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Abstract: - An ideal conceptual design model should support multi-level innovative design through rational
mapping layer and mapping relationship. In this paper, five existing conceptual design models are reviewed
from this perspective, and a new model which supports the alternation of cyclic mappings among functional
decomposition ] functional solving and combination of solutions in turn is presented. Then the knowledge
representation scheme for principle solving and the feature-based scheme for interface representation are
discussed. Finally a cyclic solving approach to conceptual design is put forward, and an interface matrix is

applied to facilitate computer processing.
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1 Introduction

According to the definitions given by Paul and Beitz
[1], the conceptual design can be mainly divided
into two stages:(1) functional decomposition: the
overall function of a product is decomposed into
many sub-functions to build the product’s functional
structure; (2) functional solving: principle solutions
of each sub-function will be derived from functional
solving, then those principle solutions will be
composed into the solutions of overall function to
form the design proposal. It is generally agreed that
the two stages proceed in order. The standpoint
reflects part of thinking process of conceptual
design, it is rational, but there still exist two
problems, and they are as follows:

(1)Separating from functional solving will lead
to an uncertainty of the granularity of functional
decomposition. The designers are unable to estimate
what level of the granularity of functional
decomposition will make function decomposed to
be solved successfully.

(2)Function is the abstract and the summary of
design requirements. At the right beginning of the
conceptual design, much related information of
function is indefinite, qualitative and incomplete. It
is not easy to automatically decompose the abstract
function with the current artificial intelligence
technology.

The above-mentioned problems make current
research on the conceptual design automation into
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some troubles. The author believes that both
functional solving and functional decomposition in
the conceptual design incorporate features of
relative independent ability and process in order as
well as features of reciprocal causation and
alternation and interaction. The problems arising in
the conceptual design automation will be alleviated
when these two stages are integrated, and a further
study will be made in this paper.

2 The existing conceptual design
models
The conceptual design model is a formal

representation as well as a regular description for
the conceptual design process. It is also a direct
embodiment of design thinking. With the research
and development of the design methodology, people
can have a general understanding and grasp of the
conceptual design process, and they can try to
establish an operable process model at all levels of
the design process. Over the years, due to the
extensive research on the conceptual design model
which is based on layered mapping, there have been
emerged a number of representative layered
mapping models.

From the perspective of the layer of mapping, the
mapping models can be divided into direct mapping
model[2,3,8,9,10] and indirect mapping model[4-7].
Direct mapping model is represented by the function
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-structure mapping model (Figure 1la), and
illustrates that it can be directly mapped with the
direct relationship between its function and
structure. However, its limitations lie in the fact that
its function is merely the reference of its structure,
while neglecting the support to the creative thought
as well as a wide range of innovative approaches
and multi-level innovation activities in the mapping
process. Therefore how to support the brainstorming
activities in the function-structure mapping process
has become a key issue. Indirect mapping model
illustrates that the function and structure are the
product descriptions of two different perspectives
respectively, which are characterized by the
existence of a qualitative difference, so there are
difficulties in achieving this mapping directly.
Therefore, an intermediate link is required for the
interconnection of the functional description and the
structural description. Gero, Umeda, took behavior
as a bridge which links the function and the
structure, and put forward a Function-Behavior-
Structure (FBS) model (Figure 1b), holding the
opinion that the function is the action to the
behavior, and the behavior is a relatively objective
description of the change of the product structure or
the state of the object which arose from the change
of time, which can be indicated by a sequence of
change. They tried to explain how the structure
fulfills its function via behavior, which shows the
support of multi-level innovation activities to some
extent. The behavior mentioned here is to highlight
the technology sequence or action sequences needed
to fulfill certain functions, however, it can not in-
depth reflect or explain the fundamental reason that
function is realized by the structure, and have some
limitations. Feng et al. regarded effect as an
intermediate link between the function and principle
solution, and put forward the function-effect-
principle solution model (Figure 1c), which
illustrates that the function epitomizes the design
tasks and requirements, the effect describes the
basic mechanism of functional realization, and the
principle solution describes the realization structure
of the effect-it is the embodiment of the effect.
When we are making conceptual design for
products, we should first identify the function, and
then convert functional requirements into effect
description, and finally into principle solution. The
model is designed in line with the designer's
brainstorming process and it is conducive to the
innovation of the principle solution, but it is not
applicable to certain occasions in which effect and
working principle are not obvious.

From the perspective of the direction of
mapping, the mapping models can be divided into
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one-way mapping model[2-7] and the to-and-fro
mapping model[8-10]. One-way mapping model
emphasized the solving of the function-structure is
mapped by way of one-way, one-pass and layered
mapping, and therefore such kind of model only
supports the solving and the mapping from the
functional layer to the other layers, while neglecting
the reverse one. Due to this reason, the to-and-fro
mapping model is generally only applicable to the
conceptual problems with single function. The to-
and-fro mapping model is represented by the zigzag
function-structure mapping model (Figure 1d) and
the Freeman and Newell’s model (Figure 1e), which
illustrates that the solving of the function-structure
can only be realized by repetitive mapping.
Generally speaking, the mapping layer of such kind
of model is simple, and most of them are direct
mapping solving, so they can not fully indicate the
cause-and-effect relationship between function and
structure. In addition, such models do not put
forward operable methods when dealing with the
reversed mapping relationship between structure
and function. For example, the Freeman-Newell
model merely divides the expression of the principle
solution into three parts: that is, description of a
principle solution, the function that the principle
solution can offer and the pre-function that must be
fulfilled in advance. However, it is very difficult for
the designer to determine the pre-function of an
isolated principle solution. Therefore, such
knowledge base of principle solution is often hard to
build.

From the above analysis we can see that the
existing models of conceptual design have their own
rationality respectively, but as a whole, there are
still three problems: 1) the division of layer for
mapping is not rational enough. The existing models
can express the relationship that the function is
realized by the structure, but it can not fully express
the inherent reasons, leading to information faults
between the function and structure. 2) the basic
requirement of the conceptual design is the diversity
of solution path as well as the multiple solutions of
design scheme. The existing models lack the support
of multi-level innovation activities, and then
different levels of creative thinking can not be fully
reflected on them in the design process. 3) the
existing mapping models are single, mostly one-
way, one-pass, and layer by layer, which only
support the solving and the mapping from the
functional layer to the other layers, while do not in
the reverse process. Therefore, they are generally
only applicable to the conceptual problems with
single function.
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Fig.1 The existing conceptual design models

3 Cyclic mapping model for
conceptual design of complex function
product

[Definition] complex function: a number of different
and (or) same sub-functions fulfill the complicated
function according to a certain relationship and
synergistic action.

Conceptual design is a typical ill-defined
problem solving process. In the initial stage of
conceptual design, due to incomplete information of
the function, we can not obtain complete functional
structure  through  the  abstract functional
decomposition. In fact, the relationship between the
generation of the functional structure and functional
solving is alternating and reciprocal causation.
Based on the above analysis, the author of this paper
put forward the cyclic mapping model for
conceptual design of complex function product, and
it is shown in Figure 2. The model contains three
types of mapping patterns, a total number of 12
kinds of mapping relationships, corresponding to the
three sub-processes of complex function solving: 1)
the top-to-bottom decomposition mapping pattern:
when the problem to be solved is rather
complicated, the decomposing mapping will be
done first to reduce the complexity. 2) solving
mapping pattern from left to right: by function—
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effect— working principle— abstract
structure(F—E—P—S) layers mapping or cross-
layer mapping to seek access to the effect solution,
principle solution and abstract structure solution
whose sub-functions are to be solved. 3) the right-
to-left derivative mapping pattern: to eliminate the
interface mismatch that arose from the combination
of sub-functional solution . That is, when the
related sub-functional solution makes a combination
to form the overall function on the effect layer, the
working principle layer and the structure layer,
interface mismatch may be produced, and at this
time the additional sub-function is required to be
derived to eliminate the collision. In the above-
mentioned three types of mapping patterns, the
solving mapping is the core and the main body, and
the decomposition mapping is the preparation for
the smooth progress of solving mapping, while the
derivative mapping is the supplement for the
imperfection of the solution that is obtained from
the solving mapping; the above-mentioned three
types of mapping are both end to end, alternating, as
both reciprocal causation, and they form three
different layers of cyclic mapping in the effect layer,
the working principle layer and the abstract
structure layer (as shown in the dotted line of figure
3), eventually generating a full functional structure
and derives the corresponding overall structure
solution.
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Fig.2 The cyclic mapping model for conceptual design

4 Key technology of cyclic solving for
conceptual design

4.1 A knowledge representation scheme for
principle solving

In essence, the mapping process of the conceptual
design is a knowledge-based problem-solving
process, so the quality of the knowledge base has a
great impact on it. Results demonstrated that, most
of knowledge that is required for the principle
solving comes from the physical effects or the
working principle which have been found, and most
of them have gotten successful engineering
applications. The innovative principle solving is
actually repetition as well as re- engineering of
those knowledge and examples that are already in
existence. As early as four decades ago, some
German scholars, Roth, Koller, Pahl and Beitz, etc.
had began to get down to systemic codification,
expression and application of principle knowledge
by their hands, and the results they got had provided
an important reference for the establishment of the
principle solving knowledge base. The mid-and late
90s, Feng et al. launched a study on design
catalogues and developed a number of design

Design catalogue of
principle solution

{_Solving e |
iertace e
[ Eatating e

N ket e |

Collection and
arrangement of
knowledge

Feature
modeling

Feature model for
principle solving

Frame-based
knowledge
representation

catalogues of principle solution with typical
functions. Taking into account the complexity and
ill-defined feature of the conceptual design
knowledge, it will be difficult to extract and
describe such knowledge directly by using
computer. The author made an in-depth research on

the knowledge acquisition of principle, and
proposed the "design catalogue—feature
model—feature ~ frame—-class and  object"

knowledge representation scheme for principle
solving (Figure 3). The author also took the
separation function, the driving function and the
transmission function, etc. as examples, collected
more than 100 effects catalogues and over 2000
working principle catalogues and abstract structure
catalogues, and then developed a design catalogue
which includes 500 universal typical solutions by
listing, abstracting and making classification. In
addition, the author used the feature model of
principle solving for the complex function to make
hierarchical reorganization onto the design
catalogue knowledge, and used the feature-frame
method as well as object-oriented programming to
convert it into the computer-oriented knowledge
base that have successfully solved the existing
problems of knowledge representation to principle
solving for the complex function.

Frame Class and object

class class_name:
Object-oriented| {
programming

<frame_name>
(<slot1> statement of member
(<facet1>] <valuel>[ variablel
[ <value2>l statement of member
) functionl

1
- S

Fig.3 The knowledge representation scheme for principle solving
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4.1.1 Design catalogue of principle solution

The design catalogue of principle solution is the
knowledge base for carrying out principle solving as
well as the knowledge source of principle solving
system, so its structure is bound to adapt to the
process of principle design. The author has put
forward an improved design catalogue of principle
solution which is composed of functional item,
solving item, interface item, evaluating item and
remarks item, and the structure of the design
catalogue is shown in figure 4. Functional item is
the identification and the reference of the design
catalogue, and is the knowledge for providing

functional guidance. Solving item describes
mapping relationship among the
function—effect—working principle—abstract

structure, and reflects the multiplicity of solutions
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and innovation of design. Functional item and
solving item correspond respectively to the four-
stage sub-catalogues which include functional sub-
catalogue, effect sub-catalogue, work principle sub-
catalogue and abstract structural sub-catalogueand
are the critical knowledge for the principle solving.
Interface item, evaluating item and remarks item are
the knowledge of carrying out the combination of
solution, the decision-making and application
respectively, leading to the final result that is
merged into one or more optimal and feasible
solution. From this viewpoint, it can be seen that,
compared to the previous principle design
catalogues which were single-function-oriented, the
one for complex function provides the support for
the entire process of the principle design.

Functional . . .
. Divergence of solutions Convergence of solutions
guidance
Functional classfication Functional Combination Selection of Application and
- . ) . naturalization of
and recognition solving of solutions | solutions | calufinne |
Design catalogue of principle solution
Solving item Interface item :va_fruaung Remarks item
- ifem Fechnieat
Functional Ef Working Abstract Material Energy Technicality
item =% ect principle structure Information || Environment Economy e
B ] B ] I | Sociality References
Functiona Effect Orking Structure
sub- sub- p”S”Lﬁ')F_)Ie sub-
catalogue catalogue talo catalogue
Four-stage sub-catalogues

Fig.4 The structure of design catalogue of principle solution

4.1.2 Feature model for principle solving

The design catalogue contains the most relevant
knowledge of principle solving, but its form and
content come from manual abstraction and manual
analysis, e.g. from some figures, texts, diagrams,
forms and a combination of empirical data, so the
design catalogue-based knowledge lacks systematic
method, thus inhibiting the further computer-based
processing. In order to enable the design catalogue
to be better applicable to computer-oriented
principle solving, we must make systematic and
hierarchical processing on its system through feature
model.

Corresponding to the design catalogue of
principle solution, the feature model for principle
solving includes the descriptive knowledge of
solutions, as well as the knowledge of principle
solving, combination of solutions, evaluation of
solutions and application of solutions. The former is
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object knowledge, while the latter is process
knowledge. Here, the author puts forward feature
model for principle solving of complex function
product, and it is shown in Figure 5. The feature
model contains two parts: the object feature and the
process feature. The object feature makes a
description and explanation to those objects, such as
function, effect solution, working principle solution
and abstract structural solution, which are involved
in the process of the principle solving. The object
feature is composed of functional feature base,
effect solution feature base, working principle
feature base and structure solution feature base. The
functional feature illustrates the purpose of the
solution, the effect solution feature makes a rough
description of the working mechanism of the
solution, the working principle feature makes a
further detailed description of the working
mechanism of the solution from the perspective of
acting force, acting motion and acting surface, and
the structure solution feature embodies and
materializes the effect and the working principle.
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The process feature makes a description of the key
steps of the principle solving, and is composed of
solving feature base, interface feature base,
evaluating feature base and case feature base. The
solving feature describes the mapping relationship
among function, effect, working principle and
abstract structure, and is the knowledge for the
principle solving. The interface feature describes the
interface matching relationship among the solution
and its related solution and other external objects,

S. Zhang

and is the knowledge for the combination of
solutions. The interface feature is the main focus of
the current paper. The evaluating feature describes
the evaluation index of the solution from these
perspectives of technicality, economy and sociality,
and is mainly used for the evaluation as well as the
selection of the solutions. Finally, the case feature
describes the application of the solutions in the
existing products, and is mainly used in the
application and the naturalization of solutions.

Feature model for principle
solving

Object feature
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Solution
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Process feature
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Fig.5 The feature model for principle solving

4.2 The feature-based scheme for interface
representation

If we regard the solution as a black box (Figure 6)
without taking its internal structure into account but
only the interaction between the solution and the

Energy =]
Material
Information====+| ==

Interference effects from
the related solutions

|
I
Interference effects from | |

environment |

dug

—.

QoByIoIUI
uorjor In

==

external object, then the interaction will constitute
its interface.

[Definition] interface: the description of the
interaction between the solution and the external
objects (including the associated sub-functional
solutions, the acting objects, the environment and

the human).

——+— Energy
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3o environment
=5
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Fig.6 Interaction between the solution and the external object

One of the most important preconditions for
supporting the entire process of the conceptual
design is to describe the interfaces between different
sub-functional solutions, so as to acquire the
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matching knowledge for the combining the principle
solutions. Here, a feature-based scheme for interface
representation as shown in figure 7 is put forward in
this paper. The interfaces could be divided into
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acting object interface, associated solution interface,
environmental interface and man-machine interface
according to objects of interface. According to the
acting direction (the solution is taken as reference
object) of interface, the interfaces could be divided
into input interface (such as the input object
interface, interference effect interface, the input
action interface, which is shown in Figure 6) and
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interface feature
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output interface (such as the output objects
interface, reaction interface, side-effect interface,
which is shown in Figure 6). According to both their
advantages and disadvantages, the interfaces could
be divided into advantageous interface (Such as the
input action interface, reaction interface) and
disadvantageous interface (such as the interference
effect interference, side-effect interface).

Interface
[caturc basc
Associated solution
interface feature

Side-cffect 6
the related
solutions

Environmental

interface feature

Sidc-effect to Input action Reaction to Side-effect to
cnyironment from human human humna
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Fig.7 The feature-based scheme for interface representation

We take the solution of ozone generation by corona
discharge as example (Figure 8), and its main

interface is shown in table 1.

high voltage electrode

oxygen
containing gases

alternating high voltage electric field

0zone

ground electrode

\ dielectric

Fig.8 Schematic diagram of ozone generation by corona discharge

Table 1 The interface of the solution of ozone generation by corona discharge

. . Classification
- Classification .
Category of - Description of : according to the
interface Name of interface interface z%%onr dldnl% etgdt(l)lrf advantages and
g disadvantages
Input materiel Name of material | Pure oxygen or air | Input interface Advantageous
interface ye p interface
Input materiel Motion status Flowing air Input interface Advantageous
interface g p interface
Output materiel . : Advantageous
Hterface Name of material Ozone Output interface interface
Input power Category of Alternating high . Advantageous
interface power voltage electricity Input interface interface
Side-effect .
: Generate a large . Disadvantageous
interface to Heat Output interface .
environment number of heat interface
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Side-effect Harm the human .
interface to the Ozonetoxicity body's respiratory | Output interface Dlsgﬁg‘{g?&:%eous
human system
Alternating high
voltage electric
 Side-effect Electromagnetic | has anf}Ierllgact on - Disadvantageous
rﬁgﬁ%igf&fg& interference of the stable Output interface interface
operation of the
low-voltage
controlled circuit

4.3 Cyclic solving approach to conceptual
design based on interface mapping

Based on the cyclic mapping model for conceptual
design, the author presents an interface matching-
based cyclic solving strategy for conceptual design
and its steps are as follows:

Step 1: First of all, study on the input object
features and output object features of conceptual
design requirement, and make them to match with
the acting object feature in the knowledge base of
functional prototype to reason out the aim sub-
function.

Step 2: To obtain a number of solutions of the
aim sub-function through the solving of the
function—effect—working principle—abstract
structure.

Step 3: Check one by one the suitability of
interface between sub-function and the external
object (including the associated sub-function
solutions, acting object, environment and human),
and check out whether there is interface mismatch. If
the interface matches perfectly, then it means that
there is no need to derive new sub-functions;
otherwise, it means that new sub-functions are
necessary to be derived at the place where the
interface mismatch happens to convert the interface,
so as to eliminate the interface collision.

Step 4: Check one by one those interface features
that produce collisions, and make them to match with
the acting object feature in the knowledge base of
functional prototype to reason out new sub-functions,
and then continue to the step 2.

The process of conceptual design will not be
ended until all interface collisions are eliminated in
the same way as what have been mentioned above.

4.4 Interface matrix

The above analysis has shown that, the key of the
cyclic solving approach to conceptual design lies in
checking the interfaces among various sub-functional

ISSN: 1109-2750

1007

solutions to find the unmatched interfaces. In order
to facilitate computer processing, we use a matrix
method in this paper to represent and process the
interface mapping in a formal manner.

In Checking the suitability of solutions, we need
to view four types of interfaces: the input interface
that is required by the solution (recorded as S.;), the
input interface that is provided by the external
objects (including the associated sub-functional
solutions, the acting objects, the environment and the
human) (recorded as S.,,)), the output interface that
is provided by the solution (recorded as S.,), as
well as the output interface that is required to be
offered by the external objects (recorded as S,.).
Herer we take Sy, as an example. S, can be
expressed as the boolean vector which is made up of
the elements that all consist of “1”. Since the
dimensionality of the boolean vector is the number of
elements of the S, any element in the set can be
represented as a unit vector. Any one of the subset of
S can also be represented as a boolean vector
which can be achieved by “or” calculation to the unit
vector. Suppose S consists of four interface
elements (recorded as sg.i /i=1~4L1]), then Sin=[1
1 1 1]. Any one element of S can be represented as
the unit vector, such as {Ss.@2)}=[0 1 0 0]. And any
of the subset can also be represented as the boolean
expression vector, for example, the interface set
which consists of Sy L Sy U S can be
expressed as
{860yt 802} [ A{Sen@=[1 0 0 0] OR [0 1 0 0]
OR[0001]=[1101] (1)
Similarly, interface sets such as S¢, )[/S(s.p) ! S(o-r) can
also be represented as the above-shown boolean
vector . Therefore, the interface mapping relationship
can be stored through an interface matrix, and the
row vector of the matrix is made up of the interface
of the solution interface (ie, Si.n 'Ssp)) , and its
column vector is made up of the external object
interface (that is, S¢,)[/S(.r)) composition. Therefore
the interface matrix can be represented as
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[ . . .
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In this chart, S Ll Sepym) = Se-p)i) L Sco-nmy 18 the
vector element of the interface set SIS s-p) ) S(o-p)
S(or respectively. aj; and by, are the matrix element

that restore the result of interface mapping, and their
values are as follows:

0: If the row interface and the column interface do not
belong to the same type interface
1: If the row interface and the column interface belong to the

a'il] bnm:
! same type interface, and they get a successful mapping.

-1: If the line interface and the row interface belong to the

same type interface, but they get an unsuccessful mapping.

In order to facilitate the matrix processing, we
partition the matrix into four small pieces of matrix,

Seom *** Sean * * * Seom
Qi .- Ay A1p | Sep
Sey?Sen= | @p a; App | Seen
aq1 aqi aqp_ S(c-p)(q)

As there is not interface mapping relationship among
the S(s_p) and S(O_p), S(s—r) and S(o-r)a S(s_p)XS(O_p) and S(s_
n*Ser are matrix which all consist of "0" and
recorded as Og and Oy,,. This shows that the interface
determination only needs to be done among S, and
Sepp Spy and S Upon completion of all the
interfaces mapping, S(s*S(o.p) and Ss.p)*S(o are
obtained, and their interface mapping results are
stored in the matrix elements. By removing all row
interfaces and column interfaces whose matrix
elements consist of "1", we can obtain two interface
conflict matrix, which are recorded as S’ *S’ ()
and S’5)*S’ . Next, we will view all the row
interfaces and column interfaces whose elements
consist of "1" in the interface conflict matrix to
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3)
respectively, which are recorded as S*S(o-p) [ Ss-
2SS S S *Sion, and

S(S-P)H) et S(S-P)(m) " S(S-P)(X)
— b _
b11 =t ! . b1x S(o»r)(1)
. m - -
S(s-p)?S(O-r)_ bn‘] T bnm " bnx S(u-r)(n)
L by1 bym . byx_ S(D-r)(y)

(4)
derive new sub-functions, which is to eliminate the
interface mismatching.

5 Conclusion

By analyzing both the advantages and disadvantages
of the existing solving models for conceptual design,
a cyclic mapping model for conceptual design, which
supports functions, effect, working principle and
abstract structure cross-mapping is put forward in
this paper. The model offers a cyclic mapping
mechanism which supports the alternation of
functional decomposition [J functional solving and
combination of solution with the help of the
reasonable mapping layer and rich mapping
relationship, thus generating a full functional
structure and derives the corresponding abstract
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feasible structural solution. On this basis, the key
technology such as knowledge representation scheme
for principle solving, feature-based scheme for
interface representation, cyclic solving approach to
conceptual design, interface matrix have been
elaborated in this paper, which lays down a good
foundation for the realization of the conceptual
design automation.
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