That is, there are two func-
tional routes~Deng et al., 2000b!:

• Functional route 1: R2115 gang insertion approach.
Insert an entire row~or gang! of terminals with each
insertion cycle.

• Functional route 2: R2125 terminal stitching ap-
proach. The terminals or pins are inserted one circuit
at a time, resembling the stitching work of a sewing
machine.

For brevity, only functional route 1 is discussed, where
only a small fraction of possible design alternatives are
discussed. F111 is decomposed through this functional route
by considering the functionally independent design sub-
tasks. The set of subfunctions~all are purpose functions! is
as follows:

• F3115 locate and clamp housing,

• F3125 track and feed terminal in gang,

• F3135 cutoff terminal in gang,

• F3145 hold and insert terminal into housing in gang,
and

• F3155 support the system.

The subfunction F311~locate and clamp housing! needs
both locating and clamping operations; hence, it can be
further decomposed into two subfunctions, F4115 locate
housing and F4125 clamp housing. Similarly, F312~track

and feed terminal in gang! can be decomposed into F4215
track terminal in gang and F4225 feed terminal in gang.
F314~hold and insert terminal into housing in gang! can be
decomposed into F4415 hold terminal in gang and F4425
insert terminal in gang.

Together with this function decomposition process, var-
ious mappings are also applied. For example, function F315
~support the system! is directly mapped to a physical struc-
ture, S4515 supporting structure, which needs to be fur-
ther developed during the embodiment design phase. Some
purpose functions are directly mapped to action functions:
F313 to F431, F441 to F561, and F442 to F571. For exam-
ple, F313~cutoff terminal in gang! is mapped to an action
function, F4315 move down and return cutoff finger re-
peatedly. F431 is an action function because an output ac-
tion is explicitly specified, which can be further developed
in the second-stage functional modeling process.

Other purpose functions are mapped to physical phenom-
ena first, then further to action functions, including F411–
P511–F611, F411–P512–F621, F412–P521–F631, and
F412–P522–F641. For example, by searching the physical
phenomena library, F411~locate housing! can be mapped
to either of the following two phenomena:

• P5115 housing insert-locating phenomenon~locating
the housing by inserting the locator into the housing!
or

• P5125 housing house-locating phenomenon~locating
the housing by putting the housing in the locator!.

Fig. 8. The specification of design nodes.
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Figure 9 shows the housing insert-locating phenomenon
stored in the physical phenomena library. As briefly men-
tioned before, a phenomenon incorporates information of
the involved physical structure~including a number of com-
ponents!, its corresponding schematic geometry, an index-
ing function corresponding to the physical effect of the
phenomenon, input–output flow of actions~driving input,
functional output, harmful input, and side effect!; their
attributes; attribute expressions; constraints on the attributes
to make the phenomenon valid; environmental elements;
assembly relations between the components of the physical
structure and between the components and the environmen-
tal elements; and so on.

By retrieving the phenomenon information and adapting
it to the current design, the mapped action functions are
identified. For example, action function F6115 input: trans-
lational motion and support, and output: insert locator into
the housing. Similarly, other mappings are also developed.

Note that the rules for constructing the FDM graph dis-
cussed above are incorporated in the implemented soft-
ware. Hence, the software will automatically monitor the

design process when new design nodes are added. For ex-
ample, if the designer tries to specify another phenomenon
node connecting to F611, the software will warn the de-
signer and stop him or her from doing so because this vio-
lates rule 5: if a node is an F node, and one of its supernodes
is a P node, then its subnodes can only be F nodes or S
nodes.

For those functions that cannot be mapped to a physical
structure~all are action functions!, they are further devel-
oped in the second-stage functional modeling process. By
traversing all the design nodes, the software is able to au-
tomatically report all alternatives of these action functions
~including the identified physical structures! from the FDM
graph. For example, there are nine design alternatives from
the above FDM graph~eight of them through functional
route 1!, as shown in Figure 10.

The designer can then choose one or more design alter-
natives to conduct the second-stage functional modeling.
The physical structures identified from this process should
be assembled with S451~from the FDM process! to derive
the physical structure of the whole design. Because there is

Fig. 9. The physical phenomena library to assist purpose–action function mapping.
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no modification to this process and it was briefly discussed
in the previous section, it will not be elaborated again. Re-
fer to Deng et al.~2000b! for more details.

4.4. Related work

Function decomposition and mapping have been given con-
siderable attention by design researchers, where AND and
OR operators are commonly used in manipulating design
alternatives derived from the decomposition~Kota & Lee,
1990, 1993; Gui & Mäntylä, 1994!. For example, Kota and
Lee~1990, 1993! use two building blocks for the mapping:
functional building block~FBB! andstructural building block
~SBB!. Mapping is carried out in two stages: from FBBs to
SBBs and from SBBs to physical structures. Apart from
function, the model incorporates various levels of abstrac-
tion of physical structure. However, it does not incorporate
physical means in enabling the mapping.

By contrast, the well-knownfunction–means treemodel
advocates the coevolution of function and its implementing
means~Andreasen, 1980!. Function and means are repre-
sented integrally in the function–means tree. Bracewell and
Sharpe~1996! have developed a conceptual design environ-
ment calledSchemeBuilder, which is based on the function–
means tree. Rules for functional decomposition have been
formalized from decomposition and working principles that
are represented as means in the model.

Sturges et al.~1996! present an extended functional logic
approach to represent functional relationships both within

the same level and between the different levels of a design
hierarchy. Their functional logic is represented by a general
form of functional blockdiagram using a directed graph. A
functional block is semantically equivalent to “why” at the
next higher level and “how” at the next lower level. This
function logic forms a chain of reasoning from required
functions to the structural components that implement them.
Connections between functions are defined by various links,
such as the and0or link, temporal link, causal link, informa-
tion link, and revisional link.

Contrary to the above top-down reasoning approach, Gero
~1990! presents a bottom-up synthesis approach by using two
mappings: from actual behavior directly to a structure and
from expected behavior to a function. Expected behavior is
derived from a formulation or specification of the design prob-
lem. Actual behavior is derived from analysis of a database
of existing structures. A synthetic technique is proposed to
generate the actual behavior from the expected behavior.

The function decomposition and mapping approach is
perhaps the most ubiquitous design model in conceptual
design~Maher, 1990!. The above overview only listed some
of the research that is most relevant to the proposed FDM
process~part of a conceptual mechanical design frame-
work!. First, it shows that the proposed FDM graph repre-
sentation is quite similar to the function–means tree, that is,
physical means is incorporated in the graph. The major dif-
ference is that the FDM graph distinguishes between pur-
pose function and action function, hence more mapping
operations are supported.

Fig. 10. The automatically listed design alternatives from the FDM graph.
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Second, physical phenomenon is proposed as a formal-
ism of the mapping knowledge to assist both mapping from
function to structure and mapping from purpose function to
action function.

Third, the function decomposition and mapping opera-
tions are only carried out in the first modeling stage. This is
because decomposition and mapping have limited reason-
ing capability when strongly coupled design problems are
involved. For mechanical design specifically, this often oc-
curs at the lower levels of the design hierarchy, where ac-
tion functions are generally involved. Once one or more
action functions are identified and are not mapped to any
physical structure, the methodology of the causal behavioral
process~CBP! can be employed. This is because action
functions are more directly related to the physical princi-
ples by which more concrete solutions can be sought. As
shown in the previous section, CBP is a network of design
nodes consisting of function, behavior, and structure of both
the design object and the environment. For those strongly
coupled action functions at the lower design levels, CBP
has stronger representational and reasoning capabilities than
an AND–OR tree approach. This has been demonstrated in
Deng~2000! and Deng et al.~2000a, 2000b, 2000c!.

5. CONCLUSIONS

The purpose of this article is to clarify some ambiguities
and confusions relating to the representation of function
and behavior used in conceptual mechanical product de-
sign. It is suggested that there are not only two views of
function, but also two types of function. Mechanical func-
tion can be classified into purpose and action functions,
which relate to the different levels of the same design hier-
archy and abstraction. It proposes a distinction between the
semantic and syntactic representations of function and be-
havior. The commonly used natural language sentence
scheme is shown to be only a syntactic representation,
whereas the semantic form of input–output flow or state
transition representation scheme~both for action function
and behavior! can also be instantiated by natural language
sentences. The article summarizes basic representation
schemes. It also proposes an input–output action transfor-
mation scheme to semantically represent the action func-
tion. This provides a complement to the input–output flow
of action scheme of behavior representation. Together the
two schemes provide a consistent and comprehensive means
for semantic representation of mechanical function and
behavior.

The work is useful not only in understanding the funda-
mental concepts of function and behavior but also in devel-
oping conceptual design synthesis strategies. To demonstrate
this point, a refined framework is proposed for conceptual
mechanical product design by using both function types for
the same design problem. A previous work involving a two-
stage functional modeling framework is modified to bridge
the gap between the two modeling stages. Specifically, it

distinguishes functions involved in the function decompo-
sition and mapping process as being purpose functions or
action functions and suggests that only the action functions
can be further developed by generating causal behavioral
processes. Hence, there should be a mapping from a pur-
pose function to an action function. As such, two new map-
ping operations are proposed: direct mapping from a purpose
function to an action function and mapping from a purpose
function to physical phenomena first and then to an action
function.

With this refinement, the first-stage functional modeling
process is represented and visualized by a FDM graph. Sev-
eral construction rules are proposed for the development of
the FDM graph, so as to organize and guide the modeling
process. Software implementation of this modeling process
is also briefly discussed, where a functional vocabulary li-
brary based on purpose and action functions is employed.
The design knowledge libraries, such as the physical phe-
nomena library, can also be enhanced with knowledge to
support the new mapping operations.

The proposed framework is useful for the early stage of
conceptual mechanical product design from both a research
perspective and a practice perspective. For practice, the
framework guides the designers in their conceptual design
process, by which they can explore their design alternatives
through decomposing design functions, conducting various
functional mapping operations, and generating causal be-
havioral processes for those strongly coupled action func-
tions. The designers can compile their past design experience
by using the proposed formalized functional knowledge li-
braries to assist their future designs. The framework is also
helpful for instructional purpose for novices.

From a research perspective, the main thrust of this arti-
cle lies in the clarification of function and behavior repre-
sentation, the suggestion of two function types for the same
design rather than two function views for different designs,
the perception of behavior as involving interactions rather
than as state transitions, and the proposed input–output flow
of action representation scheme. The proposed design frame-
work contributes both to the understanding of conceptual
mechanical product design from a functional and behav-
ioral perspective and to the formal representation of this
process. More importantly, the work is not restricted to the
mechanical product design domain alone. By adjusting the
notion of an action function to the operational function spe-
cific to other design domains and modifying the functional
operations involving the action function, a new design sup-
port framework may be developed for other design do-
mains as well.

Design is a very broad, deep, and complex intellectual
activity ~Duffey & Dixon, 1990!. This article only touched
on a small portion of design research issues. Nevertheless,
it is the author’s belief that clarification of any ambiguity in
fundamental concepts such as function and behavior will be
useful in broad areas of design research, especially for con-
ceptual design.
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APPENDIX

A1. Explanation of functional route node
used in FDM graph

Theoretically there is no need to employ a route node in an
AND–OR tree because an OR operator already has the func-
tionality to express different routes. The only reason for
using a functional route node~R node! in the FDM graph is
that it simplifies the graph when an operand of an OR op-
eration involves more than one node. For example, in Fig-
ure 5, the design intention is to decompose F1 into~F2
AND F3! OR ~F4 AND F5!. If nodes R1 and R2 are not
used, then all four subfunction nodes need to be connected
to F1 directly. Figures A.1 and A.2 show two common meth-
ods that do not use R nodes~Kota & Lee, 1990; Kusiak &
Szczerbicki, 1992!.

Both of these methods have limitations. The method by
Kota and Lee~1990! leads to redundancy. For example, if
we want to decompose F1 into~F2 OR F3! AND F4, then
F4 needs to be representedtwice because it needs to be
ANDedwith both F2 and F3. This is because a direct rep-
resentation is not possible using this method; hence, some
logical calculation has to be done first.

It looks like the method by Kusiak and Szczerbicki~1992!
can eliminate this redundancy~although the logical calcu-
lation is still necessary!, because the fourth example shown
in Figure A.2~AAND B OR B AND C! clearly depicts that
B can beANDedwith both A and C.

However, if we extend this expression as

A AND B OR B AND C OR A AND C,

and represent it in Figure A.3, it can be seen that the method
cannot distinguish between A AND C~which is the desired

Fig. A.1. The AND–OR representation by Kota and Lee~1990!.

Fig. A.2. The AND–OR representation by Kusiak and Szczerbicki~1992!.

Fig. A.3. An example using the method of Kusiak and Szczerbicki~1992!.

Fig. A.4. An example using route nodes in the AND–OR graph.~—! An
AND operation;~- - -! an OR operation. For a real design case, R3 and R4
should be replaced with function nodes~F nodes!, which represent certain
subfunctions.
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alternative! and A AND B AND C ~ just like the last exam-
ple shown in Figure A.2!.

Things can turn intangible if more subnodes are encoun-
tered where the logical relations between them are more
complicated, such as the example of decomposing F1 into
the following:

~F2 AND F3! OR ~~F4 OR~F5 AND F6!! AND F7!.

On the other hand, if we employ R nodes in the graph,
such as the one shown in Figure A.4, then no logical calcu-
lation is necessary. This is very important because it helps
to retain the design intention in the graph. Besides, the R

nodes only bear the information of OR operators, and no
additional information is required.
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