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Abstract. The traditional product form design research usually starts from a single
aspect such as aesthetics, ergonomics and Kansei engineering, and lacks the
comprehensive consideration of multiple constraints. To solve this problem, a
product form optimization design method oriented to aesthetics and ergonomics is
proposed. First, based on the theory of computational aesthetics, a quantitative
product form aesthetic index system is established. Using the entropy method to
achieve the comprehensive evaluation of product form aesthetics. The ergonomic
evaluation is carried out by measuring the difference between the standard values
and the actual values of the design parameters. Then, taking the aesthetic and
ergonomic evaluation as game players, a noncooperative game model is
established, and the Nash equilibrium is solved to achieve product form
optimization. Finally, We verify by experiments that this method can better realize
the multifactor fusion design of the product.
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1 INTRODUCTION

As a human-oriented creative activity, product form design involves many factors, such as
aesthetics, ergonomics and emotion. With the rapid development of science and technology and
the increasing enrichment of material life, users have increasingly higher requirements for
products. When making a purchase, users pay attention to not only the practical functions but also
the aesthetics of the product. Products with aesthetic appeal provide a good aesthetic experience
for users and can produce a pleasant mood. As product form design involves aesthetics,
ergonomics, psychology, processing technology and many other fields, traditional product form
design research usually starts from a single aspect such as aesthetics, ergonomics and Kansei
engineering, which is difficult to meet the multi-dimensional requirements of users for products.
Generally, industrial designers prefer vision, because they give products the best shape, material,
and color to meet the emotional needs of customers. Engineers pay attention to the performance
by adjusting the durability and convenience of products to meet the performance needs of users
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[22]. Indeed, product development has become a multifactor decision-making process, and an
effective multifactor fusion design method has become the key to product design.

Aesthetic evaluation, as an important issue in aesthetics, is an extremely complex mental
activity. Research on the aesthetic evaluation of product form can help designers understand the
factors influencing the formation of product aesthetic feelings and the internal relationship and
rules of the aesthetic evaluation system. At present, scholars mainly study the aesthetic evaluation
of product forms from two perspectives: subjective evaluation and objective evaluation. The
subjective aesthetic evaluation mainly uses various survey methods to obtain basic data or
subjective weights given by experts, and constructs a comprehensive evaluation model. For
example, Zhang et al. used the hierarchical analysis method to construct an aesthetic evaluation
system for clothing [31]. Roussos et al obtained data through a survey method and completed an
aesthetic evaluation of the product based on the created aesthetic evaluation criteria [18]. Diego
et al developed a theoretical framework capable of predicting the emotional response of individual
users [4]. The objective evaluation of aesthetics is usually done through computational aesthetics.
For example, Birkhoff was the first to try to use standards to measure beauty [1]. Ngo et al.
established 13 aesthetic formulas for interface design and completed the aesthetic evaluation of
interface design [16]. Since then, after the continuous expansion of research, aesthetic evaluation
has achieved many results in different scenarios. For example, Lo et al. used six dimensions of
proportion, unity, minimalism, balance, equilibrium, and symmetry to complete the aesthetic
evaluation of integrated audio [11]. Hsiao et al. used morphological analysis to determine the
morphological characteristics of the coffee machine and established a calculation formula to
complete the aesthetic evaluation of the appearance of the coffee machine [8].

In summary, the subjective evaluation method can simply and intuitively reflect the users'
perceptions and wishes. The disadvantage is that due to the different evaluation groups, the
evaluation process is prone to the phenomenon of too strong subjective preference, resulting in
low consistency of evaluation results. Compared with the subjective evaluation method, the
aesthetic evaluation from an objective point of view has a strong mathematical theory as the
basis, and the method of experiment is clear, the calculation formula is intuitive and the
experimental data is precise.

The ergonomic study is a fundamental part of ensuring the comfort and functionality of a
product. Good ergonomic design not only avoids work-related musculoskeletal disorders in users,
but also improves their efficiency and performance level [25]. The benefits of ergonomic studies at
an early stage of the design process are widely recognized. For example, Choi et al determined the
location of hard keys on smartphones by statistically analyzing the preferred hard key control
areas of users with different hand sizes [3]. Mououdi et al completed an ergonomic design of
school bags for elementary school students aged 6-12 years based on anthropometric data [14].
Shankar et al completed an ergonomically optimized design of a blackboard eraser using survey
experiments and surface electromyographic sensor experiments [20]. Most of the existing studies
on ergonomics have heavy experimental processes and high implementation costs. Ergonomists
often have a scientific background and are familiar with the use of numbers and structural
drawings, and their findings are often difficult for designers to understand, creating a gap between
the field of ergonomics and product design. Therefore, it is particularly important to create an
intuitive and effective mathematical model to simplify the ergonomic evaluation process in product
design.

Optimal design of product form based on aesthetic and ergonomic factors can be considered as
a multi-objective optimization problem (MOP). In the traditional MOP, the weight method is usually
used, including the hierarchical sequence method, physical programming method, and weighting
method. The MOP is transformed into a single-objective optimization design problem, and then
solved and optimized design is realized. For example, Zhu et al. built a comprehensive evaluation
model of multiple factors from the perspective of aesthetics, ergonomics, and performance [33].
Kogiso et al. used the weighting method to complete the reliability optimization design of a car
body [10]. Zhang et al. used the grey relational theory and weighting method to complete the
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reliability optimization design of mechanical products [30]. In the above research, a common
problem is that the cross-coupling relationship between multiple design objectives cannot be
solved. The selection of the weight coefficient or preference function of each objective reflects the
subjective consciousness of the designer. The artificial experience is large, and the objectivity of
the optimization result is low.

The main contributions of this paper are summarized as follows:

1. Based on the entropy weight method and computational aesthetics theory, we propose a
comprehensive aesthetic evaluation model of product form, which overcomes the defects of
subjective aesthetic evaluation methods in which weights are sought subjectively and makes the
aesthetic evaluation results more objective and reliable.

2. Based on the concept of sensitivity, we introduce it to screen important parameters in the
fusion design model for optimal design, which can effectively reduce the workload and complexity
of the optimal design.

3. Based on the non-cooperative game theory, we build a non-cooperative game model from
the perspective of multi-factor integration design, using the aesthetic evaluation model and the
ergonomic evaluation model as two game parties to realize the optimal design of product form. In
this model, the aesthetic and ergonomic factors continuously play to generate a driving force to
continuously promote the iteration and optimization of the product form. At the same time, the
optimization system will also give continuous feedback, the two complement each other until the
optimal product form is produced. The intelligent decision system helps designers to optimize the
layout of product forms and provides a theoretical basis for intelligent decision-making on product
form layout optimization.

The rest of this paper is organized as follows. Section 2 presents the related research methods.
In Section 3, we present the detailed process of constructing a multifactor fusion design model. In
Section 4, we illustrate the research process of the model with a practical case of a translator.
Section 5 demonstrates the discussion of the model. Finally, Section 6 presents some brief
conclusions.

2 LITERATURE REVIEW

2.1 Intelligent Design of Product Form

The study of intelligent design of product form is to use an appropriate evaluation model as the
fitness function, and then apply intelligent algorithms to assist designers in design decisions to
generate product forms that meet users' expectations, commonly used are genetic algorithms,
swarm intelligence algorithms, interactive genetic algorithms, hybrid evolutionary algorithms, etc.

Based on this, many scholars have conducted a series of studies. Zhou et al. summarized four
formulas for calculating visual balance as an adaptation function of the interface optimization
model and applied them to layout adjustment, attribute selection, and scheme optimization of
interfaces [36]. Kang et al. constructed a multi-objective optimization mathematical model for the
interface element layout based on four indicators of hierarchy, relevance, simplicity and comfort,
and used the genetic algorithm to realize the optimal design of product interface layout [9]. Yang
et al. constructed a product form evaluation system based on the designer's cognition based on the
nonlinear cognitive spider web model proposed by Francisco, and completed the innovative design
of the product form by genetic algorithm [29]. Lugo et al. took the contour of a perfume bottle as
an example, described it using the Bezier curve, constructed three aesthetic metrics (symmetry,
parallelism, and continuity) based on the Gestalt rule, and combined it with a gradient-based
optimization algorithm to achieve an optimal design of the perfume bottle form [19].

According to the above, scholars in the field of intelligent design of product morphology are
based on different perspectives, respectively. On the one hand, in most of the product form
intelligent design studies, the morphological curves of target products are expressed parametrically,
key points are extracted to outline the product form, and there are a large number of parameters

Computer-Aided Design & Applications, 20(1), 2023, 1-27
© 2023 CAD Solutions, LLC, http://www.cad-journal.net



http://www.cad-journal.net/

in the design process with a huge workload. On the other hand, the innovative design of the
product form studied only from the perspective of aesthetics may not be able to meet the
practicality of the product and the multidimensional needs of users, and the research on the
product form design based on several factors is still very scarce, such as engineering factors,
ergonomic factors and performance factors.

2.2 Entropy Method

To represent the uniformity of energy distribution in space, the German physicist Rudolf Clausius
introduced the concept of entropy in 1856. In 1894, Claude Shannon introduced the concept of
entropy to information theory, and expressed the uncertainty of information as an information
metric called information entropy. Information entropy can be understood as the degree of
information loss. Generally speaking, if the information entropy of a certain index is smaller, it
means that the greater the degree of variation of the index, the more information it can provide,
and the greater the role it plays in the comprehensive evaluation model, and the greater its weight
[37].

The entropy weighting method is based on the differentiated size of the data, and the weight of
each index is obtained by the formula of entropy, which is widely used in various fields. Xing et al.
proposed an entropy-based surface mesh simplification algorithm that can generate high-quality
triangular mesh models quickly and efficiently [27]. Shi et al. improved the weighting accuracy of
functional requirement weights in product design by introducing the entropy weighting method
[21]. Han et al. used the entropy weight method to calculate the objective weights of each design
element to achieve the design of game products [7].

Aesthetic evaluation is a complex multi-indicator decision problem, and its evaluation and
decision have an obvious influence on the results of the later stages of design. The early
information of product form layout design is ambiguous and incomplete, often determined
subjectively by experts based on their professional knowledge and experience, and the aesthetic
evaluation of product form layout is an important part of the product development process. Using
the entropy weighting method to reduce the subjective factors of decision-makers in assigning
weights and obtain objective weights of each index can avoid the subjectivity and randomness of
weighting decisions and make the aesthetic evaluation results more objective and reliable.

2.3 Quantum Genetic Algorithm

This is an intelligent optimization algorithm that combines quantum computing and a genetic
algorithm. It was proposed by Han et al. It introduced quantum concepts, such as quantum states,
quantum gates, quantum state characteristics, and probability amplitudes, into genetic algorithms.
Wang et al. applied the quantum genetic algorithm to the field of architecture and optimized the
envelope structure of office buildings to minimize construction costs [23]. Zhao et al. Proposed a
cognitive radio decision engine based on quantum genetic algorithm, in which the radio parameters
are adapted and optimized by quantum genetic algorithm [35].

Compared with the genetic algorithm, the quantum genetic algorithm has three obvious
advantages. First, the quantum genetic algorithm uses qubits instead of monotonic binary bits to
encode feasible solutions in the solution space; second, the chromosome update operation is
increased through the quantum revolving gate instead of using simple crossover and mutation;
third, each qubit is an indeterminate state belonging to the superposition state of "0" and "1",
which makes the decoding operation different from the encoding operation. Therefore, we use the
guantum genetic algorithm to optimize a single objective function to make the convergence speed
faster, the optimization ability stronger, maintain the diversity of the population, and finally,
achieve a better optimization result.

2.4 Noncooperative Game Model

Game theory is a mathematical method, that is, a decision-making theory to address some kinds of
problems with conflict factors. It is mainly used to analyze the behavior between competing
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individuals. There is no binding agreement between the participants in the game process, and the
selection of strategies in the existing strategy space to obtain the optimal strategy under the role
of mutual action and constraints is called a non-cooperative game. Chen et al. applied
noncooperative theory to the strategy optimization process of the reorganization of used machine
tools [2]. Li et al. proposed a turning parameter optimization method based on noncooperative
game theory and made a more optimized selection of the turning amount [13]. Lin et al. proposed
an optimal planning method for power selling companies based on noncooperative game theory to
determine an investment scheme for power generation equipment of power selling companies [12].

In multi-objective optimization problems, the optimization objectives are contradictory and
conflicting. The optimization solutions found by various methods have difficulty meeting the needs
of each objective. The significance of studying multi-objective optimization problems is to seek one
or more solutions so that decision-makers can accept the target value. Game theory mainly
analyzes the behaviors of competing individuals in conflict and contradiction environments and
studies their optimization strategies. The nature of the optimization problem in this study is very
similar to that of the noncooperative game, and the multi-objective optimization mathematical
model for ergonomics and morphological aesthetics is transformed into a noncooperative game
model.

3 METHODS

A multifactor fusion method for product form optimization design is proposed; its implementation
flow is demonstrated in Figure 1.

Step 1: establishing a quantitative system of product form aesthetics indexes based on the
laws of formal aesthetics and Gestalt.

Step 2: the aesthetic index value of each sample is obtained based on the aesthetic index
formula, and the weight of each aesthetic index is obtained using the entropy weighting method,
so a product form aesthetic evaluation model is established.

Step 3: by reviewing relevant literature and books, extracting relevant ergonomic data,
determining the standard values of each design parameter, measuring the actual values of the
design parameters of the product form, and establishing an ergonomic evaluation model of the
product form by measuring the differences between the standard and actual values of each design
parameter.

Step 4: sensitivity is introduced to screen out design parameters that have a greater impact on
aesthetic and ergonomic factors for optimal design experiments. The multi-objective optimal
design problem about product form is transformed into a game decision model and solved by the
quantum genetic algorithm to obtain Nash equilibrium to realize the optimal design of the product
form layout.

3.1 Experimental Sample Preparation

Images related to the product are collected through the Internet, especially the official website of
the product. Based on the principle of covering all essential elements and sample typicality,
experts are invited to screen representative samples using the KJ method (also known as the
affinity diagram method, which classifies and synthesizes information by analyzing the similarity
between them) [15]. Based on the principle of visual perceptual simplification, the morphological
elements of each sample are extracted and simplified, and the morphology of the sample is
described using the morphological analysis software Rhino 6.0 to obtain the curved graphs of
planes as representative samples.
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Figure 1: Flowchart.

3.2 Product Form Aesthetic Index System

Based on the laws of formal aesthetics and Gestalt, the aesthetic indexes are used as an index
system for the aesthetic evaluation of product form. Since the formula for calculating the aesthetic
index can complete the aesthetic calculation of product forms from a quantitative perspective, the
implicit aesthetic cognitive knowledge is externalized, and the specific definitions and formulas of
each aesthetic index are explained in detail in Table 1 [32]. Therefore, this study introduces it,
namely balance (Xi), equilibrium (X2), symmetry (X3), proportion (Xs4), density (Xs), regularity
(Xe), repeatability (X7), proportion similarity (Xs), unity (Xs), continuity (Xio), similarity (Xi1),
simplicity (X12), synchrony (X13), rhythm (X14), sequence (X1s).

Definition

Calculation formula

Balance (BM): Refers to the stability
and balance of the overall
arrangement of elements in the
layout of the product form, and can
measure whether the arrangement
of elements in the contour line of
the product form and its area size
are uniform and reasonable.

|BMy|+|BMx| BM. = — M —We
=1- 2 P max((w [ wgl)

W c
M ) ™ 2
Where BM, and BMjx are, respectively, the vertical and
horizontal balances, aj; is the area of the object i on the
side j, dj is the distance between the centroid c; and the
y-axis, and nj is the number of objects on the side j. L, R,
T and B are representing the left, right, top and bottom
guadrants respectively.

BM
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Equilibrium (CDM): The degree of
deviation of the center of each
element from the center of the

smallest external rectangle of the

overall contour line.

ZZai(xi )| 12D a (- Ye)
i=1 f +|—i=t .
bfzai hfzai
CDM =1- i1 - —

Where (x;, yi) is the coordinate of the center of element i,
Xc, Yc are the coordinates of the center of the smallest
external rectangle of the overall contour line, br is the
width of the smallest external rectangle of the overall

contour line and hris its height.

Symmetry (SYM): Refers to the
degree of overlap of a figure folded
on its axis, and the symmetry
increases with the degree of
overlap.

(|sYM|+[sYMm, | +[sYMm,|)

3
SYM,, SYMx and SYM; are, respectively, vertical,
horizontal and diagonal symmetry. SYM, can be
expressed the following formula. SYMx and SYM; are
omitted.

a(u,)
Zn: s U, = fugi (X)U fii (%)

SYM =1-

SYM, =1-
ai H

Where a; and a(uy) are, respectively, the areas of the
form element i and function curves uy, fyri(x) are the
curve functions on the right of y-axis, and fy.i( -x) are
the mirroring curve functions of the curves on the left of
y-axis.

Proportion (PM): Refers to the
proportional beauty of each element
and the overall contour line.

_ [Py [P ; PM, :Eznz(l—Zmi”(\ Pj - pi‘));

2 L)
h, b
); Py —min[g,g]
bg hg

. (h b .
p, = mln[b:,h:j; PM, :l—2m|n(‘ Pj — Py

Where PM, is the proportional similarity between the
elements and the outer contour of the product form, PMy

is the proportional similarity between the clusters of

elements and the outer contour of the product form,
bj is the width of element i, hj is its height; by is the

width of the element group and hy is its height; p;
denotes some classical proportions; for example: (1:1),
(1:1.414), (1:1.618), (1:1.732).

PM

Density (DM): The extent to which
the area of the element covers the
entire area of the contour line.

DM =1-2

0.5—[zn:aiJ/ao

i=1

Regularity (RM): Refers to the
degree of alignment of the elements
within the contour line.

nvc + nhc
2n

Where RM:s is the alignment of each element, RM. is
the alignment of the element shape center; nvs, Nns
denote the number of tangents in the vertical and

horizontal directions for all elements, respectively; ny,
nne denote the number of tangents in the vertical and
horizontal directions over all elemental form centers,

RM zi‘RMS‘;‘RMC‘ . RMszl—w; RM, =1-
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respectively.
Repeatability (ECM): The degree of ECM =1 Mize
repetition of elements within the T n
contour line of the product form. Where nsize is the number of elements with different
morphology.
Proportion similarity (CSM): Refers n
to the similarity of the elements and holb, /b Zti
element cluster aspect ratios. min| -9 “o'o || 4 |i=l
ho /b, 1y /b, n|;
CSM =
2
t; = min h/b ,L"/b"
hy /b, h/b

Where b, and h, are, respectively, the width and
height of the outline.

Unity (UM): Unity is the
compactness of the form elements.

n
-4

UM =1-—"=1—
a, —Zai
i=1

Where a, is the area of the product contour line and
ag is the area of the smallest outer rectangle of the
element group.

Continuity (CGM): Refers to the
degree to which product forms have
visual continuity of clusters.

CGM _Mei ~Neg
2n

Where n¢ is the number of the continuous or
coincident lines of the form elements in a certain
direction, and ncg is the number of the continuous sets.

Similarity (SGM): The degree of
similarity of elements within the
contour line of the product form.

SGM = 510
n

Where ns; is the number of the form elements with
similar characteristics, and nsg is
the number of the similarity sets.

Simplicity (SUM): The degree of
aggregation or simplification of
elements into groups within the
contour line of the product form.

SUM = Ny _nsug
n
Where nsui is the number of the close or connected

form elements, and nsyg is the
number of the simplicity sets.

Synchrony (CDGM): Refers to the
degree of grouping with common
directionality between elements
within the product form contour line.

CDGM :M
2n

Where ncdi is the number of the lines with a common
direction, and ncqg is the number
of the synchrony sets.

Rhythm (RHM): The degree of

regularity of the change of elements

within the contour line of the
product form.

[RHM,| +[RHM | +[RHM,|
3 I

Where RHMx and RHM, are, on the x-axis and y-axis
directions respectively, the differences
of the centroid positions of the form elements in each

RHM =1-
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qguadrant, RHMj, is the difference of the areas of the form

elements in each quadrant, and RHMx can be expressed

by the following equations. RHM, and RHM, are omitted.
RHM, :(‘X(JL - XL'JR‘ +‘XL/J|_ - XLR‘ +‘X1IJ|_ - XII_L‘ + _

‘XL’JR_XI’_R‘+‘XCJR_XI’_L‘+‘XLR _XI’_L‘)/G '
X! = j min

nl
Xy =2 = x| X =o
] ij clr ")
i=1 Xmaxfxmin

Where xj; is the x-axis coordinate value of the
centroid of the form element i in the quadrant j; j=UL,
UR, LL, LR, are, respectively, upper-left, upper-right
lower-left and lower-right quadrant.

X=X

Sequence (SQM): Refers to the
degree to which the order of
elements within the contour line
follows the general visual
observation pattern, generally,
upper-left, upper-right, lower-left
and lower-right.

4, ifwj =max inw
ja; - v 3, ifw, =2ndinw

i V= .
SQM :1—%' V2, ifwy =3rdinw

1, ifwj =min inw

r|l
Wi = quaij
i=1

Where qj is the weight value assigned to the four
quadrants in the axis based on visual importance, which
are4, 3,2, 1.

Table 1: Aesthetic measure of product form layout.

3.3 Comprehensive Evaluation Model of Product Form Aesthetics

The entropy weight method is used to calculate the weight of each aesthetic index. The specific

steps are as follows:

Supposing the number of samples is n, the number of aesthetic indexes is m, and the matrix of
aesthetic indexes of each sample is X Z(X“) then standardizing them:

1 /nxm 1

R
Xi (1)

1) = m
2%
i=1

i=
Calculating the information entropy value of each aesthetic index:

Calculating the information utility value of each aesthetic index:

Calculating the objective weight of each aesthetic index:

1 C ’ !
e = e 2 x; In X (2)
d; =1-¢, (3)
d;
W, (4)

J

2.4
j=1

According to the above steps, the weights of the aesthetic indexes are determined, and then the
evaluation model of the product form aesthetics can be obtained, see equation (5), and the
aesthetic evaluation value is calculated by substituting the value of each aesthetic index.

Computer-Aided Design & Applications, 20(1), 2023, 1-27
© 2023 CAD Solutions, LLC, http://www.cad-journal.net



http://www.cad-journal.net/

10

Ny = Xy +a, Xy +agXg +--+a, X, (5)
Where, ai~am denote the weight coefficients of each aesthetic index, Xi~X, denote m aesthetic
indexes, and Ni: denotes the aesthetic evaluation value.

3.4 Ergonomic Evaluation of the Product Form

Experienced designers use existing data tools (books, guides, software packages, online resources)
to extract ergonomic data during the design process [5]. We extract ergonomic data as standard
values by reviewing relevant books and literature, for example, in the ergonomic design of
information products, the standard value of key size is based on the size of the 95th percentile bulb
of the thumb, and the standard value of the distance between keys is based on the width of the
thumb. Scholar Roberts optimized the ergonomic and aesthetic factors of cell phone by interactive
genetic algorithm, and his research results showed that for the user's preference, the length and
screen area of cell phone type handheld information products are as large as possible, and the
width is optimally selected as the middle value within the constraint range, so the length and
screen length and width of the translator in this study are selected as the maximum value within
the constraint range as its standard value, and the width is selected as the middle value as its
standard value [17]. Ergonomic evaluation is usually performed using specific functions or
indicators, and ergonomic evaluation is performed by measuring the difference between standard
values and actual values [33]. Therefore, this paper determines the standard values of each design
parameter based on the ergonomic design standards, conducts the ergonomic evaluation by
measuring the differences between the standard and actual values of each design parameter and
establishes the relational expressions of the ergonomic evaluation model.

3.5 Multi-factor Fusion Design Model

In order to realize the product form optimization design based on ergonomics and form aesthetics,
this study transforms the multi-objective optimization mathematical model for ergonomics and
form aesthetics into a noncooperative game decision model named multifactor fusion design model.

3.5.1 Determining the parameters for the optimal design of the product form
The multifactor fusion design model in this paper involves many parameters, and in order to reduce
the complexity of the design work, we introduce sensitivity to screen important parameters for
optimal design. Sensitivity is the degree of influence of the design parameters on the product
performance, small sensitivity parameters can be considered as constant parameters, and large
sensitivity parameters can be considered as variable parameters and optimized on the product
[24].

We use the first partial derivative method to calculate the sensitivity of each parameter,
Supposing the objective function of a certain factor evaluation of the product is

F(X) = {f,00, f,(x),--, fe(X)} (£ is the number of evaluation factors. In this study, it refers to the

ergonomic evaluation and aesthetic evaluation of form), and x = Pk ={x1,x2,---,xp}(P is the

number of design parameters). The sensitivity of the j-th parameter of a product in the product

series to the evaluation value of the j-th factor can be expressed as:
Af,00

]

where 4x;j represents a slight change in the design parameter X, and 4fi(X) represents the

resulting change in the evaluation value of the i-th factor.
Equation (7) is the sensitivity matrix of the k-th product, which represents the degree of
influence of all design parameters on all evaluation factors.

(6)
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[ 4,00 4f,00 Af (0]

A%, A%, A%,
A0 Af,00 0 Af (0
M, =| 4%, X, 4x, (7)

AF,00  Af,(0 AfF (0
| A% A%, AXp
The global sensitivity of the j-th design parameter can be expressed as:
H
ZMijk

k=1

Mg;; = w (8)

where Mijk is the local sensitivity of the j-th design parameter of the k-th product to the j-th
evaluation factor, and H is the number of products.
According to the obtained sensitivity, the critical value of the sensitivity is given subjectively

[24]. The design parameters with a sensitivity greater than the critical value are determined as the
design parameters of form optimization.

3.5.2 Noncooperative game model

Based on the similarity between noncooperative game theory and multi-objective optimization
design, the multi-objective optimization mathematical model for ergonomics and form aesthetics is
transformed into a noncooperative game decision model. Ergonomics and aesthetics represent two
game players Ni: and N> respectively. The evaluation function of the two goals of ergonomics and
aesthetic optimization can be considered the profit function {Ul,Uz} of the corresponding game
players. The set of design variables is mapped to the combination of strategy sets of two players,
the feasible region of design variables can be considered the feasible space of strategy sets, the
design variables are divided into strategy sets belonging to two players by fuzzy clustering analysis:
Si1 and S,. The range of the parameters in the optimization problem is mapped to the constraint
condition of game decision making.

In this paper, by calculating the influence factor index of each design variable on each player's
profit, and fuzzy clustering the influence factor index, the strategy set belonging to each player is
obtained. The specific calculation steps of the classification are as follows:

Step 1: The partial derivative of the design variable X; with respect to the profit function of the
game party is as follows:

5 =125 il snsN 9
T 716N, oN, (NN} ©)

Step 2: let the clustering object be 9j = 15j1.5j2,+5ji+Sjmfi =12,--1) | 5; represents the set of
influence factors of the j-th design variable on all m objective functions. The total number of
clustering objects is & =11.:62.5},.6,{, then fuzzy clustering is performed.

Step 3: establishing the fuzzy similarity matrix R=(ri)nxn, 0<ru<1, (k,1=12:--n), ry represents
the degree of association similarity of classification objects (design variables xx and x;, that is,
clustering objects & and d| ). There are many ways to calculate rw, the absolute subtraction is
usually used.

Computer-Aided Design & Applications, 20(1), 2023, 1-27
© 2023 CAD Solutions, LLC, http://www.cad-journal.net



http://www.cad-journal.net/

12

TRLPTRAARE TRRAANY T
PR P TR PIFRRRNY O
R_| - : : : (10)
PRI PETRARTE (YRR
_rnl!rnzl""rnl""’rnn |
1 k=1

fa = (11)

1-MY |6, — 6, k=1
i=1

where M is the appropriate coefficient chosen to make 0 < ry < 1.
Step 4: the transitive closure matrix t(R) of fuzzy similar matrix R can be obtained by using the

square automorphism method, and the fuzzy equivalent matrix R=t(R) can be obtained. That is,
starting from R, we use the square method to calculate R —sR2 —sR? —»R2’ —»..._»RZ ... in turn,
When r2" _ r?" is satisfied for the first time, and R = R2“, that is, RZ" is the transitive closure
matrix t(R) of R. Where R2 = R.R represents a Boolean operation.

Step 5: taking the appropriate confidence level value as 16[0,1] , the matrix is cut according to

the level 4 of fuzzy equivalent matrix R , the equivalent relation matrix R; is obtained

successively. Finally, the different optimal design variables are classified as strategy sets belonging
to each player.

3.5.3 Solution of the noncooperative game model

To establish a noncooperative game model and determine the algorithm for solving the Nash
equilibrium strategy, the specific steps are as follows:

Step 1: determining the objective function, variables of morphological design, constraint
conditions, and iteration accuracy ¢ ;

Step 2: the influence factors of design variables on game players' profit are calculated and
fuzzy clustering is performed, strategy sets S; and S belonging to each player are obtained;

Step 3: initializing the game analysis and generating the initial strategy set combination

S° =1S.,S5 { randomly on strategy set space S = {S1,S,}:
Step 4: marking S¢ as the initial strategy set combination selected by all players except S? in
the initial strategy set combination S°, i=12. Taking the profit functions Ui(S)U,(S) of the two

game players as the optimization goals and keeping S% unchanged, the strategy sets S; and S;

belonging to each player are combined with a quantum genetic algorithm to perform the
corresponding single-objective optimization, that is, for any i-th game player, in its strategy set S,

find the optimal strategy set Si* to maximize the game's profit Ui(Si*,Sfi)—> max and meet the
constraints of hk(Si*,Sf’i)SO , k=12,---,q (that is, if there is Ui(Si*,Sfi)ZUi(Si ,Sfi) , it is called
s =(SI,SZ) a Nash equilibrium). The flow of the quantum genetic algorithm is shown in Figure 2.

Step 5: supposing S(l) :Squ;, calculating whether the distance between the strategy set

combination s° and s® before and after meets the convergence criterion “S(l)—S0 <¢, where € is

an arbitrarily small positive number. If it is satisfied, the game ends; otherwise replace s° with S(l),
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return to step 2 for cyclic calculation, and repeat the iterative calculation until the end condition is
met.

Initial population(encode); design maximum
genetic generation number "MaxGen",
historically optimal solution "best"

!

Set gen=1

v

The population is measured once

v

Calculate values of the fitness function

¥

Search for the optimal solution "temp" in the current
population and its corresponding individual "tempti”

A

Update the "best” and its
corresponding the best
individual "besti":
best=temp;
besti=tempi

gen=gen+1 Is the "temp” better
than the historically
optimal solution

"best”

A

Quantum revolving doors renew the population

No

Is gen > MaxGen?

The best optimal solution "best" and its corresponding
best optimal individual "besti" are obtained

Figure 2: Quantum genetic algorithm flow chart.

In step 4 above, a quantum genetic algorithm needs to be used for optimization. The process of
the quantum genetic algorithm is as follows:

Step 1: initializing the population and setting the algorithm parameters (the maximum
population number "Maxgen", the historical optimal fitness value "Yhest" and its corresponding
morphological individual parameter "Yhesti"). In this experiment, the fitness functions are the
aesthetic evaluation model and the ergonomic evaluation model;

Step 2: setting gen=1;

Step 3: measuring the population once; that is, transform the probability amplitude matrix into
a binary matrix;

Step 4: calculating the fitness function value and retaining the optimal fitness value "T" in the
current population and the corresponding morphological individual "T;";

Step 5: determining whether the current optimal solution is better than the historical optimal
solution. If so, update the historical optimal solution to Ybhest=T and Ybesti=Tj; otherwise, enter the
next step;
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Step 6: updating the population by a quantum revolving gate;

Step 7: increasing the number of iterations by 1 and repeating steps 3-7. When the
termination condition is met, the cycle ends;

Step 8: outputting the optimal fitness value "Yipest" and the corresponding optimal shape
individual "Ypesti".

Finally, according to the solution of the noncooperative game model, the value of each
optimized design variable is obtained, and Rhino 6.0 is used to establish a model of the
optimization plan to complete the optimization design of the product form.

4 EMPIRICAL STUDY

Translators are learning machines for electronic devices that use a computer to realize the
conversion of one natural language to another. Translators on the market have abundant forms
and are closely related to the operation of human hands. When designing the form, not only the
aesthetics of the form must be considered, but also the human-machine operation. Here, the
translator is chosen as the research object.

4.1 Experimental Sample Preparation

Ninety samples of translators with different styles are collected through the internet, magazines
and journals, which basically covered various styles of translators available in the market. Ten
experts are invited to screen the 90 samples using the KJ method to obtain 14 representative
samples, as shown in Table 2.

Number (1) (2) 3) (4) (6) (7)
= Y = — N
M 'ﬁ D
Sample L ) —J
awall /f\ DN A~ N
Rexef - (o S0 ¢ {
A ' ) _J U3 -
Number (8) (9) (10) (11) (13) (14)
) == N\ N
T OO HQ e
Sample ‘ 8 <
=’ 2 = o0 ~
) J o © U QO

Table 2: Fourteen morphological samples of translators.

4.2 Calculating the Aesthetic Index

The coordinate system for calculating the aesthetic index is established as shown in Figure 3,
where the center of the outer contour of the translator is the origin of the coordinate system, a; is
the area of an element, cij (xi;, yij) is the center of the element, and xj, yi; are the horizontal and
vertical coordinates of the center of the element, respectively. According to the principle of visual
perceptual simplification, the first-level structures of 14 translator morphological samples are used
as the target elements for the calculation of aesthetic indexes, namely, the outer contour, inner
screen, outer screen and buttons of the translator. Using the morphological analysis software Rhino
6.0 to measure the relevant aesthetic index data. The balance of the sample in Figure 3 is
calculated as an example: The distance from the center of each element to the x-axis and y-axis
can be obtained by using the analysis point tool to determine the coordinates of each center; the
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area of the element above and below the x-axis, and the area of the element to the left and right
of the y-axis can be measured by using the area dimensioning tool, and the measured data are
brought into the equilibrium formula to obtain the equilibrium value. The values of each aesthetic
index for the remaining samples can be obtained sequentially according to the formula in Table 1.
Among which the calculated results of order degree and rhythm degree are consistent for 14
samples, which are 1 and 0.333, respectively. These two aesthetic indexes are not distinguished
among the 14 morphological samples and are not considered in the aesthetic evaluation
experiment, and the calculated results of the other 13 aesthetic indexes are shown in Table 3.

X1 X2 X3 Xa Xs Xe X7 Xs Xo X10 X11 X12 X13
1 0.57 0.93 0.66 0.74 0.66 0.25 0.25 0.83 049 0.5 0.25 0.5 0.63
2 0.75 0.95 0.61 0.78 0.34 0.31 0.25 0.71 0.21 0.38 0.75 0.5 0.63
3 0.7 0.8 0.79 0.63 0.96 0.25 0 0.72 0.67 0.75 0.5 0.5 0.5
4 0.54 0.72 0.45 0.81 0.78 0.3 0.2 0.66 0.7 0.6 0.4 0.6 0.5
5 0.53 0.77 0.59 0.64 0.84 0.67 0.33 053 096 0.58 0.5 0.67 0.58
6 0.70 0.73 0.82 0.58 0.8 0.3 0.2 0.71 0.83 0.7 0.6 0.6 0.7
7 0.62 0.8 0.47 0.87 092 0.32 0.25 0.78 0.48 0.75 0.5 0.5 0.88
8 0.49 0.84 0.51 0.93 0.46 0.25 0 0.8 0.28 0.67 0.33 0.67 0.5
9 0.85 0.79 0.89 0.69 0.3 0.25 0 0.73 0.54 0.75 0.25 0.25 0.38
10 [ 0.58 0.85 0.66 0.65 0.74 0.55 0 0.71 0.69 0.4 0.4 0.4 0.8
11 [ 095 0.80 0.79 0.36 0.76 0.25 0.25 0.67 0.41 0.69 0.63 0.25 0.63
12 [ 0.55 0.77 047 069 0.6 031 0.25 0.61 033 0.5 0.25 0.23 0.63
13 | 0.75 0.70 0.43 1 0.66 031 0.5 049 051 0.38 0.75 0.5 0.38
14 [ 0.51 0.71 093 0.45 0.64 054 043 0.73 0.6 0.36 0.71 0.57 0.36

Table 3: Aesthetic index values of 14 translator morphological samples.

Figure 3: Coordinate chart of the aesthetic index for calculation.
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4.3 Comprehensive Evaluation Model of Product Form Aesthetics

The objective weights of the aesthetic indexes are calculated using the entropy weighting method.
Based on equations (1) to (4) and Table 3, the objective weights of each aesthetic index are
calculated and shown in Table 4.

Aesthetic index Objective weight
X1 0.0938
X2 0.1271
X3 0.0936
Xa 0.1058
Xs 0.1009
Xs 0.0300
X7 0.0057
Xs 0.1022
Xo 0.0715
X10 0.0722
X11 0.0631
X12 0.0574
X13 0.0767

Table 4: Objective weights of the aesthetic index.

Based on the results of the entropy weighting method, the relational expressions of the
comprehensive evaluation model of translator morphology aesthetics are determined by combining
the 13 aesthetic indicators and their weights as follows:

N, =0.0938X; +0.1271X, +0.0936 X5 +0.1058 X, +0.1009 X5 +0.0300 X4

+0.0057 X, +0.1022X +0.0715X +0.0722X,, + 0.0631X,, +0.0574 X, (12)
+0.0767 X,

4.4 Ergonomic Evaluation of the Product Form

In this paper, ergonomic data are extracted as standard values by reviewing relevant books and
literature. For example, in the ergonomic design of information products, the standard value of key
size is obtained based on the size of the 95th percentile thumb bulb muscle, and the standard
value of the distance between keys is obtained based on the finger width of the thumb. The
standard values of other design parameters are determined according to the literature [17], [28],
and the ergonomic evaluation is performed by measuring the difference between the standard and
actual values of each design parameter and establishing the relational expressions of the
ergonomic evaluation model:

i|Qi _qj|
N, =1- L% (13)
p
where g; is the standard value of a design parameter, g; is the actual value, p is the number of
design parameters to be evaluated, and N2 denotes the ergonomic evaluation value.
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4.5 Multifactor Fusion Design Model

4.5.1 Determining the design parameters of the product form

We choose sample 4 in Table 2 as the sample for the optimization experiment. There are 15 overall
design parameters of the translator, as shown in Figure 4, and the parameter definitions are shown
in Table 5.

Design parameters Unit Design parameters Unit

The horizontal size of the cm The distance from the centroid of the cm
translator (D1) button to the X-axis (Ha)

The vertical S'Z(Z?)f the translator cm The width of the element cluster (Ds) cm

The horizontal (lej)e of the screen cm The height of the element cluster (Hs) cm

The vertical S(/’,Z_IEZ" )Of the screen cm The area of the button (S1) cm?

The horizontal (st)e of the button cm The area of the external screen (S2) cm?

The vertical S(’fg )Of the button cm The area of the inner screen (Ss) cm?

The interval between keys (L1) cm The area of overall profile (Sa4) cm?

The distance from the centroid
of the button to the y-axis (Da4)

Table 5: Definition table of parameters.

S4—_ 82

s3n o

D2

H5

D4

H1

L4
QL
/ D5
S1

N

Figure 4: Design parameters of the whole structure of the translator.

4.5.2 Determining parameters for the optimal design of the product form

From Table 2, we select six series of translators with obvious morphological characteristics and
individuality: sample (1), sample (2), sample (4), sample (9), sample (12), and sample (13). Rhino
6.0 is used to describe the samples and measure the relevant design parameters. According to
equations (6)~(8), the sensitivity indexes of each parameter are calculated, as shown in Table 6.
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We subjectively determine the critical value of sensitivity as 0.1. The parameters with
sensitivity higher than 0.1 are considered design variable parameters, and other parameters are
considered design constant parameters. Finally, we select D1, D2, Hi, H3, Has, L1, and S; as the
optimized design variables.

Design parameter Sensitivity
D4 0.015
Ha 0.189
Ds 0.055
Hs 0.093
S 0.156
Sz 0.008
S3 0.074
Sq 0.015
D: 0.390
H: 0.107
D> 0.409
H: 0.070
D3 0.039
Hs 0.385
L1 0.214

Table 6: Sensitivity of each design parameter.

4.5.3 Establishing the noncooperative game model

The two design goals of ergonomics and aesthetics are considered two game players N1 and N,
respectively. The evaluation function of ergonomics and aesthetics optimization can be considered
as the profit function {Ul,Uz} of two players, namely equations (12) and (13). The design variable

set X =[Dy,Hy,Hs L] shared by two objective functions is mapped to the strategy set
combination of two players, and the feasible region of the design variable can be regarded as the
feasible space of the strategy set.

Game party strategy set attribution for 4 morphological parameters using fuzzy clustering
method. Factor indicators of the impact of each design variable on the profit of each player to the
game are calculated by equation (9).

8, = (81,6, ) = (0.0054,-0.0278) (14)
S, = (831,65, ) =(~2.6355,0.0100) (15)
Sy = (831,65 ) = (0.5843,0.0833) (16)
Sy = (84,61 ) = (8.1653,0.0500) (17)

Then the fuzzy clustering of this influence factor index is taken, as 4 =0.8, final set of
strategies of two game parties is obtained: S =1{Di. L}, S, =1{H;,H3}.

4.5.4 Setting the parameters of the game model

According to the maximum and minimum sizes of the 90 collected samples, the value range of the
morphological parameters is determined, as shown in Table 7.

Parameter Value Parameter Value

Dimin 4cm Dimax 6cm
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D2>min
Limin
Himin
Hzmin
Hamin
Simin
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3.4cm D>max
1.3cm Limax
10.7cm Himax
0.9cm Hzmax
2.4cm Hamax
0.74cm? Simax

3.9cm
2.5cm
12.5cm
1.5cm
5.4cm
2.5cm?

Table 7: Range of design parameters.

4.5.5 Optimal result of the game model
MATLAB is used to program the algorithm, setting the iteration accuracy and then running the
program. After a few iterations, the distance of the variable matrix of the strategy set meets the
accuracy requirements. At the end of the game round, the four variables of the strategy set after
optimization are obtained: Dy =497, H3=147 L3 =217 and H;=1219 The iterative process of two
players with four variables is shown in Figure 5, and the iterative process of two objective functions
is shown in Figure 6. The values of other variables are D, =3.81, Hy;=5.12 and $; =223,

[terative graph of D1 [terative graph of H3
55 25
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™ ™
= =
@ 5 2
= =
£ 2 3
= =
c 45 c
= =
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@ @
3 i) / 3
4 15
i} i 10 15 20 i} i 10 15 20
MNumber of iterations MNumber of iterations
lterative graph of L1 [terative graph of H1
o 15 ¥ L o
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T 14 g
x =
& &
g5 13 &
= =
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1.1 .
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Figure 5: Game iterative process of four design variables.

lterative graph of two objective function values
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Figure 6: Game iterative process of two objective functions.
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Figure 5 shows the game iteration process of each design variable. The red and blue curves
represent the game iteration process of the variables of two strategy sets before and after. After
20 iterations of the four design variables, the distance of the matrix of the two strategy sets meets
the accuracy requirements. Tending to converge and finally obtaining the Nash equilibrium solution
of the four design variables. Figure 6 shows the iterative process of the game with two objective
functions. The game ends after 20 rounds. At this time, the two sides of the game have reached a
certain equilibrium state.

4.6 Verification and Comparison

4.6.1 Particle swarm algorithm

Particle swarm optimization (PSO) is a swarm intelligence algorithm. Kennedy and Eberhart
proposed a global random search algorithm based on swarm intelligence by simulating the
migration and clustering behavior of birds in the process of foraging [34]. The experiments in this
study are multi-objective optimization problems. To demonstrate the advantages of this study over
general optimization algorithms, we introduce a particle swarm optimization algorithm as a
comparison for verification.

Numerous scholars have developed applications of particle swarm optimization algorithms in
different multi-objective optimization problems to demonstrate their reliability, such as, Zhang et al.
used particle swarm optimization algorithm to establish a multi-objective optimization model of
vehicle charging and discharging and load scheduling of microgrid to realize load scheduling of
microgrid for electric vehicles [38]. Wang et al. combined BP neural network and multi-objective
particle swarm algorithm to build an intelligent design model for product imagery modeling, and
realized the personalization of product modeling driven by multiple imageries [26]. Because the
particle swarm algorithm is effective in solving multi-objective optimization problems, we use it as
a benchmark to verify the effectiveness and advantages of the game model in this study.

We set the parameters, write the program in MATLAB and run it. After more than 200 iterations,
the algorithm converges. The iterative process of the two objective functions is shown in Figure 7
and Figure 8. The function values obtained by using the particle swarm optimization algorithm are:
N, =0.6208, N, =0.6013,

The fitness evolution curve of objective function 1
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Figure 7: Iterative process of objective function 1.

4.6.2 Comparative analysis of two optimization methods

The values of the objective function and design variable of the two optimization methods are
calculated. Table 8 compares the optimization results of the two optimization methods.
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Figure 8: Iterative process of objective function 2.

Design variable Profit
Method
Di(cm) Hi(cm) Hz(cm) Li(cm) N1 N2
Noncooperative 497 1219 147  2.17 0.7704  0.7662
game algorithm
Particle swarm 591 12.50 1.30  1.29 0.6208  0.6013
algorithm

Table 8: Results of two optimization methods.

The optimization time and results of our game model are clearly better than those of particle
swarm optimization. The programming process of particle swarm optimization is complex, and the
iterative process converges slowly. Many parameters need to be set in particle swarm optimization,
such as the size of the population, the position, and the speed of each particle. The selection of
these parameters usually depends on experience, which makes the design scheme more subjective
and less credible. As seen from Table 8, the profits of the two objective functions obtained by PSO
are N;=0.6208  and N, =0.6013  which are clearly lower than those of the game optimization
method. The game model we used to analyze and solve the problem is based on the rational point
of view, with strong objectivity. In the optimization process, we can optimize multiple objectives at
the same time, effectively solve the coupling relationship of multiple objectives in the multi-
objective design problem and achieve the equilibrium state between different design objectives.
Moreover, the speed of iterative convergence is fast, and the optimization result has good
robustness. Therefore, this method can be well applied to the comprehensive optimization of
product design.

4.6.3 Analysis and test of the case results

Considering the aesthetics and ergonomics, the model of the optimized scheme and the initial
scheme are shown in Figure 9. We use the expert questionnaire method to test the optimization
plan. 65 subjects are selected to participate in the experiment, all of whom are researchers in the
fields of product design and industrial design, of whom 37 are male and 28 are female.
Researchers score the initial plan and the optimized plan based on the sense of balance, symmetry,
proportion, density, and comfort of operation.
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Figure 9: Initial scheme and optimized scheme for sample 4.

The score range is 1-10. The scoring results are shown in Table 9. The performance of the
optimization scheme in the five dimensions is better than that of the initial scheme.

The aesthetic differences between the two schemes are as follows: in terms of balance degree,
intuitively, after optimization, the arrangement of elements in the whole scheme is more dispersed
and the sense of balance is stronger. In the sense of symmetry, the elements of the optimized
scheme are arranged more evenly, which enhances the sense of symmetry in the vertical direction
of vision. In the sense of proportion, the ratio of the waist to the bottom of the isosceles triangle
formed by the three-button centroids is 0.621, which is near the golden ratio of 0.618. The ratio of
the bottom of the isosceles triangle formed by the three-button centroids to the overall width is
0.605, which is near the classic ratio of 0.618. The elements are evenly arranged and have a ratio
near the classical value, so a good aesthetic feeling is presented. In terms of density, the density of
the optimization scheme is closer to 0.5, and the whole is more harmonious. However, in the initial
scheme, the arrangement of elements is relatively concentrated, and no proportion is near the
classic value, so the aesthetic feeling is poor.

The differences in operation between the two schemes are as follows: The visual organization
of the elements in the optimization scheme is orderly, the size and distance of the buttons are
increased compared with the original scheme, and the contour width of the optimization scheme is
reduced, which is more suitable for grasping and more comfortable to operate.

Evaluation Sample 4 Sample 5 Sample 9
. Initial Optimized Initial Optimized Initial Optimized
indicators

plan plan plan plan plan plan
Balance 5.65 7.55 3.50 9.10 6.65 8.50
Symmetry 7.60 7.95 5.60 8.50 5.50 6.65
Proportion 6.10 7.30 3.65 7.30 6.30 8.10
Density 4.65 7.25 3.00 9.50 6.10 8.80
Comfortability 5.05 7.00 4.50 8.65 5.25 9.10
Comprehensive 5.81 7.41 4.05 8.80 5.96 8.23

Table 9: Results of expert questionnaire.

In addition, since the ratio of the combined scores of the sample 4 in Table 9 is
7.41/5.81=1.2753... The ratio is not high, and the above morphological optimization experiment is
repeated for sample 5 and sample 9 in Table 2, and the optimized solution and the initial solution
for sample 5 are shown in Figure 10, the optimized solution and the initial solution for sample 9 are
shown in Figure 11. The tests are also conducted using the expert questionnaire method, and the
results of the scores for sample 5 and sample 9 are shown in Table 9.
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Figure 10: Initial scheme and optimized scheme for sample 5.

Figure 11: Initial scheme and optimized scheme for sample 9.

According to Table 9, the optimized solution of sample 5 outperformed the initial solution in all five
dimensions, the whole program is more scattered and balanced after the optimization, and the
elements are more evenly arranged after the optimization, giving a sense of symmetry in the
vertical direction and a more harmonious overall, and the ratio of their comprehensive scores is
8.80/4.05=2.1728. The optimized sample 9 also had a greater advantage in all dimensions, after
optimization, the whole program is more balanced, with an enhanced sense of symmetry and more
harmonious overall, and the distance between the screen and the keys is increased, making the
operation process more comfortable. and the ratio of their comprehensive scores is
8.23/5.96=1.3808. Thus, the effectiveness of the method of this paper is verified.

5 DISCUSSION

In summary, the work of this study is divided into two main parts. One is the establishment of the
multifactor evaluation model, and the other is the introduction of the noncooperative game theory
to realize the multifactor fusion design of product form. In the first part, we focus on the details of
the evaluation model. The second part focuses on the specific details of the application of
noncooperative game theory to the multifactor fusion design and its significance.

The ergonomic model in this study is based on static human characteristics data for
evaluation, which has the advantage of being able to communicate this information to the designer
in a simple and intuitive way. However, it cannot consider a series of dynamic postures that are
closely related to the human movement process, which reduces the accuracy and reliability of
ergonomic evaluation to a certain extent.

Traditionally, methods for solving multi-objective optimization problems have problems such
as high computational effort and poor convergence [6], typically represented by multi-objective
genetic algorithms. Based on the similarity between multi-objective optimization design and the
noncooperative game theory, this study introduces the noncooperative game theory into the
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process of product form optimization design by combining its strong advantages and robustness in
solving multi-objective optimization problems. To the best of our knowledge, our research is the
first attempt to apply game theory to the optimization design of product form, and the
comparative analysis in subsection 4.6.4 of this paper shows that it can effectively improve the
optimization results and make the optimization results more objective and reliable.

In this study, the design decision process can be carried out in a computer environment, which
is conducive to the realization of intelligent design. Unlike prediction methods such as neural
networks and deep learning, which require a large database to achieve the expected effect of the
experiment with a high probability, the evaluation model constructed in this paper does not require
a high sample size and computer hardware equipment, and can reflect the basic situation of the
model with a moderate amount of samples, which reduces the implementation cost to a certain
extent.

Finally, in this paper, we only apply the noncooperative game to optimal design, and the
exploration of other typical game methods and more efficient fusion design methods will be the
focus in our future research.

6 CONCLUSIONS

We propose a multifactor fusion design method of product form based on the noncooperative game
theory. First, evaluation methods are established for the determined multiple design factors. In
terms of aesthetic evaluation, we established a aesthetic evaluation model based on the theory of
computational aesthetics and entropy method, which can serve the defects of subjective
evaluation methods in which weights are sought subjectively and make the aesthetic evaluation
results more objective. Second, we introduce the sensitivity to distinguish many parameters
involved in product series design to reduce the number of parameters to be optimized, which can
effectively improve the product development speed of enterprises. Finally, based on the similarity
between the multi-objective optimization design and the noncooperative game theory, we consider
the ergonomic evaluation function and the aesthetic evaluation function as two game players. We
establish a noncooperative game model, which can effectively realize the equilibrium between
product design ergonomics and aesthetics and effectively solve the coupling relationship between
multiple objectives in multi-objective design. The model is more objective. Finally, the validity of
the model is verified by comparing it with other algorithms.

With the development of science and technology, product design pays more and more
attention to aesthetics, engineering and other comprehensive factors. This paper can help
designers grasp the design process more accurately by establishing a quantitative evaluation
method for aesthetic and ergonomic factors, and the introduction of noncooperative game theory
largely balances the aesthetic and ergonomic factors in product design, providing a new and
effective method for the multifactor fusion design of products. In this study, only the product form
is taken as the object of study, and other factors that influence the design process, such as CMF
(Color, Material & Finishing), usage scenarios, are not considered. In the future, it will be the focus
of our research to build a convergent design model that integrates more factors.
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