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Tis study examines the efects of government innovation subsidies under diferent combinations of market power (i.e., the
relationship between enterprises, upstream suppliers, and downstream customers) and diferent types of ownership from the
perspective of the contemporary marketing microenvironment. Based on the panel data of listed Chinese manufacturing
companies from 2009 to 2018, the empirical results show that, in the case of higher buyer power, government subsidies will
signifcantly promote the R&D investment of enterprises and the positive efect is not afected by nature of the enterprise’s
ownership. In the case of lower buyer power and seller power, government subsidies signifcantly promote the R&D investment of
nonstate-owned enterprises, but have no efect on state-owned enterprises. Te conclusions of the study further verify that, under
diferent combinations of market power, there are signifcant diferences in the efects of innovation subsidies for enterprises with
diferent forms of ownership, and these provide a theoretical point of reference for the government to implement innovation
subsidies. Tis study not only flls the theoretical black box of the relationship between government subsidies and enterprise
innovation but also provides relatively new empirical evidence for the related research on innovation subsidies in
developing countries.

1. Introduction

In the context of high-quality development, how to stimulate
the innovation vitality of microeconomic entities, promote
enterprises’ reform and innovation, improve the innovation
quality of microenterprises, and further play the role of
innovation as the “engine” driving China’s economic
transformation and upgrading? Tese have become im-
portant practical issues for China in order to implement an
innovation-driven development strategy. In recent years,
China’s government subsidies in stimulating enterprise
innovation have shown an increasing trend. According to
data from the Wind Database, over the period 2009–2018,
the amount of government subsidies received by all A-share
listed companies increased from 30.14 billion yuan to 167.17

billion yuan, and the proportion of A-share listed companies
receiving government subsidies increased from 44.7% to
98.2%.Te intensity and breadth of government subsidies in
China are certainly increasing.

Te efect of government innovation subsidies has al-
ways been an important research issue and has been of wide
concern in academia. Te externality theory of R&D ac-
tivities proposed by Arrow [1] laid the foundation for the
economic theory of government intervention in R&D in-
novation activities of enterprises. Market failure is wide-
spread as a result of the externality and uncertainty of such
activity[2]. Earlier research demonstrated that such market
failure will prevent enterprises from achieving the socially
optimal level of R&D [1, 3]. To solve the problems of market
failure in R&D and the insufcient supply of efective

Hindawi
Complexity
Volume 2022, Article ID 4905287, 11 pages
https://doi.org/10.1155/2022/4905287

https://orcid.org/0000-0003-1625-0517
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/4905287


innovation, the government has often adopted a policy of
innovation subsidies to compensate for the economic losses
caused by the “market failure” of enterprises, reducing the
innovation risk of enterprises, and encouraging enterprises
to improve innovation [4]. Government subsidy is also a
common policy means to encourage enterprise innovation,
and is the most direct form of a government’s “helping
hand”.

However, there has not been a broad consensus on the
efect of government innovation subsidies. Some scholars
believe that government subsidies can efectively alleviate f-
nancing difculties and market failures faced by enterprises in
the process of innovation. From the viewpoint of resources,
government subsidies can increase the R&D investment of
enterprises by directly supplementing innovative resources
[5, 6]. In addition, based on the signal theory, government
subsidies may serve as a certifcation signal to further help
enterprises obtain external investment [7]. Meanwhile, since
technology and knowledge are characterized by the spillover of
public goods, nonexclusivity of results and nonexclusivity of
benefts, enterprises’ investment in R&D will inevitably be
afected by market failure and underinvestment. Government
subsidies can also, to some extent, rectify the externality and
exclusivity of enterprise innovation [1]. In other words,
government subsidies can share the R&D costs and risks of
enterprises, make up for the costs of innovation activities
caused by externalities, and then promote enterprise inno-
vation [8].

In addition, government subsidies can stimulate in-
novation competition among enterprises and produce an
“incentive efect” and “seed efect” [9]. Others suggest that
government subsidies will distort the allocation of market
resources: they may stife enterprises’ private investment in
innovation, hence impeding the sponsored frm’s inno-
vation capabilities [10, 11]. Te government usually grants
innovation subsidies for subsidy-designated projects.
Terefore, for the consideration of marginal cost, enter-
prises will choose to apply for R&D projects in the subsidy
category formulated by the government, resulting in the
government-subsidized projects replacing the R&D inno-
vation projects planned by enterprises themselves, and thus
crowding out those enterprises’ R&D [12]. Enterprises that
receive government subsidies do not need to invest too
much money in government-subsidized R&D and inno-
vation projects, and the marginal cost of innovation is
almost zero. Tis may lead to enterprises’ dependence on
government subsidies, thus crowding out their indepen-
dent innovation to an extent [13]. At the same time, due to
asymmetry of information, the government will inevitably
encounter aberrations in the selection of subsidy objects,
and a “wrong” subsidy will lead to “subsidy-type devel-
opment”, rather than innovation-type development of
subsidized enterprises or industries [14].

Due to the immature institutional environment and
rapidly transforming factor and product markets, this
contradiction is especially pronounced in economies in
transition [15]. Accordingly, the frst objective of our re-
search is to investigate whether or not government inno-
vation subsidies in China are efcient.

After reviewing a large volume of relevant literature,
Zúñiga-Vicente et al. [16] point out that the main reasons for
the diferences in research conclusions may be diferences in
variable selection, research background (countries, indus-
tries, time periods), and empirical methods. Based on this
conclusion, academia has begun to explore the mechanism
of government subsidies from diferent perspectives. Market
power and ownership are the two research perspectives
focused on in this study.

Market power and enterprises’ innovation activities (i.e.,
the efect of government innovation subsidies) are insepa-
rable. Each element of a product’s production is closely
linked. Enterprises, upstream suppliers, and downstream
customers comprise a signifcant component of the con-
temporary marketing micro-environment. At the same time,
upstream and downstream industrial relations (i.e., market
power) will inevitably afect the innovation decisions of
enterprises. In addition, market power largely determines
the proft realization and distribution of innovation activ-
ities, thus afecting the decision-making of enterprise in-
novation activities [17]. It has been pointed out that the
efects of government innovation subsidies and R&D ac-
tivities of enterprises are afected by diferent degrees of
market power [18–23].

However, existing research has some obvious limita-
tions. First, previous studies have only focused on a single
aspect of market power (buyer power or seller power), rarely
considering both two types of market power together. Te
reality is that, with the continuous refnement of the social
division of labor, an enterprise will face both buyer power
and seller power in the market. Tus, these cannot be easily
separated in the analysis of the relationship between market
power and innovation subsidies. Second, these studies are all
carried out in the context of less government intervention. In
fact, developing countries rely heavily on government in-
tervention to promote the development and innovation
capability of enterprises and industries, such as with the
telecommunication equipment provider industry in China
[24]. When we consider government intervention (gov-
ernment subsidies), the impact of market power on R&D
activities is not fully demonstrated. Tis leads to the second
objective of this research, which is to explore whether
government innovation subsidies enhance enterprise R&D
intensity under diferent market power in China.

In emerging economics, enterprises of varying owner-
ship, such as state-owned enterprises, collectively owned
enterprises, privately owned enterprises, and foreign-owned
enterprises, coexist in the market [25].Temanagement and
resource acquisition capacities of enterprises with diferent
types of ownership vary considerably [26]. Te Chinese
market has been evolving towards a more mature-free
market through reforms for over a decade and, therefore,
this inevitably leads to the typical phenomenon of the co-
existence of enterprises with multiple ownership forms,
which also leads to a very complicated relationship between
government subsidies and enterprise innovation. State-
owned enterprises and nonstate-owned enterprises have
very distinct resource endowments and institutional logics
and these may result in their divergent responses to
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government subsidies. In other words, the form of enterprise
ownership is an especially key factor in the utility of gov-
ernment subsidies [27].

As one of the fastest-growing transitional economies,
China has a large number of state-owned enterprises. State-
owned enterprises are controlled and managed by the local
or central government and have natural links with the
government. As a pillar of the national economy, state-
owned enterprises shoulder the important task of economic
development and maintaining social fairness and stability.
Terefore, when state-owned enterprises face losses, the
government will lend a helping hand by giving them ad-
ditional subsidies or tax incentives to tide them over. State-
owned enterprises in China are always criticized for their
privileges in the case of bank loans, investment and f-
nancing, government subsidies, and so on [28]. From the
perspective of subsidy tendency, in large industrial enter-
prises the government usually provides tax reduction or
various types of subsidies for state-owned enterprises, and
that subsidy is relatively large–much higher than that of
enterprises with other ownership properties [29]. However,
previous studies have shown that state-owned enterprises
have received more innovation subsidies, but they have not
reached a corresponding level of R&D investment [30, 31].
In addition, nonstate-owned enterprises will also be subsi-
dized by the government for innovation, but the efect of
those subsidies has not been efectively demonstrated.
Terefore, the third objective of our research is to investigate
the efciency of government subsidies between state-owned
enterprises and nonstate-owned enterprises with regard to
market power.

In general, previous research investigating the rela-
tionship between market power, ownership, and the ef-
ciency of government innovation subsidy is limited in the
following respects. First, whether Chinese government in-
novation subsidies can increase the R&D intensity of en-
terprises remains a question worth discussing. Second, it is
of great signifcance to test the efect of market power on
innovation subsidy efciency. However, the efect of market
power on innovation subsidy efciency has not been fully
tested in previous literature. As far as we are able to de-
termine, our study is the frst to explore the efect of gov-
ernment innovation subsidies for both buyer power and
seller power in China. Last, but not least, most studies only
focus on the relationship between market power and in-
novation subsidy efciency, or ownership and innovation
subsidy efciency. Tere is no literature that simultaneously
considers the innovation subsidy efect of diferent own-
ership enterprises in response to diferent market forces.

Tis study takes Chinese manufacturing A-share listed
companies during a specifc period (2009–2018) as research
samples, in order to further investigate the efect of gov-
ernment innovation subsidies on enterprises with diferent
ownership forms under diferent market power conditions
(buyer power and seller power), on the basis of existing
research on market power. All enterprises are divided into
two groups, according to their nature of ownership: SOEs
and non-SOEs.Te empirical results show that, in the case of
higher buyer power, government subsidies will signifcantly

promote the R&D investment of enterprises, and the positive
efect is not afected by the nature of ownership. In the case
of lower buyer power and seller power, government sub-
sidies signifcantly promote the R&D investment of non-
SOEs, but have no efect on SOEs.Tis research will enhance
our knowledge of the efects of government innovation
subsidy in China. Our fndings will also provide a theoretical
basis for policymakers in developing countries to formulate
innovation subsidy policies.

Te remainder of the study is organized as follows.
Section 2 constructs the theoretical model for the study.
Section 3 presents the regression model, data sources, and
variable defnitions. Section 4 shows the descriptive statistics
of the main variables and the empirical analysis results.
Section 5 contains concluding remarks, including policy
implications and research directions for the future.

2. Theoretical Model Design

Based on the conceptualization of González and Pazó [32];
this study introduces market power and ownership as ex-
planatory variables in the empirical study of government
subsidies and enterprise innovation, and constructs a the-
oretical model of government subsidies and market power
on R&D investment of enterprises with diferent ownership
models.

Let us suppose there is an industry that is composed of n

enterprises, and each enterprise is producing heterogeneous
goods whose output is denoted by qi (i � 1, 2, . . . , n), and
product quality is si. Te utility function of the consumer is
as follows:

U(q, s) � 􏽘
n

i�1
qis

δ
i􏼐 􏼑

ρ
⎡⎣ ⎤⎦

1/ρ

, 0< ρ< 1, δ > 0, (1)

where, in accordance with previous research [33]; δ is the
sensitivity coefcient of consumers to product quality, and
pi represents the product pricing of the enterprise. On the
premise that consumer consumption level Y is given, the
demand function of the enterprise can be obtained from the
condition of consumer utility maximization as follows:

qi(p, s) � yp
−η
i s

ε
i M, (2)

where p � (p1, . . . , pn), andη � 1/(1 − ρ) represents the
price elasticity of consumer demand. Terefore, 1/η is the
Lerner index, i.e., market power. ε � δ(η − 1) represents the
quality elasticity of consumer demand. Assuming that y is
the total number of products that consumers can purchase,
then

y � Yp
− 1

, (3)

where p � 􏽐
n
i�1 (pi/sδi )1− η is the overall price index after

considering quality factors. Since demand is positively and
monotonically decreasing with quality (zqi/zsi〉0,
z2qi/zs2i ≤ 0); from this, we can obtain δ ≤ 1/(η − 1). If we
assume that the number of frms that operate in an industry
is sufcient for the price and quality decisions of a single frm
to have minimal efects on the aggregate price index p, then
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the price and quality elasticity perceived by each frm will be
identical to η and ε.

Quality can be improved by incurring R&D expenditure,
according to some technological rules. Assume that x is the
efective point of investment in innovation. Enterprises
improve their product quality through technological inno-
vation activities, and when their innovation investment is
below this specifc level x, the improvement in product
quality is not signifcant (R&D activities have no efect) and
product quality is at the same level as it would be without
innovation investment (s0). When the investment in in-
novation exceeds a specifc level x, product quality is im-
proved and the law of diminishing marginal returns is
satisfed. Terefore, the relationship between innovation
input and product quality is as follows:

s xi( 􏼁 �
x
θ
, 0≤xi ≤x,

x
θ
i , xi ≥x,

⎧⎨

⎩ (4)

where θ is the qualitative elasticity of innovation inputs
(θ≤ 1). Tat is, quality can be enhanced, albeit at a declining
pace, by incurring extra expenditures in excess of a mini-
mum level x (set-up costs) necessary to afect quality.

It is believed that each product can be manufactured at a
unit cost c. Assume that, given the activities of the com-
petitors, the enterprise simultaneously picks the price of the
product and the degree of R&D expenditure to infuence
quality. Te objective function of the enterprise is as follows:

max
pi,xi

πi � pi − c( 􏼁qi pi, s xi( 􏼁􏼂 􏼃 − xi. (5)

Te government will provide subsidies to selected en-
terprises in order to encourage them to engage in innovative
activities. Te purpose of the subsidy is to reduce the
production cost of enterprises and to stimulate their in-
vestment in R&D. Enterprises generally employ a portion of
the subsidies for production and a portion for R&D. Tus,
the government subsidies have two efects: the cost reduc-
tion efect (the unit production cost of the enterprises
changes to αc, 0≤ α≤ 1) and R&D incentive efect (after
obtaining the subsidies, the total R&D investment of the
enterprises is xi

′, of which, the investment of the enterprises’
own fund is βxi

′，0≤ β≤ 1). At this stage, the maximization
criteria of the enterprises are as follows:

max
pi,xi

πi � pi − αc( 􏼁qi pi, s xi( 􏼁􏼂 􏼃 − βxi
′. (6)

In the face of government subsidies, rational enterprises
will determine the optimal product price p∗i and the amount
of innovation investment x∗i according to equation (6).
Enterprises may also opt not to engage in innovation ac-
tivities, in which case the quantity of innovation input x∗i �

0. Combining the above two cases, the enterprise will choose
the optimal price and innovation input combination
(pe

i , xe
i ) to achieve the goal of proft maximization, such that

πi p
e
i , x

e
i( 􏼁 � max πi p

∗
i , x
∗
i( 􏼁, πi p

∗∗
i , 0( 􏼁􏼈 􏼉, (7)

where p∗∗i is the product price that the enterprise will set if it
decides not to undertake R&D activities.

It will be observed that the frm only invests in R&D
when doing so is the most proftable option. Enterprises
choose to increase their R&D investment when the benefts
from their choice of innovation activities are higher than if
they do not undertake innovation activities, i.e.,
πi(p∗i , x∗i )> πi(p∗∗i , 0). Taking the derivative of pi and xi

′ in
equation (6), the price and innovation input level in equi-
librium can be calculated as follows:

p
∗
i �

ηαc

(η − 1)
, (8)

x
∗
i �

θε
ηcβ

􏼠 􏼡

1/1− θε

x, (9)

where c � x/p∗i qi(p∗i , s0) is the ratio of the efective point of
innovation investment to sales revenue at an optimal price
and standard quality. At this point, p∗i � p∗∗i . Substitute p∗i
into equation (5), and the following equation can be ob-
tained according to the Dorfman–Steiner condition:

x
θε−1
i �

η − 1
cθεyp

−η. (10)

By substituting equation (10), we can obtain:

πi p
∗
i , xi
′( 􏼁 �

1 − θε
η

􏼠 􏼡yp
∗ −η+1
i x

θε
i , (11)

πi p
∗∗
i , 0( 􏼁 �

1
η

yp
∗−η+1
i x

θε
. (12)

According to equations (11) and (12), when
x∗∗i � x/(1 − θε)1/θε, enterprises will receive the same
benefts from innovation activities as they would have if they
had not done so. As a result, an enterprise must satisfy
x∗i 〉x∗∗ when choosing innovation initiations. Tat is, to
convert to the following condition:

1
ηcβ
>(θε)− 1

(1 − θε)− 1− θε/θε
. (13)

According to equation (13), when the government
subsidy is 0, β � 1.β< 1 means that the enterprise receives
subsidies, and the R&D cost of the enterprise decreases.
Terefore, the probability of innovation in the enterprise will
be increased. At the same time, it can be seen that the
probability of enterprise innovation activities is positively
correlated with market power 1/η (i.e., the Lerner index).

When an enterprise decides to invest in R&D, it will
determine the optimal level of R&D investment. Accord-
ingly, an enterprise’s optimal R&D intensity (i.e., the ratio of
R&D investment to sales revenue) can also be calculated.

R
∗
i �

x
∗
i

p
∗
i q
∗
i

. (14)

According to equation (2), the following equation can be
obtained:
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q
∗

� yp
∗− η

x
∗ θε
i . (15)

Substitute equations (8), (9), and (15) into equation (14)
to obtain the R&D intensity of the enterprise when the
market is in equilibrium:

R
∗
i �

θε
βη

. (16)

As can be seen from equation (16), when an enterprise
decides to invest in R&D, its R&D intensity is afected by
government subsidies and market power: the greater the
government subsidies are, the smaller the coefcient β is,
and the greater the R&D intensity of the enterprise will be.
At the same time, the stronger the market power 1/η, the
greater the intensity of R&D expenditure.

It is important to note that, among the determinants of
R&D investment, market power 1/η and product quality
elasticity of demand ε are both closely related to industry
attributes. Te R&D capability θ and threshold x of an
enterprise are all dependent on the individual characteristics
of the enterprise, such as enterprise scale, proftability, f-
nancial status, and operating years. Of these, the nature of
ownership is a core element that needs special consideration.

Terefore, based on the theoretical models mentioned
above, two theoretical hypotheses can be obtained in this
study:

H1: Te stronger the market power, the more obvious
the efect of government subsidies.
H2: Under diferent market power, enterprise owner-
ship will afect the efect of government subsidies.

3. Research Design

3.1. Sample Selection and Data Sources. Tis study uses data
from China’s A-share listed manufacturing enterprises as
research samples to investigate the efect of innovation
subsidies for enterprises of diferent ownership in the face of
diferent market power. All sample data were downloaded
from the Wind Database. In China, manufacturing enter-
prises are the main objects of government innovation
subsidies. Moreover, the sample number of listed
manufacturing companies is relatively large, the listing time
is the longest, and the data of annual reports are more
mature. Since 2009, the China Securities Regulatory Com-
mission (CSRC) has required listed companies in China to
disclose the names of their top fve customers and suppliers
in their annual reports. However, due to the impact of
COVID-19, data disclosure in the 2019 and 2020 annual
reports is incomplete and the data quality is questionable.
Terefore, this study determined the research period to be
from 2009 to 2018. Before the empirical analysis, the initial
data were processed, and the sample observation objects that
did not meet the requirements were eliminated according to
the following criteria. First, enterprises with STmarks were
removed: the ST mark means “Special Treatment”; listed
companies with such markings frequently experience ab-
normal fnancial conditions or are at risk of delisting.
Second, enterprises with fewer than 10 employees were

removed: listed companies with too few employees are
typically “shell companies,” and their pertinent statistics are
unworthy of examination. We removed enterprises lacking
important fnancial indicators: samples lacking crucial f-
nancial indicators required for this research are atypical and
must be discarded. As a result of these decisions, a total of
5697 observations were obtained from 1503 listed
companies.

3.2. Variable Selection and Description

(1) Explained variable: Tis study mainly investigates
the incentive mechanism of government subsidies on
enterprise R&D. Terefore, the explained variable in
this study is expressed by the intensity of enterprise
R&D investment. R&D investment intensity repre-
sents the degree of efort made by an enterprise to
improve its innovation capability. Considering the
large gap between listed companies in terms of
enterprise scale and income level, in order to reduce
the estimation bias caused by enterprise heteroge-
neity, this study uses the proportion of enterprise
R&D investment in the main business income of
enterprises to measure the intensity of enterprise
R&D investment.

(2) Explanatory variables and moderating variables: Te
explanatory variables selected in this study include
government subsidy intensity (GOV) and enterprise
ownership nature (SOE). In order to investigate the
diferent efects of government subsidies for enter-
prises of diferent ownership in the face of diferent
market power, this study takes market power as a
moderating variable. Te government subsidy in-
tensity (GOV) is expressed by the ratio of govern-
ment subsidy income to the main business income in
the annual report of listed companies. One advan-
tage of using a ratio measure is that it reduces the
statistical bias caused by large diferences in the
amount of government subsidies given to frms of
diferent sizes. Business ownership is a 0-1 variable.
According to the nature of listed companies regis-
tered, central SOEs, provincial SOEs, prefectural
SOEs, and other SOEs are all classifed as SOEs, and
the value is 1. Other enterprises, as private enter-
prises, are assigned a value of 0.
Market power refers to the ability of enterprises to
control the price of goods when they trade.
According to the upstream and downstream rela-
tions of commodity trading, market power can be
divided into buyer powers for upstream enterprises
and seller powers for downstream enterprises. In this
study, the proportion of total sales of the top fve
customers (MC) and the proportion of total pro-
curement of the top fve suppliers (MS) are adopted
as the proxy variables of seller power and buyer
power, respectively. It is worth noting that the larger
the value of MC and MS, the smaller the corre-
sponding market power is. For example, the higher
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the proportion of the total sales of the top fve
customers (MC), the higher the dependence of the
enterprise on the major customers is, the worse the
bargaining power and negotiation ability of the
enterprise is, and the stronger the customer’s control
over the enterprise is, and thus the weaker the seller
power of the enterprise is. Terefore, it is feasible to
use these two proxy variables to represent the market
power.

(3) Control variables: In order to minimize the bias of
empirical results, several control variables are also
selected. Te control variables used in this study
mainly include: (i) enterprise scale (SIZE), measured
by the natural logarithm of employees; (ii) enterprise
proft ratio (PROFIT), measured by the ratio of total
profts to total assets; (iii) enterprise age (AGE),
measured by the year minus the year of establish-
ment plus one; (iv) enterprise debt ratio (DEBT),
measured by the ratio of total debts to total assets; (v)
enterprise industry (Industry), divided by two-digit
SFC industry code; (vi) data year (Year), in order to
separate the infuence of enterprise size, proftability,
establishment period, solvency, industry and year.

3.3. Regression Model Specifcation. In this study, the in-
tensity of enterprise R&D investment is taken as the de-
pendent variable. Market power and the nature of enterprise
ownership are the moderating variables. Further, control
variables such as enterprise asset scale, asset–liability ratio,
proft margin, age of establishment, industry, and year are
added to construct the regression model as follows:

RDi,t � β0 + β1GOVi,t + β2SOE + δ1SOEi,t × GOVi,t

+ β3MS + δ2MS × GOVi,t + β4MC

+ δ3MC × GOVi,t

+ φXi,t + vi + εi,t,

(17)

where i is the enterprise, t is the year, β0 is the constant term,
GOV is the variable of government subsidy intensity,X is the
corresponding control variable, V represents the individual
unobservable efect, that is, the heterogeneity among en-
terprises, and εi,t represents the random error term. In
formula (17), MC and MS are respectively the proxy vari-
ables of the seller and buyer power of the enterprise, as stated
above.Tis study defnes market power from the perspective
of buyer power and seller power. Terefore, in order to
reveal in more depth the innovation subsidy efect of en-
terprises of diferent ownership under diferent market
power combinations, this study divides the market power
combinations into four diferent combinations according to
the median of market power. At the same time, the enter-
prises in the sample data are divided into SOEs and non-
SOEs, according to the difering ownership of enterprises.
After the empirical regression, the regression results are
compared and analyzed.

4. Empirical Results and Analysis

4.1. Descriptive Statistics and Correlation Analysis.
Table 1 shows descriptive statistics of the main variables used
in this study. As can be seen from Table 1, the mean value of
R&D investment intensity (RD) of enterprises is 0.05, which
is relatively low, and the standard deviation is 0.040, indi-
cating a relatively stable quality of the data. In general,
China’s listed manufacturing enterprises spend relatively
less on R&D. However, the fact that some enterprises can
spend 62.7% of their main business income on R&D shows
that the intensity of R&D investment is very diferent across
enterprises. Te average value of government subsidy
(GOV) is 0.01, which indicates that the intensity of gov-
ernment subsidy for listed manufacturing companies in
China is still at a low level. It can be seen from the mean
value of the enterprise ownership (SOE) variable that the
number of non-SOEs in the sample data is relatively large,
which is in line with the actual development of listed
companies in China. Te extreme values of MC and MS are
also very diferent. Across the variation of market power,
both buyer power and seller power have a maximum value
close to 1, indicating that the top fve suppliers or customers
have absolute control over the enterprise, that is, the market
power of these enterprises is relatively small. Te variables
adopted in this study have also passed correlation analysis,
and the correlation coefcients between explanatory vari-
ables are all less than 0.5, which eliminates the estimation
bias caused by multi-co-linearity between explanatory
variables. Te result of the correlation analysis is shown in
Table 2.

4.2. Empirical Results and Analysis

4.2.1. Regression Results of Market Power, Enterprise Own-
ership, and R&D Subsidy Efect. Table 3 shows the regres-
sion results of market power, enterprise ownership, and
R&D subsidy efect.Te random efect model of panel data is
adopted for model regression (according to the results of the
Hausman test). Column (1) is mainly the regression result
after adding all control variables, which serves as the ref-
erence for other models. On the basis of Column (1), the
interaction term between government subsidies and enter-
prise ownership is added in Column (2), which is used to
investigate the R&D investment of enterprises of diferent

Table 1: Descriptive statistics of main variables.

Variables Obs Mean SD Median Min Max
RD 5697 0.05 0.04 0.037 0.000 0.627
GOV 5697 0.01 0.02 0.006 0.000 0.424
MS 5697 0.34 0.18 0.303 0.001 0.997
MC 5697 0.31 0.20 0.262 0.009 1.000
AGE 5697 16.57 5.30 16.000 1.000 58.000
SIZE 5697 7.58 1.05 7.516 4.248 12.186
PROFIT 5697 0.14 0.27 0.102 0.000 13.276
DEBT 5697 0.04 0.02 0.037 0.001 0.181
SOE 5697 0.24 0.43 0.000 0.000 1.000
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ownership with diferent government subsidies. Column (3)
adds market power on the basis of Column (2), and Column
(4) adds the interaction term between government subsidies
andmarket power on the basis of Column (3). As can be seen
from Table 3, the regression coefcient of government
subsidy intensity (GOV) is positive, and both are signifcant
at the statistical level of 0.01. Tis result shows that the
greater the level of government subsidies, the higher the
intensity of enterprise R&D, that is, there is a certain
crowding efect of government subsidies on enterprise R&D,
which is consistent with most existing research fndings on
the efect of government subsidies in China.

Te empirical regression results show that both buyer
power and seller power are negatively correlated with en-
terprise R&D investment. Te regression results of buyer
power in Column (3) and Column (4) are signifcant, that is,
the lower the total proportion of the top fve suppliers of an
enterprise, the greater the buyer power of an enterprise, and
its R&D investment will increase: when an enterprise has a
large buyer power, it is more likely to occupy a dominant
position in the transaction process, thus reducing its ne-
gotiation cost, and thus allocating more energy and re-
sources to the innovation stage to consolidate its market
position. As can be seen from the regression results of
Column (4), when the seller’s market power is small, the
efect of innovation subsidy is better. Te smaller the seller’s
market power is (the larger theMC is), the more government
subsidies are invested, which will lead to more R&D in-
vestment. Tis may be due to the fact that, with a small
seller’s market power, enterprises can better understand the
needs of existing customers and increase R&D spending to
better serve customers with the help of government sub-
sidies. However, the regression coefcient between buyer
power and government subsidies is not statistically signif-
icant. From the regression results of Column (2) to Column
(4), the regression coefcients of enterprises of diferent
ownership are not signifcant.

Next, in order to more deeply analyze the R&D subsidy
efect of enterprises with diferent ownership in the face of
diferent market power, this study divides diferent market
power into groups and investigates the relationship between
enterprise ownership and government subsidy efect under
diferent combinations of market power.

4.2.2. Comparative Analysis of the Efect of Government
Subsidies under Diferent Combinations of Market Power.
In order to reveal the diference in innovation subsidy efect
of enterprises with diferent ownership in the face of dif-
ferent market power combinations, this study divides the
sample into four groups of diferent market power combi-
nations based on the median of buyer power and seller
power and performs regression on them one by one
according to diferent ownership nature of enterprises.
Specifcally, we frst calculate the medians of MS and MC to
distinguish diferent market power. Te median of MS is
0.3027 and the median of MC is 0.2617. Second, all enter-
prises are divided into SOEs and non-SOEs, according to

Table 2: Te result of correlation analysis.

RD GOV MS MC lnAGE Size Proft Debt SOE
RD 1
GOV 0.346∗ 1
MS −0.034 0.0129 1
MC 0.082∗ 0.0427∗ 0.2050∗ 1
lnAGE −0.061∗ −0.0566∗ −0.0425∗ −0.0393∗ 1
Size −0.217∗ −0.1429∗ −0.3302∗ −0.1818∗ 0.1605∗ 1
Proft 0.180∗ 0.1063∗ 0.0394∗ 0.0660∗ −0.0176 −0.1450∗ 1
Debt −0.1883∗ −0.0542∗ −0.1192∗ −0.00420 0.1011∗ 0.4008∗ −0.0458∗ 1
SOE −0.0476∗ 0.0154 −0.0402∗ 0.0210 0.1578∗ 0.2891∗ −0.0682∗ 0.2417∗ 1

Table 3: Regression results of market power, enterprise ownership,
and R&D subsidy efect.

(1) (2) (3) (4)

GOV 0.295∗∗∗ 0.296∗∗∗ 0.295∗∗∗ 0.187∗∗
(0.061) (0.081) (0.082) (0.112)

SOE 0.001 0.001 0.001 0.001
(0.002) (0.002) (0.002) (0.002)

GOV#SOE −0.003 −0.004 0.011
(0.115) (0.115) (0.123)

MS −0.011∗∗∗ −0.010∗∗
(0.004) (0.005)

MC −0.002 −0.008∗∗
(0.004) (0.005)

GOV#MS −0.135
(0.284)

GOV#MC 0.395∗
(0.242)

Age −0.001∗∗∗ −0.001∗∗∗ −0.001∗∗∗ −0.001∗∗∗
(0.000) (0.000) (0.000) (0.000)

Size −0.002∗∗∗ −0.002∗∗∗ −0.003∗∗∗ −0.003∗∗∗
(0.001) (0.001) (0.001) (0.001)

Proft 0.010∗∗∗ 0.010∗∗∗ 0.010∗∗∗ 0.009∗∗∗
(0.004) (0.004) (0.005) (0.005)

Debt −0.086∗∗∗ −0.086∗∗∗ −0.089∗∗∗ −0.086∗∗∗
(0.028) (0.028) (0.028) (0.027)

_cons 0.019∗∗∗ 0.019∗∗∗ 0.028∗∗∗ 0.030∗∗∗
(0.008) (0.007) (0.008) (0.008)

N 5697 5697 5697 5697
R2 0.104 0.104 0.108 0.114
Wald chi2 859.99∗∗∗ 862.60∗∗∗ 883.39∗∗∗ 886.69∗∗∗
Hausman test 139.91∗∗∗ 172.33∗∗∗ 174.64∗∗∗ 180.91∗∗∗

Standard errors in parentheses; industry, location, and year are controlled in
all models. ∗p< 0.15, ∗∗p< 0.1, ∗∗∗p< 0.05.
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forms of ownership. For comparison, Table 4 only shows the
regression coefcients of government subsidy intensity in
each case.

Te regression results in Table 4 show that, in the case of
large buyer power, government subsidies will signifcantly
promote the R&D investment of enterprises, regardless of
whether they are SOEs or not. Such large buyer-power
enterprises are generally large enterprises with core com-
petitive advantages, and they have the capital and strength to
compete with upstream enterprises. By taking advantage of
such advantages, such enterprises can ensure their R&D
investment and continue to invest in the innovation stage,
thereby maintaining their leading position in the market
competitive advantage. At the same time, the government
continues to subsidize such enterprises, and this can send a
positive signal to society and attract the attention of in-
vestors, thus ensuring the sustainable development of en-
terprises.Tis virtuous cycle of the innovation process is also
expected by the government and society.

When both buyer power and seller power are low, the
efect of innovation subsidy is signifcantly diferent among
enterprises with diferent forms of ownership. For non-
SOEs, government subsidies signifcantly promote R&D
investment, but the efect of government subsidies on SOEs
is uncertain. Tis is a topic that future research could ex-
plore. Enterprises with small seller power and buyer power
are usually enterprises at a small scale, and non-SOEs among
such enterprises are often faced with problems such as in-
sufcient resources and insufcient innovation incentives.
At this time, government subsidies can help these enterprises
overcome capital constraints and increase their ability to
resist risks.

SOEs face the opposite situation. Due to the defects of
the system, small SOEs generally have shortcomings such as
weak innovation and incomplete innovation incubation
processes. Even if the government gives innovation sub-
sidies, such enterprises are still prone to “living in the past”

and are unable to attract and hire high-level technical talents,
which leads to low innovation efciency.

In cases where the seller has a large infuence and the
buyer has a small infuence, the regression coefcient before
the government subsidy (GOV) of the two types of enter-
prises is not signifcant. It is a task for the academic com-
munity to reveal the efect of diferent ownership on
innovation subsidies under such market power. Tis is a
problem worthy of discussion. However, it is beyond the
scope of this study, and should be referred to in future
research.

4.3.RobustnessChecks. In this section, we test the robustness
of our empirical results in this study. We performed several
robustness tests by substituting independent variables, in-
cluding control variables, and demonstrated the robustness
of our results. To save space, we present one of these robust
checks in Table 5 by controlling a frm-specifc factor. From
the regression results, the coefcient signs and signifcance
of the variables investigated in this study, including gov-
ernment subsidy intensity, ownership, and market power,
are basically consistent with the regression results in Table 4.
Te nature of SOEs is not certain in the two types of re-
gression. In view of this, it may be necessary to exclude other
types of enterprises for group regression, so as to obtain
more conclusive conclusions. Meanwhile, the coefcient
signs and signifcance of control variables such as enterprise
age (AGE), enterprise size (SIZE), proft margin (PROFIT),
and debt ratio (DEBT) are consistent with the results in
Table 4, proving that our research results hold.

Endogeneity is also a matter of concern. Tere is a
possible cause and efect between government subsidies and
R&D investment. However, after many attempts, we have
not found a suitable way to deal with the endogeneity
problem in this study. Tere is also no mention of a feasible
attempt in the relevant literature. Terefore, this also

Table 4: Regression results of the infuence of diferent market power combinations.

State-owned enterprise Nonstate-owned enterprise

Buyer Large 0.287∗∗∗ 0.432∗∗∗ Buyer Large 0.196∗∗ 0.287∗∗∗
(0.040) (0.093) (0.107) (0.082)

Power Low 0.339 0.050 Power Low 0.542∗∗∗ 0.075∗
(0.250) (0.072) (0.119) (0.051)
Low Large Low Large

Seller power Seller power

Table 5: Results of robustness checks.

State-owned enterprise Non-state-owned enterprise

Buyer Large 0.286∗∗∗ 0.401∗∗∗ Buyer Large 0.212∗∗∗ 0.250∗∗∗
(0.050) (0.034) (0.065) (0.019)

Power Low 0.289∗∗∗ −0.027 Power Low 0.405∗∗∗ 0.073∗∗∗
(0.084) (0.038) (0.037) (0.036)
Low Large Low Large

Seller power Seller power
Standard errors in parentheses; industry, location, and year are controlled in all models. ∗p< 0.15, ∗∗p< 0.1, ∗∗∗p< 0.05.
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becomes an issue left for further research. Further expla-
nation will be provided later if there is a suitable method to
deal with the endogeneity problem in this study.

 . Conclusion and Discussion

Enterprises, upstream suppliers, and downstream customers
are essential components of the contemporary marketing
micro-environment. Every enterprise in the marketplace has
complicated upstream and downstream industrial rela-
tionships. Government subsidy, as the “helping hand” of
government, is an efective way to solve technological in-
novation and reduce innovation risk. In order to reveal the
complex infuence of market power and enterprise owner-
ship on the efect of government innovation subsidy under
the micro-environment of contemporary marketing, this
study constructs a random efect model based on the sample
data of Chinese listed manufacturing companies from 2009
to 2018. Te empirical results show that there are great
diferences in subsidy efects of diferent ownership enter-
prises under diferent market power combinations. Specif-
ically, in the case of large buyer power, government subsidy
will signifcantly promote the R&D investment of enter-
prises, and this promotion efect has nothing to do with the
ownership nature of enterprises. When both buyer power
and seller power are small, government subsidies signif-
cantly promote R&D investment for nonstate-owned en-
terprises, but this efect is not signifcant for state-owned
enterprises. In the case of large seller power and small buyer
power, the efects of government subsidies on both state-
owned and nonstate-owned enterprises are not signifcant.
Tis is a question worthy of further discussion in future
research.

Te research contributions of this study are as follows.
First, due to lack of data, most existing studies only study the
impact of government subsidies on enterprise innovation in
general and do not subdivide the efect of innovation
subsidies on enterprises under diferent market power and
diferent ownership. Considering that enterprises face both
upstream and downstream enterprises in the market, each
enterprise has two kinds of market power: seller power and
buyer power. Tis study innovatively adopts the proportion
of top fve customers’ total sales and the proportion of top
fve suppliers’ total purchase as the proxy variables of seller
power and buyer power, respectively. Based on the group
investigation and comparative analysis of diferent market
power and enterprise ownership, the study reveals in greater
depth the efect of innovation subsidy when enterprises of
diferent ownership face diferent market power. Tis study
further opens up the theoretical black box of the relationship
between government subsidies and enterprise innovation,
which flls the theoretical gap in this aspect.

Second, the theory of industrial organization pays more
attention to the problems of market power and enterprise
innovation. Research on government subsidies and market
power, however, seems to be split. Te research on gov-
ernment subsidy mainly focuses on empirical analysis, while
the research on market power mainly focuses on the deri-
vation of a mathematical model. At the same time, the data

used in existing studies are relatively old. Based on the
transaction data published in the annual reports of Chinese
listed companies from 2009 to 2018, this study examines the
market power faced by enterprises, which not only provides
empirical support for the relationship between market
power and enterprise innovation but also provides relatively
new empirical evidence for the empirical analysis of the
efect of innovation subsidies.

Tird, the empirical results show that there are signif-
cant diferences in the efect of innovation subsidies for
enterprises of diferent ownership under diferent types of
market power. In the case of large buyer power, government
subsidies will signifcantly promote the R&D investment of
enterprises, regardless of whether or not they are SOEs.
When both buyer power and seller power are low, the efect
of innovation subsidy is signifcantly diferent among en-
terprises with diferent forms of ownership. For non-SOEs,
government subsidies signifcantly promote R&D invest-
ment, but the efect of government subsidies on SOEs is not
signifcant. Tis study provides an important theoretical
point of reference for governments of developing countries
seeking to implement innovation subsidy policies by clas-
sifcation. When formulating subsidy policies, the govern-
ment should comprehensively consider the ownership
nature of enterprises and the market environment of en-
terprises, and carry out targeted subsidies, so as to achieve
“precise” subsidies.

5.1. Policy Implications. Te policy implications of this study
are as follows. First, given that government innovation
subsidies are incentive based to a large extent, they should be
further increased to encourage frms to actively engage in
innovation activities. At the same time, the government
should strengthen supervision and assessment to avoid
information asymmetry between government and enter-
prises, so as to reduce the phenomenon where some en-
terprises pursue rent-seeking behavior and release false
signals of innovation to misdirect government subsidies but
do not then carry out R&D innovation.

Second, considering the positive impact of government
subsidies on R&D investment of enterprises, when buyer
power is large, the government should introduce the market
competition mechanism in an orderly manner, gradually
reduce the entry threshold of the upstream monopoly in-
dustry, and weaken the seller’s market power of the up-
stream enterprises, thus increasing the buyer’s
counterweight power of the downstream enterprises, and
promote the R&D investment of the downstream enter-
prises. Since the weakness of the seller power is not con-
ducive to enterprise innovation, the government should
introduce appropriate policies to encourage the formation of
vertical innovation alliances between upstream and down-
stream enterprises, in order to eliminate the negative impact
of the weakness of the seller’s power.

Tird, under the infuence of market power, the efects of
government innovation subsidies vary widely according to
diferent forms of enterprise ownership. In view of this, the
government should formulate diferent subsidy policies for
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enterprises with diferent forms of ownership. Te direction
of government subsidies should be further adjusted to ap-
propriately reduce subsidies to large, well-funded SOEs, in
favor of private enterprises that are highly motivated to in-
novate and more in need of R&D funding supplements. Non-
SOEs should be guided toward making “long-term” R&D
decisions. Te policy focus should be to reduce the uncer-
tainty and risk of innovation, to continuously cultivate and
accumulate R&D capabilities, and to improve their com-
petitive advantages. As previous studies point out, the R&D
input of SOEs is higher than that of other types of enterprises,
but their R&D output is relatively poor. Terefore, for SOEs,
corresponding technological development goals should be
formulated to promote the optimization of the R&D
input–output ratio guided by innovation output.

5.2. Limitations and Future Directions. Tis study investi-
gates the efect of government innovation subsidy under
diferent market power and diferent ownership, but there
remain limitations. Future research can be carried out from
the following aspects. First, it is necessary to further difer-
entiate the methods of government subsidies. Government
subsidies can be divided into presubsidy and postsubsidy,
R&D subsidy and non-R&D subsidy, so as to further in-
vestigate the response of enterprises of diferent ownership to
government subsidies in diferent ways under market power.

Second, since 2009, the China Securities Regulatory
Commission (CSRC) has required listed companies to
disclose the transaction shares of the top fve upstream and
downstream trading partners of enterprises, which has
provided a more reliable data source for this study to in-
vestigate the buyer power and seller power. However, many
listed companies do not disclose the names of upstream and
downstream enterprises in their data disclosure. With more
standardized data disclosure of listed companies in China,
some new methods to measure market power can be in-
troduced into the approach in this study.

Tird, this study uses manufacturing enterprises in the
database of listed companies as samples, because these
enterprises are much more likely to receive government
subsidies than nonlisted enterprises. However, the number
of nonlisted companies subsidized by the government still
accounts for the majority, which may lead to sample se-
lection problems in studies that only select listed companies
as samples. At the same time, after more industrial enter-
prises are taken into account, the measurement of upstream
and downstream market power of manufacturing enter-
prises will be more accurate. However, the existing database
of Chinese industrial enterprises is relatively poor in the data
quality of government subsidies, upstream and downstream
market power, etc. With the continuous opening and im-
provement of this database or related databases, the relevant
conclusions of this study can be further tested.
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Consumer behavior knowledge is essential to designing successful products. However, measuring subjective perceptions affecting
this behavior is a complex issue that depends onmany factors. Identifying visual cues elicited by the product’s appearance is key in
many cases. Marketing research on this topic has produced different approaches to the question. +is paper proposes the use of
Noise-Based Reverse Correlation techniques in the identification of product form features carrying a particular semantic message.
+is technique has been successfully utilized in social sciences to obtain prototypical images of faces representing social ste-
reotypes from different judgements. In this work, an exploratory study on subcompact cars is performed by applying Noise-Based
Reverse Correlation to identify relevant form features conveying a sports car image. +e results provide meaningful information
about the car attributes involved in communicating this idea, thus validating the use of the technique in this particular case. More
research is needed to generalize and adapt Noise-Based Reverse Correlation procedures to different product scenarios and
semantic concepts.

1. Introduction

Knowledge about customer requirements is essential to
developing successful products [1, 2]. Moreover, in mar-
keting research, product aesthetics is considered a key factor
to the affective response and purchase intention of con-
sumers [3–8]. Scholars have studied for long the complex
relationship between the visual appearance of an object and
the elicited consumer response. As a result, a variety of
models have been proposed to explain the consumer af-
fective response (CAR) to product design, either generic
ones, such as the Unified Model of Aesthetics [9], or directly
actionable such as Kansei Engineering [10, 11]. +e mod-
eling of this consumer behavior is a complex problem due to
two main reasons. +e first one is the difficulty of measuring
subjective judgements [1]. +e second one is that products
need to be parameterized, it is, described in terms of shape

characteristics (product form features, PFF), to find rela-
tionships between them and the consumer response. +ese
parameterized models must reflect the complexity of the
product visual representation using a limited number of
variables to make their use feasible. +erefore, from a
marketing perspective, it is essential to detect the most
relevant product features to evaluate their influence on
consumer perception [12].

+e problem of parameterization is also present in some
psychological and social sciences experiments; for example,
those focused on studying prototypical images of social
stereotypes. In these cases, indirect approaches such as
Reverse Correlation (RC) are used to overcome the problem.
RC operates by presenting random variations of stimuli of
the object under study (pictures of faces, in most cases) with
no prior assumptions, leaving the participants the task of
making themost meaningful attributes emerge through their
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responses to a given judgement [13]. RC studies produce a
Classification Image (CI), which is considered to represent a
mental image of the prototypical object the participants were
asked about.

In this study, we propose applying the same approach to
the case of product perception. In particular, we analyze the
application of a RC technique, the Noise-based Reverse
Correlation (NBRC), to the identification of the aesthetic
features of a product that contribute to convey a desired
affective concept, through the determination of the CI for
that product-concept pair. To assess the viability of this
approach, we performed an exploratory experiment using
sports cars as the object of study.

1.1. 0e Relevance of the Aesthetic Factor in Marketing
Research. +e visual appearance of consumer products plays
a crucial role as amarketing differentiation factor, especially in
highly saturated consumer markets [3–7]. +e image is the
first information channel in the consumer-product interaction
[14], and consequently, aesthetics becomes a key factor in the
product judgement by consumers [15–17]. It has been shown,
for instance, that products with higher hedonic qualities are
more appealing [18]. An in-depth analysis of these complex
aspects of user-product interaction is carried out in [19].

Due to this reason, the influence of the visual appearance
of products has been studied for long [8, 20–22], even in
terms of purchase experience design [23]. However,
knowledge about how users perceive a given product cannot
be implemented through design without knowing why it is
perceived this way. +us, much research has focused on the
relationship between this consumer perceptual response and
the design parameters of the product, as they are the ob-
jective features that the designer can control [24, 25].

For instance, Kansei Engineering [10, 12] and Conjoint
Analysis [26, 27] constitute two effective tools to find re-
lationships between consumer response and product visual
features. However, several factors are difficult in their use in
a more general approach. For example, it is necessary to
preestablish the formal characteristics of the product in
order to use these tools. Product parameterization is needed
in advance to obtain results. +en, the utility of these results
depends on the ability of researchers to select product
features relevant to the consumer affective response [12].
Moreover, these features are often broadly described to
simplify the product description, thus limiting the ability of
these techniques to capture the influence of specific design
details [28]. Techniques such as eye-tracking [29] have been
used to overcome these limitations.

+is paper proposes an alternative approach to over-
come the problem of detecting product features meaningful
to consumer perception. It consists of using the RC tech-
nique, described in the next section, to obtain a “prototypical
image,” an image containing the visual features of an object
that convey a specific message. +is image may provide the
designer with information useful to communicate this
concept through the product’s appearance. +is information
is especially interesting as typicality is a relevant factor in
consumer’ judgement. It has been shown that typicality

influences the consumer response to a product [30]. +e
identification of “prototypical features,” product form fea-
tures highly contributing to the whole perception of the
prototypical product, would allow designing with sound
criteria to control to which extent the image of the product is
conveying typicality in the desired concept.

RC methods have an extensive application in psycho-
social studies, but no research has been found to be applied
to product design. We explore in this work the feasibility of
using RC techniques to obtain the prototypical image of a
product representing an aesthetic/affective concept.+e next
section is devoted to explaining this technique thoroughly.

1.2.0eReverse CorrelationMethods. People generally agree
in their judgements of the aesthetic of consumer products.
+erefore, there must be a relationship between the stimulus
(the product) and the response (the perception). Several
methods have been used to model this complex relationship.
Direct approaches use sets of stimuli built by varying the
values of the attributes which define the product (product
form features, PFF) to produce different responses. +ese
responses are then correlated to the stimuli to determine the
relationship model. However, using this approach will
produce larger experiment designs as the number of defining
attributes and their possible values increase. +is is the case
of most consumer products, which need many attributes to
get their form fully defined. In these situations, it might be
preferable to use a different approach, such as RC [31, 32], to
develop this type of stimulus-response model.

In direct methods, the relevant attributes of the stimulus
are fixed, and their values are systematically manipulated
and correlated to the responses. In RC methods, it is the
opposite. +e relevant attributes of the stimulus are not
fixed, while the response variable is. Each stimulus is ran-
domly generated, and the obtained responses are used to
classify each input regarding the judgement. Due to this,
these techniques are called “reverse,” as the information
about the influence of the attributes on the judgement is
obtained by correlating the presented stimuli with the given
responses. RC is a data-driven technique that does not need
priory suppositions about the relevant attributes of the
stimulus and permits the participant to use the criteria they
want to judge the stimuli [32, 33].

2. Materials and Methods

+e procedure for conduct a RC experiment is based on the
use of a base stimulus, which is randomly modified, gen-
erating many samples for a survey. Participants are asked to
judge them, and the CI is derived from their answers. +ere
are different variations of this basic approach [34]. One of
them is NBRC, often used to obtain mental representations
[33]. In recent years, NBRC procedures have been mainly
used in face perception research [32, 33, 35–40]. When we
see a face for the first time, we infer the personality traits of
that person by matching the visual input to our mental
prototypes of faces with different attributes. From the result
of this match, we infer the personality traits of the owner of
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the face [38], making attributions such as trustworthiness or
dominance [41–46]. NBRC methods produce relevant CIs
displaying the image that the participants use as a referent to
evaluate the required judgement, referred to as “prototypical
image” [33]. Following the same approach in this work, the
NBRC method was used to obtain the prototypical image of
a consumer product. As far as we know, this work is the first
study applying this approach to product design.

+e NBRC technique uses a starting base face to generate
many variations by applying random noise layers over it.
Usually, this base image is not an actual one but a com-
position of different greyscale images in which the face
contour is made coincident and subsequently blurred. +e
base face features (gender, age, expression) are selected
according to the requirements of the study. Once the base
face is obtained, variations are generated applying different
types of noise over it. +e most usual ones are sinusoidal
noise, white noise, or Gabor noise [32, 40, 47].

A survey is then prepared using these images. It consists
of around 300/1000 tasks per participant, and in each one, a
pair of pictures is shown. One of them is the base image
with a noise pattern applied. +e other one uses the same
base image, but the noise pattern is inverted. +e partic-
ipants must select one of them for each task. +e CI is
created by averaging all noise patterns of the chosen pic-
tures. When this average pattern is applied over the base
face, the resulting image displays the traits that induced the
judgement under study. In other words, this image rep-
resents a face conveying this particular social judgement
(prototypical face). According to [32], the image obtained
by applying the average pattern from nonselected pictures
in the survey (the anti-CI) would display the inverse of the
prototypical face.

Our intention in this work was to check if the NBRC
could be used to visualize mental representations of products
that fit some target judgement in the same way that it does
for faces. Perceiving faces is a critical task for humans, and,
to meet this need, after millions of years of evolution, our
brain developed complex specialized neural networks
intended to perceive faces [48]. For this reason, faces are
perceived in a different way from other kinds of objects
[49–51]. Human observers perceive faces in some objects
that resemble the shape of a human face, such as a clock or
the front of a car. Facial perception research has studied this
effect extensively, known as pareidolia.

Several works found similarities between the neural
activity of observers during the perception of faces and
those registered when an object that resembles the shape of
a face is perceived [52–55]. +e front end of a car is one of
the best examples of anthropomorphization in the per-
ception of consumer products [56]. Cars can be classified
using many criteria. One of the most common and well-
known taxonomies is the sports car versus the family car,
and the difference between these kinds of cars can be clearly
seen on the front end of the cars. +erefore, in this first
attempt to obtain the prototypical image of a consumer
product using NBRC, we selected the frontal view of a car as
the product and the appearance of a sports car as the fitting
judgement.

3. Case Study

Sports cars were used as a case study to test the applicability
of NBRC to relate consumer perception to complex product
form features. We perform the task following the procedure
depicted in Figure 1, which consists of 5 steps detailed in the
following sections.

3.1. Stimuli and Participants. Randomly varied images of
cars were created, overlaying different random noise pat-
terns over a base image (Figure 1 (A)). +e base image is
obtained by averaging grayscale images of the object ana-
lyzed (typically a face), which leads to base images with
blurry contours. To create our base image of a front end of a
car, frontal images of six subcompact cars (B-segment) were
selected. +e images were converted to grayscale, cropped,
and centered to get the area of the cars to span as a large part
of the image as possible. +e six images were overlaid using
different transparency values, finally obtaining the base car
image (Figure 2).

In this work, we used sinusoidal noise [32, 40] to gen-
erate the stimuli because it generated more meaningful
variations of the base car than other commonly used types of
noise such as white [57, 58] or Gabor noise [47]. To use
sinusoidal noise in this task, the image height and width
must be equal and have a power of 2.+erefore, the resulting
image was resized to 512× 512 pixels. +e rcicr R package
[59] was used to generate the stimuli. Firstly, 300 sinusoidal
noise patterns were created by combining five layers of si-
nusoidal patches. +e five images differ in the spatial fre-
quency of the sinusoids (2, 4, 8, 16, and 32 cycles per image).
In the same way, each one of these images was obtained by
averaging twelve sinusoidal patches that differ in orientation
and phase (6 different orientations and two phases) and in
the contrast of the image, that was randomly assigned.
Lastly, a final pool of 600 paired images was obtained by
inverting each noise pattern. +is complete noise generation
process is shown in [32]. Finally, each noise pattern pair was
superimposed on the base car image, obtaining 300 slightly
different pairs of stimuli. Figure 2 shows the base car image
and one stimuli pair obtained following this process.

25 Spanish young adults (65% men and 35% women)
between 24 and 35 years old (M� 27.40, SD� 3.67) partic-
ipated in the experiment [60], which was approved by the
ethics committee at the Universitat Politecnica de Valencia
(P15_10_01_20). Individual consent forms were also
gathered.

3.2. Survey Procedure. +e survey consisted of two blocks of
150 tasks. Each one presented a pair of pictures (direct and
inverse noise layers) side-by-side (Figure 3).+e participants
were asked to quickly choose in each task the car they
reckoned as having a sports car appearance at first im-
pression, insisting on this point despite the understandable
difficulty of the task.

+e participants were shown both the stimuli pairs and
the position of direct and inverse pictures randomly. +ey
had to select one of the stimuli by clicking the corresponding
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button under the stimuli (see Figure 3) or by pressing the
left/right arrow key.

3.3. Data Processing. After the survey, a CI per participant
was obtained by averaging the noise patterns of the chosen
pictures and, similarly, an anti-CI was produced using the

noise patterns of the unselected ones. A total of 7,500 an-
swers were processed, with the average response time by trial
across all participants being 3.67 seconds. +e rcicr R
package (v. 0.3.4.1) was used for this task [59]. According to
[32], the CI and anti-CI represent the extreme images in the
individual judgement scale (an image displaying the visual
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Base Car Random
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300 pairs of stimuli

D - Data processing

Noise patterns of
selected stimuli
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Figure 1: Five steps of the NBRC task to obtain the prototypical and antiprototypical images of a sports car.
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Figure 2: Sinusoidal noise is applied to the base image to obtain a stimulus (a). +e inverted stimulus is obtained by applying the inverted
noise to the base image (b).
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features of a sports car and another one showing what is not
considered a sports car). Finally, the average CI and anti-CI
for all participants were generated by averaging the noise
pattern of the individual CIs and anti-CIs (Figure 1 (D)).

4. Results

+e individual CIs and anti-CIs of each participant were
overlaid on the base image (Figure 1 (E)). S1 Table in the
Supplementary Material of this paper shows all the 50
images. As an example, Figure 4(a) shows the images ob-
tained for participant 3. To increase the visibility of the
results, a selective Gaussian Blur filter (radius� 30; max
delta� 10) and a shadow/highlight compensation filter were
applied, resulting in the images in Figure 4(b). +e global CI
and anti-CI images in Figure 5 were obtained by overlaying
the average CI and anti-CI for all the participants on the base
car, while Figure 5(b) shows the filtered version of the global
CIs.

To show which parts of the image were most relevant to
convey the sports/nonsports appearance, we used rcicr to
prepare a z-map (Figure 6) using a Gaussian filter of radius 5,
a background mask and applying a z-transform over the
luminance of the CIs noise pixels [32]. Green zones in this
representation correspond to areas of the image that directly
convey the sports car look, while the red and white zones
provoke the inverse response (nonsports car).

5. Discussion

In this work, we have proposed the use of RC, a technique
used in social research, to the identification of product visual
features relevant to eliciting a particular consumer response.
To explore the viability of this approach, a case study has
been conducted.

Due to the exploratory nature of this work, cars were
selected as the object of study to facilitate the generation of a

distinguishable CI. Cars are products of very widespread use
and they display easily interpretable visual attributes. NBCR
has proved to be a successful tool in the face perception field
[61] and the front end of a car resembles the shape of a face,
being one of the best examples of anthropomorphizing in
the perception of consumer products [56]. In addition,
sports cars are generally recognizable by many people, and
their stereotype features are easy to forecast. +erefore, we
could contrast if the resulting CI depicted some of the main
characteristics typical of this kind of product.

According to this, the results of the experiment are
satisfactory and the image obtained can be related to that of a
sports car in several of its visual features. It is true that, as
expected, individual CIs (Figure 4) are difficult to interpret.
However, the addition of the information contained in the
noise of all individual CIs leads to a clearer pattern, and
some features typically related to a sports car can be
identified in the global CI (Figure 5(a)) while they are not
present in the global anti-CI (Figure 5(b)). In this regard, it
should be noted that the base image used in an NBRC task
significantly influences and limits the space of attainable
results. +e information sampled in the noise patterns of the
CIs cannot deeply change the base image. We created our
base image using frontal images of six subcompact cars out
of the typical sports car segment.+erefore, slight changes in
the form and details increasing the sportiness perception of
the base car were expected, rather than major changes to the
main dimensions or basic shapes that would transform a
subcompact car into a typical sports car. Despite this, in-
terestingly, a modification of the ratio height-width can be
perceived in the CI.

Moreover, comparing the global CI image with the
global anti-CI and the base image, some differences can be
noticed (Figure 5). +e vehicle in the global CI seems lower
and presents a slight increase in the width of the front from
the anti-CI. +ere are differences in the headlights area,
giving a more aggressive impression on the global CI due to

Seleccionar Seleccionar

Figure 3: Stimuli pair presented to participants in one trial.
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its bigger size and curvature. +e front bonnet looks dif-
ferent on both cars. +e bonnet appears dark in the center
and clearer on the sides in the CI, while the anti-CI presents
the opposite pattern. +is conveys the impression of the
presence of elevated feature lines near the bonnet boundary
in the CI. In the anti-CI, the bonnet seems to be a rounded
continuous metal sheet, as in the CI, it looks like a more
complex concave/convex surface. Finally, the CI has the
appearance of having longer side-view mirrors and shorter

ground clearance. All these individual features are common
characteristics of sports vehicles and, in general, the car in
the CI conveys the impression of a sports car to a greater
extent than the car in the anti-CI. +erefore, we could
conclude that the technique has performed successfully in
this particular case.

+ese subjective impressions are compatible with the
results of the cluster test performed on the noise data of the
CIs (Figure 6).+e resulting z-map shows the parts of the car
that significantly influence the stimuli classification (green,
red, and white zones). It can be seen how, in general, the
elements of the car mentioned above fall into these areas.
+e luminance of the pixels in the bonnet and headlight
areas of the car shows that these parts have a great influence
on the sportiness perception, while those in the lateral rear
mirror area do the same but correlate inversely. +e features
related to structural changes (for example, changes in the
apparent height, width, or ground clearance of the car) are
more difficult to detect in the z-map. However, the green
zone between the car underbody and the ground can be
related to the shorter ground clearance appearance of the car
in the CI than that in the anti-CI.

As aforementioned, assessing consumer perception is a
complex process. However, the results of this study have
been satisfactory and the NBRC can be considered a
promising marketing tool in the field of product design. +e
obtained global CI reflects, at different grades, several of the
features expected. Some of these features are easily no-
ticeable, such as the bonnet line, the headlights, or the lateral

3
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Figure 6: Z-map of the CI. Areas eliciting sports car perception are
displayed in green, while those conveying the inverse perception
are displayed in red and white.
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Figure 4: (a) Individual CI and anti-CI of subject 3 and (b) individual CI and anti-CI of subject 3 after the blur and shadow/highlight
compensation filters were applied.
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Figure 5: (a) Global CI and anti-CI and (b) global CI and anti-CI after the blur and shadow/highlight compensation filters were applied.
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rear mirrors. It is worth noting that the arising of these
features is strongly restricted by the original car typology.
RC studies have by their very nature this kind of limitation
and the resulting CI is heavily dependent on the stimuli
utilized [33]. +us, the obtained prototypical image should
be considered that of a subcompact sports car. +is is
something to consider when dealing with specific marketing
goals (for example, when assessing sustainable or socially
responsible product features).

We must also consider that RC works very efficiently
with subtleties affecting facial features, but major changes in
product structure are presumably harder to show up. As said
above, in the present experiment, some of these structural
variations were partially observed, such as changes in the
appearance of the whole car proportions, which is very
promising. An interesting future research field aims at
studying if other kinds of products are less variable in shape
but not in surface details (shoes, helmets, packaging). +is
factor is not so relevant and RC proves more powerful.

However, some limitations in this study must be pointed
out. Every participant performed 300 trials in the NBRC
task. +e selection of this number was based on the face
perception research literature using NBRC [62]. While in-
creasing the number of trials by respondent would lead to
more detailed CIs, the demotivation of the participants
would also increase, raising the probability of random
responding. Regarding the number of respondents, 25
participants took part in the NBRC task. Previous works in
face perception research obtained well-defined CIs using
between 20 and 30 participants [32, 39, 63].

+erefore, although 300 trials and 25 participants seem
to be optimal in face perception, more research is needed to
establish these values in the application of NBRC in the field

of marketing. Generally, product research intends to gather
meaningful information about at least market segment sizes,
so the CI should account for a significant number of in-
dividuals. Moreover, focusing on more specific products and
judgements would require appropriately dimensioning the
sample from a demographic point of view.

On the contrary, fewer trials may suffice if the shape of
the analyzed product is simple, without small features, and
with limited relevant details. +e global CI obtained in this
work is the result of the analysis of 7500 trials. Figure 7
shows how the number of trials affects the information
gathered by the noise pattern of the final global CI. +is
graph represents the Pearson correlation coefficient between
the luminance of the pixels of the final global CI and those in
CIs obtained using fewer trials. To get these data, we varied
the number of trials used to generate CI from 10 to 7500
(step-size� 10). As can be seen in Figure 7, the correlation
between the cumulative CI and the final CI reaches 0.82
when half part of the available trials are used.

In any case, it is not possible to generalize the results
obtained until more research is performed. As aforemen-
tioned, the product chosen is widespread and the proto-
typical image should supposedly be solid. In this sense, it is
necessary to conduct more studies with different kinds of
products to study the suitability of this technique with less
familiar examples. Given the small number of existing
studies using this approach outside face perception research,
there is still a lack of information on how the base image
used during the survey can influence its outcome. More
experiments with different types of products would be re-
quired to contrast the validity of the method and to build a
solid methodology. It is assumed that objects with a less
generic shape or with a wider visual variability will require
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specific graphic treatment of the base images used. On the
other hand, we have already pointed out that there is some
similarity between the way in which our brain processes
facial information and that in which we perceive objects that
resemble faces [52–55]. More studies are needed using less
anthropomorphic products to check if the NBRC performs
equally when the pareidolia effect does not occur.

Our future work will address these issues and explore
other possibilities. It might be interesting to contrast the
results obtained through NBRC with those from other user-
product interaction assessment techniques such as Kansei
Engineering or to contrast the z-maps obtained by NBRC
with those produced using eye-tracking for the same
product/judgement pair.

6. Conclusions

+is work presents a proposal of the use of Noise-Based
Reverse Correlation for product perception assessment. +is
is, to our knowledge, the first application of this technique to
product analysis. +e results obtained are satisfactory and
promising: +e CI produced in the exploratory study por-
trays some of the expected features of a sports car, thus
validating this particular case.

However, as we have described, the product was chosen
to meet certain requirements in order to intuitively facilitate
the application of RC. +erefore, despite the favorable re-
sults of this study, similar experiments in other different
cases are needed to be able to generalize the suitability of the
application of this technique in marketing research.
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In consideration of that the correlation between any two assets of the asset pool is always stochastic in the actual market and that
collateralized debt obligation (CDO) pricing models under nonhomogeneous assumptions have no semianalytic solutions, we
designed a numerical algorithm based on randomized quasi-Monte Carlo (RQMC) simulation method for CDO pricing with
stochastic correlations under nonhomogeneous assumptions and took Gaussian factor copula model as an example to conduct
experiments. ,e simulation results of RQMC and Monte Carlo (MC) method were compared from the perspective of variance
changes. ,e results showed that this numerical algorithm was feasible, efficient, and stable for CDO pricing with stochastic
correlation under nonhomogeneous assumptions. ,is numerical algorithm is expected to be extended to other factor Copula
models for CDO pricing with stochastic correlations under nonhomogeneous assumptions.

1. Introduction

Collateralized debt obligation (CDO) is one of the most
typical securitized assets in credit derivative markets, and its
pricing has always been the focus of scholars. In the pricing
process of CDO, the reduced model is widely used for
establishing default distribution of a single reference entity,
factor Copula methods are the mainstream of joint default
distribution of asset portfolio [1, 2], and the spread of each
tranche of CDO can be calculated according to the principle
of arbitrage-free pricing [3].

,e Gaussian factor Copula model is usually considered
to be the standard model for CDO pricing, but its correlation
coefficient is a deterministic parameter. In fact, the stochastic
correlation copula is closer to themarket [3].,erefore, some
scholars extended the constant correlation coefficient to a
stochastic one. Burtschell et al. [4] provided a thorough
analysis of the three-state stochastic correlation model with
homogeneity and obtained the semianalytical pricing for-
mula. Yang et al. [5] proposed a semianalytical method for

the credit spreads of each CDO tranche under the conditions
of homogeneity and stochastic correlations based on single-
factor Copula model with mixed distribution.

As we can see, the above literature is all based on the
assumption of homogeneity. However, it is difficult to meet
the requirements of homogeneity in actual markets and the
arbitrage-free pricing models under nonhomogeneous as-
sumptions have no semianalytical solutions [6]. ,erefore, it
might be a good idea to resort to numerical methods.

Monte Carlo (MC) is one of the most common numerical
methods [7, 8]. However, this method has a certain di-
mension disaster problem. Quasi-Monte Carlo (QMC)
[9, 10] is an extension of MC, and it is usually superior toMC
in dealing with high-dimensional problems. Furthermore, by
introducing a randomized component into the QMC
method, the randomized quasi-Monte Carlo (RQMC)
method can effectively improve the cycle problem [11], which
usually has higher convergence order than MC and QMC.
Some scholars applied RQMC to option pricing [12–14].
Johansson et al. [12] studied the pricing of American options
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using RQMC and found that RQMC could reduce both the
variance and the bias of the option. Amal et al. [13] applied
array-RQMC for option pricing under a stochastic volatility
process, and the empirical results showed that it could bring
very significant variance reductions compared with MC. He
[14] found that RQMC had a better rate of convergence in
financial option pricing.

Qu et al. [15] introduced RQMC into the CDO pricing
based on a single-factor Copula framework and nonho-
mogeneous hypothesis and achieved good results. However,
only the constant correlation coefficient was considered in
the model. To our knowledge, there have been no further
reports of RQMC being used to solve the CDO pricing
issues. In view of this, we intend to design a numerical
algorithm for the CDO pricing with stochastic correlations
based on RQMC and Gaussian factor Copula model under
the conditions of nonhomogeneous assumptions and con-
duct empirical research.We try to provide some ideas for the
pricing problem with stochastic correlations under the
nonhomogeneous assumptions in the credit derivative
markets.

,e rest of this paper is organized as follows: Some
preliminary knowledge is introduced in Section 2. In the
following section, the concrete algorithm process is given
based on RQMC. ,e empirical study is carried out in
Section 4. Finally, the conclusion and the discussion are
presented in Section 5.

2. Methodology

2.1. Arbitrage-Free Pricing Model. First, we give some
symbols used in this paper and their meanings are shown in
Table 1.

According to the principle of arbitrage-free pricing, for
them-th tranche, the discounted expectation of premium leg
(PL) and default leg (DL) should be equal, i.e.,

E PL am−1, am􏼂 􏼃( 􏼁 � E DL am−1, am􏼂 􏼃( 􏼁, m � 1, 2, . . . , M. (1)

In the continuous case, they can be expressed as follows:

E PL am−1, am􏼂 􏼃( 􏼁 � E 􏽚
T

0
smEm(t)e

− rftdt􏼢 􏼣 ≈ sm Am + Bm( 􏼁, (2)

E DL am−1, am􏼂 􏼃( 􏼁 � E 􏽚
T

0
e

− rftdLm(t)􏼢 􏼣 ≈ Cm. (3)

From equations (1)–(3), we have

sm �
Cm

Am + Bm

m � 1, 2, . . . , M. (4)

2.2. Gaussian Factor Copula Model with Stochastic
Correlations. In Gaussian factor Copula model with sto-
chastic correlations, the yield rate Xi(i � 1, 2, . . . , n) of the
i-th asset is determined by a common factor F and a special
factor Zi(i � 1, 2, . . . , n), namely,

Xi �
��
􏽥ρi

􏽰
F +

�����
1 − 􏽥ρi

􏽰
Zi, i � 1, 2, . . . , n, (5)

where F and Zi(i � 1, 2, . . . , n) are independent of each
other and they are all subject toN(0, 1); 􏽥ρi(i � 1, 2, . . . , n) are
stochastic correlation coefficients between Xi(i � 1, 2, . . . ,

n) and F, and it is independent of F and Zi(i � 1, 2, . . . , n);
Xi(i � 1, 2, . . . , n) is also independent of each other when F
and 􏽥ρi(i � 1, 2, . . . , n) are conditions. ,e distribution
functions of F, Zi, and Xi are denoted as GF, GZi

, and GXi
,

respectively, where i � 1, 2, . . . , n.

Now, we consider the case that the random variable 􏽥ρi of
equation (5) is in two states.

State 1. When 􏽥ρi � ρi(i � 1, 2, . . . , n), equation (5) can be
written as

Xi �
��
ρi

√
F +

�����
1 − ρi

􏽰
Zi i � 1, 2, . . . , n. (6)

,e probability of this state is p.

State 2. When 􏽥ρi � ηi(i � 1, 2, . . . , n), we have

Xi �
��
ηi

√
F +

�����
1 − ηi

􏽰
Zi i � 1, 2, . . . , n. (7)

In this case, the probability is 1 − p.
We point out that in this paper, we use corresponding

superscript symbols (1) and (2) to indicate States 1 and 2,
respectively.

For them-th tranche, according to equation (4), we have

s
(1)
m �

C
(1)
m

A
(1)
m + B

(1)
m

, m � 1, 2, . . . , M, (8)

s
(2)
m �

C
(2)
m

A
(2)
m + B

(2)
m

, m � 1, 2, . . . , M. (9)

Now, let us take State 1 as an example to illustrate.
In State 1, according to the reduced model, the accu-

mulative probability of the i-th asset defaulting before t
(1)
i

can be written as

Q
T

(1)

i

t
(1)
i􏼐 􏼑 � 1 − e

−λ(1)

i
t
(1)

i , (10)

where λ(1)
i is the default intensity of the i-th asset andT(1)

i is
default time. For the i-th asset, we know that the default
correlation of yield rate X

(1)
i can be reflected by the cor-

relation of default time T
(1)
i , so we can assume that the

relationship between T
(1)
i and X

(1)
i can be described as

P X
(1)
i ≤x

(1)
i􏽮 􏽯 � P T

(1)
i ≤ t

(1)
i􏽮 􏽯, (11)

namely,

G
X

(1)

i

x
(1)
i􏼐 􏼑 � Q

T
(1)

i

t
(1)
i􏼐 􏼑. (12)

,en, according to equations (10)–(12), t
(1)
i can be obtained:

t
(1)
i � Q

−1
T

(1)

i

G
X

(1)

i

x
(1)
i􏼐 􏼑􏼒 􏼓 � −

ln 1 − G
X

(1)

i

x
(1)
i􏼐 􏼑􏼒 􏼓

λ(1)
i

. (13)
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By substituting t
(1)
i into equations (2) and (3), s(1)

m (m �

1, . . . , M) can be obtained by equation (8).
Similarly, the corresponding default time t

(2)
i in State 2

can be obtained as follows:

t
(2)
i � Q

−1
T

(2)

i

G
X

(2)

i

x
(2)
i􏼐 􏼑􏼒 􏼓 � −

ln 1 − G
X

(2)

i

x
(2)
i􏼐 􏼑􏼒 􏼓

λ(2)
i

, (14)

where λ(2)
i is default intensity of the i-th asset in State 2.

,en, s(2)
m (m � 1, ..., M) can be obtained.

Finally, we have

sm � ps
(1)
m +(1 − p)s

(2)
m , m � 1, . . . , M. (15)

2.3. Random Sobol Sequences. Figure 1 shows the scatter
diagrams of pseudo-random sequences used in MC, Sobol
sequences used in QMC, and randomized Sobol (Sobol
scramble) sequences used in RQMC in high-dimensional
cases (125-th dimension and 126-th dimension), respec-
tively, where the number of points are all 1100.

It can be seen from Figure 1 that randomized Sobol
sequences not only maintain good uniformity but also
improve circulation problems of Sobol sequences in high
dimension. In this paper, RQMC method based on ran-
domized Sobol sequences is adopted.

In this paper, we call command equation (16) in
MATLAB to generate (n+ 1)-dimensional Sobol sequences
and (n+ 1)-dimensional randomized Sobol sequences.

P � sobolset(n + 1); P � scramble

· P, ‘Matousek AffineOwen’( ).
(16)

3. Algorithm

In this section, based on the Gaussian factor Copula model,
we design the RQMC simulation algorithm for CDO pricing
with stochastic correlations of the two states under non-
homogeneous assumptions.

First, we draw the algorithm flow chart (concise format),
as shown in Figure 2. ,e meanings of ρi, ηi, p, and ST are
shown in Step 1 of the algorithm.

Next, we give the concrete steps of the algorithm.

Step 1. Determine and input the relevant data.
Assume that there are only two values ρi and ηi for

stochastic correlation coefficients 􏽥ρi and corresponding
probabilities are p and 1 − p, respectively, where i � 1, . . . , n.
In addition, we preset the total number of simulations,
denoted as ST.

Step 2. Generate randomized Sobol sequences.
(n+ 1)-dimensional randomized sequences (ε0, ε1, . . . ,

εn) are generated by command equation (16); then, we can
get corresponding sequences (G−1

F (ε0), G−1
Z1

(ε1), . . . ,

G−1
Zn

(εn)), which is a set of values (F, Z1, . . . , Zn), denoted as
(y, z1, . . . , zn).

Table 1: Symbols and their meanings.

Symbol Meaning Note
n Number of reference entities in the asset pool of CDO
Ni Nominal value of the i-th reference entity i � 1, 2, . . . , n

N Total nominal value N � 􏽐
n
i�1 Ni

Ri Recovery rate of the i-th reference entity i � 1, 2, . . . , n

li Loss of the i-th reference entity li � Ni(1 − Ri),

i � 1, 2, . . . , n

L(t) Accumulative default loss at time t L(t) � 􏽐
n
i�1 li1 Ti≤t{ },1 Ti≤t{ } �

1, if Ti ≤ t

0, if Ti > t
􏼨

rf Risk-free interest rates
T Term of CDO Unit: year
τj Payment of time nodes j � 1, 2, . . . , J, τJ � T

Δτj Payment interval Δτj � τj − τj−1,j � 1, 2, . . . , J, τ0 � 0
M Total number of tranches
[am−1,am] ,e m-th tranche m � 1, 2, . . . , M

Lm(t) Loss suffered by the m-th tranche at time t Lm(t) � max L(t) − Nam−1, 0􏼈 􏼉 − max L(t) − Nam, 0􏼈 􏼉, m � 1, 2, . . . , M

Em(t) Residual value of the m-th tranche at time t Em(t) � Nam − Nam−1 − Lm(t), m � 1, 2, . . . , M

sm Spread of the m-th tranche

m � 1, 2, . . . , M

sm Am
Discounted value of normal payment for promotion

of the m-th tranche

sm Bm
Accrual payment of the m-th tranche when default

occurs

Cm
Discounted value of compensation of the m-th

tranche
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Step 3. Simulate a path of yields in the two states,
respectively.

Substitute y, zi(i � 1, . . . , n) obtained in Step 2 and
ρi(i � 1, . . . , n) determined in Step 1 into equation (6) to get
the corresponding values x

(1)
i (i � 1, . . . , n) of yield rates

X
(1)
i (i � 1, . . . , n) in State 1, and substitute

y, zi(i � 1, . . . , n) and ηi(i � 1, ..., n) into equation (7) to get
the corresponding values x

(2)
i (i � 1, ..., n) of yield rates

X
(2)
i (i � 1, . . . , n) in State 2.

Step 4. Generate default times in the two states, respectively.
Substitute x

(1)
i andx

(2)
i (i � 1, . . . , n) obtained in Step 3

into equations (13) and (14); then, we can obtain
t
(1)
i , t

(2)
i (i � 1, ..., n).

Step 5. Find out the actual default time in the two states.
Find out the actual default time for the two states:

􏽥t
(1)

k |􏽥t
(1)

k ∈ t
(1)
i |t

(1)
i ≤T, i � 1, . . . , n􏽮 􏽯, k � 1, 2, . . . , K1􏽮 􏽯 and

􏽥t
(2)

k |􏽥t
(2)

k ∈ t
(2)
i |t

(2)
i ≤T, i � 1, . . . , n􏽮 􏽯, k � 1, . . . , K2􏽮 􏽯, where

K1(K1 ≤ n) and K2(K2 ≤ n) are the total number of real
default assets in the two states, respectively. Here, we agree
that 􏽥t

(1)

k (k � 1, 2, . . . , K1) and 􏽥t
(2)

k (k � 1, 2, . . . , K2) have
been arranged in an order from the smallest to the largest, i.e.,

􏽥t
(1)

k ≤􏽥t
(1)

k+1 k � 1, 2, . . . K1 − 1( 􏼁,

􏽥t
(2)

k ≤􏽥t
(2)

k+1 k � 1, 2, . . . K2 − 1( 􏼁.
(17)

We introduce default matrices L(1) andL(2):

L
(1)

�

􏽥t
(1)

1 􏽥t
(1)

2 􏽥t
(1)

3 . . . 􏽥t
(1)

K1

h
(1)
1 h

(1)
2 h

(1)
3 . . . h

(1)
K1

H
(1)
1 H

(1)
2 H

(1)
3 . . . H

(1)
K1

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
,

L
(2)

�

􏽥t
(2)

1 􏽥t
(2)

2 􏽥t
(2)

3 . . . 􏽥t
(2)

K2

h
(2)
1 h

(2)
2 h

(2)
3 . . . h

(2)
K2

H
(2)
1 H

(2)
2 H

(2)
3 . . . H

(2)
K2

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.

(18)

where h
(1)
k (k � 1, 2, . . . K1) and h

(2)
k (k � 1, 2, . . . K2) are the

corresponding nominal values of the k-th real default in the
two states, respectively, and H

(1)
k (k � 1, 2, . . . K1) and

H
(2)
k (k � 1, 2, . . . K2) are the corresponding cumulative

nominal values of the k-th real default by time 􏽥t
(1)

k and 􏽥t
(2)

k ,
respectively.

Step 6. Allocate default losses for the two states.
Let b(1)

m and b(2)
m be the corresponding positions of the

maximum loss that them-th tranche can bear in L(1) andL(2),
respectively, which means that H

(1)

b
(1)
m

(1 − R) � am, H
(2)

b
(2)
m

(1 − R) � am, where am is a separation point (maximum loss
should be taken by the m-th tranche); then, the default in-
formation allocated to the m-th tranche in the two states can
be represented by the following default matrices:

L
(1)
m �

􏽥t
(1)

bm−1+1 􏽥t
(1)

bm−1+2 . . . 􏽥t
(1)

bm

h
(1)
bm−1+1 h

(1)
bm−1+2 . . . h

(1)
bm

H
(1)
bm−1+1 H

(1)
bm−1+2 . . . H

(1)
bm

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
,

L
(2)
m �

􏽥t
(2)

bm−1+1 􏽥t
(2)

bm−1+2 . . . 􏽥t
(2)

bm

h
(2)
bm−1+1 h

(2)
bm−1+2 . . . h

(2)
bm

H
(2)
bm−1+1 H

(2)
bm−1+2 . . . H

(2)
bm

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
.

(19)

Step 7. Calculate A(1)
m , B(1)

m , C(1)
m and A(2)

m , B(2)
m , C(2)

m .
For the m-th tranche [am−1, am](m � 1, . . . , M), the

initial nominal values are E
(m)(1)

0 � E
(m)(1)

0 � Nam − Nam−1
and we can calculate the residual values of States 1 and 2 at τj:

E
(m)(1)

j � E
(m)(1)

j−1 − 􏽘
k∈Ω1

(1 − R)h
(1)
k , j � 1, . . . , J1

E
(m)(2)

j � E
(m)(2)

j−1 − 􏽘
k∈Ω2

(1 − R)h
(2)
k , j � 1, . . . , J2.

(20)

0 0.2 0.4 0.6 0.8 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Dimension 125

D
im

en
sio

n 
12

6

Pseudorandom Numbers Scatter

(a)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

D
im

en
sio

n 
12

6
0 0.2 0.4 0.6 0.8 1

Dimension 125

Sobol Scatter

(b)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

D
im

en
sio

n 
12

6

0 0.2 0.4 0.6 0.8 1
Dimension 125

Sobol-Scramble Scatter

(c)

Figure 1: Scatter plots of different sequences.
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Here, Ω1 � k|τj−1 ≤􏽥t
(1)

k ≤ τj, b
(1)
m−1 + 1≤ k≤ b(1)

m􏽮 􏽯 and
Ω2 � k|τj−1 ≤􏽥t

(2)

k ≤ τj, b
(2)
m−1 + 1≤ k≤ b(2)

m􏽮 􏽯. ,en, we have

A
(1)
m � 􏽘

J1

j�1
Δτ × E

(m)(1)

j × e
− rfτj ,

B
(1)
m � 􏽘

b
(1)
m

k�b
(1)

m−1+1

􏽥t
(1)

k − t
(1)
∗􏼐 􏼑 × h

(1)
k ×(1 − R) × e

− rf
􏽥t

(1)

k ,

C
(1)
m � 􏽘

b
(1)
m

k�b
(1)
m−1+1

h
(1)
k ×(1 − R) × e

− rf
􏽥t

(1)

k ,

A
(2)
m � 􏽘

J2

j�1
Δτ × E

(m)(2)

j × e
− rfτj ,

B
(2)
m � 􏽘

b
(2)
m

k�b
(2)

m−1+1

􏽥t
(2)

k − t
(2)
∗􏼐 􏼑 × h

(2)
k ×(1 − R) × e

− rf
􏽥t

(2)

k ,

C
(2)
m � 􏽘

b
(2)
m

k�b
(2)
m−1+1

h
(2)
k ×(1 − R) × e

− rf
􏽥t

(2)

k ,

(21)

where t(1)
∗ and t(2)

∗ are the last coupon payment time periods
nearest to 􏽥t

(1)

k and 􏽥t
(2)

k in the two states, respectively.
Note: at this point, the values of A(1)

m , B(1)
m , C(1)

m and
A(2)

m , B(2)
m , C(2)

m of the m-th coupon on a path have been
calculated, where m � 1, . . . , M.

Repeat Steps 2–7 until the total number of simulations
reaches ST.

Step 8. Calculate sm(m � 1, . . . , M).
For m� 1, 2, . . ., M, we calculate the average values of

A(1)
m , B(1)

m , C(1)
m and A(2)

m , B(2)
m , C(2)

m , respectively, and denote
them as A

(1)
m , B

(1)
m , C

(1)
m and A

(2)
m , B

(2)
m , C

(2)
m in sequence.,en,

we substitute A
(1)
m , B

(1)
m , C

(1)
m into equation (8) to obtain s(1)

m

and substitute A
(2)
m , B

(2)
m , C

(2)
m into equation (9) to obtain s(2)

m .
Finally, we plug s(1)

m (m � 1, . . . , M) and s(2)
m (m � 1, . . . , M),

and the value of p into equation (15) to get
sm(m � 1, . . . , M).

,is is the end of the algorithm.

4. Empirical Study

4.1. Parameter Values. In this paper, the values of each
parameter are as follows (refer to [3]). Let n � 125, N � 1,
the nominal value and return rate of each reference entity be
all equal, respectively; that is, Ni � 1/n, Ri � R � 0.4, and
payment intervals are all Δτ � 0.25. Let rf � 0.035 and
duration T � 5 (year). CDO tranches are [0, 3%], [3%, 6%],
[6%, 9%], [9%, 12%], [12%, 22%], and [22%, 100%]. We
assume that the default intensity is equal, that is,
λ(1)

i � λ(2)
i � λ � 0.0083, and the Copula correlation coeffi-

cients of the two states are all equal, respectively; let
ρi � ρ � 0.12, ηi � η � 0.21, and the probability of state 1 be
p � 0.3. (Note: in the practical application, corresponding

values of ρi and ηi are just substituted into equations (6) and
(7), respectively; the default intensities λ(1)

i and λ(2)
i are just

substituted into equations (13) and (14), respectively; and
other steps in Section 3 are all the same.)

4.2. Result Analysis. In order to investigate the stability of
simulation results of the RQMC method and MC method,
we calculate the variances of the two simulation methods
under different simulation times and observe their changes
for each CDO tranche, respectively. We set the variation
range of simulation times from 5000 to 50000, with the step
size of 5000. For each different simulation times, we all
simulate 40 times and then calculate the corresponding
variances of MC and RQMC of each CDO tranche. ,e
variance changes of the simulation results of the two

N

Begin

Step 2-7

Output
sm (m = 1,...,M)

...

The total number of 
simulations < ST

Generate the (n+1)-dimensional
randomized sequences (ε0, ε1,...,εn)

;

Input
ρi, ηi, p, ST

,

End

Step 1

Step 8

Y

Calculate

(m = 1,...,M)

Am
(1), Bm

(1),Cm
(1) Am

(2), Bm
(2),Cm

(2)
;

Sm
(1); Sm

(2);Sm (m = 1,...,M)

Calculate

Am
(1), Bm

(1),Cm
(1) Am

(2), ;Bm
(2),Cm

(2);

Figure 2: Algorithm flow chart (concise format).
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simulation methods for the pricing of each CDO tranche
with the increase in simulation times are shown in Figure 3.

On the whole, we can see from Figure 3 that the vari-
ances of the two simulation methods in six different tranches
are all decreased with the increase in simulation times, and
in each subgraph, the gaps between the two curves all reduce
gradually with the increase in simulation times. ,ese show
that the results of the two simulation methods are all
gradually stable with the increase in simulation times. It can
also be seen from Figure 3 that, compared with the MC

method, the variance changes of each CDO tranche of the
RQMC method are more gentle with the increase in sim-
ulation times. Especially, when the simulation time is rel-
atively smaller, with the increase in simulation times, the
variances of MC all decrease faster than those of RQMC in
each CDO tranche. ,is indicates that the simulation results
of the RQMCmethod are more stable than those of MC even
when the simulation time is not too large. In other words, the
RQMC method can obtain more stable results with fewer
simulation times.
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Figure 3: Variance changes of CDO pricing in each tranche with the increase in simulation times.
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From the local point of view on each tranche diagram,
when the simulation times are the same, the variances of the
RQMC method are much smaller than those of the MC
method, which indicates that the simulation results of the
RQMC method are more stable than those of the MC
method when the simulation times are the same.

Particularly, in order to compare the simulation times
required under the same variance of two simulation
methods, we carry out spline interpolations for the variances
data of the RQMC method for each subgraph in Figure 3.
Without loss of generality, in each subgraph of Figure 3, we
take the variances corresponding to 50000 simulation times
of the MC method as an example to illustrate. At this time,
the simulation times required by the RQMC method are
shown in Table 2.

We can see from Table 2, for the same variances, when
the total number of simulations of the MC method required
is 50000, in addition to the tranche [22%–100%], simulation
times of the other five tranches of the RQMC method are all
far lower than 50000. Furthermore, the RQMC method can
save about 25000 times on average and reduce the cost of the
program running effectively.

5. Conclusion and Discussion

In this paper, a numerical algorithm based on the RQMC
simulation method was designed and an empirical study
was carried out to solve CDO pricing with the stochastic
correlation problem of the two states under nonhomo-
geneous assumptions. ,e variances of RQMC simulation
results were compared with those of the MC method from
the perspective of variance changes. ,e results showed
that the algorithm designed in this paper is more stable
and reliable whether from the local view or from the global
view, and it is an efficient and stable algorithm to solve
CDO pricing with stochastic correlation problems under
nonhomogeneous conditions, which would provide the-
oretical and empirical support for solving similar
problems.

,e algorithm in this paper is only empirically analyzed
based on the Gaussian Copula model with stochastic cor-
relations under nonhomogeneous assumptions. We point
out that the algorithm can be generalized. For example,
under the framework of the algorithm, the Gaussian Copula
model in the algorithm can be replaced with other single-
factor Copula models and the algorithm still works. Of

course, for different single-factor Copula models, the
implementation of the algorithm may be more complex.

In addition, the algorithm can also be extended to CDO
pricing with three-state stochastic correlations under non-
homogeneous assumptions.

In the following study, we will further optimize the
algorithm to improve its versatility. It is also considered to
apply the numerical algorithm to the pricing of other assets
in credit derivative markets under nonhomogeneity
assumptions.
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Product market competitiveness is positively influenced by the aesthetic value of product form, which is closely related to product
complexity. By measuring the cognitive complexity of the product, this research establishes the relationship between the
complexity and aesthetics of the product using an artificial neural network. Hence the prediction of product beauty is achieved,
which guides design decisions. In this article, the complexity of product form is first measured through a combination of hesitant-
fuzzy theory and information axiom. Afterward, the result is weighted by exponential entropy and dimensionally compressed.
+is method makes data more suitable for the prediction with small samples, obtaining an accuracy improvement of up to 40%
compared with traditional approaches. Finally, the importance order of the design elements which affect morphological
complexity is acquired. Results show that three of the six complexity features (element number, object intelligence, and object
detail) are more significant, impacting the aesthetic feeling of product form.+emethod increases the attractiveness of products to
customers, providing valuable design support for enterprises and designers in the early days when a new product is designed, and
reducing research and development risks.

1. Introduction

In recent years, the study of aesthetic and complexity has
attracted extensive attention from scholars in the fields of
industrial design, psychology, and industrial engineering.
+ere is a specific implicit correlation between aesthetic and
complexity [1], where the complexity affects aesthetic feel-
ings of people [2]. In aesthetic process, people will judge the
aesthetic scale of the aesthetic object through visual cog-
nition [3], thus, cognitive differences between the com-
plexity of the product form, which is termed as cognitive
complexity, and the objective form complexity and aesthetic
evaluation are produced. +e cognitive complexity can di-
rectly reflect the aesthetic degree of an aesthetic object, and
too high or too low cognitive complexity will not bring a
pleasant aesthetic experience [4]. However, most existing
studies focus on the calculation of the complexity and beauty
of the structure ontology [5] and seldom consider the

complexity measurement after visual cognitive processing,
which is critical for the overall aesthetic evaluation of a
product and has a direct impact on user experience and
preference. +erefore, research on the quantification of
cognitive complexity is urgent, and how to better quantify
the complexity of a product after user perception has be-
come a key consideration for product development.

+e core of product design is to meet customer needs [6].
+e designers used to develop and design products relying
on their own experiences and tastes, which results in
problems such as incomplete cognition and unequal aes-
thetic information of consumers. +us, more than 80% of
the latest products will face failure in the fast-changing
consumer market [7]. Suh [8] proposed the design-centric
complexity theory (DCC) based on axiomatic design theory,
which focuses on the study of complexity generation in the
design process [9], providing theoretical support for the
quantification of visual cognitive complexity. In practical
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applications, the process to measure users’ affective cogni-
tion suffers from high complexity and uncertainty and
cannot directly obtain accurate values as the DCC model
requires exact values. +e DCC model is limited in mea-
suring user cognitive complexity. +is study combines the
DCC model with hesitant-fuzzy theory to quantify the
hesitation raised in user perception to overcome this
problem.

+is method takes customer perceived aesthetics as the
prediction index. It uses a neural network to establish a
prediction model of the relationship between visual cog-
nitive complexity and customer perceived aesthetics, which
can effectively reflect the potential relationship between user
perceptual aesthetics and product complexity design rules,
to reduce the failure probability of new products and op-
timize product form design. In the process, dimension
compression was adopted to handle the sample data. A good
training effect was finally achieved using small sample data.
+e proposed method addressed the problem that users’
perceptual data in traditional perceptual engineering is
difficult to collect, and the amount of data is generally small,
which cannot meet the requirements for machine learning.

+e technical route adopted in this study is as follows.
First, accurate user perceptual and cognitive needs are ex-
plored. +e complexity principles affecting product modeling
are collected according to relevant literature. Using the
characteristic of hesitant fuzziness of user perceptual cogni-
tion, we applied the semantic difference (SD) method to
evaluate user perceptual cognition. Second, a complexity
calculation model of product form is established. +e hesi-
tant-fuzzy theory and the DCC model are combined to build
the product form complexity model. +en, the model is used
to measure the collected user perceptual data to complete the
measurement of product complexity. Finally, a machine
learning prediction method using a small sample is proposed.
A combination of PCA algorithm and exponentially weighted
entropy method is used to effectively compress the collected
user perceptual data.+e results show that the accuracy of the
predicting model is improved by more than 40%, indicating
the feasibility of the proposed model.

In summary, the main contributions and innovations of
our works are as follows:

(1) In product design, the hesitant-fuzzy linguistic term
set and DCC model are combined to measure the
complexity after user cognitive processing, achieving
a practical quantitative effect and dramatically re-
ducing subjective factors’ influence.

(2) A machine learning approach is used to develop
product form beauty predictions using neural net-
works. A relationship between beauty and com-
plexity is established. An exponentially weighted
entropy was used to calculate the complexity prin-
ciple and demonstrate a complexity index impor-
tance ranking to guide designers in the initial
development of product design.

(3) A new data dimensional compression method is
proposed, which overcomes the problem of small

user perceptual data and difficulty in machine
learning. A feasible small sample training method is
constructed to improve the prediction accuracy
significantly.

+e rest of the article is organized as follows: in Section 2,
some relevant research is introduced. In Section 3, the
technical route of this study is shown. Later in Section 4, the
case analysis and comparative verification are conducted.
Finally, the article is concluded in Section 5.

2. Related Works

2.1. Cognitive Complex System. +e cognitive complex sys-
tem of the human brain has strong coupling and nonlinear
characteristics, which involves the synergy of multilevel
complex cognitive system [10] as is the same with visual
cognition. Newell and Shaw [11], and Donderi [12] viewed
that visual complexity is related to visual information ac-
quisition, data integration, and perceptual processing, which
was applied in aesthetic measurement [13].

In current researches, visual cognitive complex systems
mainly focus on two aspects:

(1) the manifestation of visual complexity and
(2) the relationship between complexity and attention.

As for the first aspect, the complexity of vision is
multidimensional, and it can be divided into ontology and
derivative complexity [14]. Ontology complexity is the
complexity of an object’s structure, system, and information
volume, and derivative complexity can stimulate different
emotional responses in the cognitive system, which is di-
rectly affected by the complexity of the ontology. To in-
vestigate the influence of visual complexity on emotion,
Berlyne and Maher [15] experimented on the complexity of
product modeling.+ey found that the complexity can affect
the arousal and pleasure of the subjects’ emotions, and the
complexity of emotion and modeling presents an inverted
U-shaped curve. Based on the cognitive model that Berlyne
proposed, Baxter [16] found that it is the complexity per-
ceived by the human brain after cognitive processing instead
of the perceptual cognition caused by product that form the
direct complexity of the product.

For another aspect, visual attention, as an essential
optical characteristic, plays a vital role in human visual
perception [17]. When the form of a cognitive object has a
medium complexity, human cognitive ability, and attention
degree can reach the highest level [18]. +ese contribute to
aesthetic recognition for users. For example, Hagerhall et al.
[4] concluded that human visual cognition is more inclined
to the figure under a dimension of 1.3. Sun et al. found that
there is a nearly monotonous relationship between visual
complexity and aesthetic expectation [19]. In the complex
system research of product, the DCC model is guided by
users’ cognitive needs and can be used to measure the
complexity of product form [8]. Compared with other
evaluation and measurement methods, DCC does not need
the decision-maker to determine the index weight for
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discrimination [6], which weakens the influence of human
subjective factors. By calculating the amount of the product
system information, the measurement of product com-
plexity can be achieved.

+e studies above show the research value association
between visual cognitive complexity and beauty of product
form. However, there are some limitations. Although DCC
provides a specific theoretical regulation for designers to
quantify the complexity of products, an accurate value is
required to calculate, which is not available for fuzzy value
calculation. While in the research of product complexity
calculation, human perceptual cognition was absent, and
user emotional needs were not considered. +erefore,
combining the DCC model, we proposed a new method for
quantifying cognitive complexity suitable in the product
field: (1) Perceptual variables in the visual cognitive data
acquisition link are introduced, which more fits people’s
actual perceptual needs increases the experimental reli-
ability. (2) Considering the influence of cognitive hesitation
fuzziness, the DCCmodel was combined with hesitant-fuzzy
theory, enhancing the usability.

2.2. Hesitant-Fuzzy -eory. +e fuzzy algorithm was pro-
posed by Zadeh [20] to solve the problem of nonlinearity and
uncertainty, which has been used widely in product design to
perform fuzzy reasoning on user cognitive ambiguity
[21–23]. It can establish an accurate relationship between the
actual psychological intention and the product character-
istics in cognitive processing. However, when measuring the
complexity of product form, many uncertain factors occur.
+e system is random, fuzzy, and hesitant, and it is hard to
determine the specific value of the index accurately. As
depicted in Figure 1, in the process of perceptual cognition,
the aesthetic standards of product form (complexity, order,
etc.) are produced by the visual region of the human brain,
and the prefrontal cortex finally makes the aesthetic decision
[24]. +e whole cognitive process is accompanied by the
interference of hesitant and fuzzy factors. +us the results
obtained are subject to bias depending on traditional per-
ceptual engineering measurements.

Most scholars applied fuzzy mathematical methods to
quantify perceptual indicators to solve this problem accu-
rately. Kulak and Kahraman [25] used the concept of fuzzy
logic to quantify perceptual variables using affiliation
functions to achieve an accurate measurement of user
perception. Shen and Wang [26] proposed a combination of
fuzzy language and perceptual data to deal with the fuzzy
problem in decision-making. +e literature [27] presented
fuzzy linguistic summarization, which defined fuzzy rules
and correlated the rules with users’ affective needs to capture
their actual perceptual needs. Although the above studies
considered the fuzziness generated by user perceptions, they
paid less attention to the uncertainty and hesitation raised by
user perceptions in the process. In the actual measurement
process, much of the information about users’ perceptual
cognition is challenging to accomplish quantitatively. In our
interviews with users, people are found to be more likely to
use verbal descriptions to evaluate indicators or decisions,

which is consistent with the ambiguity of human thinking.
At the same time, there is often a strong sense of hesitation
and uncertainty in the user’s decision-making process. +e
decision-maker will hesitate between multiple linguistic
terms, requiring more complex linguistic terms to express
the decision [28]. +ere are limitations to accurately
quantifying fuzzy information using only the fuzzy math-
ematical principles. However, this can be overcome by the
hesitant-fuzzy theory.

For example,Wang and Zhao [29] used a combination of
hesitant-fuzzy theory and consensus models to achieve
decision information integration. Similarly, the hesitant-
fuzzy theory is often combined with different evaluation
models for ambiguity problems analysis. Liao et al. [30]
combined hesitant-fuzzy theory with the VIKOR method to
make decision evaluations, and Beg and Rashid [31] ex-
tended hesitant-fuzzy linguistic decision-making to the
Topsis method. In perceptual engineering, the hesitant-fuzzy
theory has also been applied to quantify users’ perceptual
decisions. For example, Hirokawa et al. [24] introduced the
hesitant-fuzzy theory in perceptual engineering to quantify
users’ perceptual evaluations of product styling. +is shows
that: (1) Hesitant-fuzzy theory is very helpful for quantifying
uncertain information triggered by user perception and
dealing with fuzzy problems in decision-making, which can
greatly reduce the influence of subjective factors on the
outcome. (2) Hesitant-fuzzy theory can be combined with a
variety of methods and is more flexible. In hesitant-fuzzy
theory, a language term can only correspond to one variable
or index and cannot establish a mapping relationship with
complex indexes, schemes, variables, and so on. +erefore,
based on hesitant-fuzzy language, Rodriguez et al. [32]
proposed hesitant-fuzzy linguistic term sets (HFLTSs) to
solve the cognitive fuzziness caused by multifactor hesita-
tion.When users are hesitant about multiple language terms,
HFLTSs can make the qualitative judgment more accurate
and help decision-makers make effective decisions. +ere-
fore, this article uses the HFLTSs to measure users’ per-
ceptual cognition.

Moreover, in product design, the research on the
combination of fuzzy theory and the DCC model is still
absent.+e DCCmodel requires a definite value to calculate.
At the same time, hesitant-fuzzy theory can make users’
evaluation of indicators accurate and meet the calculation
requirements of the DCC model. So, we combined the DCC
model with hesitant-fuzzy theory. +e proposed method
solved the limitations of DCC theory on the one hand.

On the other hand, the problem of users’ cognitive
hesitation fuzziness is addressed. Compared with the re-
search on single users’ fuzziness, our proposed method is
more comprehensive and objective, despite some short-
comings such as the difficulty of collecting data.+erefore, it
is necessary to study the small sample prediction method in
the follow-up research.

2.3. Intelligent Beauty Evaluation. Artificial intelligence is
extensively used in various fields with the breakthrough of
technology. +e field of aesthetics is different from other
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fields because it needs to combine psychology and sociology
with exploring human brain cognition. At present, aesthetic
sense has become the core of human-computer interaction.
+e analysis and calculation of visual aesthetic models have
been widely concerned [33]. A large number of studies have
been conducted on image aesthetic quality evaluation [34],
including web aesthetic measurement [35], fabric aesthetic
prediction [36], and human facial aesthetic evaluation [37]
through ANN. +ese studies have shown the ability of ar-
tificial intelligence to make decisions by imitating human
vision and aesthetics.

+e intelligent aesthetic assessment focuses on image
recognition and classification problems. +e research on the
aesthetic perception of product form after nonlinear visual
processing is insufficient, and it still stays in the stage of
calculating product form beauty [38]. Based on human
aesthetic preference and design aesthetics, Wong and Low
[39] established a relationship between visual attention and
visual aesthetics, and they improved the classification effect
by extracting salient regional features. Based on Wong’s
extraction of salient features, Wang et al. [40] proposed an
image aesthetic classifier through a machine learning
method to evaluate image aesthetics. In addition, Zhang
et al. [41] exploited the supervised learning method to obtain
a judgmentmodel to predict consumers’ perceived aesthetics
under the measurement of aesthetic principles. Because the
aesthetic size of product form is affected by the subjective
aesthetic of users, this prediction process is nonlinear and
inconsistent. +us, there is a tremendous technical differ-
ence between the product form and image aesthetic

prediction. +e image aesthetic evaluation framework
cannot be fully applied to the product form aesthetic
evaluation.

Considering the guiding of consumers’ perceptual
cognition in the prediction of product aesthetic feeling, an
ANN evaluation framework for visual aesthetics of product
form is proposed according to the optical characteristics of
product form from the perspective of consumers. Due to
difficult data collection and insufficient samples in consumer
perceptual cognition surveys, it is challenging to achieve
high accuracy using traditional machine learning methods.
To handle the problem, this article proposed a feature di-
mension compression method to improve the prediction
accuracy of the training model. Finally, a high-precision
perceptual model describing the relationship between de-
signers and consumers is established to provide a valuable
product design paradigm.

3. Methods Overview

Based on the related work introduced above, the obtained
cognition is defuzzified. +e results are used to establish a
prediction model for measuring the aesthetic feeling of
product form. +e research route is shown in Figure 2.

3.1. Computation of Visual Cognitive Complexity

3.1.1. Cognitive Complexity. +e DCC theory measures the
complexity of a system from the perspective of functional
requirements. It translates the complexity of the design
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system into the probability of achieving functional re-
quirements. It obtains the amount of complexity informa-
tion that the product system conveys by calculating the
conversion probability of emotional cognition. +erefore,
according to the DCC theory, the complexity information of
a user’s visual cognition can be expressed as

Ip � − log2ps � log2
1
ps

􏼠 􏼡, (1)

where ps denotes the realization probability of cognitive field
Fs. +e higher the probability Fs, the lower the system
complexity degree, and vice versa. Denoting the probability
density function of the system as Px(eFR), the realization
probability of the designing scope in a system Fs is for-
mulated as follows:

ps � 􏽚
du

dl
Px(eFR)d(eFR). (2)

In equation (2), du is the upper limit of the design range
and dl is the lower limit of the design range. While in
formula (1), Ip is the information quantity of product-
cognitive system.+e public scope is the overlapping area of
the design-cognitive range and system-cognitive range.
According to the principle of information axiom, equation
(3) can be obtained, where Acr is the area of the cognitive
common range, Rcc is the cognitive common range, and Rcs

is the cognitive system range.

ps �
Rcc

Rcs

� Acr. (3)

+e complexity of the design scheme can be evaluated by
calculating the common area following the DCC theory.

+erefore, this study determines the complexity of the de-
sign system by calculating the public area and obtains the
complexity of the product system after visual cognitive
processing, as shown in Figure 3.

In Figure 3, the range of the system is the range of the
actual cognitive system and the range of objective infor-
mation, which is determined by the specific attributes of
system. E-FR denotes the user’s emotional needs, and it is a
continuous variable. As the design goal, the design range
represents the designer’s demand for the design plan. +e
overlapping part of the design range and the system range is
the public range, which means the ability of the design plan
to meet the needs of the project. According to logical
analysis, the larger the area of the public area, the lower the
system complexity, and vice versa. +erefore, according to
equation (3), the calculation formula for complexity can be
expressed as

C �
Rcc

Rde ∩Rcc

, (4)

where Rde is the design range.

3.1.2. Hesitant-Fuzzy Information Axiom. According to the
semantic level, the questionnaire is divided into specific
grades (very low, low, average, high, very high) and cor-
responding scores (1, 2, 3, 4, 5). However, due to the fuzz-
iness of cognition, there are fuzziness and hesitation in the
process that users participate in the evaluation. For example,
when the user evaluation score is 3, there may be two ranges
of actual psychological perception: 2 − 3 or 3 − 4. +e nu-
merical scales cannot accurately reflect the user preferences,
and it is not easy to calculate the information quantitatively.
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As can be seen, the product design system pays attention to
the intuitive feelings of the objects in the evaluation process,
which leads to the randomness of the evaluation results.

+erefore, the method of hesitant-fuzzy mathematics is
introduced in the article. By defuzzifying the user evaluation
with the hesitant-fuzzy linguistic term set [42], each scale
obtained by the subject’s score can be determined, and the
different evaluation indicators of the sample can be calcu-
lated. Meanwhile, based on the information axiom design,
the ability of each sample to meet different design re-
quirements can be determined.

According to the theory of hesitant-fuzzy linguistic term
set, let A � A1, A2, . . . , An􏼈 􏼉 be an ordered language term set.
+e set contains odd language terms with symmetrical
meanings. In this study, the language set is divided into five
language terms: very low (VL), low (L), middle (M), high
(H), and very high (VH), i.e., A � A1: VL, A2:􏼈

L, A3: M, A4: H, A5: VH}. Given Aα, Aβ, λ> 0, there exist
the following algorithms according to the literature [43]:

Aα ⊕Aβ � Aα+β,

λAα � Aλα,

λ1 + λ2( 􏼁Aα � λ1Aα ⊕ λ2Aα,

λ Aα + Aβ􏼐 􏼑 � λAα ⊕ λAβ.

(5)

In this study, the algorithms are extended to improve the
accuracy of decision-making using concepts of set as follows:

Definition 1. Let A � A1, A2, . . . , An􏼈 􏼉 be an ordered lan-
guage term set, and Hs � hs(x) | s ∈ subset(A), x ∈ X􏼈 􏼉 be a
hesitant-fuzzy linguistic term set on domain X, which
represents the set of all possible subordinate fuzzy language
terms of an object.

Let A � A1: VL, A2: L, A3: M, A4: H, A5: VH􏼈 􏼉 be the
fuzzy evaluation of product feature complexity. +en, Hs �

hs(1) � (A2, A3), hs(2) � (A3, A4)􏼈 􏼉 of decision-maker’s
evaluation of two products complexity is a set of hesitant-
fuzzy linguistic terms.

To evaluate different projects in the domain, an overall
algorithm considering the evaluation of different decision
makers is developed.

Definition 2. Suppose the hesitant-fuzzy linguistic term set
Hs � ∪ n

i�1H
i
s, i � [1, n] on domain X, and n is the number of

decision makers. Hi
s � hi

s(x)|s ∈ subset(A), x ∈ X,􏼈

i ∈ [1, n]} represents the hesitant-fuzzy linguistic evaluation
of each decision-maker i. A � A1, A2, . . . , An􏼈 􏼉 is the hesi-
tant-fuzzy semantics, and the algorithm is defined as follows:

Hi
s + Hj

s � hs(x)|h
i
s(x) + h

j
s(x)􏽮 􏽯,

αHi
s � hs(x)|αh

i
s(x)􏽮 􏽯,

αHi
s + βHj

s � hs(x)|αh
i
s(x) + βh

j
s(x),􏽮

(6)

where the symbol ∪ represents the sum of the number of
ambiguous semantic elements. According to Definition 1,
we have

Hs � H1
s + H2

s ,

H1
s � hs(1)| A2, A3( 􏼁􏼈 􏼉,

H2
s � hs(1)| A3, A4( 􏼁􏼈 􏼉.

(7)

+erefore,

H1
s + H2

s � hs(1)| A2, 2A3, A4( 􏼁􏼈 􏼉. (8)

3.1.3. Defuzzification Calculation of Hesitation Fuzziness.
According to Section 3.1.2, the user’s hesitant-fuzzy evalu-
ation matrix Hs for product complexity can be obtained. In
fuzzy control theory, the precise value transformation of
fuzzy behavior is called antifuzzy. Since the evaluation
matrix counts all possible evaluation sets, the defuzzification
calculation is performed by seeking the expectation.

Definition 3. Suppose a fuzzy hesitation evaluation matrixA
that can be expressed as

Hs � Fs ⊙A. (9)

+e symbol ⊙ in equation (9) represents the product of
two vectors by element position, and A represents the
hesitant-fuzzy linguistic term set matrix. +en, Fs is the
characteristic matrix of the fuzzy hesitant evaluation matrix
Hs, which represents the frequency of occurrence of the
corresponding hesitant-fuzzy linguistic terms.

Denote the symbol deF(X) as the defuzzification op-
eration to solve the vector X. +en, according to Definition
3, we have

deF Hs( 􏼁 � deF Fs ⊙A( 􏼁

�
1
s

􏽘
i∈s

Fi.
(10)

+e formula shows that the defuzzification of Hs is
obtained by calculating the expectation of its eigenvector.
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3.1.4. Complexity Calculation. +e user’s subjective evalu-
ation is hesitant and vague. +erefore, by converting the
personal evaluation into a hesitant-fuzzy semantic variable,
the subjects’ actual psychological potential evaluation value
can be obtained more accurately. +rough this method, the
user’s hesitant-fuzzy evaluation is transformed into hesitant-
fuzzy semantics, and the membership function of hesitant-
fuzzy semantics is obtained. According to the definition of
the information axiom, the hesitant-fuzzy evaluation is
exploited to transform the range of user emotional needs.
Considering the characteristics of fuzzy mathematics, we can
transform the design range into a trapezoidal area, as shown
in Figure 4.

+e hesitant-fuzzy value of the user’s evaluation of
product features can be obtained through the fuzzy hesitant
language term set in equations (6) and (10). Assume that the
hesitant-fuzzy score of the target is 3.26. +rough this score,
the hesitant-fuzzy complexity bounded can be obtained
based on the information axiom, indicating the area of the
shadow region in the figure. +e fuzzy complexity is cal-
culated according to different feature evaluations of the
sample, and the feature complexity matrix of sample i is
obtained by

Ci � Ci,1, Ci,2, Ci,3, . . . , Ci,n􏽨 􏽩, 1≤ n≤N. (11)

+e specific complexity calculation consists of the fol-
lowing steps:

(1) Determine the complexity evaluation index.
(2) Establish the hesitant-fuzzy cognitive matrix

(HFCM) of the user evaluation.
(3) Calculate the HFCM.
(4) Normalize and calculate the complexity matrix of

different features for all samples.

In Step 1, any element and color composition can trigger
a psychological reaction after visual stimulation. +e com-
plexity of visual stimulation includes the number of elements
and the degree of similarity and unity [44]. Design com-
plexity is critical to the complexity of product form. It has
always been the focus of research in the field of design. +e
principle of design complexity is defined by Gestalt psy-
chology [45], visual complexity measurement [12], infor-
mation reception [46], etc. It consists of design complexity
[18], the quantity of objects, irregularity of objects, dis-
similarity of objects, detail of objects, asymmetry of object
arrangement, and irregularity of object arrangement.
+rough the analysis of the stimulus shape and the con-
sumer language, the key components of the design com-
plexity principle include the number of elements, the
irregularity of object, the dissimilarity of object, the detail of
object, the asymmetry of element arrangement, and the
irregularity of element arrangement, which are taken as the
characteristic induces of complexity, and described in
Table 1.

In Step 2, the questionnaire is designed according to the
six key components of the design complexity principles. +e
Likert scale is used to evaluate the sample complexity. +e

semantics of sample morphology are transformed into
corresponding semantic variables according to the concept
and complexity of the fuzzy linguistic term set. Meanwhile,
the fuzzy value is used to express the evaluation value of the
feature degree. +e language term set of S � S1: VL, S2:􏼈

L, S3: M, S4: H, S5: VH} is used to evaluate the sensibility of
the sample. In this way, the user’s scoring matrix
Sk � |sk

ij|, i ∈ [1, M]j ∈ [1, N] for the complex features of
sample k is obtained, where M is the number of subjects; N

is the number of features, and K is the number of samples.
+e characteristics of the complexity described above are

denoted as: EN (Element Number), OI (Object Irregularity),
O D (Object Dissimilarity), OT (Object deTail), AA (Ar-
rangement Asymmetry), and AI (Arrangement Irregular-
ity). +en, the matrix can be expressed as

EN OI OD OT AA AI

Sk �

s
(k)
11 s

(k)
12 s

(k)
13 s

(k)
14 s

(k)
15 s

(k)
16

s
(k)
21 s

(k)
22 s

(k)
23 s

(k)
24 s

(k)
25 s

(k)
26

⋮ ⋮ ⋮ ⋮ ⋮ ⋮

s
(k)
m1 s

(k)
m2 s

(k)
m3 s

(k)
m4 s

(k)
m5 s

(k)
m6

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

. (12)

Each row represents a user’s hesitant-fuzzy score on the
sample in the matrix. Sk is the scoring matrix of a sample k

by user m. s(k)
mn represents the intuitive evaluation of user m

for feature n of sample k.
In Step 3, Sk is summed by column according to the

hesitant-fuzzy linguistic calculation criterion expressed by
equation (6).+en, the HFCM of feature n of the samples for
the consumer is obtained:

R
(k)
n � 􏽘

m

i�1
s

(k)
mn. (13)

Given the hesitant-fuzzy linguistic term set matrix
A � A1, A2, . . . , Aj􏽮 􏽯, the above formula can be expressed as
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0.0
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hesitant fuzzy score = 3.26
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Very High

Figure 4: Hesitant-fuzzy common range diagram.

Complexity 7



R(k)
EN � F(k)

EN ⊙A, (14)

where the symbol ⊙ denotes the product of two vectors by
element indices. +us, an HFCM can be implied by F, if A is
fixed.

Finally, in Step 4, F(k)
n is normalized, and its mean value

is calculated according to the weight of the hesitant-fuzzy
linguistic terms which affiliated.

M
(k)
n � F

(k)
n · W

T
�

􏽐
m
i�n s

(k)
i,n ∗wi􏼐 􏼑

􏽐
m
i�n s

(k)
i,n

. (15)

+en the complexity degree C(k)
n of feature n for the

sample is calculated following the method described in
Section 3.1.3. +e rest can be deduced by analogy. Based on
this, the complexity degree matrix CN containing the
complexity degree of all the features is obtained.

3.2. Exponential Weighted Entropy Complexity Calculation.
After the user’s cognitive complexity is calculated, there is
noise in the data and should be eliminated according to the
needs of neural network prediction. +e entropy weight
method determines the objective weight according to the
index variability. +is method has been widely used in
engineering technology, social economy, and other fields.
+e smaller the information entropy of an index, the greater
the dispersion of the index value and themore information it
provides, so the more significant the weight in the com-
prehensive evaluation, and vice versa. To investigate the
feature weights that affect the thorough evaluation of
samples, an improved entropy weight model suitable for the
data characteristics of this study is proposed.

Following the method described in Section 3.1.3, the
fuzzy evaluation matrix CN � [C1, C2, C3, . . . , Cn], 1≤ n≤N

of consumer hesitation is obtained. Cn is a column vector
that represents the evaluation of different samples on feature
n. +e steps of feature weight calculation are as follows:

(1) Use the maximum-minimization principle to nor-
malize the evaluation matrix Cn by column to obtain
the normalized complexity matrix Cn

′:

CN
′ �

Cn − min Cn( 􏼁

max Cn( 􏼁 − min Cn( 􏼁
|column. (16)

(2) Calculate each feature’s proportion of the features for
the sample by column:

PN �
CN
′

􏽐CN
′
|column. (17)

+us, the weight matrix PK×N with a dimension of
K × N is obtained:

PK×N � pij

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌, i ∈ [1, K], j ∈ [1, N]. (18)

(3) Based on the complexity matrix CN, the weight
matrix pi,j of feature n of sample k can be obtained,
and the entropy of each feature can be calculated:

ej � −
1

ln(n)
􏽘

K

i�1
pijln pij􏼐 􏼑, j ∈ [1, N]. (19)

(4) Use the exponential weight function to calculate the
weight of ej. +e calculation is shown as follows:

wj �
e

xj

􏽐
n
j�1 e

xj
. (20)

In the formula, x � [x1, x2, . . . , xn]. Following this
method, the values close to each other can be sep-
arated better, hence features with higher aesthetic
impact can be screened out and higher prediction
accuracy is obtained.

(5) Finally, the weighted complexity of each sample is
calculated by using the feature weights.

C � W · CN. (21)

Following the above steps, the sample complexity is
calculated, where W � |wj|, j ∈ [1, N].

3.3. Dimension Compression of Visual Cognitive Complexity.
To guarantee the reliability of results, multi-dimensional
information on research objectives is usually collected in

Table 1: Complexity induces and their evaluation principles.

Complexity index Evaluation principles

Element Number +e number of main elements in product shape. It mainly refers to the number of constituent structures and
components. When the shape contains more elements, the complexity is higher.

Object Irregularity +e overall product modeling has no regularity and order, does not have a unified coordination, and does not
meet the Gestalt principle.

Object Dissimilarity
+ere is no similarity between the structural forms of product modeling (including modeling lines, lines and
curves). +e direction of the modeling line is not uniform and similar, and the product material and texture are

not similar.

Object Detail
+e degree of detail and decoration of the product. For example, decorative lines and decorative components, as
well as the use of details and textures in product modeling design. When there are less details in product

modeling, the complexity of design is greater.
Arrangement
Asymmetry

+e constituent elements (main functional components) of the product form an asymmetric arrangement. When
there is no symmetrical design, the complexity is greater.

Arrangement
Irregularity

+e constituent elements (main functional components) of the product form an irregular arrangement and have
no order lines. When the product space is randomly distributed, it has higher design complexity.
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data analysis. Although there is a specific correlation be-
tween the dimensions, they cannot be analyzed indepen-
dently. Otherwise, the research process will be affected by the
loss of data information, leading to a bad deviation of
conclusions. +e PCA proposed by Turk and Pentlad [47]
can solve the above problems. Based on K-L transformation
(Karhunen-Loeve Transform), PCA projects data from high-
dimensional space to low-dimensional space, saving the
most critical K dimensions. +ese K dimensions with or-
thogonal characteristics are called principal components.

Since neural network training requires a large amount of
data to achieve high accuracy, the amount of data will in-
crease exponentially as the number of features increases.
However, the samples in the test set are insufficient and
difficult to collect. In this case, the amount of data is always
small, resulting in the low accuracy of the training model. In
this case, the PCA algorithm is adopted to reduce data
dimension to train the neural network with a small amount
of data. +e specific steps are as follows:

(1) Perform row-column conversion on the user com-
plexity evaluation samples to generate matrix X with
a dimension of n × m, where n is the number of
sample features, and m is the number of samples.

(2) Normalize X with zero-mean operation.
(3) Calculate the covariance matrix 1/nX∗(X∗)T and

eigenvectors of X∗ by using the eigenvalue de-
composition method (EVD) for singular matrix.

(4) Rank the eigenvalues by size, the first values and the
corresponding eigenvectors are selected to form the
characteristic matrix P.

(5) Map X to the new vector space based on P:

X′ � PX, (22)

where X′ denotes the new date after dimension
compression, and it makes up the training data set
for the subsequent neural network.

3.4. Artificial Neural Network. Neural networks can solve
complex problems without explicit models, which are used
to investigate the relationship between product complexity
and aesthetic degree and predict the aesthetic degree. As
shown in Figure 5, an ANN contains multiple artificial
neurons divided into the input, hidden, and output layers.
Specifically, the input layer is responsible for receiving
signals. +e hidden layer is responsible for processing and
integrating the received signals. Finally, the results are
achieved in the output layer.

After the input passes through these layers, the regres-
sion or classification result can be obtained. +e neural
network continuously uses the training data for parameter
adjustment. After training with a large number of data, the
optimal weight of every neural is finally fitted. At this
moment, the neural network achieves the best accuracy for
data prediction. Since this study uses a small number of
sample data, the over-fitting problem is easy to occur in the
training process. We adopted the dropout technique in this

study to handle this problem, and the method will be in-
troduced below.

3.5. Establishing the Cognitive Space of Form Aesthetics.
In order to obtain an accurate aesthetic evaluation of users,
five-order SD method is adopted to launch the question-
naire. In our existing research [48], we summarized and
sorted out the aesthetic principles in the product field,
combining the modern product aesthetics research theory,
and obtained 9 aesthetic principles preliminarily. According
to the needs of this study, the 9 aesthetic principles are
reduced by the fuzzy-delphi method (FDM), and finally top
6 principles that can most affect aesthetic evaluation are
determined, i.e., unity (U), rhythm (r), simplicity (S), order
(O), comfortable(C), and harmonize (H). Latter, the aes-
thetic evaluation is estimated using a linear weight method.
For instance, assume the aesthetic evaluation of the ith
subject about the jth sample is denoted by Aj

i � [U
j
i , R

j
i ,

S
j
i , O

j
i , C

j
i , H

j
i ], where i � 1, 2, . . . , m; j � 1, 2, . . . , n. +us

the aesthetic evaluation of a sample can be expressed as

E
j
i �

􏽐
N
n�1 A

j
i

N
, (23)

where N � 6 denotes the number of principles (mentioned
above) that are considered. Finally, a sample aesthetic
evaluation matrix is obtained, which provides data support
for neural network prediction.

4. Case Study

As a product that frequently interacts with people in life, the
capsule coffee machine has a solid emotional connection
with the public, which is more likely to arouse people’s
aesthetic resonance. Designers need to consider the struc-
tural level to provide users with emotional demand trans-
formation. +erefore, the capsule coffee machine was

x1

x2

x3

h1,1

h1,2

h1,3

h1,4

h1,k

h2,1

h2,2

h2,3

h2,4

h2,k

y1

y2

y3

Figure 5: Artificial neural network structure.
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selected as the test sample for the visual cognition experi-
ment. +e experiment consists of the following steps.

4.1. Samples Collection. +ere are 2500 pictures collected
through the Internet, home appliance market, newspapers,
and magazines. Six hundred test pictures were obtained after
preliminary screening, which process deletes the duplicate
and vague ones. +e experts screened 600 images and got 96
representative samples later, as shown in Appendix 5. +is
study mainly focuses on the shape of capsule coffee ma-
chines; thus, the influence of other dimensions on vision is
eliminated. In the process of the subjects are screened, young
subjects are preferred for the following reasons.

(1) According to the regional culture and dietary habits,
coffee audiences are concentrated in young customer
groups.

(2) Capsule coffee machine is a fashionable household
product, which is widely used by young users.

At last, 30 questionnaires were collected, and the format
is shown in Figure 6.

4.2. Data Preprocessing. Once the questionnaires were ob-
tained, we screened the valid questionnaires according to the
following criteria.

(1) +e participants had the experience of using capsule
coffee machine.

(2) No regular filling (70% of the answers are the same).
(3) +e questionnaire is complete without missing

options.
(4) +e response time of the questionnaire is valid (the

response time should be more than 10minutes).

After eliminating the invalid questionnaires, we collected
23 valid questionnaires. +e questionnaire recovery rate was
76.7%, which was in line with the recovery rate standard of
the research questionnaire [49]. As a summary, the char-
acteristics of valid questionnaire samples are shown in
Table 2:

As can be seen, the summary characteristics of Table 2
are as follows.

(1) +e age of the respondents is mainly young, which
meets the needs of the experiment.

(2) In the samples, industrial design students and
product designers are in the majority, who have good
aesthetic knowledge.

(3) +e ratio of men to women is average.

4.3. Data Processing. +is section exploited the hesitant-
fuzzy information axiom to process the data.+e complexity
of consumers on different characteristics of the sample set
was measured. Next, the feature complexity matrix was
processed by the exponentially weighted entropy method
described in Section 3.2 to obtain the complexity weights of
different features. Meanwhile, the complexity evaluation
result of the sample was obtained. Finally, the feature
complexity matrix was analyzed by PCA to reduce the di-
mension of the data samples. +e artificial neural network
was constructed and trained with the data with a reduced
size. In this way, the accuracy of the model was improved,
and the impact of different characteristics on aesthetic
evaluation was determined.

To illustrate the effectiveness of the proposed feature
compression method, two data sets, raw data after PCA and
raw data processed by the feature compression method
above, are trained with ANN individually, comparison

5
Element Number

Very Low Low Average High Very High

1 2 3 4 5
Object Irregularity

Very Low Low Average High Very High

1 2 3 4

Very Low Low Average High Very High

1 2 3 4 5
Object Dissimilarity

5
Object deTail

Very Low Low Average High Very High

1 2 3 4 5
Arrangement asymmetry

Very Low Low Average High Very High

1 2 3 4

Very Low Low Average High Very High

1 2 3 4 5
Arrangement Irregularity

How long have you been using
Your capsule coffee machine?

______/years

Sample

Figure 6: Questionnaire format used in the research.
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results of the convergence curve and the error curve are
achieved at last.

4.4.Hesitant-FuzzyEvaluationMatrix. All evaluation tables’
feature domains and scoring domains were extracted sep-
arately, integrated, and processed. +e obtained hesitant-
fuzzy cognition matrix is shown in Table 3.

Each cell Ci,j represents the hesitant-fuzzy score of the
subject i for the sample j, and the order is
EN,OI,OD,OT,AA,AI.

4.5. Visual Cognitive Complexity Calculation

(1) Calculate the Fuzzy Evaluation Matrix and Analyze the
Reliability. Dehesitating fuzzy calculation is performed in
Table 3 according to equation (10). +e hesitant-fuzzy
evaluation matrix 􏽢Ci,j of user i on sample j is shown in
Table 4.

+e reliability of the evaluation matrix is analyzed, and
the analysis results are listed in Table 5.

+e results show that the evaluation is reliable and can be
used for subsequent analysis.

(2) Calculate the Complexity Matrix. Firstly, the complexity
of each feature of the sample is obtained by the quantization
method described in Section 3.1.4. Take the complexity of
the element of sample 1, i.e., C

(1)
EN, as an example. According

to the questionnaires, s
(1)
11 � (A2, A3). +e following result is

obtained by summing by column.

R(1)
EN � 􏽘

m

i�1
s

(1)
i1 ,

� 5A1, 8A2, 23A3, 8A4, 2A5( 􏼁,

� (5, 8, 23, 8, 2)⊙ A1, A2, A3, A4, A5( 􏼁.

(24)

+us, F(1)
EN � (5, 8, 23, 8, 2).

+en, F(1)
EN is normalized, and the mean value is calcu-

lated according to the weight of the fuzzy language terms
which is affiliated.

M
(k)
n � F

(k)
n · W

T
,

�
􏽐

m
i�n s

(k)
i,n ∗wi􏼐 􏼑

􏽐
m
i�n s

(k)
i,n

,

� [0.11, 0.17, 0.5, 0.17, 0.04]∗ [1, 2, 3, 4, 5]
T
,

� 2.8696.

(25)

Finally, the value of C
(1)
EN is calculated following equation

(14), and the result is 0.548771.
Similarly, the complexity matrix CN of all subjects about

each feature of all samples is calculated, where
N ∈ EN, OI, OD, OT, AA, AI{ }. +e result is listed in
Table 6.

(3) Calculate the Characteristic Weight of the Complexity
Matrix. According to the complexity matrix CN, the weight
matrix P01 of the characteristic EN of sample 1 can be
obtained and the entropy value of each feature is calculated
according to equations (16)–(19), and the result is shown in
Table 7.

+e weight wj of each feature is calculated by equation
(20), and the calculation result is shown in Table 8.

According to the results in the table, the features EN, OI,
OT, and O D have a high impact, and the weight of these
four features accounts for more than 82% of the whole. Also,
there is little difference in the weight of EN, OI, and OT
features, so more design consideration should be paid to
these three features in the early stage of product design.

(4) Calculate the Complexity of the Test Sample. According to
the characteristic weight calculation shown in equation (21)
and the weight vector wj obtained in the last step, the

Table 2: Statistics of valid questionnaire objects.

Feature Option Amount Ratio (%)

Gender Male 11 47.83
Female 12 52.17

Age
18–25 8 34.78
26–30 9 39.13
31–40 6 26.09

Occupation

Business English 2 8.70
Me Media 4 17.39

Foreign Trade 2 8.70
Student 5 21.74

Product designer 3 13.04
E-commerce salesperson 4 17.39

Manufacturing market personnel 3 13.04

Using experience (year)

<0.5 4 17.39
0.5–1 10 43.48
1–2 4 17.39
≥2 5 21.74
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complexity degrees of every sample are obtained and listed
in Table 9.

4.6. Dimension Reduction of Neural Network Data Set.
+is section introduces the use of the PCA algorithm de-
scribed in Section 3.3 to perform data dimension reduction

on the sample complexity matrix in Table 6 and the hesitant-
fuzzy evaluation matrix in Table 4. +e MLE algorithm is
adopted as the dimension reduction strategy [50]. In this
way, more than 90% of data information is retained, and the
data comparison after dimension reduction is shown in
Table 10.

It can be seen that after PCA, the fuzzy evaluation matrix
was compressed from the original six dimensions to five
dimensions. However, the sample feature matrix of the
complexity dimension can be compressed to two dimensions
by the PCA algorithm. It provides the basis for neural
network training with a small number of samples.

Table 4: Hesitant-fuzzy evaluation matrix.

Subject C1 C2 C3 . . . C96

Sample EN OI OD EN OI OD EN OI OD . . . EN OI OD
Features OT AA AI OT AA AI OT AA AI OT AA AI
1 3.5 1.5 3.5 2 3.5 2.5 3 3.5 3.5 . . . 2 3.5 1.5

1 1.5 2.5 1.5 1.5 1 2 2 4 1.5 2.5 1
2 3.5 1.5 1 3.5 2 3.5 2.5 4 3.5 2 . . . 4 3.5 2

2 1.5 3.5 1.5 1.5 2.5 3 1.5 1.5 3 1.5 1.5
3 1 1 1.5 1 1 1.5 2 1 2.5 . . . 1.5 2.5 2.5

1.5 1 1 1 1 1 1.5 1 1.5 1.5 1 1.5
4 3.5 2 3.5 2 2.5 3 4.5 3 3 . . . 4.5 2.5 4

4 1.5 2 1.5 1.5 2 3.5 1.5 2.5 3.5 2.5 3
5 3 3 3.5 2.5 2.5 3 3.5 3 3.5 . . . 2 2.5 2.5

2.5 3.5 3 4.5 3.5 3 3.5 3.5 4 1.5 2.5 2.5
6 1.5 2.5 3 1.5 3 3 4.5 3 2.5 . . . 4.5 2.5 4

3.5 1.5 2.5 2.5 2.5 3.5 4.5 4.5 4 3.5 2.5 3
7 3.5 3 2.5 3.5 3 3.5 2.5 3 4 . . . 4.5 4 5

4 3.5 4.5 4 4 4 3.5 3.5 3.5 5 5 5
8 2.5 2 2 2 1.5 1 4 2.5 3 . . . 4.5 3.5 4.5

2.5 2 1.5 1 1 1 3.5 3 2 2 2.5 2.5
⋮ ⋮ ⋮ ⋮ ⋱ ⋮
23 1.5 3.5 3.5 2 4 3 1.5 4.5 3.5 . . . 4.5 2.5 1.5

2 2 3.5 1.5 4 4 3.5 2.5 2 3 2.5 1

Table 5: Reliability analysis.

Data set Cronbach’s Alpha N of Items
Value 0.976 577

Table 3: Questionnaire hesitant-fuzzy cognitive matrix.

Subject C1 C2 C3 . . . C96

Sample EN OI OD EN OI OD EN OI OD . . . EN OI OD
Features OT AA AI OT AA AI OT AA AI OT AA AI
1 3, 4{ } 1, 2{ } 3, 4{ } 2{ } 3, 4{ } 2, 3{ } 3{ } 3, 4{ } 3, 4{ } . . . 2{ } 3, 4{ } 1, 2{ }

3, 4{ } 1, 2{ } 3, 4{ } 2{ } 3, 4{ } 2, 3{ } 2{ } 2{ } 4{ } 1{ } 2, 3{ } 1{ }

2 3, 4{ } 1, 2{ } 3, 4{ } 2{ } 3, 4{ } 2, 3{ } 4{ } 3, 4{ } 2{ } . . . 4{ } 3, 4{ } 2{ }

2{ } 1, 2{ } 3, 4{ } 1, 2{ } 1, 2{ } 2, 3{ } 3{ } 1, 2{ } 1, 2{ } 3{ } 1, 2{ } 1, 2{ }

3 1{ } 1{ } 1, 2{ } 1{ } 1{ } 1, 2{ } 2{ } 1{ } 2, 3{ } . . . 1, 2{ } 2, 3{ } 2, 3{ }

1, 2{ } 1{ } 1{ } 1{ } 1{ } 1{ } 1, 2{ } 1{ } 1, 2{ } 1, 2{ } 1{ } 1, 2{ }

4 3, 4{ } 2{ } 3, 4{ } 2{ } 2, 3{ } 3{ } 4, 5{ } 3{ } 3{ } . . . 4, 5{ } 2, 3{ } 4{ }

4{ } 1, 2{ } 2{ } 1, 2{ } 1, 2{ } 2{ } 3, 4{ } 1, 2{ } 2, 3{ } 3, 4{ } 2, 3{ } 3{ }

5 3{ } 3{ } 3, 4{ } 2, 3{ } 2, 3{ } 3{ } 3, 4{ } 3{ } 3, 4{ } . . . 2{ } 2, 3{ } 2, 3{ }

2, 3{ } 3, 4{ } 3{ } 4, 5{ } 3, 4{ } 3{ } 3, 4{ } 3, 4{ } 4{ } 1, 2{ } 2, 3{ } 2, 3{ }

6 1, 2{ } 2, 3{ } 3{ } 1, 2{ } 3{ } 3{ } 4, 5{ } 3{ } 2, 3{ } . . . 4, 5{ } 2, 3{ } 4{ }

3, 4{ } 1, 2{ } 2, 3{ } 2, 3{ } 2, 3{ } 3, 4{ } 4, 5{ } 4, 5{ } 4{ } 3, 4{ } 2, 3{ } 3{ }

7 3, 4{ } 3{ } 2, 3{ } 3, 4{ } 3{ } 3, 4{ } 2, 3{ } 3{ } 4{ } . . . 4, 5{ } 4{ } 5{ }

4{ } 3, 4{ } 4, 5{ } 4{ } 4{ } 4{ } 3, 4{ } 3, 4{ } 3, 4{ } 5{ } 5{ } 5{ }

8 2, 3{ } 2{ } 2{ } 2{ } 1, 2{ } 1{ } 4{ } 2, 3{ } 3{ } . . . 4, 5{ } 3, 4{ } 4, 5{ }

2, 3{ } 2{ } 1, 2{ } 1{ } 1{ } 1{ } 3, 4{ } 3{ } 2{ } 2{ } 2, 3{ } 2, 3{ }

⋮ ⋮ ⋮ ⋮ ⋱ ⋮
23 1, 2{ } 3, 4{ } 3, 4{ } 2{ } 4{ } 3{ } 1, 2{ } 4, 5{ } 3, 4{ } . . . 4, 5{ } 2, 3{ } 1, 2{ }

2{ } 2{ } 3, 4{ } 1, 2{ } 4{ } 4{ } 3, 4{ } 2, 3{ } 2{ } 3{ } 2, 3{ } 1{ }
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4.7. Product Aesthetics Prediction Model Construction.
+is section constructed an aesthetic prediction neural
network learning model, as shown in Figure 5(b). +e

number of input nodes is N, which indicates the effective
feature number of input samples. Meanwhile, the number of
hidden layers is two, and the number of output layer nodes is

Table 7: Complexity entropy of all features.

Feature EN OI O D OT AA AI

Entropy 0.972781574 0.975170034 0.982771291 0.97592165 0.991663718 0.986672343

Table 9: Complexity degree of samples.

Sample 0 1 2 3 . . . 95
Complexity Degree 3.70047259 4.145274102 3.024196597 2.170415879 . . . 3.383364839

Table 10: Data comparison after dimensions reduction.

Complexity after PCA Fuzzy evaluation after PCA
−0.518189663 −0.143490398 −0.614935017 0.633710287 −0.19771885 1.271722184 0.398531806
−1.094645356 1.40387409 −0.318278935 0.058520731 −0.302739578 1.338663212 0.894113214
0.274974012 −1.610609189 −1.999036566 0.229851835 0.290905989 −0.783309149 −0.484946857
1.283635824 −2.645106506 −0.080670741 −0.698590835 0.0236130354 −1.563307116 0.790976881
−1.698758004 0.434116341 −0.226322347 0.893042526 0.82571295 −0.078573414 0.250567461
−0.95385099 −0.172855553 0.118505627 −0.476348782 0.097839099 −2.515771325 0.132640173
0.077341782 −0.729233594 0.985001623 0.941788653 0.733555137 −1.681957829 −0.577861592
−0.295554003 0.243283864 −0.882831548 −0.489674961 0.243473972 1.344637579 0.256531062
0.457412258 0.132047054 −0.333163115 −0.49255516 −1.929329737 0.976861669 0.061394976
. . . . . . . . . . . . . . . . . . . . .

−0.215180898 2.107231765 −0.237435125 0.287610777 −2.113607129 −1.986364692 −1.446246687

Table 6: Complexity degree matrix of samples.

Sample
Feature

EN OI OD OT AA AI
0 0.548771 0.584216 0.609168 0.609168 0.856238 0.631096
1 0.808601 0.690832 0.663894 0.736484 0.709263 0.65
2 0.309168 0.517013 0.525236 0.396786 0.659074 0.556238
3 0.085066 0.359074 0.46673 0.090832 0.59707 0.491399
4 0.774764 0.743762 0.808601 0.817013 0.884216 0.76673
5 0.659074 0.67949 0.668904 0.645558 0.83327 0.690832
6 0.422495 0.422495 0.563516 0.517013 0.791399 0.67949
7 0.563516 0.491399 0.517013 0.556238 0.659074 0.577505
8 0.374102 0.443762 0.409263 0.436484 0.668904 0.451229
9 0.640926 0.62051 0.636106 0.65 0.715784 0.67949
10 0.35 0.636106 0.59707 0.458885 0.743762 0.663894
11 0.65 0.548771 0.548771 0.685066 0.674102 0.659074
12 0.690832 0.736484 0.696786 0.584216 0.89707 0.76673
13 0.2 0.07949 0.085066 0.241115 0.309168 0.225236
14 0.609168 0.32051 0.35 0.584216 0.614934 0.436484
15 0.090832 0.129395 0.129395 0.143762 0.136484 0.109263
16 0.491399 0.62051 0.508601 0.659074 0.668904 0.696786
. . . . . . . . . . . . . . . . . . . . .

96 0.685066 0.396786 0.436483 0.679489 0.614933 0.570604

Table 8: Weights of complexity features.

Feature EN OI O D OT AA AI

Value 0.236642 0.215876 0.14979 0.209342 0.072477 0.115873
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five, meaning different subjective aesthetic evaluation values.
+e aesthetic evaluation is regarded as the label of training
data, which is achieved according to the method discussed in
Section 3.5.

It is considered that the increase in the number of nodes
in the output layer will lead to a high error of the neural
network trained by a small number of samples. In this case,
the aesthetic score of this questionnaire adopted the fifth-
order Likert scale without hesitation, so its score can be
directly used as the label of model training without
antihesitation.

+e over-fitting problem in the training process will
decrease the prediction accuracy of the trained model on the
test data.+e dropout technique was exploited to avoid over-
fitting, and its principle is described as follows.

Figure 7(a) displays an ANN without regularization,
which is susceptible to over-fitting. In the figure, the solid
arrows linking the front and rear nodes imply no loss when
the date is delivered from the upper layer to the lower layer.
+e ANN illustrated in Figure 7(b) consists of several dashed
nodes. +ese indicate that some nodes are stochastically
inactive in back-propagation and forward propagation.
+ese nodes do not participate in the training of ANN.+ere
are several advantages.

(1) +e training effect is smoothed. +e random devi-
ation generated in the training process of ANN can
be utilized to equalize the training parameters, which
leads to a more accurate ANN model.

(2) Neuronal coupling is reduced. Since dropout makes
a neuronal not always active in the recursive training
of an ANN, the updating of weights no longer de-
pends on the interaction of hidden nodes with fixed
relationships. In this case, the situations where some
features are compelling only if other certain features
are activated are decreased.

(3) Like the basic idea of genetic algorithm, the species
tend to adapt to the environment to survive. Envi-
ronmental mutations can make it difficult for the
species to respond in time. +e emergence of gender
can reproduce varieties that adapt to the new

environment, thus effectively preventing over-fitting
and avoiding species extinction when the environ-
ment changes.

+erefore, the dropout layer with a failure probability of
20% was adopted in this study. During each propagation,
20% of the nodes in the hidden layer will fail. It cannot
update parameters to the back layer until the subsequent
propagation begins. +e final neural network structure is
shown in Figure 8.

Here, h1,4 and h2,2 denote the nodes dropped in prop-
agation. Dashed lines denote the connections between the
nodes, and their weights are set to 0 to disable the updating
of ANN parameters in this propagating process.

+e number of nodes in the input layers varies according
to different training methods. In this study, the dimensions
of input data are two and five, as Table 10 shows. According
to the principles listed in [51], the number of nodes in
hidden layers should satisfy the requirement as given below:

(a) (b)

Figure 7: Structures of ANN with/without dropout. (a) ANN without dropout. (b) ANN without dropout.
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Figure 8: Dropout ANN used in the article.
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Nh ≥ Nin + Nout( 􏼁∗
2
3
. (26)

+erefore, Nh was constrained to ensure the stability of
the neural network structure during training process.

Nin � max Ni( 􏼁, Ni ∈ set(N), (27)

where N denotes all the possible dimensions of the data
input. In this study, Nin is 8. It is enough for training the
ANN because a too large or too small value will lead to bad
performance. According to the scoring categories, it is
obvious that the number of nodes of the output layer should
be set to 5.

To evaluate the effectiveness of the dimension com-
pression method proposed, we took several different opti-
mizers for comparison, including stochastic gradient descent

(SGD) optimizer, random gradient descent optimizer with
momentum (MSGD), and Adam optimizer and RMSProp
optimizer, in this article. For brevity, the principles of these
optimizers are not introduced here. +e training process
consists of 200 epochs. Meanwhile, the selected data samples
are shuffled and divided into the training set and test set at a
ratio of 7 : 3. Six sets of data are read for batch training in
each epoch. Eventually, the trainedmodel is evaluated on the
test sets to analyze its accuracy. +e convergence charac-
teristics of the loss function and the mean-square error
(MSE) and the model prediction accuracy are provided in
Figure 9.

It can be seen from Figure 9 that the ANN tends to
converge after 50 epochs, and the loss function did not
decline due to the small number of samples. However, a
great improvement in performance has been obtained.
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Figure 9: Performance comparison of the two models. (a) Loss of training with original data after PCA. (b) Loss of training with complexity
degree after PCA.
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Figure 10: Accuracy achieved for different optimizers.
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In Figure 10, the blue and orange histograms, respec-
tively, represent the accuracy of ANN trained on the original
data and the complexity with dimension reduction by PCA.

+e result indicates that the proposed method can effectively
compress the data dimension and significantly improve the
prediction accuracy of the ANN. +e samples sorted by

80 46 33 21 13 73 95 02

05 58 26 29 11 06 24 25

31 70 41 42 03 56 27 54

65 53 01 61 51 59 15 49

38 39 37 81 94 67 75 68

9634239019287760

76 07 43 09 12 88 50 93

9118897971829266

20 32 36 57 17 62 85 55

44 52 22 16 35 45 64 86

8710307884047408

63 48 72 40 83 14 47 69

Figure 11: Samples list in order of complexity.
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complexity from low to high are shown in Figure 11. As can
be seen, the results conform to people’s subjective aesthetics
to a certain degree.

5. Conclusion

Design activities tend to express designers’ emotions, and
design management pursues rational benefits. Correct de-
sign decisions can directly improve product design’s success
rate and increase enterprise benefits in design management.
+erefore, the design decision is critical in design man-
agement. In this process, technical design decisions depend
on the construction of mathematical and morphological
models. +e mathematical model of design decision-making
usually studies the relationship between various factors in
the decision-making object. It establishes a consumer aes-
thetic factor model and assists in evaluating the design
scheme and the smooth implementation of product devel-
opment in design management. +is study uses a mathe-
matical model to measure the complexity of users’ visual
cognition and establish the objective analysis and prediction
of product aesthetic factors, which can guide product
strategic decision-making and provide design innovation
ideas for enterprise design management. +e proposed
method can help the design management evaluate the
aesthetic feeling of the decision-making object through a
quantitative questionnaire survey (the questionnaire is
shown in the Figure 6).

+us, it grasps the product’s strategic decision in ad-
vance. Aiming at the problem that perceptual data are small
and challenging to collect, we propose a machine learning
model for small sample prediction, combined with per-
ceptual engineering theory. +e results show that the pro-
posed model in this article can effectively improve the
prediction accuracy and help designers quickly and con-
veniently obtain the design factors that affect the aesthetic
feeling of decision-making objects in design management
and the time and workforce consumption caused by surveys
and interviews can be reduced. Effective design decision-
making is the key to improving design management. Our
method can help designers develop products with high user
satisfaction to the greatest extent and help enterprises
achieve the goal of gaining more substantial
competitiveness.

+e approach proposed in this article can be used for the
intelligent aided design of product aesthetic evaluation by
measuring product visual cognitive complexity. However,
there left a few limitations. On the one hand, this article
mainly focuses on complexity quantification and aesthetic
prediction methods. +us the shape of the product is not
taken into consideration. Although it provides design de-
cision-making thinking for design management, there is no
more profound and systematic discussion of specific mea-
sures at the management level. +erefore, we will conduct a
more comprehensive study on criteria based on this study in
future research. On the other hand, this article adopts the
control variable method to study the shape and visual
cognition, eliminating variables such as color, material, and
touch. However, it should be noted that these variables also

impact the beauty of products. +erefore, these variables
need to be further studied in the following work and the
impact on different cultures and regions.
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+e supply network becomes more fragile as it becomes more complex, affecting the core firm’s performance. While previous
research on supply network complexity existence paradox.+erefore, to study the nature of supply network complexity, this paper
divides the supply chain complexity utility into positive and negative valences based on the valence framework and divides supply
chain complexity into supply base complexity, customer base complexity, and logistics base complexity. Based on the trust-
worthiness and transparency characteristics of blockchain technology, this paper investigates how to use blockchain technology to
reduce the negative valence of supply chain complexity while adapting to or improving the positive valence to improve enterprise
competitiveness and supply chain sustainability. As a result, the focus of this paper is on how to better manage supply chain
complexity using blockchain technologies to increase supply chain sustainability and viability.

1. Introduction

Due to the outbreak of COVID-19, supply chains around the
world have been disrupted to varying degrees [1, 2].
+erefore, in order to improve supply chain resilience and
their ability to cope with risks, more and more studies have
focused on the supply network complexity to improve the
supply chain resilience [3]. Supply chain complexity man-
agement is becoming increasingly important. For the
management of a complex supply chain, achieving supply
chain transparency is crucial, and as supply chains become
more complex, achieving supply chain transparency be-
comes increasingly difficult.

+e network of firms is getting increasingly complex and
technology-oriented, according to organizational theory,
and the network of enterprises is more sensitive to accidents
[4]. Perrow [5] explains why complex social technology
systems fail with normal accident theory, linking the oc-
currence of accidents to the structure and technology of the
underlying system. According to normal accidents theory,
complexity is one of the key factors for a high accident rate in

the social technology system. +e occurrence of destructive
events in a system is influenced by complexity in two ways,
the first of which is related to the occurrence of destructive
events in complex systems: a system with a large number of
elements is likely to be more harmful than one with fewer
elements [6]. +e second mechanism has to do with man-
agement capacity, or the ability to recognize and prevent
damaging events before or after they happen. +e occur-
rence of catastrophic events in the supply chain can be
influenced by supply chain complexity as a complex system.
As a result, improving supply chain transparency is one of
the most essential components in addressing the negative
effects of supply chain complexity.

+e supply chain firm offers a lot of potential for
blockchain technology as a disruptive technology. +e most
significant advantage of blockchain technology in the supply
chain is that it improves information exchange and trans-
parency amongst supply networks. Blockchain technology
can be utilized to accomplish whole-process monitoring and
information traceability in the medical and fresh food in-
dustries [7]. Similarly, as global supply networks become
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increasingly complex [8, 9], information asymmetry and
uncertain risks in supply chains increase, which makes it
more likely to lead to bullwhip effects and ripple effects that
exacerbate the negative impact of the supply chain risks.
With the increase in the number of participants in the supply
network, the lack of understanding and trust between dif-
ferent actors is further caused [10]. Blockchain technology
can assure the reliability and transparency of information
transmission on the supply network and increase confidence
between transaction subjects due to its inherent technical
properties [11]. +erefore, blockchain technology has very
high applicability in the field of supply chains [12].

In the past, many studies linked higher supply network
complexity to poor firm performance, but recent research
has revealed that complexity is an important factor in supply
network organizations’ access to survival and development
space, which has a significant impact on changes in the
external environment, changes within organizations, and
continuous performance optimization. +e ability of a
network organization to manage its complexity and quickly
adapt to the complexity of the external environment is
critical to its existence. +e purpose of this study is to use
blockchain technology to manage supply chain complexity,
as well as to identify the meaning and dimension of supply
chain complexity, and to analyze the relationship between
blockchain technology and supply chain complexity.

(1) +e dimension of supply chain complexity is pro-
posed in conjunction with the relevant study
situation

(2) Previous research has found that supply network
complexity has a detrimental impact; however, this
study investigates the dual impact of supply network
complexity

(3) What is the relationship between blockchain tech-
nology and the supply network complexity

(4) How can blockchain technology be used to respond
to and adapt to the supply chain’s complexity

+is paper contributes to the theory in the following
aspect: first, this study is based on the valence theory and put
out that supply chain complexity can be divided into positive
valence and negative valence and put forward that we can
utilize blockchain technology to manage supply chain
complexity. Second, this study put forward three proposi-
tions that utilizing blockchain technology can help manage
the supply chain complexity to enhance supply chain sus-
tainability. +ird, this paper put forward that ambidexterity
management of the supply network complexity by using
blockchain technology, blockchain technology can be used
to respond to the positive and negative valence of supply
network complexity from the perspective of ambidexterity.

2. Theoretical Background

2.1. Research on Blockchain Technology in the Field of Supply
Chains. By use of blockchain technology in the supply chain
has raised interest recently, although the practical value of
blockchain technology in dealing with supply network

complexity has yet to be investigated. Blockchain, as a
leading technology, is transforming and redefining the in-
teractions between actors in logistics and supply chain
networks. Some research indicates that the implementation
of blockchain technology in the supply chain mitigated the
negative impact of COVID-19 on companies under the
impact of COVID-19 [13]. +e most essential feature of
blockchain technology is that it may boost the transpar-
ency of information transfer over the supply network while
maintaining security [14]. +e adoption of blockchain
technology in the field of the supply chain can also im-
prove the adaptability of the supply chain and thus im-
prove enterprise performance [15]. As supply networks
become more complex, supply chain pain points such as
asymmetric information and supply chain risk rise. Be-
cause of the absence of trust and real-time data trans-
mission between many stakeholders, a supply chain
information system based on existing blockchain tech-
nology can improve supply chain resilience and risk level.
[16]. As a technology applied in the field of the supply
chain, blockchain focuses on connectivity. In the process
of technology implementation, attention should be paid to
factors affecting connectivity, interactions, and elasticity in
the supply chain [17]. For the adoption of blockchain
research, the research shows that the Unified +eory of
Acceptance and Use of Technology (UTAUT) model, the
Task-Technology FIT (TTF), and the Information System
Success (ISS) Mode are key factors influencing the
adoption of blockchain technology by supply chain em-
ployees [18]. However, there are some inhibitors to the
adoption of blockchain technology in supply networks.
For example, Blockchain technology is a high-cost storage
medium, and its adoption is only justified when the
benefits of deploying blockchain technology surpass the
expenses [19]. +e adoption of blockchain technology is
also an excellent choice for long-term development, as it
has the potential to drastically alter firm development
models due to its immutability, security, credibility, and
transparency. Blockchain technology will not only have a
significant impact on the logistics industry, but it will also
have a significant impact on business models [20]. Supply
chain collaboration is another area where blockchain
technology has a lot of potential. Blockchain technology
has the potential to affect not just supply chain collabo-
ration and increase trust in B2B partnerships, but also to
strengthen cooperation and address vulnerability issues
connected to potential risks and the negative impact of
technical legacy problems [21].

Following a review of the relevant literature on block-
chain technology and its use in the supply chain, it was
discovered that blockchain technology has a lot of potential
in the supply chain, and the technological characteristics of
blockchain, such as traceability, tamper-proofing, and
asymmetric encryption, may indeed provide the safe and
reliable transmission of information in the supply chain to
achieve the reliable. From the perspective of the increasingly
complex supply network, the supply network’s reliability
and transparency are the initial requirements for managing a
complex supply chain. +is technical characteristic of
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blockchain allows firms to leverage the technology to better
manage the supply chain’s complexity.

2.2. SupplyNetworkComplexity. Awider choice of products,
shorter product life cycles, and lower production costs are
pushing enterprises to their limits, resulting in supply chain
management complexity. To manage this complexity,
management must understand the key complexity drivers
and their inter-relationships. To manage this complexity,
management must understand the key complexity drivers
and their inter-relationships. +e complexity of a supply
network can be separated into two categories: structure and
behavior complexity [6]. +e former is known as structure
complexity, while the latter is known as dynamic complexity
(or operational complexity), and this definition has been the
foundation for future studies on complexity.

Previously, the impact of supply chain network archi-
tecture on the core enterprise relationship management
strategy was assessed. [22], they examined five factors that
make up the supply network structure and the impact on
four relationship management strategies [22]. +ere are also
studies focusing on structural attributes of the supply chain:
formalization and centralization, and the relationship be-
tween structural attributes and operational performance
[23]. +ere is also a way to match the product structure with
the supply chain structure [24]. While many studies have
shown that rising supply chain complexity is linked to worse
firm performance in the past, a recent study reveals that
increasing supply chain complexity harms firm performance
while benefiting innovation and financial performance [3].
Numerous empirical research on supply networks have
shown that product diversification, multimarket, and mul-
tichannel strategies can increase a company’s market per-
formance [25]. In places with high supply chain complexity,
formal and societal restraints have both negative and pos-
itive effects on operational performance, especially as supply
networks become more complex [26].

+e normal incident hypothesis can be used to explain
how adverse event traceability happens in various supply
networks since irregularities are more common in complex
supply networks. +e normal incident hypothesis can be
used to explain how adverse event traceability happens in
various supply networks since irregularities are more
common in complex supply networks. [27]. Studies have
identified three characteristics of supply base complexity: the
number of suppliers, supplier differences, and supplier in-
terrelationships [28, 29]. Some studies divide the supply
structure complexity scale into visible and less apparent
levels since many supply chain structure studies focus on
network-level characteristics and overlook supply-base
characteristics. Some aspects of supply network complexity
amplify the impact of disruptions, while others improve
resilience following disruptions [30]. Some scholars have
suggested supply chain complexity can be divided into three
categories: upstream, internal manufacturing, and down-
stream complexity [31].

To resolve the paradox of the preceding study, this study
uses the valence framework to classify the supply network’s

complexity into positive and negative valences.+e theory of
value is used to explain consumer behavior and comes from
the domains of economics and psychology. +e valence
framework proposed by Peter and Tarpey [32] takes into
account both positive and negative factors on individual
decision-making behavior. +e core premise of the valence
framework is that individuals make decisions to minimize
the negative impact and maximize the positive impact [33].
As a result, we employ the valence framework to investigate
the positive and negative consequences of supply network
complexity. +erefore, the impact of supply network com-
plexity is classified into positive and negative valences based
on the value framework, which is utilized to explain the
beneficial and harmful consequences of previous supply
chain complexity research (which answer the second
question). Investigating how blockchain technology can be
utilized to address supply network complexity to increase
the supply network’s ability to adapt to risks and improve
supply chain viability.

2.3. Blockchain Technology, Supply Chain Complexity, and
Supply Chain Disruption. +e supply chain is the process of
getting the correct products to the right place at the right
time, and coordination, planning, and control are the most
important aspects of this process [34]. Coordination re-
quires the establishment of systems to increase transparency
throughout the supply chain. Increased supply network
transparency can also help firms react quickly to shifting
customer and social awareness [34]. In supply chain man-
agement, enterprises face common challenges from up-
stream and downstream, where they need to manage
consumer and market preferences, and upstream, where
they need transparency to manage their complex supply
networks. Firms may not be able to determine where their
Tier 1 suppliers buy or send materials, and assessing the
quality of supplier products and the openness of the pro-
duction and supply processes becomes more challenging if
Tier 1 suppliers have many manufacturing locations around
the world.

Global and local supply chains differ in terms of supply
chain complexity, adaptability, and complexity. Global
supply networks are more complex and flexible since they
have a wider supply base to choose from. Local supply
chains, on the other hand, are less complex and thus more
adaptable to market changes, especially when influenced by
extreme events. Supply network risks are exposed as supply
chains grow in size and complexity, and effective supply
chain transparency is the most important factor in con-
trolling supply chain complexity. +e continual advance-
ment and development of modern information technology
provide a good opportunity to manage the supply chain’s
complexity. Effective transparency policies and processes are
required not simply to keep or restore supply chain partners’
trust.

In terms of the relationship between blockchain tech-
nology and the supply chain, firms that use new blockchain
technologies to better understand partner operations and
reduce supply chain risk benefit from transparency
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technologies [35, 36]. Blockchain technology can be seen as
an opportunity to leverage existing supply chain resources
and competitiveness, its traceability, which can be viewed as
an exploration technology or a relationship-building tech-
nology, is the essential invention of blockchain technology
[37].+emost significant feature of blockchain technology is
traceability, which improves supply chain transparency,
strengthens supply chain management, facilitates informa-
tion sharing among partners, and lowers the cost of supply
chain coordination, thereby improving the supply chain’s
ability to respond to disruption risk. As a result, integrating
blockchain technology into the supply chain has a positive
impact on the supply chain’s viability and the competi-
tiveness of firms [38].

3. Dimensions of Supply Network Complexity

According to previous research, supply chain complexity
can have a dual effect on resilience after a supply chain
interruption; on the one hand, supply chain complexity can
help with recovery ability after a supply chain interruption;
for example, higher supply base complexity allows firms to
use more supplier after an interruption, which improves
their ability to recover. On the other hand, supply chain
complexity can be detrimental to recovery ability after a
supply chain interruption; for example, higher supply base
complexity can enable enterprises to use more suppliers after
the interruption, improving their ability to recover [30].
+erefore, according to the location of the supply network,
this study divides the complexity of the supply network into
supply-based complexity, customer-based complexity, and
logistics complexity (which response to the first question)
(Figure 1).

3.1. Supply Base Complexity. Increased visibility of infor-
mation improves product traceability and authenticity,
providing a basis for industries that need to track their
products [39]. In addition, by adopting smart contracts,
agreements can be automated in-network transactions [40],
aiming at simplifying the supply chain process, thus im-
proving the efficiency of the supply chain. Information
sharing through blockchain technology reduces the physical
movement and duplication of information and latency of
files, improving inventory management and waste in the
supply chain for more accurate demand forecasting [41].+e
spread of digital technology has contributed to the inter-
dependence and management activities between businesses
and supply networks in the industry. Treiblmaier [41, 42]
believes that blockchain solutions can change the concept of
interorganization relationships by enhancing the exchange
of trusted information between companies.

+e complexity of the supply base increases when the
core company has many suppliers that vary in geography,
enterprise size, organizational culture, and technical capa-
bilities [43, 44]. At the same time, many of these suppliers
have inconsistent lead times and extended lead times, which
adds to the supply base’s complexity. +e increasing com-
plexity of maintaining a supply base is often accompanied by

an increase in transaction costs and the number of inter-
actions and interfaces that must be managed [29, 45]. As the
supply base increases, core companies often face higher
information processing requirements, accompanied by in-
creased communication costs [43]. From a supplier het-
erogeneity perspective, the geographic location of different
suppliers and the differences between different industries
increase the burden on core enterprises to respond to dif-
ferent suppliers [28, 43]. +us, as transaction costs increase,
the degree of control over the supply base decreases with
complexity, making it more difficult for core firms to deal
with supplier opportunism [45]. In terms of communication
quality, as well as the scope and timeliness of information
sharing [46], managing a wide range of suppliers can fre-
quently result in difficult-to-control situations.

+e increasing complexity of the supply chain may be
advantageous to company innovation. Internal and external
knowledge are the two main sources of knowledge for firms
[47]. Open innovation shows that companies can innovate
by seeking knowledge from the outside. Knowledge-based
view shows that the more actors you reach in the network,
the easier it is for companies to innovate [29]. Due to the
massively increased complexity of the supply base, the core
firm now has a significant number of suppliers from various
industries and technical capabilities, allowing it to harness
knowledge from other suppliers to drive innovation [44].

3.2. Customer Base Complexity. Supply chain organizations
may address a variety of consumer expectations by
employing blockchain technology, quickly recalling prod-
ucts from the market when disrupted, automate business
processes with integrated responses to product quality by
tracking product chains. Supply chain complexity refers to
the extent to which an organization’s supply chain consists
of a large number of different elements that interact in
unpredictable ways [48].

Customer base complexity usually refers to downstream
complexity, which is frequently associated with customer
numbers and product types. A broad customer base and a
wide variety of finished goods with a shorter life cycle
contribute to the complexity of the customer base when the
core enterprise’s aims meet changing consumer needs and
expectations [49]. When the complexity of the customer
base is high, customers with a large deviation of customer
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Figure 1: +e dimensions of supply network complexity.
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demand will hurt the operating efficiency of enterprises [31].
Transaction costs also increase with more and more diverse
customers, reducing the efficiency of companies in man-
aging their customer base. As customers become more
geographically dispersed, it is common for core businesses to
increase inventory costs and cash withdrawal cycles [50].
Furthermore, a diverse client base may compound the
impact of fluctuations in demand in downstream supply
chains, affecting the business’s success.

3.3. Logistics Complexity. Since there are so many carriers in
a supply network that represent network connectivity, there
is a need for greater carrier monitoring and coordination
[29]. Firms must better coordinate the multiparty entities in
the supply chain to efficiently manage the complex supply
network. Coordinating logistical activities among many
carriers, is more challenging, as organizations must manage
several partnerships among carriers, which are frequently
interconnected [51]. More carriers may mean more unre-
liable delivery options for the core organization, as it is
difficult for the core enterprise to control all carriers.

According to standard accident theory, increased lo-
gistical complexity increases the likelihood of supply chain
disruption. When a high level of logistical complexity exists,
managers have a better chance of discovering and diag-
nosing problems [52]. As a result, the number of carriers in
the supply network increases, thereby increasing the com-
plexity of logistics. Increased logistics complexity may
provide a higher level of flexibility for the business after the
outage [53]. When problems occur in one transportation
link, enterprises can choose other carriers to ensure the
continuity of transportation. When an enterprise has
multiple carriers, it can quickly transfer products among
carriers [54]. As a result, firms require more optional carriers
to improve their ability to use logistics networks more
flexibly and prevent order delays.

For firms with low logistical complexity, on-time and
reliable delivery can be a problem. According to research,
organizations that are not sufficiently diversified and rely too
much on crucial suppliers recover more slowly from in-
terruptions [55]. +ese actual cases reinforce the importance
of diverse third-party logistics carriers. In the event of a
disruption, the availability of alternatives allows shippers to
transfer to carriers that perform better in the event of an
outage at minimal conversion costs to carriers that perform
better in the event [30]. In this setting, implementing a
diverse portfolio of complex delivery systems can improve
the firm’s ability to respond to threats while also assisting the
core firmly in avoiding potential risks.

4. The Relationship between Blockchain
Technology andSupplyNetworksComplexity

One of the causes of supply chain complexity is that supply
chain transparency reduces as the degree of the supply
network grows. From the standpoint of transaction cost
economics, it encompasses constrained rationality and
opportunism. Furthermore, due to supply chain complexity

creating a more uncertain environment, it is likely to en-
hance supplier opportunism and limit organizations’ ability
to detect supplier opportunism.

Xiao and Qi [56] emphasize that information sharing
and good communication between multiple layers and
channels are key strategies to avoid supply chain disruptions
caused by fluctuations in demand. Product diversity is also
an important manifestation of customer base diversity, the
optimum design of a product may not be suitable for another
product. +erefore, when product variety is high, more
efficient supply chain coordination is required [57]. Another
key factor that drives supply chain complexity is the product
life cycle; a shorter product life cycle means faster supply
chain design adjustments to satisfy different levels of de-
mand uncertainty at various stages, as well as faster pro-
duction and shorter lead times [58].

As seen in the following three images, we mainly employ
OPEN KNOWLEDGE MAPS, a visual tool, to generate the
three main themes of my research. +is visualization tool
generates keywords based on the metadata output of a huge
amount of articles. To create keywords between articles,
search terms are mostly derived from the title, abstract,
author, journal, and topic keywords. Figure 2 is connected to
blockchain research, Figure 3 is related to supply chain
complexity, and Figure 4 is about the overlap of blockchain
and supply network complexity. We can see from the key
terms in these three figures that there are currently few
papers that study both blockchain technology and supply
chain complexity. Current research on blockchain tech-
nology and supply chain complexity are two relatively in-
dependent research streams. As a result, we assume our
research into how to use blockchain technology to manage
supply chain complexity has some merit.

4.1. Why Supply Chain Complexity Management Requires
Visibility and Transparency. Visibility makes it easier for
firms to respond to supply chain risk incidents, therefore
having a high level of visibility is crucial. +e danger of
supply chain vulnerability grows as more stakeholders be-
come involved in today’s society, and risk management
becomes increasingly important. As the supply base of the
core firm becomes more complicated, the core firm will need
more suppliers to strengthen its ability to respond to threats.
However, as the complexity of the supply base grows, it
becomes more difficult for the enterprise to control the
behavior of members of the supply network, and the supply
network’s transparency and visibility decrease. As a result,
improving supply network transparency and visibility is the
most crucial thing to do to manage supply chain complexity
as supply networks become increasingly complex.

Increased transparency in the supply network is not only
to meet regulatory requirements but also to optimize op-
erations, ensure product quality, and ensure the sustain-
ability of processes [59]. Supply chain transparency solutions
enable knowledge integration to improve decision quality,
lowering perceived risk, and enhancing control over partner
behavior, allowing for better management of supply chain
complexity’s negative effects. By increasing transparency
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between supply chain partners, the subjective perception
among supply chain partners can be improved [60] and
improve the trust between supply chain partners, reducing
the uncertainty and inherent risk of supply chain partners’
behavior [61, 62]. Supply chain transparency enables
companies to establish response strategies for external and
internal outages, thereby reducing operational risk [63].
Suppliers are less likely to take opportunistic or risky actions
in a complex supply network as transparency rises, lowering
costs and shortening production lead times. Increased ac-
countability and control over the supply chain come from
having visibility into the upstream supply base and the
downstream consumer base. Furthermore, effective trans-
parency techniques can reduce supply chain partner un-
certainty as well as the supply chain’s structural complexity.

4.2. Blockchain as aGovernanceMechanism toAddress Supply
Chain Complexity. +e more complex a supply chain is, the
less visibility and transparency it has, and companies are
dealing with a more dynamic environment, which is espe-
cially true in today’s VUCA world. It is more uncertain,
making it more difficult to manage a complex supply chain.
+e focus for core firms is on building better supply chain
transparency strategies based on the existing supply chain
structure, which can only change very little in a short period
[64]. Complex supply chains have multiple supply chain
levels, making it difficult to increase supply chain

transparency alone for a single core enterprise [65], and for
core enterprises, it is expensive, complex, time-consuming,
and laborious to disclose ESG data of supply chain [65, 66] to
control all levels of the supply chain.

4.2.1. 4e Relationship between Blockchain Technology and
Supply Base Complexity. +e number of suppliers affects the
ability of core enterprises to manage suppliers and sub-
suppliers, thereby negatively affecting the visibility and
transparency of the supply chain [67]. +rough intercon-
nectedness between supply chains, the deployment of
blockchain technology in the supply chain can promote
supply chain transparency and facilitate information sharing
and collaboration among supply chain members. +e supply
chain is composed of multiple actors which may have dif-
ferent or conflicting goals [68]. +erefore, to address the
issues, a common governance structure for supply chain
members to manage supply chain partners through par-
ticular norms and agreements must be implemented.
Blockchain as an information system can establish norms
and governance mechanisms in the supply chain [69].
Distributed ledger technology, which provides authenticity
and traceability by storing data on blocks that are difficult to
tamper with, was the initial definition of blockchain tech-
nology. Blockchain technology’s intrinsic nature and po-
tential to transform organizations, industries, and supply
networks [70].
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It gets more difficult to control and trace the flow of
information in the supply chain as the supply network
becomes more complicated [71, 72]. +e blockchain serves
as a platform to integrate and manage information from a
variety of complex and multilevel participants and channels
[73]. +e information may be viewed in a safe environment
by supply chain partners and entities, and the transparency
and security of blockchain technology have a substantial
impact on supply chain objectives. Blockchain technology
can support supply chain management by executing smart
contracts [74]. By executing smart contracts between supply
chain partners, processes can be fully automated and in-
formation flows between processes can be accelerated [75].
+e transparency and verifiability of blockchain information
tend to reduce the need for trust between supply chain
partners [76], and supply chain complexity can be better
managed through coordination among supply chain
partners.

Blockchain technology provides a system that connects
multiple supply chains [76, 77]. Blockchain-supported
governance structures make better use of the visualization of
information for coordination among supply chain partners
[78]. As a result, better cooperation and coordination among
supply chain participants are required to better manage
supply chain complexity. Blockchain technology provides a
high level of transparency, which aids strategic decision-

making. It may also be successfully used in modern supply
networks to improve supply chain sustainability, where it is
difficult to track complex data from several departments and
activities across organizations [79]. Blockchain technology’s
information can change the supply chain’s flow because of its
trustworthiness, authenticity, immutability, and traceability.
+e use of blockchain technology can identify redundant
operations or procedures in the supply chain, reducing the
requirement for third parties.

+rough the above analysis, we propose the following:

H1: utilizing blockchain technology can help manage
the supply base complexity to enhance supply chain
sustainability.

4.2.2. 4e Relationship between Blockchain Technology and
Logistics Base Complexity. By combining GPS and tracking
devices, blockchain-based solutions provide reliable infor-
mation on product delivery, distribution networks, and
logistics performance [80]. +e existing supply network
involves various third-party logistical activities, and block-
chain technology can guarantee the validity and trustwor-
thiness of the information. Blockchain is an integrated
system that connects individual supply chain entities while
allowing for quick verification of required supply chain
information and tracking of essential transportation data
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[81]. +e high level of information transparency and visi-
bility can increase the overall supply network’s transparency,
allowing for better supply chain management and
sustainability.

Since the logistics base complexity involves both the core
organization’s multiple logistics carriers and logistics in-
formation complexity, blockchain technology can help the
core firm better manage supply chain complexity and im-
prove supply chain sustainability. +e problem of reverse
logistics should be included in the full product portfolio of
products and materials life cycle, which should include
recycling, repair, reuse, and renewal [82].

Blockchain technology allows for comprehensive clari-
fication and documentation of this information. +e
transparency and accountability of the information provided
by blockchain enable managers to compare their energy
consumption and reusability of their products with other
similar entities in the market, assess logistics complexity on
time, to better manage negative logistics complexity, and
make better use of logistics complexity and enhance supply
chain sustainability.

+rough the above analysis, we propose the following:

H2: utilizing blockchain technology can help manage
the logistics base complexity to enhance supply chain
sustainability.

4.2.3. 4e Relationship between Blockchain Technology and
Customer Base Complexity. Blockchain technology connects
downstream supply chain members, including retailers and
customers, and transparency of information enables core
enterprises to track product sales performance, and data can
be used by all supply chain members, in which way potential
difficulties in product demand and use can be observed not
only by multiple members of the supply chain but also by
multiple members of the supply chain, which may limit
uncertainty and related issues. Blockchain is a compre-
hensive technology that connects end-customers with up-
stream suppliers, and customer claims can be recorded on
blockchain ledgers where upstream suppliers can see in-
formation about those customers [81].

Applying blockchain technology to the supply chain can
provide real information about market and product quality,
as well as customer satisfaction and expectations. Customer
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demand differentiation is an important aspect of managing
supply chain complexity, while customer base complexity is
the most critical customer demand. Blockchain technology
can provide supply chain demand visibility from the supply
side to the demand side. +is results in the management of
the demand chain, where end-customer demand informa-
tion is visible among all partners, and blockchain technology
provides flexibility for supply chain management to reduce
delays and risks in the supply chain [82]. By using block-
chain technology to accurately predict demand in the supply
chain, inventory costs in the supply chain can be reduced,
the risk of supply chain disruption can be alleviated, and the
problem of client complexity and sustainability in the supply
chain can be improved.

+rough the above analysis, we propose the following:

H3: utilizing blockchain technology can help manage
the customer base complexity to enhance supply chain
sustainability.

+e third question is answered by the three hypotheses
stated above. +e purpose of this study is to figure out how
blockchain technology affects supply chain complexity. By
use of blockchain to enable information and relationship
governance is a key approach to dealing with the supply
chain’s complexity. Supply network complexity is a critical
component in obtaining survival and development oppor-
tunities for supply network firms. Supply network com-
plexity influences both external and internal organizational
change and has a significant impact on achieving continual
performance optimization. A network organization’s ability
to manage the complexity of its supply network and adapt
rapidly to the complexity of the external environment is
critical to its existence. As a result, an organization’s
competitiveness is solely determined by its capacity to
manage complexity.

In sum, we mainly put forward three hypotheses about
the relationship between blockchain technology and supply
chain complexity. +e hypotheses proposed in this study are
summarized in Table 1.

5. Blockchain Technology as a Management
Response to the Supply Network Complexity

+is section summarizes the previous discussion of de-
scriptive frameworks for understanding supply chain
complexity management. In the first part, we draw on the
study of Maylor and Turner [83], which provides a corre-
sponding approach to the three dimensions of supply chain
complexity, Maylor and Turner [83] divide supply chain
complexity into three dimensions: structural dimension,
socio-political dimension, and emergent dimension, where
the response consists of three dimensions: planning and
control, relationship development, and flexibility. +e
study’s second section mostly relies on ambidexterity re-
search to demonstrate how firms can leverage existing in-
formation or build and explore new knowledge to minimize
supply chain complexity or adapt to it. From an exploitation
standpoint, complexity can be reduced or eliminated by
using appropriately known technologies, processes, or best

practices; from an exploration standpoint, complexity can be
reduced or eliminated by developing or introducing a new
solution, and in response to supply network complexity. +e
benefits of complexity can be obtained from an existing
solution, and the benefits of complexity can be obtained
from a development perspective. Taking advantage of
complexity that competitors cannot emulate.

In the area of organizational learning, March [84]
proposes activities that utilize (refine and use existing
knowledge) and develop (innovation, problem-solving, and
drilling new knowledge), both of which compete with each
other for limited organizational resources within the or-
ganization. Subsequent studies of trade-offs between de-
velopment and exploitation led to a great deal of research on
ambidexterity. Ambidexterity is also an important area of
research in the supply chain, and some studies have shown
that supply chain ambidexterity contributes to business
performance, interorganizational relationships, and flexi-
bility [85, 86]. Despite the fact that ambidexterity research
has become a useful perspective for analyzing supply net-
work performance and ambidexterity, few studies employ it
to understand supply chain complexity.

Supply chain complexity has become a prominent re-
search issue in supply chain management; yet, for the time
being, the study of complexity has tended to focus on two
aspects of complexity: the negative impact of complexity and
the positive impact of complexity. Rather than focusing on
ways to decrease or expand supply chain complexity, we
divided it into two categories in this study: positive and
negative. We advocate minimizing (lowering) the impact of
negative values for negative valences, and maximizing the
impact of complexity for positive valences by adapting or
increasing the angle for positive valences. Minimization is
used to cope with negative complexity, while adaptation is
used to deal with positive complexity. Both ways can answer
using an ambidexterity viewpoint (exploration and exploi-
tation). Systems and processes can be put in place to help
limit the impact of supply chain complexity when adopting
blockchain technology as a response (which answers the
fourth question). Figure 5 is our proposed ambidexterity
management of supply network complexity by using
blockchain technology.

Blockchain technology can be used to respond to the
positive and negative valence of supply network complexity
from the perspective of ambidexterity. On the one hand,
blockchain technology can be used for exploitation activities
to improve the function of positive valence, that is, using
blockchain technology to benefit from the supply network’s
complexity and optimize the organizational structure. To
increase supply chain members’ ability to respond to supply
network disruption concerns, use blockchain technology to
manage supply chain members’ relationships, and to facil-
itate collaboration among supply chain members. Also,
make use of the data offered by blockchain technology to
improve present products and services, as well as the current
state of operations. On the other hand, blockchain tech-
nology can be used for exploration activities; that is,
blockchain technology can be used in novel ways, leveraging
the benefits of complexity to generate competitive
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advantages that are difficult to duplicate. Blockchain tech-
nology is being used to organize resources to create value for
supply chain organizations, strengthen their strategic ad-
vantage, and harness the market and customers supplied by
blockchain technology to produce new products or deliver
new services.

On the one hand, blockchain technology can be used to
alleviate the negative valence of supply network complexity;
that is, blockchain technology can be used to lessen process
and structural complexity. For example, using blockchain
technology to design and apply controls to describe the
complexity of the negative impact would be a good example.
+e use of blockchain technology to efficiently coordinate
production and logistics activities, as well as the use of
blockchain technology to quickly explain to consumers the
cause of supply network disruption and the status of supply
network recovery; On the other hand, blockchain technol-
ogy can be utilized in exploration activities to minimize or
eliminate the negative valence effect. Using blockchain
technology’s transparency to respond flexibly to demand
fluctuations and using blockchain technology to identify
potentially problematic suppliers, carriers, and dishonest
customers.

6. Conclusion

+e previous study suggests that supply chain complexity
can be negative to the supply chain performance, and some
studies indicate that supply chain complexity can be positive
to help the supply chain to improve the ability to cope with
supply chain risks. To explore this question, we mainly use
valence theory to divide supply chain complexity into
positive valence and negative valence. Based on the previous
analysis, we divide the supply network’s complexity into

three categories: supply base complexity, logistics base
complexity, and customer base complexity. We also pre-
sented three hypotheses on the relationship between
blockchain technology and supply network complexity.
+en, according to the valence framework, the beneficial and
detrimental features of the supply network’s complexity are
summarized as positive and negative valences. Simulta-
neously, the ambidexterity theory is discussed, as well as how
to examine and apply activities to deal with the supply chain
complexity of positive and negative valences using block-
chain technology.

+rough a systematic analysis, we show that blockchain
technology in supply chain management may achieve the
most crucial function of trusted transparency. Blockchain, as
a governance mechanism, is often able to better understand
partner activities and minimize supply chain risk by
investing in emerging supply chain transparency technol-
ogies [35, 36]. Deploying technologies related to supply
chain transparency, helps companies reduce search costs,
and improve their reputation. +e study by Lamming et al.
[87] shows that different degrees of information sharing
within the supply chain provides all participants with the
knowledge, product source, and process information.

With the help of ambidexterity theory, using blockchain
technology, the positive and negative aspects of supply chain
complexity are examined and leveraged. Exploration and
exploitation activities can both benefit from blockchain
technology. To utilize ambidexterity by dealing with the
negative valence of supply chain complexity, blockchain
technology is being used to reduce process and structural
complexity. +e application of blockchain technology to
simplify processes and structures and efficiently organize
production and logistics activities; customers can be in-
formed about the reasons for supply network disruptions
and the progress of supply network recovery using block-
chain technology. Employing blockchain technology to
decrease or eliminate complexity while exploring features of
ambidexterity, seek new suppliers, logistics carriers, and
customers; identify potentially dangerous suppliers, carriers,
and dishonest customers, and respond quickly to changing
requirements with transparent information given by
blockchain technology.

By employing ambidexterity in dealing with the positive
valence of supply network complexity: Benefit from supply
network complexity, use blockchain technology to optimize
the organizational structure and use blockchain technology
to manage relationships among supply chain members,
facilitating collaboration among supply chain members and
improving their ability to respond to the supply network
disruption risk. Make use of the data offered by blockchain
technology to improve current products and services, as well
as existing operations. For the investigation of ambidexterity

Use blockchain technology 
to reduce or eliminate 

supply chain complexity

Use blockchain technology 
to work in new ways and 

take advantage of 
complexity to gain 

advantages that 
competitors can't emulate. 

Based on blockchain 
technology, benefit from 

the complexity of the 
supply network and 

optimize the organizational 
structure with blockchain 

technology

Reduce process and 
structural complexity with 

blockchain technology. 

Negative valence Positive valence

Exploration

Exploitation

Figure 5: Ambidexterity management of the supply network
complexity by using blockchain technology.

Table 1: +e relationship between blockchain technology and supply chain complexity.

Number Hypotheses description
H1 Utilizing blockchain technology can help manage the supply base complexity to enhance supply chain sustainability
H2 Utilizing blockchain technology can help manage the logistics base complexity to enhance supply chain sustainability
H3 Utilizing blockchain technology can help manage the customer base complexity to enhance supply chain sustainability
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disruption, by employing blockchain technology to work in
new ways, the benefits of complexity to acquire competitive
advantages that are difficult to duplicate; developing new
products or providing new services using blockchain
technology’s marketplaces and customers.

From the above-given analysis, we can infer that
blockchain technology can help manage the supply network
complexity and draw on ambidexterity theory to deal with
positive and negative aspects of supply network complexity,
which may help to solve marketing issues that the marketing
issues are related to the supply chain management, the
higher the level of supply chain management is, the more
beneficial it is to the marketing of firms.

7. Implications and Directions for
Future Research

7.1.4eoretical Significance. First, we divide supply network
complexity into three categories: supply base complexity,
logistics base complexity, and customer base complexity,
supply base complexity refers to the number of suppliers,
degree of difference among providers, and interrelationships
among suppliers. Customer base complexity is usually de-
pendent on the number of customers and product cate-
gories, whereas logistics base complexity relates to a supply
network with a large number of carriers, where carriers
indicate the network’s connectivity condition; second, we
use the valence framework theory to synthesize the dual
characteristics of supply network complexity into positive
and negative valences, to widen the applicability of the
valence theory. +e two sides of how to deal with the
complexity of the supply network are investigated from the
standpoint of exploitation and exploration, which enriches
the research on the complexity of the supply network based
on the ambidexterity theory.

+ird, we synthesize the dual characteristics of supply
network complexity into positive and negative valences and
expand the application of the valence theory using the va-
lence framework theory.+ese two sides of how to cope with
supply network complexity are explored from the stand-
points of exploitation and exploration, which contributes to
the complexity of supply network research.+is is one of the
few studies that will use blockchain technology to do ex-
ploration and exploitation activities to deal with positive
valence and negative valence of supply network complexity
based on ambidexterity theory. +is study also expands the
application scenarios of ambidexterity theory and valence
theory.

7.2. Practical Significance. +is is the first study to propose
the use of blockchain technology to manage supply network
complexity, and it can provide some guidance for firms
exploring blockchain implementation. By introducing
blockchain technology into the supply chain, the supply
chain’s transparency might be greatly improved. Most no-
tably, the most significant advantage of blockchain tech-
nology beyond other technologies is the achievement of
trusted transparency of information on the supply chain.

+is study divides supply network complexity into supply
base complexity, logistics base complexity, and customer
base complexity, which can help managers better manage
supply network complexity, and it divides the effects of
supply chain network complexity into positive and negative
valences, reconciling the previous study of supply network
complexity into a single negative or positive study. It can
give managers some direction on how to manage the supply
network’s complexity.

7.3. Limitations and Future Research Directions. +is study
also has some limitations. First, the hypothesis in this study
has yet to be empirically validated, and further research will
be required to demonstrate the validity of this research
methodology using data. Second, there are several methods
for classifying supply network complexity. In some studies,
supply network complexity is classified as detail complexity
and dynamic complexity, whereas in others, it is classified as
upstream complexity, downstream complexity, and internal
complexity. As a result, more innovative classification
methods may be developed in the future. Finally, supply
network complexity management can be combined with
other emerging technologies in the future to demonstrate
how new technologies can be utilized to regulate supply
network complexity.

In conclusion, this paper contributes to the field of
supply network complexity research by investigating the
relationship between blockchain technology and supply
network complexity, as well as presenting a new research
perspective for supply network complexity management
based on valence theory and ambidexterity theory.
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As the acquisition and retention of motivated and skilled employees are key to the high performance of hotel firms, employer
attractiveness of hotel firms is a critical factor in achieving competitive advantage. Focusing on organizational culture, this study
analyzes how different cultural attributes affect hotel firms’ attractiveness as employers. For the empirical analysis, this study
collected 54,040 reviews of 157 large hotel chains and firms from Glassdoor in the United States. ,is study combines an
unsupervised machine learning tool for topic modeling (latent Dirichlet allocation) with the coding process of researchers to
measure the different cultural attributes of hotel firms. ,e research results show the positive and significant impact of four
cultural attributes—collaborative, employee development, fair compensation, and customer focus—on employer attractiveness
measured by both users’ employer satisfaction and recommendations to friends. In contrast, an innovation culture has no
significant effect on attractiveness.

1. Introduction

,e goal of this research is to analyze the influence of or-
ganizational culture on hotel firms’ employer attractiveness.
According to the Bureau of Labor Statistics in the United
States, the employee turnover rate in the hospitality industry
was 78.9% in 2019, while the national average turnover rate
was 36.4%. ,e hospitality industry has been dealing with
chronic turnover problems caused by high job strain, role
stressors, and emotional labor. As a result, the acquisition
and retention of skilled human resources is an essential
condition for gaining a competitive advantage in the hos-
pitality industry. [1, 2]. Given these issues, improving em-
ployer attractiveness is an important responsibility of hotel
management to win against competitors. Employer attrac-
tiveness refers to an organization’s image and perception as
an employer based on the evaluation of the employment
value and benefits offered by the organization [3–5].

Although researchers have long implied the potential
influence of organizational culture on employer attractiveness

(Sheridan [6]; Lievens and Highhouse [7]; Chhabra and
Sharma [4]; and ,eurer et al. [5]), no prior research has
analyzed the influence of organizational culture on hotels’
attractiveness as an employer.,is study aims to fill this gap in
the existing literature and investigates the impact of diverging
attributes of organizational culture on hotels’ employer at-
tractiveness, based on the topic modeling of big employer
review data.

Organizational culture, as a prominent characteristic of
successful organizations, plays a critical role in developing
and maintaining employees’ dedication and commitment to
an organization [8–10]. Organizational culture is a set of
shared values, beliefs, customs, and assumptions that define
employees’ perceptions, thinking, and behavior in their
work and coping with problems [8–10]. Organizational
culture is a shared pattern of basic assumptions invented,
discovered, or developed by leaders and organizational
members to deal with the problems of external adaptation
and internal integration [10]. Once organizational members
have learned how to hold common assumptions and beliefs,
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organizational culture generates common perceiving,
thinking, and behaving patterns, which provide organiza-
tional members with meaning, stability, and comfort [10].
Governing the employees’ perceptions, the different attri-
butes of organizational culture define how an organization
conducts its business and becomes valuable, inimitable, and
rare resources to determine organizational performance [8].
In hotel services, organizational culture directly affects the
policies, practices, and procedures of employees’ activities,
all of which have a significant bearing on service quality and
customer satisfaction [11–13]

,is study generates theoretical predictions about how
different attributes of organizational culture affect hotel
firms’ employer attractiveness and constructs big data of
employee reviews to overcome the limitations of traditional
survey methods. It adopts a topic modeling tool to measure
and test the influence of organizational culture based on text
data.

First, existing hospitality studies on organizational
culture have examined a relatively narrow scope of out-
comes, such as the identification of different dimensions of
organizational culture [14–17], an investigation of its in-
fluence on employee behavior ([18, 19]Li and Huang [12];
Kang et al. [20]; and Kang and Busser [13]), and an analysis
of the impact on organizational performance [21, 22].
Highlighting the problems of employee retention in hotels,
this study focuses on employer attractiveness as a critical
result of hotel firms’ organizational culture.

Second, to empirically analyze the impact of organiza-
tional culture on employer attractiveness, this study col-
lected employees’ review data in Glassdoor, the largest job-
searching platform in the United States [23], constructed a
sample dataset of 54,040 reviews from 157 hotel firms, and
developed a language-based measurement of organizational
culture [23].

,ird, to measure cultural attributes in hotel firms, this
study adopts the topic modeling tool of latent Dirichlet al-
location (LDA; Blei [24]; Maier et al. [25]; Corritore et al.
[23]).,e topic modeling approach helps researchers identify
the hidden structure of documents by showing interpretable
topics, and LDA reports the cultural attributes by generating
a probability distribution of cultural topics in the employees’
review data (Blei [24]; Maier et al. [25]; Corritore et al. [23]).
By combining the unsupervised machine learning of LDA
and the researchers’ coding process, this study assesses the
different cultural attributes of hotel firms and analyzes their
impact on employer attractiveness measured by both “em-
ployer satisfaction” and “employee’s recommendation to
friends.”

Advancing the existing studies on the organizational
culture of hotels and employer attractiveness, this study pro-
poses a new methodological approach beyond the traditional
self-reporting survey using a large-scale dataset of employee
reviews and the application of machine learning tools.

2. Literature Review

Existing studies on organizational culture in hospitality have
a relatively long history, and themajor literature has not only

focused on identifying different dimensions of organiza-
tional culture and scale development (Bellou and Andro-
nikidis [14]; Dawson et al. [15]; Bavik [16]; Datta and Singh
[17]), but also on their influence on employee behavior
(Tepeci and Bartlett [18]; Yang [19]; Li and Huang [12]; Kang
et al. [20]; Kang and Busser [13]) and organizational per-
formance (He et al. [21]; del Rosario et al. [22]).

2.1. Identification of Culture Dimensions. One significant
aspect of organizational culture research in hospitality is the
effort to identify cultural attributes and develop scales to
measure them. Given that an accurate understanding of the
prevalent organizational climate helps optimize service
performance by identifying organizational strengths and
weaknesses, Bellou and Andronikidis [14] proposed and
measured 17 dimensions of the organizational climate based
on a survey of 217 hotel employees in Greece. Dawson et al.
[15] tried to identify both a measurably distinctive hospi-
tality industry culture and personal attributes to facilitate the
culture-person matching process. Based on a survey of 741
employees in various hospitality sectors in the United States,
the authors identified four valid dimensions of organiza-
tional culture. With the goal of identifying distinguishable
organizational cultures in the hospitality industry, Bavik [16]
conducted 18 interviews and a survey of 281 hotel employees
in New Zealand, generating nine dimensions of organiza-
tional culture. To help hotels improve their organizational
climate, Datta and Singh [17] clarified four dimensions
based on a survey of 504 hotel employees in India.

2.2. Employee Outcomes. As organizational culture signifi-
cantly affects employee behaviors, researchers have per-
formed empirical analyses on how different cultural
attributes influence a variety of positive employee out-
comes. Based on a survey of 182 hospitality management
students with hospitality jobs in the United States, Tepeci
and Bartlett [18] investigated the influence of organizational
culture, individual values, and fit between two dependent
variables, such as job satisfaction, intention to quit, and
recommendation of the organization.,e author found that
organizational culture had a positive effect on job satis-
faction. Given the significance of effective knowledge
management in hotels, Yang [19] analyzed the influence of
organizational culture on knowledge-sharing behavior. A
survey of 1,200 hotel employees in Taiwan showed that
collaborative culture has a significant effect on knowledge-
sharing behavior. Based on a survey of 500 restaurant
employees in China, Li and Songshan [12] found that the
service climate has a positive impact on employee perfor-
mance. Hee et al. [20] also showed the positive influence of
service climate on turnover intention based on a survey of
263 casino hotel employees in the United States. Based on a
survey of 362 managers and employees in casino hotels in
the United States, Hee and Busser [13] found that employee
engagement plays a mediating role between service climate
and turnover intention while also showing the moderating
effect of hierarchy.
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2.3. Organizational Outcomes. In addition to employee
outcomes, hospitality researchers have investigated how
organizational culture affects organizational performance,
such as customer satisfaction and innovation. He et al. [21]
examined the influence of organizational climate, such as
customer orientation, managerial support, and work facil-
itation, on customer satisfaction based on a survey of 216
hotel employees in China. ,e same study showed that
employee commitment plays a mediating role in the rela-
tionship between organizational culture and customer sat-
isfaction. ,ey found that customer orientation has a direct
and positive impact on customer satisfaction, whereas
managerial support and work facilitation are indirectly as-
sociated with customer satisfaction through employee
commitment. Given the rapidly increasing environmental
significance of the tourism industry, Maria del Rosario et al.
[22] presumed organizational culture as an import predictor
of eco-innovation in hospitality. ,ey adopted the com-
peting values framework as an analytical model of organi-
zational culture and hypothesized the influence of different
organizational cultures such as hierarchy, market, clan, and
adhocracy cultures. Based on a survey of 130 hotels in
Mexico, they found that clan and adhocracy cultures have a
positive and significant effect on hotels’ eco-innovations.

2.4. Limitations andNewApproach. Although researchers in
hospitality studies have long conceptualized cultural attri-
butes and their impact on employee and organizational
outcomes, this research finds some restrictions. On the one
hand, existing hospitality literature has focused on a rela-
tively restricted scope of employee outcomes, such as em-
ployee job satisfaction and turnover intention as well as
organizational outcomes, including service satisfaction and
innovation performance. However, because it is deeply re-
lated to employee satisfaction and dedication to the orga-
nization, organizational culture can affect the attractiveness
of a hotel firm as an employer to both current and pro-
spective employees.

On the other hand, regarding research methodology,
most researchers have relied on employees’ self-reported
questionnaires, in which few employees’ personal percep-
tions and impressions dominate the assessment of the
cultural attributes of an organization [21]. ,ere have been
concerns among researchers that the culture survey meth-
odology can compromise the reliability and validity of re-
search results [26]. Addressing the limitations, this study
proposes a research model which focuses on employer at-
tractiveness as an important outcome of organizational
culture and, for empirical analysis, it introduces a novel
methodology of topic modeling analysis using the big review
data of current and former employees.

3. Theory and Hypotheses

3.1. Organizational Culture and Employer Attractiveness.
Organizational culture is more significant in the service and
hospitality industries than in other industries, as it directly
affects the policies, practices, and procedures of frontline

employees’ service activities, informing what is rewarded,
supported, and expected in the organization (Glisson [27];
Schneider et al. [11]; Li andHuang [12]; Kang et al. [20]).,e
attitudes, behaviors, and performance of frontline em-
ployees play a crucial role in defining service quality and are
strongly influenced by organizational culture (Schneider
et al. [11]; Li and Huang [12]; Kang et al. [20]). Rather than
management’s formal monitoring, cultural norms and
values in an organization can more effectively guide, control,
and drive employee service behaviors. Organizational cul-
ture creates a link between a firm’s internal portfolio of
resources and capabilities and its external customers [11].
,us, different attributes of organizational culture lead to
considerable variations in employee satisfaction, service
quality, and organizational effectiveness [28].

Employer attractiveness refers to the envisioned benefits
that current and potential employees perceive when working
in a specific organization [4]. Employees and potential
applicants develop an organization’s image as an attractive
employer based on the assessment of the benefits and value
provided by the organization (Gehrels and de Looij [3];
Chhabra and Sharma [4]; and ,eurer et al. [5]). Under-
standing and enhancing employer attractiveness is a sig-
nificant first phase in initiating employer branding
strategies. As a systematic human resource management
approach, employer branding adopts the branding strategy
concept in marketing research and aims to promote the
employment image of firms to gain advantage against
competitors in the labor market (Gehrels and de Looij [3];
Chhabra and Sharma [4]; and,eurer et al. [5]). As a critical
element of employer branding, employer attractiveness
provides a competitive advantage in acquiring, nurturing,
and retaining talented employees in the competitive labor
market.

Hotel firms chronically suffer from a shortage of skilled
labor and should make themselves stand out from com-
petitors as attractive employers to win talent (Lievens and
Scott [7]). However, this is a huge challenge, because jobs
and work within the same industry are very similar (Lievens
and Scott [7]). Successful employer branding not only in-
creases the organizational loyalty of current employees but
also effectively attracts prospective employees (Gehrels and
de Looij [3]; Leekha Chhabra and Sharma [4]; and ,eurer
et al. [5]). Employer branding is the process of establishing a
hotel firm’s image as an employer in the labor market
(Lievens and Scott [7]; Leekha Chhabra and Sharma [4]).
,is is a process of communicating what it expects from
employees and what it offers to them (Leekha Chhabra and
Sharma [4]). Employer attractiveness is the core element of
employer branding strategy and is closely associated with
varying organizational conditions, such as organizational
culture, management style, quality management, and im-
pressions of products or services.

Among the many factors that affect an organization’s
attractiveness as an employer, organizational culture is one
of the most significant (Sheridan [6]; Lievens and Scott [7];
Leekha Chhabra and Sharma [4]; ,eurer et al. [5]). An
important theme in employer branding literature is the
significance of unique organizational attributes that an
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organization promotes to gain talent (Sheridan [6]; Lievens
and Scott [7]; Leekha Chhabra and Sharma [4]; and ,eurer
et al. [5]). ,e shared values and norms in an organization
strongly influence employees’ work and organizational ex-
periences, constitute enduring and distinctive characteristics
of the organization, and determine employer attractiveness
and brand image for potential applicants. ,us, organiza-
tional attributes are the key factors in attracting applicants,
and the first positive impression increases the likelihood of
an applicant accepting an employment offer (Leekha
Chhabra and Sharma [4]).

,e critical attributes of organizational culture clarify the
uniqueness and distinctiveness of an organization, relative to
its competitors, and help prospective employees form a clear
idea of the employment value proposed by the organization.
Organizational culture determines variations in employee
acquisition and retention across organizations in an industry
because it fosters varying levels of employees’ organizational
commitment and loyalty (Sheridan [6]). Favorable attributes
of organizational culture enrich employees’ work experi-
ences, enhance their organizational commitment and loy-
alty, and promote career development and growth.
Favorable attributes of organizational culture generate a
positive image and intensify employer attractiveness for
current and prospective employees. ,us, it is predictable
that favorable attributes of organizational culture have a
positive impact on the employer attractiveness of hotel firms.

3.2. Hypotheses. Among various cultural dimensions, this
study focuses on five attributes of organizational culture that
have gained relatively wide attention and generated ample
discussions in the studies of hospitality organizations. ,e
list includes collaboration, employee development, fair
compensation, customer focus, and innovation cultures
(Tepeci and Bartlett [18]; Yang [19]; He et al. [21]; Dawson
et al. [15]; and Bavik [16]). ,e following section develops
the hypotheses to predict the positive effect of cultural at-
tributes on employer attractiveness.

Collaborative culture emphasizes sharing common vi-
sion, mission, and norms of behaviors among organizational
members, cares about employees as people, and values
collaborative efforts—all of which develop a cohesive and
productive workface and enhance organizational commit-
ment (Karl-Erik and Simons [29]; Yang [19]). In this culture,
employees regard collaboration and trust as key elements of
organizational culture and have a positive attitude toward
knowledge sharing and learning from others (Karl-Erik and
Simons [29]). Collaborative culture stresses the importance
of teamwork and attempts to develop an organizational
climate in which employees work well not only within their
team but also across different groups, teams, and depart-
ments of the organization (Yang [19]). As collaborative
culture allows favorable working conditions in which em-
ployees develop strong teamwork, cohesion, and commit-
ment, it has a positive impact on the attractiveness of hotel
firms as employers.

H1: Collaborative culture has a positive effect on hotel
firms’ employer attractiveness.

Employee development culture stresses equipping em-
ployees with new knowledge and skills and helps them
prepare for new job requirements (Lee and Bruvold [30];
Kuvaas and Dysvik [31]). In this culture, organizations
emphasize work as a pleasant experience, value human
resources, and care about employee growth and develop-
ment. An employee development culture provides em-
ployees with continuous learning opportunities to develop
current skills and competencies and gain new ones (Lee and
Bruvold [30]; Kuvaas and Dysvik [31]). In this culture,
employees can effectively adapt to new changes and achieve
high job performance (Lee and Bruvold [30]; Kuvaas and
Dysvik [31]). ,us, an employee development culture
promotes employees’ job satisfaction, affective commitment
to the organization (Lee and Bruvold [30]), and intrinsic
motivation to service. As employee development culture
effectively promotes employee growth and takes care of
long-term career plans, it has a positive impact on hotel
firms’ employer attractiveness.

H2: Employee development culture has a positive effect
on hotel firms’ employer attractiveness.

Fair compensation culture values norms of fairness in the
process and the results of distributive managerial decisions.
A fair compensation culture develops employees’ percep-
tions that the organization strongly ensures fairness in the
guidelines, policies, and principles to make compensation
decisions (Namasivayam et al. [32]). A fair compensation
culture provides employees with sufficient value and ben-
efits, significantly promoting employee participation. As it
provides employees with fair rewards and benefits according
to their contribution, a fair compensation culture motivates
work performance, helps attract and retain competent
employees, and serves as a core element of enhancing
employment relationships (Namasivayam et al. [32]). As it
can strongly promote employees’ work engagement and job
satisfaction, a fair compensation culture leads to a significant
increase in hotel firms’ employer attractiveness.

H3: Fair compensation culture has a positive effect on
hotel firms’ employer attractiveness.

A customer-focused culture is highly concerned with un-
derstanding customers’ needs, wants, and expectations
(Bartley et al. [33]: Fan andKu [34]) andplaces the customer at
the center of the organizational activities and operations (Fan
and Ku [34]). In this culture, service employees develop a
strong commitment to customer satisfaction and pursue high-
quality service in a proactive manner to achieve long-term
growth (Bartley et al. [33]; Fan and Ku [34]). As it enables
organizations to perform the necessary behaviors to create
superior value for customers, customer focus culture can re-
alize continuous superior performance (Bartley et al. [33]). A
customer-focused culture may generate a favorable service
climate in which employees and customers work together to
create higher service value, generating great satisfaction for
both customers and employees (Chi andGursoy [35]; Jeonand
Choi [36]). ,e theory of emotional contagion suggests that
interacting individuals experience transference and sharing of
emotion, strongly supporting a positive relationship between
employees and customer satisfaction. Service literature sug-
gests that customers and employees in service encounters tend
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to automatically mimic and synchronize critical emotional
cues, such as facial expressions, vocalizations, and postures, to
converge emotionally. Furthermore, when customers are
satisfied with employees, they actively engage in cooperative
behavior to reciprocate employees’ efforts, care about em-
ployees’ well-being, and develop emotional bonds with em-
ployees Jeon and Choi [36]. Given the close relationship
between customer satisfaction and employee satisfaction in
service (Chi and Gursoy [35]; Jeon and Choi [36]), it is sug-
gested that a customer-focused culture is closely related to
employees’ job satisfactionandenhanceshotel firms’ employer
attractiveness.

H4: A customer-focused culture has a positive effect on
hotel firms’ employer attractiveness.

Innovation culture develops the norm of risk-taking by
allowing freedom to try things and fail (O’Reilly [9]). It
provides rewards for changes and creative ideas, while en-
suring openness through active communication and
knowledge sharing (O’Reilly [9]; Turnipseed and Turnipseed
[37]; Chandler et al. [38]; and Li and Hsu [39]). Innovation
culture is responsive to customer needs and emphasizes
changes and improvements in high-quality products and
services (Turnipseed and Turnipseed [37]). ,is enhances
employees’ perception that management supports them and
develops reward systems to promote commitment to inno-
vation (Chandler et al. [38]). In this culture, service employees
explore new opportunities and ideas, perform formative
investigations, and implement new ideas for better services
(Li and Hsu [39]). In the process of transforming creative
problem-solving ideas into applications, service employees
not only advance their personal competences and abilities (Li
and Hsu [39]), but also achieve high work performance and
job satisfaction. ,us, it is predicted that innovation culture
has a positive effect on hotel firms’ employer attractiveness.

H5: Innovation culture has a positive effect on hotel
firms’ employer attractiveness.

4. Methodology

4.1. Data Collection. For an empirical analysis of the the-
oretical model, this study collected reviews of hotel firms by
current and former employees on the Glassdoor website in
the United States from January 2014 to December 2019. We
collected review data from the Glassdoor website using
Matlab’s webread function. (According to Matlab’s docu-
mentation, the webread function reads content from a
website and returns the content in the form of data.)
Moreover, anyone can sign up for Glassdoor and view the
review data on-site. ,erefore, data collection was difficult.

As one of the largest job search platforms (Corritore et al.
[23]; Sull et al. [40]), Glassdoor has accumulated 55 million
reviews since its launch in 2008 and has 67 million unique
monthly visitors, covering approximately 900,000 organi-
zations (Figure 1). After their identities are authenticated by
Glassdoor, former and current employees write reviews
anonymously without fear of reprisal by employers (Corri-
tore et al. [23]), and firms cannot remove critical reviews.
Users search for job post reviews in exchange for detailed site
access (Corritore et al. [23]).

For the review of hotel employers, Glassdoor operates
abrand- or firm-specific review site rather than individual
hotel properties in the region. To identify hotel firms, we not
only used a list of hotel chains in the United States provided
by the website Looking for Booking but also used the search
function in Glassdoor. In the search process, we used the
terms “hotel(s),” “motel(s),” “lodge(ing),” “resort(s),” “va-
cation(s),” “casino(s),” “park(s),” and “hospitality.” Based on
these approaches, we initially collected 78,563 reviews from
189 hotel firms on Glassdoor, with at least 100 reviews in
November 2020. As this study measures organizational
culture at the corporate level by combining reviews, we must
ensure sufficient reviews to estimate cultural attributes
(Corritore et al. [23]). ,us, we set a restriction on the
minimum number of five reviews per quarter. Regarding the
frequency and distribution of reviews over time, some global
hotel firms have a large volume of constant reviews, while
others have a few sparse postings. After dropping the hotel
firms without more than five reviews per quarter and ex-
cluding non-English reviews for the machine learning pro-
cess, we obtained sample data including 54,040 reviews in
157 hotel firms for the statistical analysis of the hypotheses.

Employee reviews on the Glassdoor platform contain
self-initiated and anonymous reports on employees’ life
experiences (Das Swain et al. [41]). ,e large-scale em-
ployee review data adopted in this research overcomes a
variety of limitations in the traditional survey method, such
as the restricted scalability of data, temporal granularity,
response (or nonresponse) bias, and social desirability bias
(Das Swain et al. [41]). ,e platform’s review data en-
compass objective information, such as pay, work hours,
and fringe benefits, and free-form textual data that inform
various aspects of organizational experiences and attributes
of organizational culture. ,e real-life languages used in
the reviews reflect the shared experiences of employees
without being framed by the theoretical terms of the ac-
ademic researchers’ survey questionnaires. ,e affordance
of descriptive text in employee reviews provides re-
searchers with an accessible and scalable medium for
observing cultural differences and organizational charac-
teristics (Das Swain et al. [41]).

4.2.Measurement. ,e independent variable of this research
is the different attributes of organizational culture, and we
developed language-based measures of cultural attributes by
using LDA topic modeling (Blei [24]; Maier et al. [25];
Corritore et al. [23]). ,e topic modeling approach identifies
the hidden structure of documents by generating inter-
pretable topic distributions (Figure 1). LDA uses a mixed-
membership model of grouped data, as each group exhibits
multiple topics with different proportions. In the topic
modeling process, LDA makes a “bag of words” assumption
that discards word orders in documents (Blei [24]; Maier
et al. [25]; Corritore et al. [23]). LDA inputs a document-
term matrix, in which the rows have reviews and the col-
umns have unigram counts. It identifies distinct topics
across the corpus by collecting words that frequently co-
occur in each review. LDA then outputs a document-topic
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matrix that shows a probabilistic mixture of topics in each
review document by providing percentages across all topics
(Blei [24]; Maier et al. [25]; Corritore et al. [23]) (Figure 1
and Table 1).

To measure organizational culture through topic mod-
eling of employee reviews in Glassdoor data, we integrated a
firm’s quarterly reviews (Figure 1), generated the probability
of 100 cultural topics through unsupervised machine learning
in LDA, matched relevant topics to different cultural attri-
butes, and assessed their strength by combining the proba-
bility of relevant topics (Table 1). For more specific topic
modeling processes, we followed the four-step approach
proposed byMaier et al. [25].,e process consisted of (1) data
cleaning and preprocessing, (2) choosing a number of topics,
and (3) confirming topic interpretation and validity.

First, data cleaning and preprocessing include the
standard procedures for processing unstructured text data,
such as tokenization, discarding punctuation and capitali-
zation of words, filtering out stop words, discarding both
highly frequent and infrequent terms, and stemming and/or
lemmatizing (Maier et al. [25]). We aggregated quarterly
reviews of hotel firms and performed a basic cleaning of text
documents to produce topics.

Second, in the application of the LDA machine learning
function, choosing the number of topics is one of the most

complicated tasks because no standard procedure exists that
guides the setting of an appropriate number of topics. LDA
allows users to set the number of topics freely (e.g., 30, 50,
100, and 500). Generating a small number of broad topics
involves the problem of having general topics containing
different themes; in contrast, accepting many topics gen-
erates highly specific and narrow topics (Maier et al. [25]).
,us, we decided to generate a relatively large number of
topics (100) to obtain more precisely defined topics.

,ird, topic interpretation and validity confirmation are
the most important aspects of LDA modeling to effectively
measure cultural attributes. Although LDA can generate
multiple topics through an unsupervised learning process, it
cannot present the semantics of obtained topics. ,e LDA
model results are not deterministic and should be assessed
against the background of substantive theoretical constructs
(Maier et al. [25]). ,us, the most straightforward approach
is to read individual topics and terms with the highest
frequencies in a topic, review the meaning of the topics, and
develop a label describing their substantive content (Maier
et al. [25]; Corritore et al. [23]).

For the analysis of organizational culture, we adopted a
bottom-up approach, in which we generated a relatively large
number of 100 topics and performed the coding process.
Unsupervised machine learning generated 100 topics from

Dependent Variables:
Organizational attractiveness
measured by employer
satisfaction and
recommendation to friends

Independent Variables:
Attributes of organizational
culture assessed by LDA
topic modeling

Topic 1
Topic 2
Topic 3
Topic 4
Topic 5
Topic 6

0 1
Probability

Figure 1: Example of employee review in Glassdoor and conceptualization of variables.
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Table 1: Construct measurement by topics generated by LDA.

Construct Topic Frequent Term

Collaborative culture

3 Friendly, environment, great, work, atmosphere, helpful, everyone, coworkers, team, worker, fun,
sometimes, pleasant, relaxed, welcoming

5 Work, love, great, amazing, people, really, intern, awesome, place, wish, enjoy, caring, hard, team,
environment

8 Make, everyone, help, feel, like, thing, way, every, willing, know, same, think, something, just, else
9 Like, family, feel, stay, treat, part, friend, always just, well, number, come, definitely, enjoy, work

14 Work, environment, place, great, really, positive, fun, team, enjoy, hard, professional, tough, exciting,
supportive, chance

16 Good, work, nice, people, far, coworker, bit, place, building, everything, load, area, definitely, heavy,
generally

22 Work, great, place, good, home, excellent, colleague, well, smart, think, social, clear, condition, tight,
add

47 Staff, friendly, management, short, always, work, sometimes, busy, good, shift, colleague, hour,
environment, finish, fairmont

51 Team, member, value, share, family, together, need, supportive, top, core, truly, well, part, wonderful,
positive

53 Environment, work, fun, great, good, fast, friendly, paced, challenge, supportive, colleague, overall.
Beautiful, professional, win

64 Work, really, love, people, back, enjoy, face, help, everyone, laid, everyday, interact, able, community,
appreciate

Employee development
culture

13 Opportunity, room, advancement, growth, benefit, plenty, small, little, offer, compensation, pto,
competitive, position, discounted, fulltime

23 Company, opportunity, move, grow, growth, lot, willing, advance, city, career, offer, great, quickly,
limited, limited

24 Opportunity, career, growth, growth, development, great, culture, learn, challenge, company, excellent,
progression, leadership, path, compensation

29 Company, associate, culture, care, grow, truly, hospitality, amp, leader, focus, industry, success, year,
promotion, kimpton

41 Training, program, opportunity, development, excellent, property, great, growth, promotion,
company, process, promotion, career, white, engage

45 Move, many, opportunity, position, department, different, transfer, around, location, lot, difficult,
hard, advance, available, entry

59 Company, many, culture, value, business, provide, grow, work life, lead, field, challenge, encourage,
new, change, still

61 Experience, learn, lot, skill, different, gain, knowledge, difficult, great, interaction, training, exposure,
variety, new, type

76 Expectation, management, support, training, high, well, set, goal, expect, due, little, need, pressure,
issue, unrealistic

Fair compensation culture

11 Great, benefit, salary, travel, competitive, culture, amazing, package, company, rule, strict, awesome,
minimal, corporate, advancement

18 Hotel, discount, employee, room, rate, benefit, travel, perk, cafeteria, meal, advance, renovate, loyalty,
paid, reduce

20 Great, benefit, perk, awesome, location, atmosphere, sometimes, vary, strict, empower, diverse, staffed,
throughout, starting, split

26 Pay, low, good, salary, benefit, decent, compare, little, bonus, nice, workload, poor, lifestyle, odd,
million

34 Company, great, benefit, reward, well, fantastic, amazing, offer, perk, excellent, recognize, vision,
especially, recognition, hotels

42 Good, benefit, pay, union, fair, salary, plus, employee, appreciation, provide, non, teamwork,
community, lower, quality

44 Good, work, salary, environment, professional, training, standard, experience, benefit, personal,
facility, great, less, worldwide, learning

52 Great, benefit, lot, good, atmosphere, environment, fun, beautiful, culture, upward, mobility, move,
movement, potential, consistent

67 Pay, job, good, people, easy, decent, enough, suck, get, nice, sometimes, low, slow, amount, work
79 Pay, wage, low, minimum, hourly, hour, overtime, increase, less, tip, living, fair, barely, rate, uniform

81 Work, life, balance, personal, difficult, family, outside, compensation, environment, ring, listens,
developer, staff, long, awareness, 5060

96 Benefit, health, insurance, 401k, discount, medical, plan, vacation, offer, dental, pay, match, include,
travel, etc.
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quarterly reviews, and three researchers directly reviewed
and selected relevant topics to match the cultural attributes of
the hotel firms (Table 1). In the matching process, each
researcher independently reviewed and selected relevant
topics that matched theoretical concepts. Upon selecting
independently coded topics, we followed the decision rule
proposed by Corritore et al. [23] and selected topics in which
at least two coders independently matched the cultural at-
tributes.,e decision process led to the selection of 40 topics.
As Table 1 shows, the five attributes of organizational culture
encompass multiple topics and key terms. Finally, we added
the probabilities of the selected topics to measure the six
attributes of organizational culture and added them to the
analysis model as an independent variable.

,e dependent variable of this research is the employer
attractiveness of hotel firms, which we measure using two
indicators in Glassdoor reviews. One measurement of at-
tractiveness is “employer satisfaction,” rated by employees
on a 5-point scale (Figure 1); the other is the employee’s
answer to the question of whether the user “recommends the
firm to friends” (Figure 1). Regarding this question, we input
1 for recommendation, 0 for neutral or nonanswer, and −1
for no recommendation. To make a corporate-level as-
sessment, we calculated the means of all quarterly ratings
presented by the employees.

,e detailed process of creating independent and de-
pendent variables for regression is summarized as follows:

Step 1. Create a list of famous hotels on Glassdoor
Step 2. Aggregate total reviews (sum of “pros” and
“cons”) of hotel firms and remove hotels with little or
no review data.
Step 3. After basic cleaning of the total review text data,
perform tokenization of the whole review text data.
Step 4. Vectorize the tokenization results using the bag-
of-words model and fitting the LDA model to the
vectorization results of the whole review data with 100
topics.
Step 5. Based on the fitted LDA model results, classify
the 100 topic results into five cultural attributes using
each topic’s most frequent keywords.
Step 6. Calculate the topic probabilities for each review
based on the fitted LDA model results.

Step 7. Define the score for five cultural attributes as a
summation of the probability values for the topics
belonging to each cultural attribute.
Step 8. Collect quarterly review data for each hotel and
calculate the quarterly scores of five cultural attributes
for each hotel as the average score for the five cultural
attributes of the reviews in the quarter.
Step 9.Define the independent variables as the scores of
the five cultural attributes for each quarterly and each
hotel.
Step 10. For collected review data for each quarter and
for each hotel, calculate average values of the “employer
satisfaction” and “recommends the firm to friends”
indicators in the reviews.
Step 11. Define the dependent variables as the average
values of the two indicators for each quarterly and
hotel.

,e control variables of this research include the “logged
number of total reviews” in a hotel firm, “logged number of
quarterly reviews,” and “classification of hotels.” As the
substantial difference in the number of reviews among hotel
firms can cause systematic variations in cultural attribute
measures (Corritore et al. [23]), we input both the logged
number of total reviews and quarterly reviews to control for
such potential influences. Finally, to control for hotel
classification, we input 1 for the hotel brands classified as
“luxury” and “upper upscale” hotels, while inputting 0 for all
others. We expect that hotel firms with a large size and high
service quality may offer better employment conditions than
others, significantly affecting employer attractiveness.

Finally, although organizational culture reproduces itself
in the socialization of new members and maintains high
stability, disruptive organizational events such as new or-
ganizational leaders, mergers and acquisitions, and business
crises can initiate sudden cultural changes and dynamisms
(Schein [10]). ,is study calculated the Z-score to consider
the unusual cultural changes in the statistical analysis
(Cousineau and Chartier [42]) of all the probabilities of
cultural attribute topics in each sample firm, to detect
outliers. As an effective approach to identifying outliers, the
Z-Score measures the distance of a data point from the mean
using standard deviations. A positive value indicates that the

Table 1: Continued.

Construct Topic Frequent Term

Customer focus culture

49 Customer, make, sure, decision, guest, feel, happy, inn, stay, take, appreciate, long, term, thing, resort,
love

69 Customer, guest, always, deal, sometimes, problem, make, happy, moment, time, job, never, keep,
coworkers, create, fun

92 Customer, customer, service, guest, experience, skill, learn, rude, quality, interact, good, kind, set,
business, sometimes develop,

Innovation culture

28 Company, team, many, process, technology, big, change, talent, organization, global, leadership, focus,
culture, large, spirit

56 New, always, change, idea, come, need, way, start, person, something, right, year, bring, think, listen

73 Management, hotel, department, allow, manager, create, team, keep, project, improve, site, revenue,
director, senior, quality
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observation is above the mean, whereas a negative value is
below the mean. ,is study eliminated observations with a
Z-score greater than 3 or less than −3, to consider the sudden
cultural changes in the statistical analysis.

5. Analysis Result

,e analysis results in Table 2 present the descriptive sta-
tistics and bivariate correlations of the variables for the
analytical sample. Consistent with our expectations, four
cultural attributes—collaborative, employee development,
fair compensation, and customer focus—have a positive and
significant correlation with employer satisfaction. Further-
more, four cultural attributes are positively and significantly
correlated with employer recommendations, but innovation
culture has no significant correlation. Finally, control var-
iables such as the logged number of total reviews, number of
quarterly reviews, and classification have a positive and
significant correlation with the dependent variables.

To analyze the influence of organizational culture on
employer attractiveness, we performed a linear regression
analysis using SPSS Version 25. Table 3 reports our main
findings. On the one hand, the statistics support many of our
predictions and show that the four cultural attributes of
collaborative culture (β � 0.282, p< 0.001), employee de-
velopment culture (β � 0.239, p< 0.001), fair compensation
culture (β � 0.179, p< 0.001), and customer focus culture
(β � 0.051, p< 0.01) have a positive and significant impact
on employer satisfaction (R2 � 0.277). However, contrary to
our expectations, innovation culture has no significant effect

on employer satisfaction. On the other hand, the results
show same result that that the four cultural attributes of
collaborative culture (β � 0.225, p< 0.001), employee de-
velopment culture (β � 0.265, p< 0.001), fair compensation
culture (β � 0.146, p< 0.001), and customer focus culture (β
� 0.057, p< 0.01) have a positive and significant impact on
employer satisfaction (R2 � 0.218). Furthermore, the find-
ings show that innovation culture has no significant effect on
employer recommendations.

Regarding the influence of control variables, both the
number of quarterly reviews and classifications of hotels
consistently and positively affect employer attractiveness,
suggesting that the conditions of firm size, service quality,
and brand reputation cause variations in the research model
and employer attractiveness. In summary, the statistical
analysis suggests that four cultural attributes—collaborative
culture, employee development culture, fair compensation
culture, and customer focus culture—enhance hotel firms’
employer attractiveness, but innovation culture in hotels is
not significantly related to employer attractiveness to
employees.

6. Discussion and Conclusion

6.1. 8eoretical Implications. Although organizational cul-
ture is deeply related to diverse organizational outcomes,
existing hospitality studies have a relatively narrow focus on
employee and organizational performance. To address this
limitation, this study focuses on the employer attractiveness
of hotel firms as a critical outcome of organizational culture.

Table 2: Descriptive statistics and correlations (n � 2, 116). Note. ∗p< 0.05, ∗∗p< 0.01.

Means S.D. 1 2 3 4 5 6 7 8 9
Log no. Total review 2.460 0.508
Log no. Quarterly review 1.184 0.390 0.839∗∗
Classification 0.19 0.390 0.105∗∗ 0.067∗∗
Collaborative 0.107 0.026 −0.038 0.020 0.13∗∗
Employee development 0.077 0.025 0.057∗∗ 0.082∗∗ 0.072∗∗ −0.045∗
Fair compensation 0.094 0.024 0.034 0.040 0.094∗∗ −0.007 0.131∗
Customer focus 0.038 0.015 0.094∗∗ 0.086∗∗ −0.053∗ −0.073∗∗ −0.077∗∗ −0.216∗∗
Innovation 0.023 0.011 −0.035 −0.003 −0.070∗∗ −0.073∗∗ 0.189∗∗ −0.002 −0.037
Employer satisfaction 3.367 0.578 0.195∗∗ 0.271∗∗ 0.214∗∗ 0.291∗∗ 0.278∗∗ 0.218∗∗ −0.016 0.034
Employer recommendation 0.163 0.344 0.197∗∗ 0.249∗∗ 0.165∗∗ 0.225∗∗ 0.292∗∗ 0.184∗∗ 0.002 0.018 0.832∗∗

Table 3: Results of regression analysis. Note. ∗∗p< 0.01, ∗∗∗p< 0.001.

Employer satisfaction Employer recommendation
Path coefficient T-statistic (p-value) Path coefficient T-statistic (p-value)

Log no. Total review −0.072∗ −2.103 (0.036) −0.007 −0.206 (0.837)
Log no. Quarterly review 0.286∗∗∗ 8.326 (0.000) 0.212∗∗∗ 5.941 (0.000)
Classification 0.135∗∗∗ 7.106 (0.000) 0.091∗∗∗ 4.603 (0.000)
Collaborative 0.282∗∗∗ 14.911 (0.000) 0.225∗∗∗ 11.424 (0.000)
Employee development 0.239∗∗∗ 12.472 (0.000) 0.265∗∗∗ 13.326 (0.000)
Fair compensation 0.179∗∗∗ 9.322 (0.000) 0.146∗∗∗ 7.337 (0.000)
Customer focus 0.051∗∗ 2.667 (0.008) 0.057∗∗ 2.874 (0.004)
Innovation 0.020 1.029 (0.304) −0.007 −0.332 (0.740)
F-value 102.222∗∗∗ 74.776∗∗∗
R2 0.277 0.218
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,is study contributes to the literature by exploring the
relationship between organizational culture and employer
attractiveness. As hotels have chronic problems of high
turnover rate and shortage of skilled labor, a hotel’s at-
tractiveness as an employer is critical to gaining competitive
advantage in the labor market. ,is research highlights the
importance of favorable cultural attributes, showing the
positive effects of four cultural attributes: collaborative
culture, employee development culture, fair compensation
culture, and customer-focus culture. Organizational culture
clarifies the benefits, uniqueness, and distinctiveness of a
hotel against its competitors (Gehrels and de Looij [3];
Leekha Chhabra and Sharma [4]; and,eurer et al. [5]).,is
study shows that a favorable organizational culture in a hotel
is an important factor for current and prospective employees
in making employment decisions. It also helps hotels acquire
and retain talent.

,is study adopted a novel approach for operationalizing
cultural attributes. Large-scale review data produced by
current and former employees and combined machine
learning and researchers’ theoretical reasoning were used to
confirm the validity of the construct measurements. ,e
measurement process included aggregating reviews at the
hotel firm level, extracting cultural topics through LDA, and
calculating the probability of cultural attributes by com-
bining topics in accordance with the theoretical definition.
,is new methodological approach enables researchers to
overcome the limitations of self-reporting surveys. Although
the classic survey methodology is less expensive and time-
consuming, it cannot access “deeper” cultural attributes that
are represented in the form of symbolic meanings, semiotics,
and fundamental assumptions prevalent among employees
(Denison et al. [26]). Traditional surveys measure cultural
attributes using general theoretical terms and words pre-
sented in the organizational culture theory. Employee re-
views on Glassdoor, however, enable researchers to gain
direct access to the language and expressions that hotel
employees use in their workplace. Researchers can identify
organizational culture directly by observing the language
and terms in which employees describe the organization to
outsiders, as this reveals their underlying beliefs and as-
sumptions (Corritore et al. [23]).

Moreover, the aggregation of review data enables the
assessment of cultural attributes at the corporate level, along
with a comparative analysis across organizations, which is a
step ahead of the traditional self-reporting survey at an
individual level. Analyzing the influence of specific cultural
attributes on individual outcomes, the traditional survey
method focuses on evaluating the perceptions of a few in-
dividuals in an organization that are psychologically
meaningful and impressive to them (He et al. [21]; Denison
et al. [26]). However, surveys of a few employees in a firm
can be biased and inaccurate in terms of representing the
firm’s organizational culture as a whole (Denison et al. [26]).
For a more accurate analysis of organizational culture,
meaningful data are attainable when researchers collect
personal data under the same set of cultural concepts and
aggregate them at the organizational level, which allows for
comparison across organizations (Denison et al. [26]). ,e

aggregation of employee reviews in a hotel firm constitutes a
more valid instrument for the study of organizational cul-
ture, as it enables researchers to measure cultural attributes
at the corporate level with minimal personal bias. ,e large-
scale data in this study ensured a higher validity of the
construct measurement and enhanced the generality of the
analysis results.

Finally, this study proposed a new text-mining structure
for analyzing organizational culture, based on large-scale
employee review data, and demonstrated its applicability
and usability. ,e new approach in this research presented a
ten-step procedure to perform data collection, tokenization
of text, application of the LDA model to measure organi-
zational culture, manual coding of cultural attributes,
construction of quarterly data for regression analysis, and
testing of the research model. Given the systematic analysis
process and the sound statistical results supporting the
hypotheses, this study’s new text-mining structure can ef-
fectively guide researchers who adopt large-scale text data
and topic modeling tools, to perform organizational culture
and behavior studies.

6.2. Practical Implications. Hotel firms have highly labor-
intensive services, and good service delivery is largely de-
pendent on the motivation, capabilities, and attitudes of
employees. Acquiring talented and capable employees is one
of the most critical elements in the hospitality industry
because of the chronic problem of high turnover in the
United States (Dusek et al. [1]; Park andMin [2]). Improving
the employer attractiveness of hotels involves a variety of
positive outcomes for employees and hotels. Desirable and
satisfactory employers can induce good organizational
commitment and job performance among employees, as
well as create good service quality and customer satisfaction
(Chi and Gursoy [35]), while decreasing their absenteeism
and turnover intentions (Yang [43]). Employer attractive-
ness reduces the cost of employee acquisition, improves
employee loyalty, and ensures employee retention, all of
which create solid corporate branding and competitive
advantage (Leekha Chhabra and Sharma [4]).

,e results of this study provide critical insights for
leaders and human resource (HR) managers in attracting
talent. ,e analysis results advise leaders to promote fa-
vorable cultural attributes such as collaboration, employee
development, fair compensation, and customer focus culture
to strengthen the hotel’s attractiveness as an employer. In
particular, as HR systems are deeply associated with the
shaping of organizational culture (Lengnick-Hall et al. [44];
Chow [45]), managers should design systematic HR prac-
tices to foster employee career advancement and capability
growth while offering fair compensation to promote em-
ployer brands to current and prospective employees.

6.3. Limitations and Future Research. Although this study
contributes to the hospitality literature by analyzing the
relationship between organizational culture and employer
attractiveness, it has limitations that should be addressed in
future research. On the one hand, the current research
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analyzed organizational culture at the hotel firm level, but
individual hotel properties may develop diverging cultural
attributes, even if they belong to the same franchise or chain
systems.,us, future research may address this limitation by
analyzing the influence of property-level attributes on em-
ployer attractiveness and performance. On the other hand,
the empirical analysis in this research focused only on hotel
firms in the United States using Glassdoor reviews written in
English.,us, the validity of our research results is limited to
English-speaking users of Glassdoor in the United States.
When we consider that national culture may affect the
organizational culture of firms, future research can inves-
tigate the influence of organizational culture on employer
attractiveness in different national and cultural contexts by
using reviews in different languages to enhance the external
validity of our results. Despite these restrictions, new at-
tempts in this study, such as the exploration of new rela-
tionships between constructs, the novel operationalization
of organizational culture, and a methodology based on
machine learning processes, provide crucial insights for
future research in hospitality studies.
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[22] R.-S. Maŕıa del Rosario, S.-M. Patricia S, and R. Dı́az-
Pichardo, “Eco-innovation and organizational culture in the
hotel industry,” International Journal of Hospitality Man-
agement, vol. 65, pp. 71–80, 2017.

[23] M. Corritore, A. Goldberg, and S. B. Srivastava, “Duality in
diversity: how intrapersonal and interpersonal cultural het-
erogeneity relate to firm performance,”Administrative Science
Quarterly, vol. 65, no. 2, pp. 359–394, 2020.

Complexity 11



[24] D. M. Blei, “Probabilistic topic models,” Communications of
the ACM, vol. 55, no. 4, pp. 77–84, 2012.

[25] D. Maier, A. Waldherr, P. Miltner et al., “Applying LDA topic
modeling in communication research: toward a valid and
reliable methodology,” Communication Methods and Mea-
sures, vol. 12, no. 2-3, pp. 93–118, 2018.

[26] D. Denison, L. Nieminen, and L. Kotrba, “Diagnosing or-
ganizational cultures: a conceptual and empirical review of
culture effectiveness surveys,” European Journal of Work &
Organizational Psychology, vol. 23, no. 1, pp. 145–161, 2014.

[27] C. Glisson, “Assessing and changing organizational culture
and climate for effective services,” Research on Social Work
Practice, vol. 17, no. 6, pp. 736–747, 2007.

[28] M. A. Gillespie, D. R. Denison, S. Haaland, R. Smerek, and
W. S. Neale, “Linking organizational culture and customer
satisfaction: results from two companies in different indus-
tries,” European Journal of Work & Organizational Psychol-
ogy, vol. 17, no. 1, pp. 112–132, 2008.

[29] S. Karl-Erik and R. Simons, “Collaborative climate and ef-
fectiveness of knowledge work–an empirical study,” Journal of
Knowledge Management, vol. 6, no. 5, pp. 420–433, 2002.

[30] C. H. Lee and N. T. Bruvold, “Creating value for employees:
investment in employee development,” International Journal
of Human Resource Management, vol. 14, no. 6, pp. 981–1000,
2003.

[31] B. Kuvaas and A. Dysvik, “Perceived investment in employee
development, intrinsic motivation and work performance,”
Human Resource Management Journal, vol. 19, no. 3,
pp. 217–236, 2009.

[32] K. Namasivayam, Li Miao, and X. Zhao, “An investigation of
the relationships between compensation practices and firm
performance in the us hotel industry,” International Journal of
Hospitality Management, vol. 26, no. 3, pp. 574–587, 2007.

[33] B. Bartley, S. Gomibuchi, and R. Mann, “Best practices in
achieving a customer-focused culture,” Benchmarking: An
International Journal, vol. 14, no. 4, pp. 482–496, 2007.

[34] Yi-W. Fan and E. Ku, “Customer focus, service process fit and
customer relationship management profitability: the effect of
knowledge sharing,” Service Industries Journal, vol. 30, no. 2,
pp. 203–223, 2010.

[35] C. G. Chi and D. Gursoy, “Employee satisfaction, customer
satisfaction, and financial performance: an empirical exami-
nation,” International Journal of Hospitality Management,
vol. 28, no. 2, pp. 245–253, 2009.

[36] H. Jeon and B. Choi, “,e relationship between employee
satisfaction and customer satisfaction,” Journal of Services
Marketing, vol. 26, no. 5, pp. 332–341, 2012.

[37] P. H. Turnipseed and D. L. Turnipseed, “Testing the proposed
linkage between organizational citizenship behaviours and an
innovative organizational climate,” Creativity and Innovation
Management, vol. 22, no. 2, pp. 209–216, 2013.

[38] G. N. Chandler, C. Keller, and D. W. Lyon, “Unraveling the
determinants and consequences of an innovation-supportive
organizational culture,” Entrepreneurship: 8eory and Prac-
tice, vol. 25, no. 1, pp. 59–76, 2000.

[39] M. Li and C. H. C. Hsu, “A review of employee innovative
behavior in services,” International Journal of Contemporary
Hospitality Management, vol. 28, no. 12, pp. 2820–2841, 2016.

[40] D. Sull, C. Sull, and A. Chamberlain, Measuring culture in
leading companies, Introducing the MIT SMR/Glassdoor
Culture 500, MIT Sloan Management Review, 2019.

[41] V. Das Swain, K. Saha, M. D. Reddy, H. Rajvanshy,
G. D. Abowd, and M. De Choudhury, “Modeling organiza-
tional culture with workplace experiences shared on

Glassdoor,” in Proceedings of the 2020 CHI conference on
human factors in computing systems, Honolulu, HI, USA,
April 2020.

[42] D. Cousineau and S. Chartier, “Outliers detection and
treatment: a review,” International Journal of Psychological
Research, vol. 3, no. 1, pp. 58–67, 2010.

[43] J.-Te Yang, “Antecedents and consequences of job satisfaction
in the hotel industry,” International Journal of Hospitality
Management, vol. 29, no. 4, pp. 609–619, 2010.

[44] M. L. Lengnick-Hall, C. A. Lengnick-Hall, L. S. Andrade, and
B. Drake, “Strategic human resource management: the evo-
lution of the field,” Human Resource Management Review,
vol. 19, no. 2, pp. 64–85, 2009.

[45] I. H.-S. Chow, “,e roles of implementation and organiza-
tional culture in the HR-performance link,” International
Journal of Human Resource Management, vol. 23, no. 15,
pp. 3114–3132, 2012.

12 Complexity



Research Article
Stackelberg Game Perspective on Pricing Decision of a
Dual-Channel Supply Chain with Live Broadcast Sales

Rong Zhang,1 Xiaoying Zhang,2 and Bin Liu 3

1Research Center of Logistics, Shanghai Maritime University, Shanghai 201306, Pudong, China
2School of Economics and Management, Shanghai Maritime University, Shanghai 201306, Pudong, China
3Business School, University of Shanghai for Science and Technology, Shanghai 200093, Yangpu, China

Correspondence should be addressed to Bin Liu; liubhnau@163.com

Received 25 January 2022; Accepted 29 March 2022; Published 16 April 2022

Academic Editor: Ning (Chris) Chen

Copyright © 2022 Rong Zhang et al. ,is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Focusing on the dual-channel supply chain with live broadcasts selling, this paper investigates the service overflow of live
broadcasts with Stackelberg game perspective and the impact of retailers’ different market potentials on the pricing decisions of
dual-channel members. Meanwhile, it also evaluates the pricing strategy of online retailers after introducing KOL (Key Opinion
Leader) live broadcasts. ,e results show that when one of the dual-channel retailers adopts live broadcast sales, the live broadcast
service overflow will have an adverse impact on it, but the degree of the impact depends on the market potential of supply chain
members, and different power structures can be used to offset the adverse impact of live broadcast service overflow.,en, the live
broadcast sales service overflow will have a certain beneficial impact on online retailers under certain circumstances. Furthermore,
with the increase of live broadcast sales service overflow, the retail prices of both companies will decline, while the live broadcast
sales service overflow is more beneficial for consumers.

1. Introduction

In recent years, with the widespread popularity of mobile
networks and smartphones in China, live broadcasting has
developed rapidly as a new mode of communication and
gradually became a new way of people’s social life.
According to the “44th Statistical Report on Internet De-
velopment in China” released by the China Internet Net-
work Information Center (2019), as of June 2019, the
number of users watching live webcasts in China has reached
433 million, more than half of the total number of Internet
users. Affected by COVID-19 in early 2020, people’s offline
life, such as consumption and education, has stagnated. ,e
live broadcast once again uses its characteristics to penetrate
people’s lives in an all-around way, such as e-commerce live
broadcast, classroom live broadcast, live broadcast of epi-
demic prevention, and so on.

In 2016, e-commerce live broadcasts developed rapidly
as a new sales model. E-commerce platforms gradually
began to discover the profitability of live broadcasts and
adopted a new model of “live broadcast + e-commerce,”

which simply operated shopping pages and live broadcast
pages to link each other. As a new business model, the live
broadcast has changed the way of communication between
merchants and consumers. For example, small businesses
and individual sellers can publicize and display their
products through live broadcasting. Live demonstrations of
products provide richer information and a more interactive
experience than the text descriptions and pictures on the
web because live communication can not only show the
appearance and functions of the product, but also dem-
onstrate the use method and postuse effect of the product
and even answer the questions of consumers during the live
broadcast. ,ese functions of live broadcasts greatly reduce
consumers’ uncertainty about products because consumers
can easily understand products (such as clothing) and infer
whether goods meet their preferences. ,erefore, the live
broadcast has gradually developed into a new sales method,
and many retailers have adopted live broadcast sales to
display and introduce their products. Since the service effect
of live broadcast sales is affected by many factors, such as
consumers’ personal factors, the interaction with consumers
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in the live broadcast room will affect consumers’ emotions,
thereby affecting consumers’ information screening and
purchasing decisions. At the same time, the anchor’s pro-
fessionalism and the content of the live broadcast room
affect the service effect of live broadcast sales. So, service
overflow may occur, especially in dual-channel supply
chains, when two channels provide different services in real
life, one of the channels provides corresponding services in
live broadcast sales, and services are provided between these
two channels. ,e phenomenon of overflow has become
more and more prominent, aggravating the conflict between
the two channels and having a certain impact on the pricing
of supply chain members and channel coordination issues.

,is article uses mathematical modeling and numerical
example simulation methods to establish a model to study
when a retailer in a dual-channel supply chain uses live
broadcast to sell and to discuss how the service overflow
provided by live broadcast affects other members of the
dual-channel supply chain and considers the two retailers’
different market potentials. At the same time, the impact of
live broadcast service overflow on pricing under different
market potentials of two retailers is studied, and the optimal
decision-making under different power structures is com-
pared, and the retailer’s profits are affected by live broadcast
service overflow and market potential.

,e literature involved in the research questions in the
article is mainly divided into three categories: one is live
sales. Reference [1] has integrated computer science,
marketing, and other domain knowledge to study live
broadcasts. ,ey believe that social e-commerce is an In-
ternet-based business application. Social interaction is a
new social media that communicates with users to help
consumers make decisions and obtain products and ser-
vices on online channels. In order to study how live
broadcast services affect user stickiness through user at-
tachment, [2] developed a theoretical model based on social
technology methods and attachment theory and found that
both technical and social factors would increase user
stickiness. Reference [3] thought that live shopping is a new
social media model with high human-computer interaction
(HCI). In the context of live sales in China, [4] studied the
impact of celebrity product endorsement matching degrees
on consumers’ purchasing attitudes and developed a
comprehensive model of online celebrity endorsements.
Based on the perspective of social presence, according to
the characteristics of e-commerce live broadcasting, Zhou
et al. [5] combined SOR (Stimulus-Organism-Response)
theory and TAM (Technology Acceptance Model) to depict
the consumers’ purchase intention in e-commerce live
broadcasting and investigated the social presence factors
affecting consumers’ purchase intention, which is of great
significance to the development of e-commerce live
broadcasting market. Regarding live broadcast sales, from
the perspective of customer loyalty, Chen [6] found that
e-commerce live broadcast sales should focus on traffic,
scenes, and content, as well as cultivating consumer trust
and loyalty.

On dual-channel supply chain competition, [7], re-
spectively, constructed the Stackelberg game model and

Bertrand game model of the optimal price in the dual-
channel supply chain to study the income distribution of
members in the supply chain and proposed coordination
strategies under different game models. Reference [8]
studied the role of retail service levels in the dual-channel
competitive market, and the results showed that improved
retail services can effectively alleviate the competition and
conflicts in the dual-channel. Reference [9] establishes the
Stackelberg game and Bertrand game model to analyze the
equilibrium strategy of manufacturers in the leading posi-
tion in the dual-channel supply chain and further discussed
the equilibrium prices and optimal returns of the supply
chain participants. Reference [10] focused on the strategy of
manufacturers to conduct dual-channel competition
through direct sales channels and physical retail sales. ,ey
conducted a series of experiments to verify the model. ,e
study found that the demand of the channel depends on the
level of service provided by the channel, consumer product
satisfaction, and shopping experience. Reference [11] in-
vestigated the competition of product types in a dual-
channel supply chain composed of traditional retailers and
online retailers. ,e results showed that online channels face
more competition than traditional retailers when selling
mainstream products in dual-channel competition. Refer-
ence [12] considered a dual-channel supply chain network
composed of multiple competing manufacturers, multiple
competing retailers, and multiple demand markets and
established a dual-channel supply chain network equilib-
rium model to analyze the impact of three key factors on
equilibrium and profits. Reference [13] studied the impor-
tant role of channel coordination in the multichannel supply
chain and provided manufacturers with a competitive ad-
vantage in opening online channels, deriving the best market
strategies for multichannel manufacturers and retailers.
Reference [14] established a model based on the theory of
consumer utility to study dual channels, considering the
ratio of free-riding consumers and the cost of consumer
transfer, and compared the optimal pricing strategy and
profit under decentralized decision-making. ,e study
found out that the free-riding ratio and transfer cost have an
important influence on the market game behavior of
manufacturers and retailers. Chen et al. (2010) considered
the service differences between channels and price factors,
established a dual-channel competition model to evaluate
the influence of channel service differences and the accep-
tance of network channels on dual channels, and compared
the service levels and profits of different channels. ,e
discovery of service competition made the dual-channel
supply chain better than the single-channel one.

In the service spillover, [15] analyzed the optimal price of
the entire dual-channel supply chain and the balanced
competition among members of the dual-channel structure
when there is free-riding behavior and the sharing of
benefits. ,e results showed that revenue-sharing contracts
could completely coordinate and disperse the entire dual-
channel supply chain system. Revenue-sharing contracts and
fixed price difference policies can coordinate and integrate
dual-channel supply chains, while revenue-sharing contracts
cannot fully coordinate and integrate the entire dual-
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channel supply chain. Reference [16] investigated the degree
of influence of the free-riding effect on the channel selection
of manufacturers and analyzed the changes in sales, equi-
librium pricing, and profits of manufacturers in different
channels under the influence of the free-riding effect.

,rough the literature review of live broadcast sales and
dual-channel supply chain [17], it can be seen that the
existing research on live broadcast sales is only from a partial
perspective, and most of the existing literature only studies
the phenomenon, flow, and development trend of live
broadcast sales. From a theoretical point of view, the existing
literature rarely uses quantitative models to analyze live
broadcast sales. In order to better discover the impact of live
broadcast service spillovers on dual channels, the model sets
the cross-price elasticity in dual channels to 1, which is
computationally more efficient, including convenience, and
highlights the influence of the live broadcast service re-
tention coefficient on dual channels; from a practical point of
view, the model calculation results show that the service
effect of the live broadcast room not only directly affects the
live broadcast sales channel, but also affects the online sales
channel. ,e model calculation results provide feasible
suggestions on how retailers in the dual-channel supply
chain can make full use of live broadcasting as a sales
method.

,e rest of this article is organized as follows. Section 2 is
the research hypothesis and basic model, and Section 3 is the
Stackelberg game and the Nash game research on the model.
,en, Section 4 analyzes the comparison of different pricing
decisions and returns. Section 5 introduces the KOL live
broadcast sales model for extended analysis. Finally, we
conclude the results and suggest topics for future research in
Section 6.

2. The Basic Model

,is article focuses on a dual-channel supply chain con-
sisting of a live-streaming retailer and an online retailer.
All retailers will sell products purchased from the same
wholesaler to final consumers, and live-streaming retailer
is committed to displaying products to consumers
through live broadcasts. During live sales, the retailer
provided demand enhancement services, including
communication with customers, presale advice, product
display, advertising, and promotion. Undoubtedly, this
kind of service increases the potential market demand
because consumers can learn about products in the living
and decide whether to buy products from the same store
or another online retailer. ,erefore, the effort spent by
the live broadcast retailer may increase the potential
market demand for itself and another online retailer, but
the cost of live service will be paid by the retailer that
conducts live broadcast sales.

,is article analyzes two scenarios, one is that the live-
streaming retailer determines the price before the online
retailer, that is, the live-streaming retailer as Stackelberg

game leader (Scenarios LS), and the other is that the online
retailer determines the price before the live broadcast retailer
(Scenarios OS). Assuming that the manufacturer is non-
strategic, the retailer purchases goods at the wholesale price
determined by themarket. Both retailers subsequently added
their respective profits to the wholesale price to determine
the selling price of the goods. Because retailers are strategic
companies, the final retail prices they charge are not the
same; pl and pe are the prices of the live-streaming retailer
and the online retailer’s merchandise, respectively. ,e
services provided by the live broadcast retailer during the
live broadcast will help the live broadcast retailer and the
online retailer to increase the demand. ,e needs of the live
broadcast retailer are as follows:

Dl pl, s( 􏼁 � al − pl + pe + c
�
s

√
, (1)

where al is the potential market demand of the live-
streaming retailer, and the parameter s is the service pro-
vided by the live-streaming retailer to sell products to
customers; s is a sales work carried out to show customers
product features or answer customer questions related to the
product, whichmay help increase sales. It is equivalent to the
effort made by a live-streaming retailer, assuming that the
increase in potential demand is diminishing returns to scale.
,e square root function used above is a concave function,
which can depict the diminishing proportional returns. c

�
s

√

is the part of the increase in demand for the service res-
ervation of live broadcast retailer, which defines the reserved
part of the sales activities of the live broadcast retailer; (1 −

c)
�
s

√
is the part of the live broadcast sales service over-

flowing to the demand growth of online retailer, and
0≤ c≤ 1. ,erefore, the demand for online retailers is as
follows:

De pe( 􏼁 � ae − pe + pl +(1 − c)
�
s

√
, (2)

where parameter ae is the potential market demand of online
retailers, assuming that the cross-price elasticity of the two
retailers is 1. ,e model assumes that the two retail channels
facing consumers are symmetrical in all aspects, except that
one is live sales, and the other is online sales.,erefore, it can
be considered that consumers have a tendency to price
products. Reference [18] applied similar demand function to
investigate pricing decision of the “showrooming” in mul-
tichannel retail system.

,e live broadcast retailer will pay a certain cost to sell
the products to consumers. ,is can be in the form of
recruiting live broadcasters, who show consumers infor-
mation about the product. ,is cost of work only occurred
by the live-streaming retailer, and the cost is proportional to
the amount of work invested. ,erefore, the profit function
of the live broadcast retailer is as follows:

πl pl, s( 􏼁 � Dl pl, s( 􏼁 pl − w( 􏼁 − s. (3)

Similarly, the profit function of an online retailer is

πe pe( 􏼁 � De pe( 􏼁 pe − w( 􏼁. (4)

Complexity 3



To facilitate the distinction in the subsequent calculation
and analysis process, the subscripts l and e are used to
represent the decision-making models led by live-streaming
retailers and online retailers, respectively, and the super-
script “∗” represents the optimal result.

3. Model Analysis

,is article is based on the analysis of the different leadership
positions of the two retailers in determining the prices. ,e
framework of the model is the Stackelberg games and the
Nash game. ,e Stackelberg leadership game is a strategic
game in which the leader company acts first, and then the
follower company makes the best response. ,e leader
envisions the best response of the follower and determines
the best action on this basis. References [19, 20] applied the
Stackelberg model in a multichannel retail environment. In
the model of this article, this leadership is the power to set
prices first and get other retailers to respond.

3.1. Scenarios LS: Live-Streaming Retailers as Stackelberg
Leader. First, we suppose that the live-streaming retailer will
determine the price before the online retailer. At this time,
the live-streaming retailer will play a leading role in the
pricing role. Both retailers have determined the best re-
sponse price based on given wholesale price w and the retail
prices of the other retailer. As this article assumes that both
parties know all the information, in the game, the retailer
will respond to the right price of the other retailer. ,e live
broadcast retailer responds by setting the price and the
service level of the live broadcast anchor, and the online
retailer needs to set the price. To set the price, each retailer
must maximize its own profits. ,e retail price charged by
each retailer will be the sum of the retailer’s profit and the
wholesale price. ,erefore, the corresponding price will be
set according to the profit and the wholesale price. pl �

w + ml and pe � w + me are available. ,e retailer sets its
own profit so that the sum of the wholesale price and the
corresponding profit is the optimal retail price. For given w,
ml, and s, by maximizing the profit function of the online
retailer, the optimal me of the online retailer can be obtained.
By integrating the online retailer’s optimal pricing into its
own profit function, the live-streaming retailer sets its op-
timal response by maximizing its profit function. Maximize
the profit function of the live broadcast retailer and get the
best ml and s of the live broadcast retailer. ,erefore, the
optimal responses pl, pe, and s are obtained.

,e Stackelberg equilibrium for the live broadcast re-
tailer to determine the price before the online retailer is

max πl ml, s( 􏼁 � al − w + ml( 􏼁 + w + me( 􏼁 + c
�
s

√
( 􏼁ml − s,

max πe me( 􏼁 � ae − w + me( 􏼁 + w + ml( 􏼁 +(1 − c)
�
s

√
( 􏼁me.

(5)

Lemma 1. Under Scenarios LS, the optimal pl, pe, and s can
be obtained by the above formula,

plL
∗

�
8αl + 4αe

8 − (1 + c)
2,

peL
∗

�
5 − c

2
􏼐 􏼑αl + 6 − c − c

2
􏼐 􏼑αe

8 − (1 + c)
2 ,

sL
∗

�
(1 + c) 2αl + αe( 􏼁

8 − (1 + c)2
􏼠 􏼡

2

.

(6)

Based on Lemma 1, we can get Proposition 1.

Proof: To see the appendix. □

Proposition 1. Under the decision of the live broadcast re-
tailer as the leader, zplL

∗/zc> 0 and zpeL
∗/zc> 0. 0is

means the higher the service level retention coefficient, the
higher the retailer’s dual-channel sales price. When
al/ae ≥ c2 − 10c − 3/6 − 2c2 + 20c, zplL

∗/zc≥ zpeL
∗/zc, the

level of live broadcast services has a greater impact on the
prices of live sales channels than on online channels; other-
wise, the opposite is true.

Proof: to see the appendix.
Proposition 1 shows that the improvement of live

broadcast services level by live broadcast retailers will in-
crease the cost of live broadcast channels. However, with live
broadcast retailers as the leader, members of the supply
chain make independent decisions. Under the situation of
greater market potential for live-streaming retailers, they
may raise prices on a certain basis to obtain higher profits
after learning that online retailer may raise prices. Moreover,
when live broadcast service overflow rarely occurs, it means
that most of the consumers attracted by retailers to provide
live broadcast services purchase goods through live
broadcast sales channels. ,erefore, with the increase in the
reserved portion of live broadcast services, retailers in-
creased live broadcast service costs that are more borne by
consumers of live broadcast channel channels, and the price
of live broadcast sales channels has increased even more. In
the case of low service retention coefficient, when online
retailer occupies a higher market potential, they will set
higher prices and occupy a higher market demand share. In
this case, online retailer already has a high market potential,
and the overflow of live broadcast services has played a
positive role in the sales of online retailer. ,erefore, with
higher market potential the online retailer will benefit more
from the overflow of live broadcast services. □

Proposition 2. Under the decision of the live broadcast re-
tailer as the leader, the demand for online channels and live
broadcast channels can be derived, and the partial derivation
of the demand with respect to the service retention coefficient
can be zDeL

∗/zc> 0 and zDeL
∗/zc> 0; as c increases, the

demand for both channels will increase accordingly. When
al/ae ≥ c2 + 1 − 6c/12c − 2c2 − 2, zDlL

∗/zc − zDeL
∗/zc≥ 0.

When al/ae < c2 + 1 − 6c/12c − 2c2 − 2, zDlL
∗/zc − zDeL

∗/
zc< 0. And when 1≥ c≥ 3 − 2

�
2

√
, al/ae ≥ 1, the demand for
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live channels is more affected by c than the online channel.
Otherwise, the opposite is true.

Proof: to see the appendix.
Proposition 2 shows that when the live broadcast service

retention coefficient is large enough, the higher the live
broadcast service level is, the greater the demand for live
sales channels will be affected by the service retention co-
efficient, and the market potential of live broadcast sales is
also greater than that of online channels. ,en the demand
for online channels will be less affected. If the initial market
potential of the live-streaming retailer is higher than that of
the online retailer, then even if the live-streaming sales effect
is poor, the online retailer will not be able to obtain market
share from the live-streaming retailer. In this case, the live
broadcast retailer can overcome the higher live broadcast
service overflow, charge higher prices, and generate higher
demand. ,is can be seen in real life. Large-scale live
broadcast room sales with a loyal customer base and strong
market share are rarely affected by service overflow, even if
the live broadcast sales price is higher than other online retail
stores. When the live service retention coefficient is less than
3 −

�
2

√
, the service overflow part will increase; at this time,

the market potential of live broadcast sales is smaller than
that of online channels. Because online channels have
greater market potential than live broadcast sales channels,
with greater level of impact on online channels, the final
impact level is also related to the retention coefficient of live
broadcast services. In real life, small live broadcast rooms
will also cause service spillovers, causing consumers to shop
at large online retailers. □

3.2. Scenarios OS: Live-Streaming Retailers as Stackelberg
Leader. Consider that the online retailer determines the
price before the live broadcast retailer, so it is in a leading
position in determining the price. Online retailer will pre-
conceive the response of the live broadcast retailer and set
their own response. ,e online retailer is the leader of
Stackelberg. For any given wholesale price w and online per
retail profit me, the live broadcast retailer responds by setting
ml and s. ,e live broadcast retailer calculates the optimal
profit and then sets the price as the sum of the wholesale
price and the profit. By maximizing its profit function, the
best response of the live broadcast retailer can be obtained.
Considering the best response of the live broadcast retailer to
its profit function, the online retailer maximizes its profit by
setting its profit. ,erefore, for a given w, the best responses
ml, me, and s are obtained.,e following lemma summarizes
the best pricing results for live-streaming retailers and online
retailer and the best live-streaming service level for live-
streaming retailers.

Lemma 2. Under Scenarios OS, the optimal pl, pe, and s can
be obtained by the above formula.

plE
∗

�
(3 + c)αl +(2 + c)αe

4 − c
2 ,

peE
∗

�
(1 + c)αl +(2 + c)αe

2
,

sE
∗

� c
(3 + c)αl +(2 + c)αe

2 4 − c2( 􏼁
􏼠 􏼡

2

.

(7)

Proof: to see the appendix. □

Proposition 3. 0e partial derivative of the retailer’s price
with respect to the service retention coefficient and the price is
affected by the service retention coefficient; the higher the
service level, the higher the retailer’s dual-channel sales price;
zplE
∗/zc> 0 and zpeE

∗/zc> 0. When
al/ae ≥ c4 + 8 − 10c2 − 8c/12c + 10c2 − c4 − 8,
zplL
∗/zc≥ zpeL

∗/zc, the impact of live broadcast service
overflow on the price of live sales channels is greater than the
impact on the prices of online channels; otherwise, the op-
posite is true.

Proof: to see the appendix.
Proposition 3 shows that, under the model of online

retailers as leaders, retailers will increase the sales prices of
the two channels to make profits. When online retailer has
greater market potential, they may increase prices on a
certain basis after they understand that live broadcast retailer
may raise prices. At the same time, the overflow of live
broadcast services will have a greater impact on the pricing
of live broadcast sales. Furthermore, when the live broadcast
sales effect is poor and the service retention coefficient is low,
when the online retailer occupies a higher market potential,
it will set high prices and occupy a higher market demand
share. Under this circumstance, online retailer already has a
high market potential, and the overflow of live broadcast
services has played a positive role in the sales of online
retailer. ,erefore, online retailer with higher market po-
tential will benefit more from the overflow of live broadcast
services. □

Proposition 4. With the decision of live sales as the leader,
the demand for online channels and live broadcast channels
can be derived, and the partial derivation of the demand with
respect to the service retention coefficient can be obtained:
zDlE
∗/zc> 0, zDeE

∗/zc> 0. It is concluded that, under the
pricing decision dominated by online retailers, with the in-
crease in the retention coefficient of live broadcast services, the
demand for both channels will increase accordingly; other-
wise, the opposite is true.

Proof: to see the appendix.
Proposition 4 shows that the demand for both channels

will increase with the increase of the live broadcast service
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retention coefficient, and the impact on the live broadcast
channel has always been greater than that on the online
channel. □

3.3. Nash Equilibrium Analysis. Given the optimal response
function of both parties, prove the existence and uniqueness
of the Nash equilibrium solution and then further elaborate
the decision-making behavior of both parties in the equi-
librium state. Given the optimal response function of both
parties,

me �
αe + ml +(1 − c)

�
s

√

2
,

ml �
2 αl + me( 􏼁

4 − c
2 ,

s �
c αl + me( 􏼁

4 − c2􏼠 􏼡

2

.

(8)

We can solve the optimal prices of the two retailers
under Nash game.

Proposition 5. Under Nash game,
pL
∗ � 2αl + αe + (1 − c)

�
s

√
/3 − c2,

pE
∗ � 4al + (4 − c2)αe + (1 − c)(4 − c2)

�
s

√
/6 − 2c2.

Calculating the partial derivatives of s for the prices of
two retailers, respectively, we can get

zpe
∗/zs � (1 − c)(4 − c2)/4(3 − c2)

�
s

√
,

zpl
∗/zs � 1 − c/4(3 − c2)

�
s

√
, and then zplE

∗/zc> 0,
zpeE
∗/zc> 0
Taking the retailer’s price into the profit function for

derivation, we can get zπlE
∗/zc> 0 and zπeE

∗/zc> 0. Cur-
rently, the game between the two parties constitutes a su-
permodel game, and the Nash equilibrium solution exists
and is unique.

Proposition 5 proves the existence and uniqueness of
Nash equilibrium. Meanwhile, from the economic meaning
of the supermodel game, we know that the decisions of
online retailers are positively correlated with those of live
broadcast retailers. Although the live broadcast service ef-
forts of live broadcast retailers will increase the demand of
online retailers, at this time online retailers will choose to
follow the live broadcast retailers to increase prices and
pursue an increase in marginal profits.

4. Comparative Analysis of Different
Power Structures

By comparing the profits of retailers in the dual-channel
supply chain affected by live broadcast service overflow and
market potential, it can be clearly illustrated by drawing a
picture.

Figure 1 shows the impact of market potential ratio Ω �

(ae/al) and service retention coefficient on the profits of live
broadcast retailer and online retail under the situation of live
broadcast retailer as the leader and determines the best areas

for the profits of the two retailers. At the top of the curve, the
profit of live broadcast retailer is greater than that of online
live retailers, and the bottom of the curve is that the profits of
online live retailers are greater than the profits of live
broadcast retailer. For the part with a low live broadcast
service retention coefficient (higher service spillover effect)
and the market potential of online retailer being less than
that of live broadcast retailer, their profits will be greater
than the profits of live broadcast sales. With the increase of
the live broadcast service retention coefficient and the de-
crease ofΩ, the profits of live broadcast sales begin to exceed
the profits of online retailer.

Figure 2 shows that the profits of live broadcast retailer
and online retail under the leadership of online retailer are
affected bymarket potential and service retention coefficient.
At the top of the curve the profit of online retailer is greater
than that of live retailers, and at the bottom of the curve the
profit of live retailers is greater than that of online live
retailers. It can be found from the figure that even for a low
live broadcast service retention coefficient when the market
potential of an online retailer is far greater than that of a
retailer, its profit will be greater than that of live broadcast
sales.

From Figures 1 and 2, we can draw the following
conclusions.

Conclusion 1. With a higher relative market potential
and a lower level of live broadcast sales service spillover,
live broadcast retailer gets higher profits than online
retailer. If the market potential of live-streaming re-
tailers is higher than that of online retailer, with a lower
level of live-streaming service overflow, live-streaming
retailers will get higher profits than online retailers by
higher prices and higher profits.
Conclusion 2.With a high relative market potential and
a high level of live broadcast sales service overflow,
online retailer gets more profits than live broadcast
retailer. In the case of a higher level of live broadcast
sales service overflow, online retailer will benefit from
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Figure 1: Comparison of dominated area under the leader of live
broadcast retailer.
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the live broadcast services provided by live broadcast
sales retailers.

When the market potential of online retailer is low, the
advantage of a higher level of the overflow of sales services
can be offset by the disadvantage of online retailer’ low
market potential. When online retailers have higher market
potential and a higher level of live broadcast service over-
flow, they will get higher profits than live broadcast retailer.

,erefore, when the live broadcast retailer has a high
degree of its live broadcast service, it will be more beneficial
to the live broadcast retailer. When it has higher market
potential, it will increase this benefit. On the other hand,
when the level of live broadcast sales service overflow is high,
online retailer also begins to obtain more revenue, which is
supplemented by its higher market potential. ,erefore, the
interaction between the market potential of live broadcast
sellers and online retailer determines which retailer gets
higher profits. When live broadcast sales have high market
potential, the overflow of live broadcast sales services will
have less impact on retailers that conduct live broadcast sales
and can give full play to its certain advantages. At this time,
the live broadcast retailer can set a higher profit margin,
obtain higher market demand, and obtain higher profits.

Figure 3 shows that the profits of live broadcast retailer
under different power structures are affected by the market
potential and service retention coefficient. At the top of the
curve, the profits of online retailer when pricing first are
greater than those of live retailers when pricing first, and the
bottom of the curve is the opposite. Figure 4 shows the
impact of online retailer’ profits under different power
structures.

From Figures 3 and 4, we can draw the following
conclusions.

Conclusion 3. When the relative market potential of
live broadcast retailer is high, it is more beneficial for
online retailer to price live sales first. At the same time,
live broadcast retailer has high relative market potential
and can charge higher prices. ,is also leads online

retailer to respond at higher prices and obtain higher
profits. However, when the relative market potential of
live retailers is low, it will not be able to charge a higher
price by setting the price first. At this time, online
retailer has obtained higher profits, because online
retailer has higher market potential.

Figure 5 shows that the profits of live broadcast retailers
and online retailers under the Nash equilibrium are affected
by market potential and service retention coefficient. ,e
upper part of the curve shows that the profits of live
broadcast retailers are greater than the profits of online live
broadcast retailers, and the bottom of the curve shows that
the profits of online broadcast retailers are greater than the
profits of live broadcast.

5. Extended Models: KOL Introduction

,e combination of “Internet celebrity economy” and live
broadcast forms a new live broadcast sales model. ,is
kind of live broadcast form adds celebrities or Internet
celebrities to sell goods on the basis of traditional live
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Figure 2: Comparison of dominated area under online retailer.
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broadcast sales, so it often causes consumers to consume
impulsively. At the same time, due to the greater influence
of Internet celebrities, KOL (Key Opinion Leader) is
introduced, and this behavior can be called e-commerce
Internet celebrity live broadcast. ,erefore, introducing
the variable of KOL online celebrity live sales based on live
sales may have an impact on the total profit of the supply
chain. ,is article studies the impact of the introduction
of Internet celebrity live broadcast by online retailer on
their profits.

Assume that online retailer channels introduce KOL
live sales and need to hire celebrities or Internet celebrities
with a certain fan base for live sales. Assuming that the
fixed hire fee of the hired celebrity Internet celebrity is a,
the hire fee is a concave function of the number of fans.
After the introduction of webcast sales, the new demand
will increase by ρ times the original market size, which is a
concave function of N. ,e sales price of the products in
the webcast room is pk, which is given exogenously. At
this time, the prices of other channels are pl, pe deter-
mined in the previous section, which have been given by
known parameters and satisfy pk <pl. Due to the existence
of KOL live-streaming offering better prices at this time,
some consumers who originally chose the live-streaming
sales channel will turn to the KOL live-streaming channel,
assuming that the information is asymmetrical, assuming
that θ percentage of consumers will actually change the
purchase channel. On the basis of the demand function,
this article considers that, in the process of cooperating
with celebrity Internet celebrity anchors, merchants will
pay a commission according to a certain percentage of
sales. During the sales process, whenever an Internet
celebrity successfully sells a product, the merchant will
pay it. ,e commission rate is r. At this time, the demands
of the three channels are

Dk � ρ + θ pl − pk + Dl( 􏼁,

Dl
′ pl, s( 􏼁 � (1 − θ)Dl,

De
′ pe( 􏼁 � De − θ pl − pk( 􏼁.

(9)

,e total profit of online retailer after introducing KOL
live sales is

πk � pe − w( 􏼁De
′ pe( 􏼁 + pk − w( 􏼁Dk − a − cDk pk − w( 􏼁.

(10)

Lemma 3. 0e optimal pk can be obtained by the above
formula.

p
∗
k �

θme + ρ(1 − r) + θ(1 − r) ml + Dl( 􏼁

2θ(1 − r)
. (11)

Proposition 6. Without considering the optimal restriction
of θ, the sales price of the KOL live sales channel decreases
with the increase of the influence coefficient of the KOL
channel.

Proof: to see the appendix.
Proposition 6 shows that, under the model of joining the

KOL live sales channel, the greater the influence of the KOL
on the channel is, the lower the price may be. To gain profits,
manufacturers can consider asking better KOL to conduct live
broadcasts for them. At the same time, they will also reduce
the prices of KOL during live broadcasts. In reality, the more
famous and the more appealing the KOL live broadcast room
is, the lower the price may be. Because of its strong appeal and
fan cohesion, KOL has a greater impact on the channel and
lower price. ,e price of the ordinary Internet celebrity live
broadcast room is lower due to the lower fan cohesion and
appeal, so the influence of KOL on the channel will be smaller,
resulting in no price concessions in the KOL live broadcast
room. Merchants are also more willing to provide more fa-
vorable prices to the more prestigious KOL. □

Proposition 7. Under the decision of introducing online
celebrity live sales, the demand for the online celebrity live
sales channel can be obtained. 0e partial derivation of the
demand on the retention coefficient of the online celebrity
service can be obtained as zDk

∗/zθ � (1 − r)(ml + Dl)

− me/2(1 − r), and the size of zDk
∗/zθ is related to

(1 − r)(ml + Dl) − me. When (1 − r)(ml + Dl) − me > 0,
zDk
∗/zθ > 0, the demand for online celebrity live sales will

increase with the influence of the influence of the Internet
celebrity channel; otherwise, the opposite is true.

Proof: to see the appendix. □

Lemma 4. We can calculate pk, θ which is the best response
to online celebrity live sales:

pk �
b −

������
b
2

− 4c
􏽰

2
,
b +

������
b
2

− 4c
􏽰

2
⎛⎝ ⎞⎠,

θ∗ �
ρ

������
b
2

− 4c
􏽰 .

(12)
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Figure 5: Comparison of dominant regions under Nash
equilibrium.

8 Complexity



Proposition 8. When b2 − 4c< 0, the profit of the online
celebrity live broadcast room will decrease as θ increases;
when b2 − 4c> 0, the positive or negative of the partial de-
rivative of profit to θ is determined by the exogenously given
p∗k ; when p∗k ∈ (b −

������
b2 − 4c

√
/2, b +

������
b2 − 4c

√
/2), the profit

of the retailer increases with the increase of θ, and vice versa.

Proof: to see the appendix.
,e proposition shows that when b2 − 4c> 0, and only

when p∗k ∈ (b −
������
b2 − 4c

√
/2, b +

������
b2 − 4c

√
/2), the retailer’s

profit will increase with the increase of θ. When the KOL
pricing is not within this range, the retailer’s profit will
decrease with the increase of θ. □

6. Conclusion

With the popularity of online retail and e-commerce platforms,
today’s consumers can choose between multiple purchase
channels. ,e dual-channel supply chain model that combines
online sales channels and traditional retail channels has
demonstrated its advantages. However, with the development
of technology, the live broadcast sales model began to occupy a
large market. Live broadcast sales have gradually become an
important means. Consumers can learn about products
through the live broadcast room, but they may choose not to
buy goods in the live broadcast room. Retailers have created
market demand through live broadcast services, but the de-
mand is met through other channels. In the continuously
developing live broadcasting market, this paper determines the
best pricing decisions of live broadcasting retailers and online
retailer and the live broadcasting service level of live broadcast
retailer according to the factors such as pricing order, market
potential, and live broadcast sales service overflow.,rough the
analysis and research, three main conclusions are drawn.
Firstly, the research shows that live broadcast sales retailers are
adversely affected by live broadcast service spillover, but the
extent of this impact depends on their market potential. ,e
live broadcast sales retailers with good market potential are
relatively less affected by the live broadcast service overflow.
Similarly, online retailer with higher market potential will be
able to obtain more benefits of live broadcast service overflow
than online retailer with lower market potential. Second,
contrary to the popular view that live-streaming sales will only
affect retailers that conduct live-streaming sales, the research
results show that online retailer will be negatively affected by
live-streaming sales services overflow. ,is paper infers that
live-streaming sales have an impact on both retailers. ,e
results show that, with the increase of live broadcast sales
service spillover, the prices of both retailers will decline. ,ird,
different pricing sequences also have a certain impact on re-
tailers’ pricing and profits. When live broadcast retailer has
higher market potential, it is more beneficial to set prices first.
Different pricing orders can also be used to offset the adverse
effects of live broadcast service overflow. From the perspective
of consumers, sales services overflow is beneficial because it can
reduce overall retail prices. When online retailer introduces
KOL live broadcast sales, their profits are affected not only by
KOL live broadcasts, but also by the previous pricing. ,is
paper just establishes a general model to analyze multichannel

retail under the influence of live broadcast. Customers are
nonstrategic, and the model can be extended to places where
customers can formulate strategies according to the showroom
strength of the price charged by retailers, and there is still more
room for expansion.

Appendix

Proof: of Lemma 1
,e authors know that the traditional retailer’s demand

function is Dl(pl, s) � al − pl + pe + c
�
s

√
, and the profit

function of the live broadcast retailer is

πl pl, s( 􏼁 �� al − pl + pe + c
�
s

√
( 􏼁 pl − w( 􏼁 − s,

πl ml, s( 􏼁 � alml − w + ml( 􏼁ml + s w + me( 􏼁ml + smlc
�
s

√
− s.

(A.1)

Similarly, the demand function of an online retailer is
De(pe) � ae − pe + pl + (1 − c)

�
s

√
. ,e profit function of an

online retailer is

πe pe( 􏼁 � ae − pe + pl +(1 − c)
�
s

√
( 􏼁 pe − w( 􏼁,

πe me( 􏼁 � aeme − w + me( 􏼁me + w + ml( 􏼁me + me(1 − c)
�
s

√
.

(A.2)

In this setting, the profit function of the online retailer
will be solved to find the best response function. Subse-
quently, the live broadcast retailer found its best response
function. ,e best profit for an online retailer is

MAX πe me( 􏼁 � αeme − m
2
e + mlme + me(1 − c)

�
s

√
. (A.3)

,e first-order condition is zπe/zme � αe − 2me+

ml + (1 − c)
�
s

√
, and the second derivative is z2πe/zm2

e �

− 2< 0.,erefore, the profit function of an online retailer is a
concave function of me, so the existence of me maximizes the
profit. Setting the first-order condition equal to 0, the au-
thors get me � αe + ml + (1 − c)

�
s

√
/2. Based on the above

response function, the authors can find the best response of
the live sales retailer,

Maxπl ml, s( 􏼁 � alml − m
2
l + ml

ae + ml +(1 − λ)
�
θ

√

2
􏼢 􏼣

+ mlc
�
s

√
− s.

(A.4)

Due to zπl/zml � 2αl − 4ml + ae + 2ml + (1 + c)
�
s

√
,

zπl/zs � 1/2[(1 + c)ml/2
�
s

√
− 2], the second-order condi-

tion is z2πl/zm2
l � − 2< 0, z2πl/zs2 � − (1 + c)ml/8s3/4 < 0,

and z2πl/zmlzs � (1 + c)/4
�
s

√
. ,e authors can find that the

Hessian of the second-order condition is

H � z
2πl/zm

2
l z

2πl/zmlzs

z
2πl/zs zml z

2πl/zs
2􏼔 􏼕 � − 2 (1 + c)/4

�
s

√

(1 + c)/4
�
s

√
− (1 + c)ml/8s

3/4􏼔 􏼕< 0.

,erefore, the profit function of the live broadcast re-
tailer is the concave function of ml and s, and there is a
unique optimal ml

∗ and s∗ to maximize it. Setting the first-
order condition of the retailer’s profit function to 0, the
authors get two sets of equations: ml � 2αl + αe+
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(1 + c)
�
s

√
/2 and ml(1 + c) � 4

�
s

√
. By solving these two sets

of equations and substituting them, the optimal value is
obtained.

Proof: of Proposition 1
zplL
∗/zc � (16c + 16)αl + (8c + 8)αe/(7 − 2c − c2)2 > 0,

zpeL
∗/zc � (2c2 − c + 10)αl+ (c2 − 2c + 5)αe/(7−

2c − c2)2 > 0, and zplL
∗/zc − zpeL

∗/zc � (20c + 6 − 2c2)αl+

(10c + 3 − c2)αe/(7 − 2c − c2)2. ,erefore, when
al/ae ≥ c2 − 10c − 3/6 − 2c2 + 20c, zplL

∗/zc≥ zpeL
∗/zc;

otherwise, it is true.

Proof: of Proposition 2
Due to DlL

∗ � 4al + 2ae/7 − 2c − c2 and DeL
∗ �

(5 − c2)al + (6 − c − c2)ae/7 − 2c − c2, the authors can get
zDlL
∗/zc � (8c + 8)αl + (4c + 4)αe/(7 − 2c − c2)2 > 0,

zDeL
∗/zc � (10 − 4c + 2c2)αl+ (5 − 2c + c2)αe/(7 − 2c−

c2)2 > 0, and zDlL
∗/zc − zDeL

∗/zc � (12c − 2 − 2c2)αl+

(6c − 1 − c2)αe/(7 − 2c − c2)2. ,erefore, when
al/ae ≥ c2 + 1 − 6c/ − 2c2 + 12c − 2, zDlL

∗/zc≥ zDeL
∗/zc;

otherwise, it is true. When 1≥ c≥ 3 − 2
�
2

√
, al/ae ≥ 1. Oth-

erwise, it is true.

Proof: of Lemma 2
In this setting, the authors solved the profit function of

the live broadcast retailer to find the best response function.
Subsequently, online retailer found their own response
capabilities. ,e best response from live-streaming retailers
is Max πl(ml, s) � alml − m2

l + mlme + mlc
�
s

√
− s. ,e au-

thors can get the Hessian (determinant) of the second-order
condition as

H �

z
2πl

zm
2
l

z
2πl

zmlzs

z
2πl

zs zml

z
2πl

zs
2

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

�

− 2
c

2
�
s

√

c

2
�
s

√ −
mlc

4s
3/4

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

< 0. (A.5)

,erefore, the profit function of the live broadcast re-
tailer is the concave function of ml and s, and there is a
unique optimal ml

∗ and s∗ to maximize it. Setting the first-
order condition of the profit function of the live broadcast
retailer to 0, the authors get two sets of equations, 2ml �

al + me + c
�
s

√
and mlc � 2

�
s

√
. Solving them at the same

time, the authors get ml � 2(αl + me)/4 − c2and
s � (c(αl + me)/4k − c2)2.

Now, the authors find the best response of the online
retailer based on the above response function.,e first-order
condition is zπe/zme � αe − 2me + (2 + c(1 − c))

(αl + 2me)/4 − c2 � 0. ,e authors get the optimal solution.

Proof: of Proposition 3
Due to zplE

∗/zc � (4 + 6c + c2)αl + (4 + 4c + c2)αe/
(4 − c2)2 > 0 and zpeE

∗/zc � al + ae/2> 0, the authors can
get

zplE
∗

zc
−

zpeE
∗

zc
�

12c + 10c
2

− c
4

− 8􏼐 􏼑αl + 8c + 10c
2

− 8 − c
4

􏼐 􏼑αe

2 4 − c
2

􏼐 􏼑
2 .

(A.6)

,erefore, when al/ae ≥ c4 + 8 − 10c2 − 8c/12c +

10c2 − c4 − 8, zplL
∗/zc≥ zpeL

∗/zc; otherwise, it is true.

Proof: of Proposition 4
Due to DlE

∗ � (3 + c)al + (2 + c)ae/4 − c2 and
DeE
∗ � (2 + c − c2)al + (4 − c2)ae/2(4 − c2), the authors

can get
zDlE
∗/zc � (4 + 6c + c2) αl + (c2 + 4c + 4)αe/

(4 − c2)2 > 0, zDeE
∗/zc � (4 − 4c + c2)αl/2(4 − c2)2 > 0,

and zDlE
∗/zc − zDeE

∗/zc � (4 + 16c + c2) αl + (8 + 8c +

2c2)αe/2(4 − c2)2. ,erefore, when 0≤ c≤ 1, zDlE
∗/

zc> zDeE
∗/zc.

Proof: of Proposition 6
Due to πk � (pe − w)(De − θ(pl − pk)) +

(1 − r)(pk − w)(ρ + θ(pl − pk + Dl)) − a, the authors can
get

zπk/zpk � (pe − w)θ +ρ(1 − r) +θ(1 − r)(pl − 2pk + Dl).
,e authors can get the optimal result by the first-order
necessary condition easily.

Proof: of Proposition 7
Due to Dk � ρ + θ(pl − pk + Dl) and

p∗k � θme + ρ(1 − r) + θ(1 − r)(ml + Dl)/2θ(1 − r), the au-
thors can get Dk

∗ � ρ/2 − θme/2(1 − r) + θ(ml + Dl)/2. So,
zDk
∗/zθ � (1 − r)(ml + Dl) − me/2(1 − r).

Proof: of Proposition 8
Due to zπk/zθ � − (pe − w)(pl − pk) + (1 − r)(pk − w)

(pl − pk + Dl)

zπk

zθ
� − me ml − mk( 􏼁 + mk(1 − r) ml − mk + Dl( 􏼁. (A.7)

By the first-order necessary condition, the authors can
get me + ml + Dl � b and meml/(1 − r) � c, where b and c

are given by known parameters.
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