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Abstract: With the great progress of product development technology, product forms have been
greatly enriched by cognitive differences; users and designers have formed a “cognitive friction”
phenomenon in the product evaluation process, which results in designers being unable to grasp
user emotions accurately and risks of product development failure. This paper aims to balance the
cognitive differences between cognitive subjects (users and designers) and evaluates the product
image form. First, image entropy is used to evaluate and extract the weight of the product target
image. Second, fuzzy Theil entropy is used to evaluate the cognitive friction between cognitive
subjects, and its existence and size are visually presented. Then, a cognitive friction balance model is
built by combining game theory, the comprehensive evaluation weight between cognitive subjects
is obtained, and the product image form is ranked and optimized. Finally, all the research steps
are described in the form of a household hair dryer. The results show that fuzzy Theil entropy
and game theory have significant advantages in the evaluation and balance of cognitive friction in
product design. Thus, the cognitive friction evaluation and balance model constructed from the fuzzy
Theil entropy and game theory do not only enable different cognitive subjects to achieve cognitive
symmetry, but also screen out product forms that meet the cognitive needs of users. This finding
provides the theoretical basis and practical significance for the establishment of a closed-loop model
in cognitive friction balance and the reduction of cognitive differences between cognitive subjects
in the entire process of product design. It also introduces new ways of thinking and methods for
cognitive science research.

Keywords: cognitive friction; product image form; fuzzy Theil entropy; game theory;
cognitive symmetry

1. Introduction

With the great advancement of product development technology, designers and engineers have
faced difficulty achieving differentiation in implementing the functional characteristics of products.
It is becoming increasingly important to design products that meet user needs and emotional
experiences [1,2]. With the advancement of technology and interdisciplinary development, artificial
intelligence (AI) technology has begun to play an important role in the field of product design.
With innovative algorithms and powerful computing capabilities, a large number of design solutions
can be generated by computers in a short time, but the reasoning for the user’s emotion is still in the
exploration stage [3,4]. Most of the extant studies use machine learning technology to learn the actual
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physiological change data to realize the prediction of emotional preference [5,6]; however, there is
also a large deviation in accurately grasping the distance of emotional preference [7]. Because there
is widespread user cognitive information dissipation in the actual evaluation process, users cannot
accurately find the solutions they need among a large number of similar solutions after computer
screening; thus, the efficiency and quality of product development is seriously affected. However,
most designers produce products by using design tools to carry out conceptual plans. They not only
focus on a certain stage of the design activity, but also consider the systemic nature of the entire
process [8]. Emotion is injected into the entire process of product design, so that the product can be
satisfied from the functional level to the user’s emotional level [9], and a solution that meets the user’s
emotional needs can be selected for optimal design and output, which makes it particularly important
to accurately grasp the emotional needs of users. Due to the differences in the mental models and
professional backgrounds of users and designers, users are significantly different from designers in
terms of their understanding, perception, and expression of perceptible product features, which leads
to an asymmetry of cognitive information in the process of expressing needs and evaluating products.

In view of the asymmetry of cognitive information, Alan Cooper et al. proposed the concept of
cognitive friction (CF) [10] and applied it to the field of product design, to express that the products
developed by designers could not fully meet user expectations. This phenomenon might cause
confusion for users when using the product [11]. From Alan Cooper, we know that the concept of CF
involves three parts: the designer, product, and user. Among them, the product is a cognitive object,
and the user and designer are cognitive subjects. In the final analysis, the generation of CF is caused by
the cognitive difference between designers and users. Therefore, visually displaying and balancing CF
is an important way in which to solve the cognitive difference between designers and users, which will
also provide a certain theoretical basis for Al to accurately grasp users’ emotions.

In current researches, in order to reduce the CF between the designer and the user and establish the
correspondence between the cognitive subject’s emotions and design features, complex psychological
methods and models have been used by researchers. However, the existence of CF and the methods to
reduce its influence were only discussed at the perceptual level, the CF was not evaluated quantitatively,
and the mechanism of its generation was not discussed. All of these researches, as a result, did not
solve the CF fundamentally. Product design and development still have the risk of failure due to the CF
between cognitive subjects. Therefore, the quantitative evaluation and balance of CF between cognitive
subjects is one of the key factors to determine the success of product development. The paper focuses
on how to accurately evaluate and balance the CF between cognitive subjects to achieve the purpose of
solving cognitive asymmetry. Because Kansei engineering (KE) has developed various methods for the
correlation analysis of product design elements and the emotions of cognitive subjects to identify the
relationship between emotional cognition and product design [12], the evaluation of CF is performed
via KE and entropy theory. The evaluation of a household hair dryer is taken as an example to complete
the research. First, through the collection of product sample cases and the selection of corresponding
emotional vocabulary, the evaluation construction of cognitive subjects is completed. Then, based on
image entropy and fuzzy Theil entropy, a CF evaluation model is established to explore the existence
and size of CF by using a combination of qualitative and quantitative methods. Finally, the CF balance
model, combined with game theory, is constructed to complete the optimization of the product image
form based on cognitive balance.

We organize the rest of the paper as follows. Section 2 presents the related research (including
perceptual engineering, image entropy and fuzzy Theil entropy, and game theory). Section 3 introduces
the construction of the CF evaluation model and balance model. Section 4 conducts case studies and
presents and verifies the results. Section 5 discusses the entire process, results, and significance of this
paper. Finally, Section 6 provides the conclusions of this paper and recommendations for future work.
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2. Related Studies

2.1. Kansei Engineering

KE [13,14] was proposed by Mitsuo Nagamachi in 1970 and is a technology that associates
users’ psychological perception with product design elements [15,16]. Designers can obtain the user’s
perceived image quickly to complete the product design that meets the user’s emotional needs through
KE methods [17-19]. The general process, as shown in Figure 1, is mainly divided into three steps:
image acquisition, model building, and form optimization design. First, to achieve the purpose of
image acquisition, a product case set and an image vocabulary set are established by collecting product
samples and describing perceptual vocabulary to evaluate the product form, color, material, etc., and
to obtain the user’s perception [20-22]. Commonly used methods include the semantic difference (SD)
method [23], physiological signal experiment method [24], natural language processing [25], and factor
analysis [26]. Then, to establish the correlation between perceptual evaluation and design elements,
common methods include quantitative theory I [27], rough set theory [28], optimal ideal solution
ranking [29], and support vector machines [30]. Finally, researchers use intelligent algorithms to train
and optimize models to guide subsequent design. These methods include deep learning [31], swarm
intelligence algorithms [32], genetic algorithms [33], and a combination of multiple optimization
methods [34,35].
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Figure 1. General flow of KE research.

Therefore, the KE method is used to collect case samples and image vocabulary to form an initial
sample set and an initial image set in this paper. Then, the target sample set is established through the
similarity evaluation, and the target image is evaluated by combining the SD method and the image
entropy algorithm.

2.2. Cognitive Friction

Friction, as a definition in physics, emphasizes that there is a mutual obstruction between relative
motion or two objects that have a tendency toward relative motion. CF is due to the resistance caused
by the “grey box” or “black box” of the product to users. CF exists in many aspects. As shown in
Figure 2, this resistance arises from the cognitive asymmetry between the user and designer in product
design, which causes the user’s cognitive discontinuity in the process of using or evaluating the
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product [36]. Donald Norman proposed three models of CF [37], namely the design model, user model,
and system representation. He also believed that CF would be derived from these three models and
the differences between them. Among them, the design model mainly expresses the designer’s design
concept and represents the designer’s cognitive space. The user model is the concept that the product
should exist in the user’s psychology, including the user’s experience and expectations of the product
itself, and represents the user’s cognitive space. The system representation is the intuitive perception
that the product brings to the user and represents the product system itself.

{ .The product we design is < ' ~N . The product looks )}

_ overall streamlined =\ Userful-+ /
% / ‘\\

'. product

) Cognitive friction
Designer User

Figure 2. Schematic diagram of cognitive friction (CF) generation.

The design and use of the product are the processes of encoding and decoding. Only by
understanding the user’s psychological needs can the encoding process be more in line with the user’s
decoding habits [38]. By making the cognition symmetry, the user’s cognitive resistance during the
use of the product is reduced to design products that exceed user expectations. Therefore, the effective
evaluation and balance of CF is a key step in improving product design. This paper establishes the CF
evaluation model and balance model between the user and designer. The CF size can be intuitively
reflected through the evaluation of the morphological image of the research case and amended through
the CF balance model, to filter out the product form that meets the cognition of users and designers.
In this way, the cognitive difference between the designer and user can be reduced, and the designer’s
design efficiency, while meeting the user’s psychological needs, can be improved.

2.3. Game Theory

Game theory, a method derived from modern mathematics, is used to study decision-making
when the behavior of the decision-making subject directly interacts, and the equilibrium problem
of such decision-making [39], which is an important method of multi-attribute decision-making.
The decision-making subject will consider the other party’s decision in his/her own decision-making,
choose the strategy that is most beneficial to him/her, and maximize his/her own profits or ultimately
win; this strategy is widely used in various fields of life [40]. For example, in product form design,
determining the evaluation index weights among cognitive subjects (users, designers, engineers,
etc.) is also a key issue in multi-attribute decision-making. Accurate index weights are the basis
for obtaining reliability evaluation results. Index weighting methods mainly include three types:
the subjective weighting method, objective weighting method, and combined weighting method.
The subjective weighting method relies on the experience or knowledge of the cognitive subject and is
a subjectively meaningful decision, such as the analytic hierarchy process (AHP) [41]. The objective
weighting method relies on the information itself to obtain weight data through calculation, such as the
entropy weight method [42-44]. The combined weighting method combines subjective and objective
information to determine the weight. In the study of evaluation problems, only a single subjective or
objective weighting method cannot accurately express the relationship between the evaluation subjects
and the true situation of the evaluated information, which is likely to lead to a lack of information and
affect the evaluation results [40]. Based on game theory, the problem of information loss caused by
a single weighting can be reduced to a large extent, and accurate evaluation results can be obtained
through the combined weighting of the evaluation process of cognitive subjects [29].
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The process of product design is a process of cognitive information games. As shown in Figure 3,
we call it the “cognitive game”. The product is the game object, and designers, users, engineers, etc. are
the main game subjects. Only two types of cognitive subjects, users and designers, are considered in
this paper. Based on users, they hope that the products can fully meet their expectations or emotional
needs on the basis of satisfying the functions of the products, and designers believe that the products
not only need to meet the needs of users, but should also highlight the design concept and be able to
provide users with more than the expected experience effects. However, in the actual design process,
due to the ambiguity of the user’s perceived information, it will rely more on the designer’s subjective
image. In the process of product form evaluation, the strongest image of the same product is different
between the user and designer, resulting in a gap in image perception between them, so the product
designed by the designer cannot be fully accepted by the user, which leads to CF between users
and designers. However, users and designers hope that they are the winners of the product image
perception evaluation, thus forming a cognitive game between cognitive subjects. Only by balancing
CF can the purpose of balancing cognitive games be achieved, and finally the new product’s design
and development will be more successful. This paper builds a balance model of CF based on game
theory and obtains more objective and accurate assessment information to complete the evaluation of
product image form and provide designers with a cognitive basis for further product design.

(" Who will win this \\
16 v » )
- confrontation? -~

.

a C
b
e d
N
Product
The designer's The user's
cognitive process cognitive process

Figure 3. Schematic diagram of the cognitive game process.

3. Method

By combining qualitative and quantitative research methods, we establish the flow of the entire
study, as shown in Figure 4, including the product form image evaluation, the establishment and
application of CF evaluation model and balance model, and the model verification. First, the collection
of picture samples was carried out in various ways and combined with morphological similarity
evaluation, to obtain the research sample set. Second, the image vocabulary corresponding to this
product was collected on the Internet, and the target image vocabulary was obtained through the SD
and image entropy method. Next, based on the target image, fuzzy Theil entropy was used to calculate
the CF between users and designers, and the samples were sorted and analyzed based on the size of
the index. Then, the CF balance model was established based on the game theory equilibrium thought,
to obtain the comprehensive evaluation value of the product form under the target image. Finally, the
eye-tracking experiment was used to verify the feasibility of the model.
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3.1. Evaluation of Product form Image

The image is the main form of thinking activity, and it is the conscious activity of the object within
the cognitive subject. The image of product form is the language used by the cognitive subject to
communicate with the product on the product form, color structure, etc., and is the driving force and
direction of the optimal design of the product form. The accuracy of image extraction is related to
whether designers and enterprises can effectively design and develop products that meet the user’s
emotional and functional requirements [45]; in short, its accuracy is directly related to the success or
failure of product development. However, due to differences in knowledge background, cognitive
thinking, etc., designers and users will have cognitive differences at the cognitive level of the same
product [46], thereby leading to CF in the human-machine environment. The target image represents
the main evaluation of the product form by the cognitive subject. In an ideal design activity, only
when the designer fully understands the user’s target image can he/she formulate the corresponding
design strategy to match his/her own cognition and the user’s cognition and form a state of cognitive
equilibrium. At present, researchers usually use the oral analysis method, image scale method,
physiological experiment method, etc., to mine the target image of the cognitive subject to the product.

Entropy, as an important indicator in measuring the stability of the system, refers to the degree of
system chaos, that is, a measure of the probability of the system when it is in a certain state. The greater
the system entropy value is, the greater the probability of being in this state. Information entropy
theory was first introduced by Shannon, in the field of thermodynamics [42], as a measure of the
negative entropy of the amount of information, indicating the degree of order of the system and
reflecting the degree of diversity of the dataset. The greater the degree of diversity is, the greater the
weight value of the standard, and conversely, the smaller the weight value. In this paper, based on the
principle of information entropy, the evaluation data of users and designers are calculated to obtain
the image entropy value of the sample being evaluated, thereby obtaining the weight of each image in
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the image set. The image with the largest weight value is selected as the target image in this paper.
The product target image value represented by the entropy value is as follows:

m

xj =0} (PyinPy) @

i=1
where x j represents the image entropy value; i represents the research sampleset,i=1,2,3,... ,m;
j represents the initial target image set,j=1,2,3,... ,n; Pij represents the probability of the j-th image
of the i-th product sample, 0 < P; j < 1; 0is a constant; and 0 = 1/Inm.

The SD method is widely used to quantify the perception of cognitive subjects and is generally
divided into five and seven-level evaluations. The five-level evaluation process is shown in Figure 5.

sy
=
i
=}
=

=
-
Image words Q @ O @ Q

Slightly

—
w
v

Figure 5. Five-level SD evaluation process.

The five-level SD method is used to evaluate user and designer product image forms in this paper,

and an evaluation matrix is established as follows:

(€] (€] ©
x9 x9 ... x®
X x9 ... x©
Xx© — 21 22 . 2n @)
X5
© © (€]
D D SN

where © represents the cognitive subject; ©® = 1,2 represents the user and designer, respectively; and
Xl.@]? represents the evaluation value of the j-th image of the i-th sample by the ©-type cognitive subject.
To reduce the error of the cognitive subject in the evaluation process, the evaluation matrix,

X®, is normalized to obtain the image decision matrix, X , and then the probability Pjj of the image is

obtained as follows: .

Pij = %]‘/Z(l - ) ®)

j=1

where y;; is the normalized data of the j-th image of the i-th sample.
Using Formula (1) to calculate the probability P;; of each image to obtain the entropy value of the

j-thiimage, we see the weight W; of the image in the entire evaluation process is as follows:

n

W= (=)L - 1) @

j=1

According to the weight value of each image, the largest image is selected as the target image of

this study.
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3.2. Evaluation of CF

Due to differences in knowledge, experience, environment, etc., for the same product, the
perception model generated by the user is different from that of the designer. Though users focus
on the function, appearance, manner of use, etc., the designer is concerned with the imagery feeling,
such as inspiration, beauty, and experience, which is the designer’s invisible knowledge. This causes
CF between them. In the actual design process, only when the designer conducts in-depth research on
the user’s perception and accurately grasps the user’s perceptual knowledge can the design scheme
be successful, thereby improving design efficiency. Therefore, the first step of design is to evaluate
the CF between the user and designer so that the designer can grasp the difference and size of his/her
cognitive difference with the user. It is convenient for designers to adjust the design ideas in time,
to achieve cognitive symmetry with users.

Theil entropy, also known as the Theil index, is a statistic used by the Dutch economist Theil in 1967
to measure economic inequality [47] and is also commonly used in econometrics as a measure of relative
difference. It is commonly used as an assessment of regional development differences, also known as
inequality. The larger the value is, the greater the difference in development. This indicator usually
represents the inequality between the subgroups of a group in the form of a weighted sum. According
to the demand, it can also be decomposed to obtain the measurement of the contribution of intragroup
and intergroup differences to system differences and to reveal the impact of intragroup and intergroup
differences on the entire system.

According to the needs of this research, the fuzzy Theil entropy value is used to characterize the
CF of the two groups of users and designers on the same product; that is, fuzzy Theil entropy is used
to represent CF. For sample 7, the expression of the Theil entropy index is as follows:

(xi/a)(a +B)
(X +X3)

(xt/p)(a +B)

T' = (x}/x!+x2) In
( ) (X} +X2)

+ (x2/x! +x2) In (5)

where XZl and XZ2 represent the sum of the evaluation values of all users and designers on sample i,
respectively; and « and (3 represent the number of users and designers, respectively.
For sample i, the CF F} between users and designers is as follows:

Fi=T / i T (6)
i=1

3.3. Construction of the CF Balance Model

In Section 3.2, we evaluated the value of CF. To achieve cognitive balance in the evaluation process
of sample modelling images, we establish a CF balance model. In the above sections, we introduced
game theory in detail. Because of its obvious advantages in balancing decision-making, this paper
builds a CF balance model based on game theory. The cognitive weights of users and designers are
participants, and the final comprehensive weight vector is a balanced decision. Then, we proceed
as follows:

Step 1: According to the evaluation value of the target image of the sample product by the
user and designer, cognitively weight the user and designer to obtain the basic weight vector set

A= {Al,)\l,...,)\k}(k = 1,2,...,1’}’1).
X! X?
/\i_( LK ] )

X}+Xf'XZ.1+XZ.2
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Mark any linear combination of m different vectors, as follows:
m
A= Z wpAT 8)
k=1

where w; > 0, Y7, Ax = 1, A is any possible weight vector in the weight set, and wy is the linear
combination coefficient.

Step 2: Optimize m linear combination coefficients wy by applying game theory to minimize the
deviation between A and each Ay, as follows:

Z AT )\,7

According to the differential properties of the matrix, Equation (10) can be used to express the
optimal first derivative condition in Equation (9):

min

(n=1,2,...,m) 9)

m
Z AT = AT (1 =1,2,...,m) (10)

Converting it to a linear formula, Formula (11) is as follows:

MAT AT A, MAT
AT AT o AL AaAT
: o : : (11)
AmAl  AwAl o AwAL AmAy,

Step 3: Calculate (w1, @y, ..., wy) through Formula (11), and normalize it to obtain the following:

= |wk|/2|wk| (12)
k=1

Therefore, the most satisfying user and designer cognitive weight vectors are as follows:
m
W' = Z wiwl (13)
K~k

According to w", the evaluation value of each sample image form based on CF balance can be

calculated as follows: )

=Y wpX? (14)

0=1

Therefore, according to the size of X;, the sample image form after the CF balance can be sorted.

3.4. Model Verification

To verify the reliability of the CF balance model, an eye-tracking experiment is used to evaluate
the results. The entire verification process is completed based on the stages, like experimental design,
eye-tracking-equipment calibration, and data output and analysis. Finally, there comes an optimal
evaluation result through comparison.
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4. Case Study

According to market research, this paper verified the feasibility of the CF evaluation method and
balance model through the image form evaluation of household hair dryers. The model method is also
applicable to other products.

4.1. Determination of the Sample and Its Target Image

Combined with the hair dryer, a total of 128 sample pictures were collected from product sales
websites, periodicals, etc. The authoritative designer conducted a preliminary screening from the form,
brand, and other aspects, and obtained a total of 36 initial sample sets. To avoid the influence of external
factors such as color and brand, line manuscript processing and numbering were used. Then, the SD
method was used to create a product form similarity evaluation questionnaire. Twenty-eight students
majoring in design conducted form similarity evaluation, and the K-means clustering method was used
to cluster the evaluation results. Thirty-six sample images were clustered into 12 categories, and the
clustering results are shown in Table 1. The sample closest to the clustering center of each cluster from
each category was selected as a representative to form a research sample set, as shown in Figure 6.

Table 1. Initial sample clustering results.

Category Sample Category Sample Category Sample
1 12,13%,14 5 33* 9 30*
2,18,19,20, . "
2 21%2223,34 6 6 10 10,29
3 3*,7,25,26 7 24,28%,35,36 11 8,9,16,17%,31
4 4* 8 32* 12 1*,5,11,15,27

sy

Selected samples are marked with

S1 Sz Sa S4 Ss Se

S7 Ss S Suo Su S12

Figure 6. Study sample set.

According to the evaluation of users on the hair-dryer sales website, the initial target image
vocabulary of this study is extracted as follows: “Simplicity”, “Streamlined”, “Individuality”, “Holistic”,
“Advanced”, and “Useful”. To ensure the fairness and rationality of designers and users in the
evaluation process, eight designers, each with experience in hair-dryer-form design, and users, each
with experience in the frequent use of hair dryers, were selected to form two types of cognitive subjects.
A five-level SD questionnaire was used to construct the evaluation process of cognitive subjects. Before
the evaluation began, the purpose of the study and the evaluation process were fully explained to the
participants, and the evaluation experiment was started after obtaining their consent or confirmation.
To ensure that the evaluation results of the participants were not affected by the order of the samples,
in the design of the SD questionnaire, the order in which the samples appeared was set to be random,
thus ensuring the maximum scientific accuracy of the evaluation results. The evaluation results are
shown in Table 2.
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Table 2. Evaluation values of the initial target image of the product samples.

Simplicity = Streamlined Individuality Holistic Advanced Useful

S 2.50 4.00 2.88 1.81 3.06 2.75
S, 3.38 3.13 3.56 2.69 2.50 2.69
S5 3.25 2.69 2.63 2.06 2.63 3.06
Sy 413 1.50 3.13 3.13 2.13 3.19
Ss 4.19 2.38 2.00 3.69 2.31 3.81
Se 3.44 1.88 2.63 3.13 2.44 3.50
S, 3.56 3.56 2.38 3.19 3.00 3.69
Sg 2.19 3.75 3.81 1.63 2.63 3.00
S 2.19 3.75 3.69 1.63 2.25 2.44
S1o 2.69 1.94 3.06 3.38 2.75 231
Sy 3.69 1.81 2.38 419 2.94 2.94
Si» 450 1.38 3.56 4.06 3.94 4.06

From Table 2, the weight value of each image vocabulary was obtained by using Formulas (3)
and (4), as shown in Figure 7. It can be seen from the results that the “Holistic” image weight is higher,
while the “Individuality” image weight is lower. Therefore, “Holistic” is selected as the target image of
this paper.

Simplicity
Streamlined
Individuality
Holistic
0. 1827 Advanced
0. 1735 A Useful
- 0. 1217

e —
0.1473

0. 1931
0. 1816

Figure 7. Weighted values of each image vocabulary.

4.2. Research on CF Evaluation Based on Target Image

Eight experienced designers and eight typical users were selected as the expert group to evaluate
the target image of the research samples, and the evaluation results are shown in Table 3. According to
Formulas (5) and (6), the degree of CF between two cognitive subjects can be seen in Figure 8.

Table 3. Evaluation results of users and designers.

Sample Sl Sz 53 S4 55 56 57 Ss 59 Sl() 511 512
Au 213 2.63 2.13 3.00 3.88 3.38 3.00 213 1.88 3.88 4.63 4.00

Su 17 21 17 24 31 27 24 17 15 31 37 32
Ad 1.50 2.75 2.00 3.25 3.50 2.88 3.38 1.13 1.38 2.88 3.75 413
Sd 12 22 16 26 28 23 27 9 11 23 30 33

Au represents the average of user evaluation values; Su represents the sum of user evaluation values; Ad represents
the average of designer evaluation values; Sd represents the sum of designer evaluation values.
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Degree of Cognitive Friction
= = =) = =) =
to [ = W =y =
1 L L 1 1 ]

=
1

0.0 —

1
Samples

Figure 8. Degree of CF between cognitive subjects, based on target image.

According to Figure 8, the smallest CF value of 0.00139 is obtained for sample S;5, while the
largest is obtained for sample Sg. The degree of CF is ranked as follows: Sg > S; > S19 > Sg > Sg > 517 >
Sg >S4 >S3 >S5, >S5Sy > Sqpp.

4.3. Research on CF Balance

According to the CF balance model constructed in Section 3.3, by using Formula (7), the calculated
A results based on the evaluation data of users and designers are shown in Table 4. Then, the cognitive
weight vector of users and designers is obtained as 0.56 and 0.44, respectively, by using Formulas (8)—(13).
The comprehensive evaluation value of each sample based on the target image was calculated by
Formula (14), which is shown in Table 5.

Table 4. A value.

A1 Ao A3 Aq As A6
(0.59,0.41) (0.49,0.51) (0.52,0.48) (0.48,0.52) (0.53,0.47) (0.54,0.46)
A7 As A9 A10 A1l A1z

(047,053)  (0.65035)  (0.58,042)  (0.57,043)  (0.55045)  (0.51,0.49)

Table 5. Comprehensive evaluation values of samples.

S1 Sz S3 S4 Ss Se Sy Ss So S0  Su S12
1.85 268 207 3.11 3.71 3.16 317 1.69 1.66 344 424 4.06

Combined with the original evaluation data of users and designers, the sample order after CF
balance is shown in Figure 9. It can be seen from the figure that the original evaluation value contains
two cognitive subjects of the user and the designer, and there is a large gap of the evaluation value among
some samples, such as Sy, Sg, S19, and Sq7. This leads to the asymmetry of cognitive information in the
evaluation process of product samples and makes decision makers unable to obtain effective evaluation
information accurately. After the evaluation of the quantitative CF balance model, the evaluation
information of users and designers can be calculated reasonably and comprehensively, and each sample
can obtain comprehensive evaluation results, which makes the evaluation information of the sample
target image more accurate and reasonable, and improves the efficiency of decision-making.
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—®—Designers
5.0 - ®—Users
A Comprehensive

Evaluation value

204 ¥/ . W JF
A \ e/
“.\L A

y

"-,x'/
10 T T T T T 1

S, S, S5 S5, S5 S S, S3 Sg Syp Sy Sy» Samples

Figure 9. Comparison of the evaluation of sample image form.

For all samples, the comprehensive evaluation value of sample Sy; is the highest, which is 4.24;
Sy is the lowest, which is 1.66. The ranking of all comprehensive evaluations is as follows: S1 > Sip
>S5 > 519 >S5y >S54 >S54 >S5y >53 > 51 >Sg > Sg. For sample Sy, its user evaluation value has an
absolute advantage in all samples, while the user evaluation value of Sy is the lowest, which shows
that the user evaluation participation is essential in the early stage of product development.

4.4. Result Verification

To increase the credibility of the comprehensive evaluation results, we used the eye movement
experiment [48] for verification. The experiment uses a Tobii X2-30 eye tracker with the ErgoLAB
software installed on an ASUS 14-inch display for the experimental process and data processing analysis.

During the design of the experiment, samples S;~Sq; were uniformly sized and put into the
experimental material with a white background. Each sample was preset as an area of interest
(AQI), and then a total of 12 AOIs were formed in the experimental material: AOIS1, AOIS2, AOIS3,
AOIS4, AOIS5, AOIS6, AOIS7, AOIS8, AOIS9, AOIS10, AOIS11, and AOIS12, as shown in Figure 10.
Five graduate students (with both design-thinking and product-use experience) were randomly selected
from the design profession as participants to participate in the experiment, including 3 males and
2 females, all without colour blindness and colour weakness and with corrected vision of 1.0 and
above. To ensure the reliability of the experimental results, before the start of the experiment, only the
experimental operation process was trained, and the participant of the experiment was not informed.
The experiment guideline was set as follows: “please select the sample you think is the most “Holistic”
and tap “space” to go to the next page”. The experimental process is shown in Figure 11.

AQIS1

Figure 10. Areas of interest (AOIs) of the sample.
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Start Eye-capture Eye movement calibration

T T — T —

~
7

The end Sample selection Experiment introduction
Thank you for your Please select the sample you think
participation, I — is the most "Holistic" and tap
wish you a happy life! "space” to go to the next page

Figure 11. Flow of eye movement experiment (during the actual experiment, the introduction and end
are expressed in Chinese).

Five participants completed the experiment in turn and received a small gift as a reward. The “Time
to First Fixation”, “Fixation Duration”, and “Fixation Count” were taken in AOI as statistical objects.
According to the recorded data of ErgoLAB, for all AOISs, the final statistical results are shown in
Figure 12. It can be seen from the comprehensive data in the figure that, for the “Time to First
Fixation” of AQOI, sample Sy, is the highest. However, comparing the “Fixation Duration” and “Fixation
Count” of each participant and the total, we see sample S1; is much more concerning than sample Sy,.
This shows that, when looking at the sample for the first time, sample S, will be attractive, but after
repeated comparisons, most of the participants will finally choose sample S;; as the sample that is
most “Holistic”. This conclusion can also be drawn from the eye movement trajectory of Figure 13 and
the heat map of Figure 14, which is consistent with the comprehensive evaluation results in Section 4.3.
Therefore, the balance model of CF is effective and feasible in the actual evaluation process. In the
subsequent design of the form of the hair dryer, sample S;; can be used as a design reference for the
“Holistic” target image.

" i
s aal
RN I ] | " I b .l i N . WM

pt P2 pd P4 P All subjeets
Time to First Fixation

; W I
5 n H B L T
i [ | N -n - — - n I wlll
pi o2 p3 p4 PS5 Al Subjects
Fixation Duration
30
20
10 I
B 1 i M
i i m " L mam g ne sl
pl ] pd o4 5 Al Subjects

Fixation Count

Figure 12. Eye movement data statistics.
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Figure 13. Eye movement trajectories.

Figure 14. Eye movement heat map.

5. Discussion

5.1. Evaluation of the Paper Results

It can be seen from the results that the best reference of the designer’s sample Sy, has a significant
cognitive gap with the user’s sample S;; as being the most holistic image. Research on the CF balance
is a necessary step in the product development process. After comprehensive evaluation, sample Sq;
with the highest value is obtained as the main reference sample for the form design based on the target
“Holistic” image. The detailed analysis shows that the designers judge that sample S;; has a more
holistic nature through the unity of form and the lack of excessive decorative lines on the surface.
However, the user thinks that the tail of sample S;, is more fragmented, and its functionality is weaker,
while the overall appearance of sample Sy; is clean and tidy, with a more holistic image. Therefore,
designers often combine their own experience to pay attention to the overall feeling of the product in
the evaluation process, while users pay more attention to details and functions.

From the perspective of CF evaluation, sample Sg has the largest CF, which is much higher than
that of the other samples. However, it can be seen from the final comprehensive evaluation value that
the evaluation value of sample Sg is not the lowest, and although the CF of sample Sy, is the smallest



Symmetry 2020, 12, 1398 16 of 19

in the entire evaluation sample set, this is not the case in the final preferred sample. Therefore, it can be
considered that it is not that the CF between cognitive subjects is as small as possible in the design
process. CF can be used only as a reference in the image evaluation process, and the preferred sample
will appear at the minimum value of nearby CF. A question for future research is as follows: What is
the specific range of CF that is more in line with the evaluation criteria? Similarly, in the research on
CF balance, game theory has played an important role in establishing a balance model, which also
illustrates the feasibility and necessity of using game theory in cognitive science research.

5.2. Evaluation of the CF

Due to the difference in professional background and thinking styles between cognitive subjects,
different cognitive subjects have obvious differences in perception and expression of product
characteristics when designing products, which leads to the asymmetry of cognitive information.
The concept of CF was presented to intuitively show the differentiation. However, the existing
literature [9,10,49] only quotes the concept of CF, and the actual research is still on cognitive asymmetry,
which is not expressed at a quantitative level, so the assessment of CF remains at a qualitative level.
The size of CF and the mechanism of its generation are still unobservable and predictable. For designers,
it is still impossible to accurately grasp the cognitive asymmetry between the product design process
and the user. This research is a further study of CF, using fuzzy Theil entropy to quantitatively calculate
the size of CF, so the cognitive subject can intuitively feel the asymmetry, and it can provide theoretical
guidance for designers in the product design process.

5.3. Cognitive Symmetry

In the field of product design, the cognitive balance between cognitive subjects is an essential
research step, which is called “cognitive symmetry”. Only after the cognition between cognitive
subjects reaches symmetry can designers grasp the emotional needs of users or other cognitive subjects
more accurately, and thus complete product development more efficiently. The research of user needs is
the first step of product development plan, and the designer is both the implementer of research and the
undertaker of design work. Therefore, both the user and the designer play an indispensable role in the
product design. Comprehensive user’s emotional needs and designer’s design thinking or experience
are necessary to guarantee the success of product development. Though Quan et al. [29] combined
Kansei engineering and game theory methods to complete product recommendations to users, they did
not take the designer into account, so the cognitive subject was relatively single. Su et al. [42] took
the perceptual cognition of users, designers, and engineers into consideration, but they used a more
subjective AHP method in the process of cognitive balance. Similarly, Yang et al. [38] used the subjective
form of questionnaires and interviews to comprehensively evaluate the cognitive differences between
designers and users. This paper comprehensively considers the cognitive differences between users
and designers. Based on the advantages of game theory in system evolution and balance, we establish
a cognitive balance model between cognitive subjects and complete a quantitative cognitive symmetry
study, which makes the evaluation process more reasonable.

6. Conclusions

In order to realize the symmetry and balance between cognitive subjects (users and designers) and
achieve the purpose of comprehensive evaluation of product image forms among different cognitive
subjects, this paper proposes a CF evaluation and balance model combining fuzzy Theil entropy
and game theory to obtain the product form under the target image, and the evaluation results
are verified by eye movement experiments. First, a CF evaluation system is established based on
image entropy and fuzzy Theil entropy, and the CF between users and designers is evaluated for the
samples. Then, combined with game theory ideas, a cognitive friction balance model is constructed,
comprehensive evaluation weights between cognitive subjects are obtained, and sample forms are
comprehensively sorted. This paper takes the form of a household hair dryer as an example to verify
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the effectiveness and feasibility of the entire process. Compared with current researches, this paper
adopts a new theoretical method to quantify the CF at a perceptual level and visually demonstrate it.
With the advantages in system evolution and balance, the game theory is applied to the comprehensive
evaluation of the weight between cognitive subjects to obtain the target image form more accurately
and efficiently. The main conclusions are as follows. (1) Through the calculation of fuzzy Theil entropy,
the evaluation of CF between users and designers is completed. In the design process, designers
can grasp the cognitive asymmetry with users quantitatively and improve the design efficiency and
product development success rate. (2) Game theory, as the thinking of balancing the pursuit of optimal
expectations by both parties of interest, can be effectively used to establish a CF model between
balancing cognitive subjects to achieve cognitive symmetry and then achieve the purpose of balancing
cognitive differences. This also introduces new thinking and methods for cognitive science research.
(3) The research on the evaluation and balance of CF provides a certain research method for grasping
and predicting emotional preferences in product intelligent design. The shortcomings and prospects
of this research are listed as follows. (1) This paper defines only cognitive subjects as users and
designers, but in the actual product life cycle, cognitive subjects also include engineers, decision
makers, and product recyclers. The application of the CF evaluation and balance model on multiple
cognitive subjects is not verified in this paper. (2) In order to mine the intuitive feelings of users and
designers, the evaluation data of this paper were obtained by using the five-level SD method, which
is relatively simple to acquire. In the future, we will consider using a combination of physiological
measurement and psychological evaluation to obtain relevant objective data. In this paper, only the
form of the product is considered, but in the actual product design process, color is also one of the
important design elements. In the following research, the coupling game of product form and color
will be our work. By relying on the advantages of game theory in system evolution and balance, we
will establish a coupled game model of product form and color to build a product form color-matching
system under the target image.
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Abstract

Customer knowledge of a target image is an important and primary research topic related to the product
design and development process. This paper presents research on product target image reasoning based on
complex network theory and game theory. First, through an evaluation of the correlations among images, a
complex network structure diagram with image words as nodes is constructed, and the network attributes of node
degree, betweenness and closeness to the centre of the network are calculated. Then, based on the related methods
of game theory, the weights of the three network attributes are evaluated, and a comprehensive calculation is
carried out on the image to obtain the target image. Finally, an image entropy algorithm is used to validate the
results. Taking a scooter as an example, a complex network of 12 image words is constructed by collecting the
evaluations of a total of 12 subjects from different professional fields on 8 scooter samples; thus, the verification
of the case is completed. This paper provides a more efficient and accurate target image evaluation method for
product design or development, which is a new proposal for the product intelligent design process.

Keywords: Target image, Complex network, Game theory, Network attributes, Image entropy

1. Introduction

Product development technology has greatly improved productivity, but separating the aspects of functional
characteristics has been difficult. In a dynamic market environment, product competition changes over time (Xie et al.,
2020). In user-oriented markets, it is becoming increasingly urgent to design products that meet customers' needs and
their desires for emotional experiences (Kin et al., 2019; Maleki et al., 2019). Product design is a complex activity that
is highly dependent on personal impressions, feelings and emotions. Arousing emotional resonance with customers in
product design is very important for successful product design (Yeh, 2020). Kansei image demand is an important
informational input for the design process (Lin et al., 2020). In the process of design innovation, obtaining customers'
Kansei image demands for product design efficiently and accurately determines the direction of product innovation and
optimization and the final innovation form and ultimately affects customers' purchase desire and satisfaction (Wang et
al., 2020), which is of great significance for effectively stimulating innovative inspiration in the forward design process
(Moon et al., 2015). Therefore, it is the first step in product design and development and is important for efficiently and
intuitively determining customer image demand.

The complexity and diversity of customers' Kansei images generally means that products have multidimensional
Kansei needs (Zhou et al., 2018). Evaluating the weights of multidimensional Kansei images directly affects the accuracy
of the product development direction, which makes the efficient and accurate acquisition of initial data extremely
important. To solve the problem of customer image demand acquisition and evaluation, researchers have used various
complex evaluation methods and data processing models. For example, Wu et al. (2019) objectively determined the
relative importance of each emotional demand based on customer positioning, and the key customer demand in product
design was identified by using a rough number algorithm. Jiang et al. (2018) took the conceptual design of a transmission
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device as an example and evaluated the design goal by combining cluster analysis and a cooperative game model. Yao et
al. (2016) investigated the mapping mechanism of "image cognition-design features" for bus modelling and established
a method to drive bus modelling design feature reasoning with style image cognition demand, which provided a
theoretical basis and technical support for specific form design work. All the above studies used qualitative evaluation
methods to obtain customer demand data, but the large amount of data can easily make the subjects' judgements of images
vague, making the evaluation results highly subjective. To effectively and objectively meet users' demand for Kansei
images of products, some researchers have used physiological experiments to obtain customer image evaluation data.
Gao et al. (2020) introduced implicit measurement technology into the process of image extraction. By exploring the
relationship between cognitive data and product images within users' nonsubjective consciousness, an unconscious
multimodal implicit measurement image extraction model based on the combination of an implicit association test and
multimodal implicit measurement was established. Yang et al. (2018) used electroencephalography (EEG) experiments
to obtain customers' Kansei cognitive data to explore the corresponding relationship between EEG and product images
in customers' cognitive processes to evaluate target images. The method of physiological experiments makes data
acquisition more accurate, but the experimental process is complicated and places a psychological burden on the subjects,
resulting in emotional fluctuations, which causes the evaluation data to deviate. Moreover, the complexity of the data
prolongs the postprocessing cycle and increases the requirements for experimenters. At the same time, most existing
evaluation methods consider only the differences in customer demand images, ignoring the correlation between images,
which makes the results less objective.

The weight evaluation of a customer demand image is highly similar to the importance evaluation of nodes in
complex networks. In complex networks, the network attributes of nodes are usually used as a key basis for evaluating
the importance of nodes (Geng et al., 2019). Image adjectives and their relations can be regarded as nodes and edges,
respectively, in the network. The weights of nodes can be obtained efficiently and accurately by evaluating attributes
such as node degree, betweenness and closeness to the centre of the network. Moreover, the evaluation of the relationship
between nodes is intuitive and simple, and it is more convincing as an evaluation method for customer demand images.
This paper combines complex network theory and game theory to construct a customer demand image reasoning model.
First, representative customer demand images are collected and screened, and an image word set is established. Then, a
questionnaire is used to evaluate the associations between image words, and the association between image words is
established according to the principle of maximum membership degree, forming a complex network between images.
Then, the game theory model is used to comprehensively calculate the node degree attribute, the betweenness attribute
and the closeness to the centre attribute of the complex network to obtain the weight ranking of the images. Finally, the
image entropy algorithm is used to verify the results. Taking the evaluation of the customer demand image of a scooter
as an example, the whole process is completed.

We organize the rest of the research as follows: Section 2 presents related research (including customer demand
image evaluation, complex network theory, game theory and so on); Section 3 introduces the target image reasoning
model construction process based on combining complex network theory and game theory; Section 4 presents the current
experiment and results and verifies the results by using the image entropy algorithm; Section 5 discusses the entire
process, the results and the significance of this paper; and finally, Section 6 concludes the paper and makes suggestions
for future research.

2. Related Studies

2.1 Kansei images of products

In innovative design, customers' product preferences are the first issues designers need to consider (Hu et al., 2020).
Cognitive psychology studies have shown that preference is the result of a high-level cognitive activity of human beings
that reflects individuals’ needs, preferences and interests, resulting in a comprehensive psychological image based on
individuals’ experiences and feelings (Luo et al., 2016). Analysing and processing customers' Kansei image information
is an important step in optimizing product design schemes, which have an important impact on improving customer
satisfaction and enterprise efficiency (Ni et al., 2019).

A Kansei image represents the feeling that people have towards products and is based on highly condensed and deep-
seated human emotional activity (Luo et al., 2007). A product image represents the intuition associated with the user's
product form through the senses of the user, and it fully conveys the emotional cognition of consumers (Zhou et al.,
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2018). In information processing, the product image mainly depends on the user's observation of a product and comparing
that observation with personal experience, emotional states, and judgements (Yang et al., 2018). In an increasingly
competitive market environment, efficiently and accurately identifying and meeting users' emotional needs is the key to
enhancing product competitiveness, and the product form is the most direct way to reflect emotional factors. The design
of product image forms has become an important point of competitiveness for enterprises (Park et al., 2015). Therefore,
the product form design method based on Kansei images has become a research hotspot. In the product design process
based on a Kansei image, the first step is to determine customer Kansei knowledge (Jiao et al., 2019) and form a customer
Kansei image, which is usually expressed by adjectives. This requires applying comprehensive and quantitative
visualization technology to customer preferences (Yamagishi et al., 2018). In recent years, with the proposal and
development of Kansei engineering (KE) (Nagamachi, 1995), designers have come to understand consumers' preferences
and complete innovative product designs by obtaining users' product image demands. This theory is currently the main
method for designing innovative products based on customer demand (Li et al., 2018). The complexity and diversity of
customers' Kansei images means that consumers have multidimensional perceptual needs for products. The ultimate goal
of this paper is to efficiently and accurately determine the most important image demand, which is called the target image,
from complex perceptual images.

The general process of obtaining a target image is shown in Fig. 1, and it includes four main steps: establishing a
product sample set and image word set, establishing an image word evaluation system and samples, ranking the weights
of the image words, and obtaining the target image. The evaluation data can be obtained by the explicit measurement
method (EMM) and implicit measurement method (IMM) (Yang et al., 2018). The EMM determines customers' image
cognition of products through psychological measurement, mainly using image scale evaluation (Chang et al., 2016).
Data processing methods used with the EMM include the image entropy algorithm (Qiu et al., 2020) and cluster analysis
(Huang et al., 2012). The IMM mainly determines image cognition indirectly through changes in physiological indicators
(Hyun et al., 2017), and it can obtain data via EEG experiments and eye movement experiments; data processing is
mainly carried out through third-party platforms. However, in the process of image scale evaluation, subjects need to
provide a large amount of evaluation data, which easily causes cognitive overload and cognitive ambiguity, making the
obtained data less objective and accurate. Although the data acquisition process in physiological experiments is objective,
the experimental process is complicated, and subjects are prone to emotional fluctuations, which causes the evaluation
data to deviate. Moreover, due to the complexity of the data and the long postprocessing cycle, the professional
requirements of the experimenters are high. In this paper, complex network theory is used to improve the evaluation of
the image scale. Through the evaluation of the correlation between image words, the cognitive load of subjects is reduced,
and the correlation between image words is taken into account, which makes the image word evaluation process more
efficient and the data more concise and accurate.

e —
(Target sample set >E> Matching evaluation of
( Product image set>E> sample and image

mage weight
> image weight > _Target image

Fig. 1 Target image acquisition process

2.2 Complex networks

As an important research field in complexity science (Zhang et al., 2019), complex networks are mainly used to
study the dynamic relationships among multiple objects using nodes and edges. Nodes represent the research objects,
while edges represent the relationships between the nodes. The node degree, betweenness and closeness to the centre are
three important attributes of complex networks. By using different node objects, complex networks can be used in many
fields, such as sociology (Song et al., 2020), power grid modelling (Bose et al., 2020), and transportation and logistics
decision-making (Bona et al., 2021).

In the field of product innovation, Lin et al. (2020) took patent keywords as complex network nodes and the co-
occurrence relationships of various keywords in the same patent as the edges of the network to build a complex network
of patent data and produce an innovative bathroom shower design. Xu et al. (2020) proposed a product gene network
model based on the coding principles of isomorphism and isomerism. Through the comparative study of gene network
data composed of product information in various environments, the cognitive differences between designers and
customers on product images can be reduced to assist designers in accurately grasping customer needs from a macro
perspective. Based on the multidimensional network analysis framework of complex networks, a design decision system
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satisfying users' preferences was constructed (Wang et al., 2017). To improve the quality of innovative product design
decision-making, Yang et al. (2019) integrated complex network theory into the product evaluation process and
performed network analysis on the opinions of evaluators to help evaluators dynamically determine the importance of
each round of evaluation; the analytic hierarchy process and used to quantitatively determine the weights of the evaluation
indicators, making the design decision-making process more objective and accurate. Zhang et al. (2019) constructed a
heterogeneous object (HEO) modelling method based on complex network theory with component units as nodes and
the forced relationships between them as edges and verified the feasibility of this method with an example. Liu et al.
(2020) constructed a data-driven concept network based on machine learning, which could inspire designers to create
ideas by mining useful knowledge.

It can be seen from the above that complex network theory has been extensively and deeply studied in the innovative
design of product modelling, and the results are outstanding. However, there is little research on determining customer
demand, and in the product perceptual image design process, the first step is to determine the perceptual knowledge of
customers (Jiao et al., 2019) to obtain the target image for product design. Therefore, this paper aims to apply complex
network theory to the stage of acquiring target images in product design, taking the image words as the network nodes
and the relationships between the words as the network edges. By evaluating the three network attributes of degree,
betweenness and closeness to the centre for each image and introducing game theory to determine the weights of image
words, the image evaluation results are made more efficient and objective.

2.3 Game theory

Game theory, a method derived from modern mathematics (Quan et al., 2019), is often used to study decision-making
and the equilibrium results when decision-making subjects interact with each other (Lai et al., 2015), and it is an important
method in multiattribute decision-making research (Sadeghi et al., 2011). By using various classification methods, game
theory can be applied to finite games or infinite games, static games or dynamic games, and cooperative games or
noncooperative games. The approach of game research depends on the problem-solving process adopted. Both players
in a game take the other's decisions into consideration and aim to maximize their own interests. Game theory has been
widely used in all aspects of life (Mu et al., 2020; Nazari et al., 2020; Rayati et al., 2020), especially for resource
allocation (Mooselu et al., 2020; Sun et al., 2020) and risk assessment (Wang et al., 2021).

At the same time, game theory has developed rapidly in the field of product design. Geng et al. (2020) regarded the
determination of the weight of customer demand as using a network game process and obtained the weight of customer
demand by constructing a network game model of customer demand; however, nodes and edges were used in the network
only to complete the processing of game theory data, and the attributes of the network itself were not studied. Chen et al.
(2017) incorporated the fuzzy expression of quality into the process of quality function development and established a
customer demand determination model based on game theory, which addressed the deficiency that the traditional
customer demand determination method cannot consider multiple stakeholders. Jing et al. (2019) established a
cooperative game model in the conceptual stage of product design, calculated the weight and influence utility of goals,
and solved the conflict between economic indicators and technology in the design process.

The product design process is a complex system interaction process involving multiple agents and multiple decisions,
especially in the evaluation stage of customer image demand. Based on the game theory method, this paper
comprehensively evaluates and sorts the degree, betweenness and closeness to the centre of nodes in complex networks
to obtain target images.

3. Method

The experimental process of this paper is established based on the qualitative and quantitative research methods
shown in Fig. 2. This process includes establishing a sample set, acquiring an image set, constructing an image network,
evaluating network attributes, evaluating image weights based on game theory, and verifying the results. First, sample
pictures are collected in various ways, and a research sample set is established by morphological similarity evaluation.
Second, through the network and other channels, the Kansei image words corresponding to the research cases are
collected and screened, and the correlations between image words are obtained by a questionnaire survey. Then, the
image network is established with the image words as the nodes and the relevance as the edges, and the network attributes
are evaluated. Next, based on the equilibrium idea of game theory, the weight of each attribute of the network is obtained,
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and each image is comprehensively evaluated and ranked. Finally, the image entropy algorithm is used to verify the
accuracy of the results and discuss them.

3.1 Image evaluation of product form

First, the research products are determined, and the initial research samples and image words are obtained through
market research and network collection. After screening, the research sample set S; and image word set U; are formed,
where i=1,2,3, ..., m; and j=1,2,3, ..., n. Then, a questionnaire is used to evaluate the relationship between the images
and words and obtain the correlations between images. Evaluations with strong correlations are given a score of 1, and
evaluations with weak correlations or no correlation are given a score of 0.

Identify research products
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Fig. 2 Research flow chart

3.2 Research on image network attributes

According to the relevance evaluation results, a complex network is established between images. To ensure the
rationality of the image network construction and attribute evaluation, based on Chen et al. (2017), this paper assumes
the following:

(1) The correlations between image words are reasonable;

(2) The influence relationships between image words are symmetrical; that is, the influence of image A on image B
is the same as that of image B on image A.

(3) The subjects who participate in the evaluation of the relationships between images are sufficiently familiar with
the research objects, and they give their own reasonable opinions.

In the image network, the image words are used to construct the nodes, and the correlations between words are used
to construct the edges. The network attributes of the nodes are usually used to evaluate the criteria of the importance of
the nodes. Therefore, this paper studies three image word network attributes, namely, degree, betweenness and closeness
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to the centre, and introduces game theory to comprehensively evaluate the image words.

Assuming that D = {dl, d2 IR dK} is the set of all nodes in an undirected network, |D| = K , the attributes of
the nodes (Geng et al., 2019) are as follows:

(1) Node degree (Friedkin., 2019)

As a basic parameter of network topology, the degree concerns the direct influence of a node in a static network, and
it represents the ability of the node to establish a direct relationship with other nodes in the network. According to the
local attributes of the network, the greater a node’s degree value, the more directly the node is connected with other
nodes, indicating that the node is more important in the network. When »; is used to represent the number of other nodes

directly connected with node d;, N, is defined as the degree of node d,. If N, < K —1holds in the network of K nodes,
the attribute value of the node degree can be normalized to obtain:

Cald)= KN—I1

M

In the product image network evaluation process, the greater the degree value of the image words is, the closer the
correlation between the image and other images, and thus the greater its importance.

(2) Betweenness (Bian et al., 2017)

As a global variable, betweenness reflects the role and influence of a node, which indicates the influence of the node
on the flow of information in the network. The higher the betweenness value of a node, the more influential the node is
in the network. Taking node d; as an example, define its betweenness as:

C )= Sld) @)

OFLF£r uor

where g, (d,) represents the number of nodes d; through which the shortest path between node d, and node d; passes

and u,, indicates the shortest path number between node d, and node d,. For d;, the normalized betweenness attribute
value is:

_2C,(d,)
C5ld)= (K 1)K -2) ®

In the product image network evaluation process, the larger the betweenness value of an image is, the greater the
influence of the image on other images and the more important the image is.

(3) Closeness to the centre (Yang et al., 2017)

The closeness to the centre reflects the proximity of a node to other nodes in the network. It is represented by the
reciprocal of the sum of the distances from this node to other nodes. It is mainly used to measure the influence of this
node on other nodes through the network. The closer a node is to the centre, the greater the compactness of the node; that

is, the closer the node is to the centre of the network, the greater the importance of the node.
Taking node d; as an example, /;, is assumed to be the shortest distance from node d; to node d, in the network. If in

K
a network of K nodes, the sum of the shortest distances from any node to all other nodes is thq > K —1, then the
q=1
normalized node closeness to the centre can be obtained as follows:
K-1
Cy(d,)= (4)

The position of a node in the network reflects the importance of the image corresponding to the node in the evaluation
of all images. The closer to the centre an image is, the greater the weight of the image in the evaluation.
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3.3 Research on comprehensive image evaluation based on game theory

In Section 3.2, we described in detail the evaluation methods for the degree, betweenness and closeness to the centre
of nodes in the network. However, in network evaluation, a single attribute cannot fully express the comprehensive
evaluation results of nodes. To ensure the objective and accurate results of image evaluation, combined with the obvious
advantages of game theory in balancing decision-making, this paper establishes a network attribute weight evaluation
model based on game theory and achieves a comprehensive evaluation ranking of the image words. The attributes of
node degree, betweenness and closeness to the centre are relevant, and the final comprehensive weight vector is a
balanced decision. The specific steps are as follows:

Step 1: According to the calculated values of the degree, betweenness and closeness to the centre, the basic weight

vector set A; = {ﬂ, 1525 j3} (j=1,2,---,n) is obtained. We indicate any combination of n vectors as follows:
A= oA 5)
=

n
where @, > 0, Z ﬂ,j =1, A is any possible weight vector in the weight set, and @ is the linear combination
j=1
coefficient.
Step 2: The n linear combination coefficients o are optimized by applying game theory to minimize the deviation

between A and each /1j , as follows:

min|» @,A] - ;| (6=1,2,---,n) (6)
=1

2
According to the differential properties of the matrix, Eq. (6) can be converted into:
Y w4 = AAL (6=1,2,--,n) (7
j=1
Converting this to a linear formula, we obtain Eq. (8) as follows:

A Ay e AA e | AL
@ﬂf Az.ﬂzT - /12./15 @ |_ ﬂz_izT

(®)
LA A e AA e A4
Step 3: (@,,®,,--®,) is calculated through Eq. (8) and normalized to obtain the following:
. @
o, = 9)

J
i n
Z‘a)]‘
Jj=1

Therefore, the optimal weight vectors of the node degree, betweenness and closeness to the centre after
comprehensive evaluation can be obtained as follows:

A=) oo (10)
=]
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According to /1*, the comprehensive evaluation value of the j-th image can be calculated as follows:

W, = a)éa(d»Ca (d)+ a)zﬁ(d,)cﬁ (d,)+ a);,(d,)ce(dt) an

According to the size of VVJ , all image words are evaluated and sorted to obtain the top ranked image as the target

image.

3.4 Verification of the results based on image entropy

To verify the reliability of the results, the importance of image words is reordered based on the information entropy
algorithm. Entropy is an important indicator in evaluating the stability of a system; it indicates the degree of chaos of the
system, that is, the probability of the system being in a certain state, and it is a way of describing the relationships between
the micro and macro states in a complex system (Lei et al., 2021). The greater the entropy value of a state is, the greater
the probability that the system is in this state. Shannon (2001) first introduced the concept of information entropy to
measure the uncertainty of information. As negative entropy is used to measure the amount of information, information
entropy represents the degree of order of the system. In product design, Su et al. (2016) explored the differences in image
cognition among users, designers and engineers in relation to product form, analysed the image cognition of product form
by using information entropy, and proposed an evaluation method for product form image entropy based on
comprehensive emotional needs. Yang et al. (2019) and Zhang et al. (2019) used the image entropy algorithm to calculate
the amount of information of an image regarding product form and colour, respectively, to determine the image weight.

Based on the principle of information entropy, this paper calculates the image entropy of samples to obtain the weight
and ranking of each image. The basic idea is to determine the weight of the image vocabulary based on the amount of
information contained in the vocabulary. If the entropy value of certain image vocabulary is smaller, the amount of
information it provides in the evaluation process is greater, and the greater its sensitivity is, the greater the weight it
obtains. The less the sensitivity is, the smaller the weight obtained. The value of the product image represented by entropy
is as follows:

;== (F,InPp) (12)
i=1

where O ,; represents the entropy value of the image; i represents the sample set, i = 1, 2, 3..., m; j represents the image

set,j=1,2, 3..., n; P; represents the probability of the j-th image of the i-th product sample, 0 < Py <1;uisa constant;

-1

and [ Inm:

To ensure that the verification data were reliable, the Likert scale was used to obtain image evaluation data. The

Likert scale is widely used to quantify the image perception of subjects, and it is generally divided into 5- or 7-point
evaluations; the 5-point evaluation process is shown in Fig. 3.

Image words 1 2 3 4 5

Sample picture

Increasing perception

Fig. 3 5-point Likert scale evaluation method
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In this paper, the five-level evaluation method was used to obtain the evaluation data of Kansei images, and the
evaluation matrix was established as follows:

Y, Y, ¥,

o = (13)
i .
le YmZ Ymn

where Yj; represents the average value of the evaluation of the j-th image of the i-th sample.
To reduce the error of the image evaluation results, the evaluation matrix ¥ was normalized to obtain the image

decision matrix Y :

Y, —minY, Y, —minY, Y, —minY,
max Y, —minY, maxY; —minY; max ¥, —minY,
Y, —minY; Y,, —minY Y,,—minY,
. |maxY, -minY, maxY -minY, maxY, —minY,
Y — y y y v v y (14)
Y, —minY,
y J
max ¥, —minY,
Y —minY, Y ,—minY, Y —minY,
m ij m ij . mn ij
maxY, —-minY, maxY, —minY max Y, —min¥,
Then the probability of obtaining an image was as follows:
m
Br=y,/ 2% (15)
i=1

where y;; represents the normalized data of the j-th image of the i-th sample.
Substituting the probability P;; of each image into Eq. (12) to calculate the entropy value of the j-th image, the final
weight of the image is:

£ =0-0)/31-0)) 16

According to the weight results, the images can be sorted again and compared with the results obtained by the method
of this paper.

4. Case Study

Through market research, we used a scooter as an example to verify the research method. This method is also
applicable to research on other products. In what follows, all the steps of the product form image evaluation process are
discussed.

4.1 Determining the research sample and image words

A total of 64 sample pictures of scooters were collected from sales websites, physical stores, periodicals and other
channels and included various brands on the market. A total of 8 research samples were obtained from the preliminary
screening by an individual with a PhD in industrial design and product users based on form and brand. To prevent external
factors such as brand and colour from influencing the results, the experimenter processed and numbered the samples to
form a research sample set, as shown in Fig. 4.
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Ss Se Sy Sg

Fig. 4 Research sample set

According to the online and field survey of users' evaluations of the scooter, and referring to the product development
plan of a scooter production company, some commonly used image words in the evaluation of motorcycle form were
selected. Experts, including product development demand analysts, product development research department personnel,
and graduate students with motorcycle design experience, were consulted to appropriately shrink and expand the set of
image words and determine the final 12 image words used to form an image set, as shown in Table 1.

Table | Image word set

Number Image Number Image Number Image
U, Technological Us Atmospheric Uo Smart
U, Fashionable Us Holistic Uio Fast
Us; Strong Uy Useful Un Individuality
U, Streamlined Us Safe U Advanced

4.2 Evaluation of image relevance based on the network

In Accordance with the case, 4 users with experience in scooter use, 6 graduate students majoring in industrial design
and 2 enterprise product designers were selected to form the test group to evaluate the correlation of product images. The
12 image vocabularies obtained were represented in a 12*12 evaluation form, which was evaluated by researchers and
distributed to each participant after ensuring that the evaluation content was reasonable and credible. The participants
were informed of the evaluation procedure: first, view 8 sample pictures, and then evaluate the correlations between pairs
of image words. If there is a correlation between the words, a score of 1 should be given, and if no correlation or only a
weak correlation exists, a score of 0 should be given. The final results were reviewed by the experimenter, and according
to the principle of maximum membership, the data of all subjects were integrated to construct a complex network of
image words. If the correlation evaluation was 1, an undirected edge was drawn between the two images, and if the
evaluation was 0, no edge was drawn. The resulting image complex network is shown in Fig. 5.
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U
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Fig. 5 Network diagram of the form image of a scooter

According to Fig. 5 and Eq. (1)-(4), the degree, betweenness and closeness to the centre were calculated for each
image, and the results are shown in Table 2.

Table 2 Network attribute values of the scooter form images

Image Degree Betweenness Closeness to the centre
Ui 0.455 0.096 0.647
U, 0.455 0.170 0.611
Us 0.273 0.011 0.524
Uy 0.455 0.092 0.647
Us 0.545 0.119 0.733
Us 0.182 0.009 0.500
U, 0.273 0.036 0.500
Us 0.273 0.010 0.500
Uy 0.364 0.054 0.579
Uio 0.455 0.131 0.611
Un 0.091 0 0.393
Ui, 0.545 0.133 0.647

4.3 Comprehensive evaluation of the image words based on game theory

Taking the three network attributes of the image words as the initial data for the comprehensive evaluation of the
image, according to Eq. (5)-(10), the weights of the degree, betweenness and closeness to the centre were 0.34, 0.06 and
0.6, respectively. According to Eq. (11), the comprehensive evaluation value of each image was obtained as shown in
Table 3.

Table 3 Comprehensive evaluation values of the scooter form images

Image U U, Us; U, Us Us
Evaluation value 0.4425 0.5315 0.4079 0.5484 0.6322 0.3624

Image U, Us Uy Uio Uy Ui
Evaluation value 0.3950 0.3934 0.4744 0.5292 0.2667 0.5815
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According to the data in the table, the comprehensive evaluation order of the image words was:
Us>U12>Us>U>U10>Uo>U>U3>U7>Us>Ug>Ui1. "Atmospheric" had the highest comprehensive evaluation value, so
"Atmospheric" was chosen as the target image of the scooter form design.

4.4 Verification of the results based on image entropy

To increase the credibility of the image evaluation results and verify the feasibility of the evaluation method in
combining complex network theory and game theory, this study used the image entropy algorithm to verify the results.
The specific verification process is described in detail in Section 3.4.

In the verification process, we created a questionnaire using the Likert scale and obtained the initial data through a
5-point evaluation process. To ensure the objectivity of the data sources, we chose 12 subjects to evaluate the image
relevance in this survey. Before the evaluation began, the purpose of this study and the rules for completing the
questionnaire were fully explained to the participants, and the evaluation experiment was started after obtaining consent
or confirmation. To ensure that the evaluation results were not affected by the order of the samples, we presented the
samples in a random order in the questionnaire to obtain the most scientific and accurate evaluation results. The
evaluation results were averaged and sorted, and the results are shown in Table 4.

Table 4 Image evaluation values of the product samples

Si S, S3 S4 Ss Se Sy Ss
U 3.500 2.083 3.333 3.250 3.250 3.083 2.167 2.917
U, 3.333 1.833 3.083 4.083 2.917 2.500 1.833 4.333
Us; 4.000 2.667 3.333 3.333 3.333 3.250 2.917 3.333
Us 3.000 2.500 2917 2.583 3.500 2.833 2.833 2.417
Us 2.750 2.583 3.250 3.083 3.083 2.750 2.583 2.917
Us 3.167 3.417 3.417 3.833 3.417 2.417 3.000 3.500
Uy 3.167 2.750 3.583 2.250 2.833 3.167 2.250 2.083
Us 3.583 2.333 3.083 2.417 3.333 3.167 2.583 2.167
Uy 3.333 2.583 2.417 2.333 2917 3.000 2.667 2.583
Uio 2.750 3.583 3.167 2.750 3.583 3.583 3.250 3.000
Un 3.750 2.583 3.333 3.750 3.083 3.083 2.167 3.833
U 4.000 1.917 2.750 3.583 3.250 2.917 1.917 3.417

Substituting the data in Table 4 into Eq. (12)-(16), the weight results of each image were calculated as shown in Fig.
6. According to the results in Fig. 6, the images were ranked as follows: Us>U>>Uo>Us>Uo>U7>Un>Us>U>Us>U; 1>
Us.
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Fig. 6 Evaluation results of product image entropy
To make the comparison of results intuitive and concise, we normalized the experimental results and the results
obtained in the verification process and then drew a comparison chart of the image evaluation results, as shown in Fig.
7.

U Method of this paper
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Fig. 7 Comparison of the image evaluation results
It can be seen from the comparison results in Fig. 7 that the overall trends of the results of the proposed method and

those of the image entropy algorithm were relatively close: "Atmospheric" was ranked the highest, and "Holistic" and
"Individuality" were ranked last. Similarly, the results for the images varied greatly. For example, U, was ranked second,
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after "Atmospheric", by the proposed method, but the image entropy algorithm ranked Uy in the middle of the images.
The image entropy algorithm ranked the "Fashionable" image second, but this image was ranked fourth by the proposed
method. The reasons for the differences in the results are explained in the discussion section, but the results of the
evaluation and acquisition of the target images for the product development process were consistent, which shows the
reliability of the results of this paper.

5. Result Discussion

Currently, during product design, due to the lack of customer image information, designers often choose a product
design target image based on their own experience rather than comprehensive customer image information (Yamagishi
et al., 2018). The customer target image is not only the basis of product development but also the basis of marketing
decisions (Ji et al., 2020). As target image acquisition provides the motive for and direction of product form optimization
design, its accuracy is directly related to whether designers and enterprises can effectively design and develop products
that meet customers' emotional needs (Yang et al., 2011). In this paper, we used complex network theory and game theory
to obtain original data by evaluating the correlation between image words to comprehensively evaluate images and thus
obtain the target image of a scooter as "Atmospheric". Compared with the results of the image entropy algorithm, the
proposed method is intuitive and effective and improves evaluation efficiency. Compared with most current evaluation
methods, the advantages of this method are as follows: (1) In the evaluation process, the participant sample comprised
users, designers, and enterprise personnel, which allowed multiple stakeholders to be considered in the product
development process, making the evaluation results more objective and accurate. (2) In the evaluation process, an image
word relevance evaluation method was adopted, which helped ensure that the evaluation data were objective and accurate
by considering the cognitive load of the subjects. (3) By calculating various network attributes based on complex network
theory and game theory, the correlations between images were fully considered, which provided a basis for mutually
evaluating the images.

By comparing the results of the two methods, the overall trend is found to be consistent, and both approaches rank "
Atmospheric" the highest, which shows the reliability of the results. However, the methods also ranked some images
differently. Through analysis, it can be seen that the difference in the evaluation results is caused by the different emphases
of the two evaluation methods. The image entropy algorithm, as an objective weighting method, avoids subjectivity to a
certain extent but considers only the internal relationships among the images, ignoring the correlations between them,
which makes the evaluation result incomplete; the evaluation method based on complex network theory meets this
demand to a certain extent. In a follow-up study, we will consider a target image evaluation method that combines these
two methods, using the method proposed in this paper to evaluate between images and the image entropy algorithm to
evaluate within images, and then comprehensively evaluate the results of the two methods through the idea of a
cooperative game as a more comprehensive and accurate method of obtaining target images.

6. Conclusions and Further Research

Because of the importance of target images in product design and development, it is necessary to use images when
evaluating potential new designs. In this paper, we aimed to develop an efficient and accurate method for mining customer
preferences to obtain product target images. Therefore, we proposed a calculation model combining complex network
theory with game theory. First, after extensive investigation and screening, the product sample set and image word set
were determined, and the initial data were obtained by having various stakeholders evaluate the correlations between
images. Then, based on complex network theory, an image network was constructed, and the node degree, betweenness,
and closeness to the centre were calculated. Then, based on the game theory model, the weights of the three network
attributes were calculated to obtain a comprehensive evaluation value for each image. Finally, the image entropy
algorithm was used to verify the results. Although this paper used a scooter, the method developed here can also be used
to obtain and evaluate target images for other products.

Next, our future research will expand on the current work in two ways. (1) To explore more comprehensive and
accurate target image acquisition methods, the method proposed in this paper will be combined with the image entropy
algorithm to obtain evaluation rankings of images based on different dimensions, and then the target images will be
obtained by integrating the weights of the two methods using game theory to make the evaluation results more objective
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and accurate. (2) According to the results of this paper, the design elements of the target product will be evaluated by
combining complex network theory and game theory, and the importance order of the design elements in the product
image modelling design process will be obtained to clarify the modelling design direction.
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Leader-follower identification of complex product redesign modules
for multi-domain collaboration
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Abstract: A multi-domain collaborative evaluation method including cognitive domain, demand domain and module
domain was constructed, in order to effectively identify the master-slave relationship of each module in complex
product redesign under the condition of multi-agent participation and multi-demand coexistence, and to improve the
efficiency of redesign. The design requirements domain was established based on the emotional and physical needs
of different cognitive subjects in the cognitive domain. Combined with the fuzzy evaluation and the relative
preference analysis, the inter-domain mapping importance of each module for the requirement domain mapping was
obtained. Considered the connection relationship among modules, a fuzzy design structure matrix combined with
DEMATEL was proposed to obtain the intra-domain correlation importance of each module. Using the cooperative
game method, a comprehensive evaluation model was established, which combined the inter-domain mapping
importance and the intra-domain correlation importance to identify the master-slave relationship of each module.
Compared with the module importance analysis mode from a single perspective, the method obtained more
objective, comprehensive and accurate evaluation results. Taking the CKA6180 CNC machine tool as an example,
the effectiveness and feasibility of the multi-domain collaborative evaluation method were verified.
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Tab.3 Description table of function module for CKA6180

CNC machine tool
75 B FR i

@ INTAEHES, Bl TS, AR T RAUR R IR &
N TR HUAAE AR RN T, By 1 m TR il
@  BPERS, o o
Sy B RS B
WERHS; WL TARZS
RIS, AN LRI A T T AL HE
BERIRSs  HURBMER S
T M\kﬁm&?’:%ﬂ%%é, FEATHURIIE
T 7 2
MRS, SCHEHLRM 2 72
KBRSy AP BRI T AL
e BRI — R L HAENUIR TG, EomAr I K i HA
EIRBILS, )
— el AEDLPR I 1 1 B
TEWIREHLS o ()5 B B BRI Jon 15 )
RIS, S EDHLATE B A 25 (8], — e FHLAR T8

RLPERELES |, F B T B A 2R B HEAT | ZE AR
a,
s

i -Ii !

ay

©

®@ o @ © e

® ©@ & ©

a,

as ay as
M ﬁ .El'
a; ag ay Qo
sl - -
ap a [ ais

B4 HENMAARERE
Fig.4 Research sample set of CNC machine tool
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Tab.4 Weight of emotional needs of users and designers
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R={BHH 1Y Ry, VIFAHY Ry, BLACHY Ry, (WLZR) P
W Ry, CLAF)BUH 7 Rs, (RS HAE(EHE
Re, (AMRE) BITE SR Ry, (L) 2% 7 Ry, (JE
BE) IS BE Ry, (EH) FREI 5 8 Ry} B 8 AL
IRAT AL B B8 R T A N L A, FIRI R 1 X i1t
TR BT EZEEPEAL, X (9) . (13). (14)1%
BN B TH T SR AR B2 S AR L, ik S
fiaws. i ZAPEAT I 2R 5 T RE AR B[] ) O
6 RBOWIE WAL, X (10) . (12) 1583t
7 SR WIS 1) 4% T Rl ASE B o R ORI, NSk 6
fs. s A (13) o (14) % 40 5 oSO B o of
T — A Ab 3, 75 31 45 2y Al A B 14 3ok 1] e Spf i 22
0, MK YR M 0.068, 0.132, 0.107, 0.095, 0.107, 0.084,
0.049, 0.080, 0.057, 0.073, 0.095, 0.054.
43 IPEERRBRXEBL K RIFM

B S BEALRAT L & Z 2 Y & 5K ALt Xt r
7R T G5 AR R R AT SRR R (1] ) DGR OC R AR
B, 70 v 00 D0 2% 1. B 28 R ASOR A Ak B S
5B B bR e AR B I 2 7 B . A =X (18) 345
L35 5 JE P, D0 ) R AR B 1 5 e RE | R )
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Tab.5 Evaluation results of importance of design requirements

R, i i

R (0.594, 0.844, 1.000) 0.691
R, (0.375, 0.625, 0.875) 0.505
Ry (0.656, 0.906, 1.000) 0.735
Ry (0.344, 0.594, 0.844) 0.475
Rs (0.250, 0.500, 0.750) 0.386
R (0.438, 0.688, 0.938) 0.564
R, (0.563, 0.813, 0.969) 0.661
Ry (0.094, 0.344, 0.594) 0.237
Ry (0.344, 0.594, 0.844) 0.475
Ry (0.094, 0.344, 0.594) 0.237

bt N FE 8 B 04 L HE U — L AL B, 75 5
4B e 0 P AR O T I p, KM 0,128, 0122,
0.087, 0.080, 0.096, 0.041, 0.051, 0.086, 0.075, 0.085,
0.084, 0.065.

44 ETEEEENDIREREEZEEZSITEMN

W DI RE B 2 L PE (AR S A 1 2R 1 3L
77, B (19) 15 2 LA ) 24, 5T (20)~
(24) KRG H I A DI RERI R B HEE W,
YR H 0.098, 0.127, 0.097, 0.088, 0.101, 0.063, 0.050,
0.083, 0.066, 0.079, 0.090, 0.060.

45 G B[R] W S R RS, | BN R OG
NEEEHEBEEW,, @ WK S BT s A4 i 2
WXL BT LUE Y, YA S8BT T oK B Y
P TR = PEA B, R AR e 5 T8 B 2 B B
Yo B pih SRR R R R AR U AL
BT = R DI RE, AR BT AR S R
o RN L BT X R ALK, T O RE 450 09 =
£ AL, T Re s B fa] B AT B AR O M. AT &
e g P G B O ZR R, i TR R AR O 7 B A
I RE N B AN Sfe 5 e Tt BR e H At 1) RE A B 24 1
T IR g, i TBLH 5 KH 4 Uy BE L B 34 17
TEAH B OCHEOC &R, (175 1 B 1Y 5 20 1 Il 25 4
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Tab.6 Fuzzy evaluation of importance of function modules of design requirement mapping

it

Ra
S $ S5 S
R, (0.000, 0.130, 0.302) (0.432, 0.604, 0.691) (0.238, 0.410.0.583) (0.000, 0.151, 0.324)
R, (0.095, 0.205, 0.331) (0.300, 0.426, 0.505) (0.126, 0.252, 0.379) (0.016, 0.142, 0.268)
Ry (0.046, 0.230, 0.414) (0.506, 0.690, 0.735) (0.345, 0.529, 0.712) (0.046, 0.207, 0.391)
R, (0.015, 0.205, 0.303) (0.163, 0.282, 0.401) (0.341, 0.460, 0.475) (0.000, 0.000, 0.119)
Rio (0.022, 0.074, 0.133) (0.126, 0.185, 0.237) (0.067, 0.126, 0.185) (0.015, 0.074, 0.133)
RT R X RinENERE
Tab.7 Standardized matrix of association among functional modules

z

S
S S, S; S4 Ss Sio Si Si2

S1 0 0.134 0.145 0.111 0.103 0.070 0.042 0.039
S, 0.184 0 0.131 0.111 0.070 0.089 0.123 0.039
S5 0.134 0.111 0 0.031 0.059 0.081 0.022 0.022
Sy 0.192 0.167 0.039 0 0.042 0.014 0.089 0.022
Ss 0.164 0.100 0.089 0.081 0 0.078 0.022 0.059
Sto 0.167 0.153 0.142 0.031 0.089 0 0.081 0.031
Shi 0.123 0.156 0.164 0.164 0.039 0.070 0 0.047
Sis 0.123 0.089 0.033 0.033 0.156 0.042 0.061 0
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Tab.8 Autocorrelation among functional modules

s, J, L N,
s 6.427 3.707 10.134
s, 5.404 4271 9.675
S5 4142 2.746 6.888
S, 3.276 3.067 6.343
S5 3.828 3.726 7.554
S, 1.481 1.794 3.275
s, 1.408 2.623 4.031
S 3.631 3.152 6.783
Sy 2.425 3.474 5.899
S 2.819 3.920 6.739
S 2.823 3.840 6.663
S 1.903 3.248 5.151
0.14
0.2}
0.10F
=008 |
0.06 -
0.04 | x

S, S, S, 80 S S S S, S, Su S S
s
BS BEMREREE R X RE

Fig.5 Importance comparison diagram of CNC machine tool modules
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