
Received April 13, 2022, accepted May 4, 2022, date of publication May 9, 2022, date of current version May 12, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3173331

A New Evaluation Method for Product Service
System Scheme Based on Analytic Network
Process and Niche Theory
ZHEN YIN
School of Mechanical and Electrical Engineering, Shandong Jianzhu University, Ji’nan 250101, China

e-mail: sduyinzhen@gmail.com

ABSTRACT In reservation to enhance the enforceability of the product service system scheme and avoid
the waste of time and resources caused by the improper design of the scheme, it is necessary to evaluate
the scheme effectively before the implementation of the product service system scheme. Therefore, this
study proposes a product service system scheme evaluation method based on the analytic network process
and niche theory and evaluates the product service system scheme with customer value as the evaluation
index. First, an analytic network process is used to calculate the relative importance of various customer
value types and stages of the customer activity cycle. Second, niche theory is used to calculate the relative
advantages of different product service system schemes in delivering all types of customer value. Then, based
on customer value perception, the customer’s evaluation of the value delivered by different product service
system schemes is obtained, and the schemes are ranked according to the amount of value delivered. Finally,
the proposed method is verified by evaluating the CNC machine tool product service system scheme as an
example and comparing it with other evaluation methods. The results demonstrate that the proposed method
is more accurate and effective.

INDEX TERMS Product service system (PSS), scheme evaluation, customer value, analytic network
process, niche theory.

I. INTRODUCTION
In today’s market environment, enterprises are becoming
increasingly inclined toward products and services. They
have shifted from selling products individually to selling a
mixture of products and services and have begun to shift
to the product service system (PSS) model [1]. This model
can reduce the negative impact on the environment, provide
value that satisfies customers, increase the market share of
the enterprise, and increase revenue [2].

In PSS research, different scholars have defined product
service system from different perspectives. Among these, the
most widely recognized is the definition of PSS given by
Mont in 2002 [3]: a system composed of products, services,
organizer networks, and infrastructure that helps enterprises
maintain competitiveness [4].

According to the definition of PSS, its goal is to create
more value for customers; therefore, the design of PSS
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should also follow this goal. The customer value that the
designed PSS scheme can bring can only be determined
after evaluation of the PSS scheme [5]. Therefore, this study
considers the customer value delivered by the PSS scheme as
the evaluation index and proposes an evaluation method for
the PSS scheme based on the analytic network process (ANP)
and niche theory. ANP is used to calculate the relative
importance of different customer value types and stages of
the customer activity cycle. Niche theory is used to calculate
the relative advantages of different PSS schemes in delivering
various customer values. By integrating the complementary
methods of ANP and niche theory, the value delivered by
different PSS schemes can be calculated, and the optimal PSS
scheme can be obtained.

The present study is novel in this regard. It is an attempt to
evaluate the PSS scheme from the perspective of customers
and solve the problem of customers’ acceptance of the
scheme by studying the background of their decision-making.
The novelty of this paper can be summarized in two aspects:
the quantitative method and analytical perspective. In terms
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of quantitative methods, we integrated two complementary
methods. ANP provides a systematic program to judge
the priority of interrelated qualitative factors, while niche
theory provides an effective program to analyze customers’
perceptions of different PSS schemes to supplement this. The
proposed method had several methodological advantages.
From an analytical perspective, we formulate the standards
applied to PSS scheme design according to customer value in
the customer experience cycle. On this basis, ANP models
and a questionnaire form for niche analysis are proposed,
which provides a solution to the problem of PSS scheme
evaluation.

The remainder of this paper is organized as follows. The
research status related to this study and research motivation
are introduced in the literature review, and the customer
activity cycle and customer value type are introduced in the
product service system scheme evaluation index. The next
section introduces evaluation methods for product service
system schemes, including ANP and niche theory. The
proposed method was applied to an actual case to verify its
feasibility and effectiveness. Finally, the results of the case
study are discussed, and the full paper is summarized.

II. LITERATURE REVIEW
A. RESEARCH STATUS
In recent years, researchers have evaluated PSS schemes
from various perspectives. In terms of customer satisfaction,
Ding et al. [6] proposed a service satisfaction evaluation
method considering customer preferences, which can ensure
that the warehousing PSS scheme is more reliable and
reasonable. In this method, the standard impact loss method
is used to determine the initial weight. Considering the
influence of customer preference, the Kano model is used
to adjust the initial weight. Finally, the proposed method is
verified by an actual case. Geng et al. [7] developed a new
importance analysis method using the Kano model and a
decision experiment evaluation laboratory tool to evaluate
customer satisfaction with a PSS scheme. This method
can be used to analyze the nonlinear influence of quality
attributes and the causal relationship between the attributes
of the PSS scheme. Based on the classical fuzzy set and
gray system theory, Alfian et al. [8] proposed an evaluation
method for the PSS scheme, which is composed of multilevel
comprehensive attribute indexes such as service quality,
customer satisfaction, and maintainability. Kjaer et al. [9]
proposed a PSS environmental performance evaluation
method based on life cycle assessment, which assessed
the environmental performance of PSS through PSS case
studies, expert consultation, and structured user feedback.
Wang et al. [10] proposed a scheme evaluation method based
on context-aware for intelligent PSS design iteration. This
method originates from the traditional information axiom
method, and introduces the context-aware evaluation index
recognition module and the system wide recognition process
based on natural language processing technology, which
reduces human intervention in the design process. Finally, the

design iteration of 3D printer is taken as an example to verify
the feasibility of this method.

Using the PSS scheme evaluation index, Chen et al. [11]
proposed a scheme evaluation method based on the informa-
tion axiom and constructed a corresponding evaluation index
model that effectively solved the randomness and fuzziness of
the evaluation index. An et al. [12] proposed a PSS scheme
optimization method based on a combination of variable
granularity weights and group decision-makingmethods. The
relative and absolute weights of the evaluation index are fused
as the final weights of the evaluation index. A generalized
evidential reasoning group decision-making method was
introduced to fuse expert evaluation opinions, and an optimal
PSS schemewas obtained. Li andWu [13] proposed a scheme
evaluation method that combines DEA with stochastic multi-
objective acceptability analysis because of the randomness of
the PSS scheme evaluation index. Wang and Durugbo [14]
used the fuzzy Delphi method to determine the attribute
weight of the product service system implementation process,
combined with fuzzy AHP and fuzzy TOPSIS models,
to achieve an effective evaluation of the PSS scheme. Aiming
at the fuzziness and diversity of customer requirement in the
process of PSS scheme design, Chen et al. [15] proposed a
requirement identification model based on decision making
trial and evaluation laboratory (DEMATEL) and analytical
network method (ANP), and applied this method to the
scheme design of excavator PSS. The feasibility and potential
of the proposed method are proved by comparison with
several other different methods. Song et al. [16] proposed
an integrated weight method based on fuzzy TOPSIS for the
evaluation of PSS modular scheme. The method effectively
avoids underestimating or overestimating the weight of
the evaluation index by integrating the subjective weight and
the objective weight, and the feasibility and effectiveness of
the proposed method are verified by the compressor rotor ser-
vice case. Zhang et al. [17] proposed an evaluation tool com-
bining life cycle assessment and life cycle cost calculation
to support the PSS development of high energy consuming
equipment. The evaluation tool includes seven steps: goal and
scope definition, system boundary determination, method
selection, scenario construction, data collection, quantitative
analysis, and result interpretation. Finally, the feasibility
and effectiveness of the proposed tool are verified by an
actual case. Aiming at the problems of interpersonal language
fuzziness and randomness of interpersonal preference in the
process of PSS scheme evaluation, Chen et al. [18] proposed
a new rough-fuzzy data envelopment analysis method to
select the appropriate PSS scheme. This method integrates
the strength of fuzzy number in capturing interpersonal
uncertainty and the feasibility of rough number in perceiving
interpersonal uncertainty. Finally, the feasibility and effec-
tiveness of the method are demonstrated through a case
study of an intelligent air conditioning service system and its
comparison with other methods.

Although researchers have conducted in-depth research
on PSS scheme evaluation, the research mainly focuses

VOLUME 10, 2022 48995



Z. Yin: New Evaluation Method for Product Service System Scheme

on optimizing the calculation method of the PSS scheme
evaluation index and making the evaluation process more
realistic and effective. There is little research on PSS scheme
evaluation based on customer value. When evaluating a PSS
scheme, customer value should be used as the evaluation
standard, and the advantages and disadvantages of the PSS
scheme should be evaluated from the perspective of customer
value.

B. RESEARCH MOTIVATION
The PSS scheme design process is a forward design process
with customer value as the source.Most of the key parameters
and characteristics of the PSS scheme are determined during
the design stage. As to howmuch customer value the designed
PSS scheme can create, it is necessary to evaluate the PSS
scheme effectively before it can be known. This is an issue
that the author is most concerned with: Therefore, using
customer value as an evaluation index, this study proposes
an evaluation method for a PSS scheme based on ANP and
niche theory. First, considering the relationship between the
evaluation indices, the ANP method was used to calculate
the weight of the evaluation indexes to effectively eliminate
the interaction between the evaluation indexes. Second, niche
theory is used to calculate the relative advantages of different
PSS schemes in delivering various types of customer values
and quantifying the amount of value delivered by different
PSS schemes. The proposed method selects the optimal PSS
scheme by quantitatively calculating the values delivered
by the different PSS schemes. This process can effectively
improve the accuracy of the PSS scheme selection and
decision-making process, and avoid the waste of resources
and time caused by improper selection of the PSS scheme.

To quantify and compare customers’ views on the value
delivered by different PSS schemes in their customer
experience cycles. When evaluating PSS schemes, customer
value and experience are qualitative, heterogeneous, and
interrelated. As one of the most widely used multi-criteria
decision-making (MCDM) methods, ANP can calculate the
importance of qualitative, heterogeneous, and particularly
interrelated criteria. Considering the correlation of customer
value at different stages of the customer experience cycle,
ANP is suitable as the primary method for evaluating PSS
schemes.

III. PRODUCT SERVICE SYSTEM SCHEME EVALUATION
INDEX
When evaluating PSS schemes using customer value as
an evaluation index, it mainly evaluates the customer
value delivered by different PSS schemes at each stage of
the customer activity cycle. Therefore, it is necessary to
determine the stage of the customer activity cycle and type
of customer value.

A. CUSSTOMER ACTIVITY CYCLE
The interaction activities between customers and products
are usually divided into five stages [19]: purchase, delivery,

FIGURE 1. Customer activity cycle model.

debugging, use, and maintenance. In the PSS scheme, owing
to the various services involved, the scope of customer
activities is further expanded to cover the stages before and
after product purchase. Therefore, based on these five phases,
two phases of reservation and disposal were added, and
these seven phases constitute the customer activity cycle. The
customer activity cycle model is illustrated in Fig. 1.

The customer activity cycle determines the stages at
which the PSS scheme can create value for customers. The
seven stages of the customer activity cycle are reservation,
purchase, delivery, debugging, use, maintenance, and dis-
posal. Each stage contains a specific customer experience
and customers can evaluate each stage according to their
value perception. After determining the various stages of the
customer activity cycle, the specific customer value types
must be determined. Only by knowing the specific customer
value types can customers have a specific direction and
evaluation basis for their perception and evaluation of the
value delivered by the PSS schemes.

B. CUSTOMER VALUE TYPE
Improper design is not the only cause of time and resource
waste, and improper design results in time and resource
waste. Therefore, in order to avoid improper design, it is
necessary to effectively evaluate the PSS scheme. PSS
scheme design is a design process with customer value as
the source, taking customer value as the evaluation basis
of the PSS scheme, evaluating the degree of satisfaction of
different PSS schemes to customer value, so as to select the
PSS scheme that can best meet customer value.

Before studying types of customer value, it is necessary to
define customer value. In the research process of customer
value, researchers have provided different definitions, the
most representative of which is the definition given by Oxen-
feldt [20]: ‘‘ Customer value represents the trade-off between
the customer’s perceived gains from the product/service
and the perceived loss of the product/service price. ‘‘ For
the problem of customer value types, Holbrook identified
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TABLE 1. Customer value type.

five types of customer value: functional, social, emotional,
cognitive, and conditional. Among these, functional value
is considered as the main driving force for customers to
purchase [21].

Based on the customer value type proposed by Holbrook,
combined with the characteristics of products and services
in the PSS scheme, as well as the customer’s focus on the
PSS scheme, the function, reliability, cost, service quality,
and resource support capability are taken as the value criteria
of PSS scheme evaluation, as shown in Table 1, located after
the references.

IV. PRODUCT SERVICE SYSTEM SCHEME EVALUATION
METHOD
The evaluation of the PSS scheme based on customer value
can be divided into three stages: The first stage is to evaluate
the value delivered by different PSS schemes by customers,
the evaluation table is constructed in the form of a matrix,
the customer value type is taken as the row, and each stage
of the customer activity cycle is taken as the column. At the
intersection of rows and columns, customers evaluate and
score based on the value delivered by the PSS scheme.
In the second stage, ANP is used to determine the relative
importance of each stage of the customer activity cycle and
different types of customer values. The third stage uses the
niche advantage index of niche theory to compare the relative
advantages of different PSS schemes in delivering customer
value and ranking PSS schemes according to the amount of
value.

A. ANP
The ANP method was proposed by Saaty [22] in 1996,
and has been widely used in multi-criteria decision-making
problems. The ANP method can guide customers to make
judgments through pairwise comparisons and quantify the
relative importance of evaluation criteria. It can deal with
qualitative, heterogeneous, and interrelated criteria as well as
interdependence between criteria [23], [24]. It is widely used
in complex multi-criteria decision-making problems such as
brand marketing [25] and performance evaluation [26]. ANP
has been combined with other decision-making methods,
such as quality function deployment (QFD) [27], strengths

FIGURE 2. ANP model.

weakness opportunities threads (SWOT) [28], technology
for order preference by similarity to an ideal solution
(TOPSIS) [29], and decision-making trial and evaluation
laboratory (DEMATEL) [30]. Choosing the ANP method to
determine the relative importance of the evaluation criteria
of the PSS scheme can better capture customer preferences
during the decision-making process. The ANP model is
illustrated in Fig. 2.

B. NICHE THEORY
Niche theory originated from ecology and social science
and has been extended to other fields. It has been widely
used in media selection, education, and supply chain
management [31]. When niche theory is used to evaluate PSS
schemes, niche advantage indices are used to compare the
relative advantages of different PSS schemes for delivering
customer value. The relative advantage is proportional to
the customer value brought about by the PSS scheme at
different stages of the cycle. The formula for calculating niche
advantage is given in Equation (1) [32].

SUPERIORITY Sa>b =
N∑
n=1

K∑
k=1

(ma>b)

/
N (1)

where a and b represent PSS schemes a and b, respectively.
ma>b represents the score given by the customer on the index
that PSS scheme a has a higher score than PSS scheme b.
N represents the number of customers who choose PSS
scheme a. K indicates the maximum value of a certain
dimension.

To evaluate PSS schemes, the advantages of ANP and niche
theory can be fully utilized. These two methods compensate
for the shortcomings of each other. Lee et al. proposed
an evaluation method based on ANP and niche theory
for customer acceptability of product schemes and product
service schemes, which integrates ANP and niche theory to
obtain customer acceptance of different schemes to provide
a basis for enterprises to formulate strategies [33]. ANP
provides a basis for niche advantage calculations and can
capture the basis of customer evaluation [34]. Niche theory
reduces the complexity of ANP modeling and calculation
and can capture customer preferences for PSS schemes [35].
The integration of ANP and niche theory provides a basis for
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TABLE 2. ANP and niche theory.

FIGURE 3. PSS scheme evaluation process.

calculating customer value delivered by the PSS scheme. The
ANP and niche theories are presented in Table 2.

C. EVALUATION MODEL
The PSS scheme differs at different stages of the customer-
activity cycle. Through the integration of ANP and niche
theory, the customer’s perception of the customer value
delivered by the PSS scheme in the customer activity cycle is
quantified, and the customer’s evaluation of the pros and cons
of different PSS schemes is obtained. The evaluation process
of the PSS scheme is illustrated in Fig. 3.

The specific steps of the PSS scheme evaluation are as
follows:

Step 1: Describe the customer experience.
The product functions and service activities of different

PSS schemes in each stage of the customer activity cycle are
described in detail, and the experience that PSS schemes can
bring to customers is described in detail.

Step 2: Evaluate and score the PSS scheme based on
customer value perception.

The customer scores each matrix unit based on value
perception and the score interval is [0, 5]. The corresponding
relationship between the value and score is shown in Table 3,
located after the references. If a customer feels that they have
obtained an experience of a certain value type at a certain
stage of the customer activity cycle, they can fill in the score at
the intersection of the corresponding customer activity cycle

TABLE 3. Correspondence table of value and score.

FIGURE 4. ANP evaluation model.

stage and customer value type, and the score is assigned by
the customer according to the value.

Step 3: The relative importance of each customer value
type and stage of the customer activity cycle is calculated.

An ANP evaluation model was built to determine the
relative importance of each customer value type and stage
of the customer activity cycle. The relationship between
elements is described in the form of a network, as shown in
Fig. 4. Each customer value type contributes differently to
the total customer value and the relative importance of each
customer value type varies according to the different stages
of the customer activity cycle. Fig. 4 (a) shows the overall
model, which contains a set of decision-making elements.
Fig. 4 (b) shows the actual model. Not all customer value
types or customer activity cycle stages are critical for a PSS
scheme.

Using the ANP evaluation model, the following three
specific importance results were obtained: 1. Relative impor-
tance of each customer value type. 2. Importance of customer
value type at each stage of the customer activity cycle. 3.
Relative importance of each stage of the customer activity
cycle. The relative importance of each customer value type
was derived from the local priority vector in the pairwise
comparison matrix, as shown in Fig. 4 (b). The relative
importance of each customer value type to each customer
activity cycle stage is indicated by the dotted line in Fig. 4 (b).
The importance of customer value type i relative to the
stage j of the customer activity cycle can be calculated using
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Equation (2).

wCEij = wDij × w
I
j (2)

Among them,wCEij represents the relative importance of the
customer value type i from ANP (normalized value) to the
customer activity cycle stage j . wDij represents the relative
importance of the customer value type i relative to the
customer activity cycle stage j . wIj represents the relative
importance of the customer value type i relative to the
customer activity cycle stage j . wIj represents the relative
importance of the stage j in the customer activity cycle.
Step 4: Calculate the relative advantages of PSS schemes

in delivering various customer values
Niche advantage is used to calculate the relative advantage

of each customer value type for each stage of the customer
activity cycle. The calculationmethod for the niche advantage
of the PSS scheme is shown in equation (3).

nsiPSSa>PSSb =
N∑
n=1

J∑
j=1

wCEij rPSSa>PSSb,ijn

/
N (3)

Among these, nsiPSSa>PSSb represents the competitive advan-
tage of the PSS scheme in terms of customer value- type
i. n represents the number of customers, n = 1, 2 . . . ,N .
j represents the number of stages in a customer activity
cycle j = 1, . . . , J . rPSSa>PSSb,ijn represents the score of
the n-th customer in stage j of the customer activity cycle
when the score of customer value type i of PSS scheme
a is greater than that of customer value type i of PSS
scheme b.

The competitive advantage obtained by Equation (3) is
a relatively independent and absolute value that must be
transformed into a form independent of scale. The calculation
method for the relative advantage of PSS schemes is shown in
Equation (4), which ranges from 0 to 1 and is an independent
rating scale.

rsi = nsiPSSa>PSSb

/(
nsiPSSa>PSSb + ns

i
PSSb>PSSa

)
(4)

rsi represents the relative advantage of PSS schemes in
delivering customer value-type i . nsiPSSa>PSSb represents
the advantage of PSS scheme a over PSS scheme b when
delivering customer value type i . nsiPSSb>PSSa represents
the advantage of PSS scheme b over PSS scheme a when
delivering customer value-type i.
Step 5: Calculate the value delivered by the PSS scheme

based on customer value perceptions.
If PSS scheme a has a higher priority for delivering

customer value types, then PSS scheme a is superior to
PSS scheme b. The relative advantage of PSS scheme b is
calculated as 1 minus the relative advantage of PSS scheme a.
The superiority of PSS scheme a is recorded in the SPSSa
section. SPSSa is the value VPSSa of PSS scheme a minus
the value VPSSb of PSS scheme b, as shown in Equation (5).
If the result is positive, PSS scheme a is better than

PSS scheme b.

SPSSa = VPSSa − VPSSb =
∑

wCVi × rsi

−

∑
wCVi × (1− rsi) (5)

SPSSa is the superiority of PSS scheme a. VPSSa is the value
of PSS scheme a. VPSSb is the value of PSS scheme b. wCVi is
the relative importance of the customer value type i obtained
from ANP (normalized value). rsi is the relative advantage of
a PSS scheme in delivering customer value i.

V. CASE STUDY
Enterprises plan to provide PSS schemes for CNC machine
tools, not only selling CNCmachine tools, but also providing
maintenance and repair, fault diagnosis, technical training,
and other services. In the PSS scheme design stage, five
feasible PSS schemes are determined according to the
customer value and constraints: a, b, c, d , and e.

In the process of PSS scheme evaluation, if the components
of the PSS scheme are simply described, customers may not
be able to find the key points of the PSS scheme evaluation
and the basis for comparing different PSS schemes, let alone
the differences between them. Therefore, to make customers
have the basis to compare different PSS schemes and truly
feel the differences between different PSS schemes, this study
makes the PSS scheme specific to the key indexes to make the
PSS scheme information more specific and more conducive
to customers’ objective evaluation of the PSS scheme. The
key indices of the five PSS schemes are presented in Table 4.

In this study, due to the differences in the perception
of different types of customer value between male and
female customers, to ensure the accuracy and authenticity
of the evaluation results, the PSS scheme evaluation team is
composed of five male and five female customers. A PSS
scheme evaluation team composed of ten customers was
established to evaluate the PSS scheme of CNC machine
tools. The PSS scheme was evaluated in two ways. First,
from the aspect of the customer activity cycle, the customer
experience at each stage of the cycle is described in detail.
Second, from the perspective of customer value type, the
value of each customer value type transferred by different
PSS schemes is evaluated. The specific evaluation process of
the PSS scheme is as follows:

Step 1: Describe the customer experience.
Five types of customer value are described in detail, and the

product functions and service activities of the PSS schemes
at each stage of the customer activity cycle are described in
detail to enable customers to evaluate different PSS schemes.

Step 2: Evaluate and score the PSS scheme based on
customer value perception.

Referring to the corresponding relationship between the
value and score in Table 3, customers score each matrix unit
of the PSS scheme evaluation table according to the value
perception.

Step 3: The relative importance of each customer value
type and stage of the customer activity cycle is calculated.
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TABLE 4. PSS scheme.

The ANP method was used to obtain the relative
importance of each customer value, relative importance
of each stage of the customer activity cycle, and relative
importance of the customer value to each stage of the
customer activity cycle. The steps to obtain the relative
weight of customer value type are as follows: (1) build a
judgment matrix. The ten customers of the PSS scheme
evaluation teammake pairwise comparison of customer value
types based on the general model (as shown in Figure 4
(a)), obtain the relative importance value through pairwise
comparison, and arithmetically sum the relative importance
values given by the ten customers to obtain the average value.
The judgment matrix obtained by calculation is shown in
Table 5.

(2) Calculate the relative weight of customer value types.
First, normalize all the columns in Table 5. The calculation

TABLE 5. Judgment matrix.

TABLE 6. Normalized judgment matrix.

formula is as follows.

Hij =
dij
n∑
i=1

dij

, i = 1, 2, 3, 4, 5j = 1, 2, 3, 4, 5 (6)

Taking the first column as an example to illustrate the
normalization calculation process, the first column of the
normalized vector is as follows.

h11 =
1

1+ 1.38+ 1.98+ 1.24+ 1.48
= 0.68

h12 =
1.38

1+ 1.38+ 1.98+ 1.24+ 1.48
= 0.39

h13 =
1.98

1+ 1.38+ 1.98+ 1.24+ 1.48
= 0.56

h14 =
1.24

1+ 1.38+ 1.98+ 1.24+ 1.48
= 0.35

h15 =
1.48

1+ 1.38+ 1.98+ 1.24+ 1.48
= 0.42

The solution process of other columns is similar, and the
normalized judgment matrix obtained by calculation is shown
in Table 6.

(3) Add the normalized judgment matrix by row.

hi =
n∑
j

hij, i = 1, 2, 3, 4, 5 (7)

It can be obtained by calculation:

h1 = 0.68+ 0.47+ 0.34+ 0.31+ 0.49 = 2.29
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TABLE 7. Relative importance of customer value type.

h2 = 0.39+ 0.66+ 0.37+ 0.33+ 0.32 = 2.07

h3 = 0.56+ 0.62+ 0.55+ 0.50+ 0.41 = 2.64

h4 = 0.35+ 0.34+ 0.24+ 0.28+ 0.21 = 1.42

h5 = 0.42+ 0.36+ 0.25+ 0.29+ 0.26 = 1.58

(4) Calculate the weight vector.

hoi =
hi
n∑
i=1

hi

, i = 1, 2, 3, 4, 5 (8)

The eigenvectors of the judgment matrix can be obtained
by calculating.

ho1 =
2.29

2.29+ 2.07+ 2.64+ 1.42+ 1.58
= 0.229

ho2 =
2.07

2.29+ 2.07+ 2.64+ 1.42+ 1.58
= 0.207

ho3 =
2.64

2.29+ 2.07+ 2.64+ 1.42+ 1.58
= 0.264

ho4 =
1.42

2.29+ 2.07+ 2.64+ 1.42+ 1.58
= 0.142

ho5 =
1.58

2.29+ 2.07+ 2.64+ 1.42+ 1.58
= 0.158

Finally, the weight vector of customer value type is
obtained.

h =



0.229

0.207

0.264

0.142

0.158


The relative importance of different customer values is

presented in Table 7.
According to Equation (2), the relative importance of

customer value type in each stage of the customer activity
cycle is calculated, and the calculation results are shown in
Table 8, located after the references.

Step 4: Calculate the relative advantages of PSS schemes
in delivering various customer values

The relative advantage of PSS schemes in delivering all
types of customer value is calculated according to the relative
importance of each customer value and the customer’s score
of the value delivered by PSS schemes in different stages of
the customer activity cycle.

Step 5: Calculate the value delivered by the PSS scheme
based on customer value perceptions.

TABLE 8. Relative importance of customer value types in each stage of
customer activity cycle.

TABLE 9. Niche analysis result of the scheme a and scheme b.

TABLE 10. Niche analysis result of the scheme a and scheme c.

The comparative results for the niche advantages of PSS
schemes a and b are presented in Table 9.

The comparative results for the niche advantages of PSS
schemes a and c are presented in Table 10.

The comparative results for the niche advantages of
PSS schemes a and d are presented in Table 11.

The comparative results for the niche advantages of PSS
schemes a and e are presented in Table 12.

The comparative results for the niche advantages of
PSS schemes b and c are presented in Table 13.
The comparative results for the niche advantages of PSS

schemes b and d are presented in Table 14.
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TABLE 11. Niche analysis result of the scheme a and scheme d.

TABLE 12. Niche analysis result of the scheme a and scheme e.

TABLE 13. Niche analysis result of the scheme b and scheme c.

The comparative results for the niche advantages of PSS
schemes b and e are presented in Table 15.

The comparative results for the niche advantages of
PSS schemes c and d are presented in Table 16.

The comparative results for the niche advantages of PSS
schemes c and e are presented in Table 17.

The comparative results for the niche advantages of
PSS schemes d and e are presented in Table 18.

The calculation results for the values of the five PSS
schemes are presented in Table 19. The order of the
values delivered by the five PSS schemes is as follows:

TABLE 14. Niche analysis result of the scheme b and scheme d.

TABLE 15. Niche analysis result of the scheme b and scheme e.

TABLE 16. Niche analysis result of the scheme c and scheme d.

a > e > d > b > c. PSS scheme a delivers the most
customer value and PSS scheme a is the optimal scheme.

VI. DISCUSSIONS
To illustrate the effectiveness of the proposed method, the
calculation results obtained by the proposed method are
comparedwith those obtained by FuzzyAHP, Fuzzy TOPSIS,
and DEMATEL, as shown in Fig. 5, located after the
references. Among them, M0 is the result obtained using
the proposed method, and the order of value quantity from
highest to lowest is a > e > d > b > c . M1 is the
result obtained using fuzzy AHP, and the order of value from
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TABLE 17. Niche analysis result of the scheme c and scheme e.

TABLE 18. Niche analysis result of the scheme d and scheme e.

TABLE 19. PSS scheme value calculation result.

FIGURE 5. Comparison of evaluation results.

highest to lowest is e > a > d > c > b . M2 is the result
obtained using fuzzy TOPSIS, and the order of value from
highest to lowest is e > a > c > b > d . M3 is the result
obtained using DEMATEL, and the order of value quantity
from highest to lowest is a > d > e > b > c.

M0 (the proposed method) considers the mutual relation-
ship between the evaluation indices and uses the ANPmethod
to calculate the weights of the evaluation indices. To evaluate
the relative advantages of different schemes in delivering
customer value, five schemes are compared in pairs, and the
ranking results of the five schemes are obtained under the
evaluation index of customer value.

The main reason for the difference between M0 (the
proposed method) and M1 (fuzzy AHP) is that fuzzy AHP
considers the ambiguity and uncertainty of the evaluation
process, where the method does not consider the interaction
between evaluation indexes. ANP can calculate the weight
value of each evaluation index under the condition of
comprehensively considering the mutual relationship of the
evaluation index, and the evaluation result is more in line with
objective facts.

The main reason for the difference between M0 (the
proposed method) and M2 (fuzzy TOPSIS) is that, although
fuzzy TOPSIS eliminates the fuzziness of the evaluation
process, it does not consider the interaction between the
evaluation indexes. However, in the actual decision-making
process, there are often overlapping and complementary rela-
tionships between evaluation indexes. If these relationships
are not considered, there will be a gap between the evaluation
results and real results. The method proposed in this study
considers the interaction between indices, and the calculation
results are more accurate and reliable.

The main reason for the difference between M0 (the
proposed method) and M3 (DEMATEL) is that DEMATEL
can solve the interrelationship between evaluation indices,
but the weights of the evaluation indices must be determined
by experts through evaluation. Expert opinion is often
subjective and cannot be objective.

VII. CONCLUSION
Aiming at the problem of PSS scheme evaluation, taking
customer value as an evaluation index and from the per-
spective of customer value perception, this study proposes
a PSS scheme evaluation method based on ANP and niche
theory. Customers perceive the value delivered by different
PSS schemes in the customer activity cycle and evaluate
PSS schemes according to the amount of value. First,
ANP is used to obtain the relative importance of different
types of customer values and each stage of the customer
activity cycle. Second, niche theory is used to calculate the
relative advantages of different PSS schemes in delivering
all types of customer value, and the value delivered by
different PSS schemes is calculated based on the customer’s
value perception of different PSS schemes. The greater the
customer value delivered, the better the PSS scheme. Finally,
the proposedmethod is verified by evaluating the PSS scheme
of the CNC machine tool as an example and comparing it
with other evaluation methods. The results demonstrate that
the proposed method is more accurate and effective.

As an evaluation method based on customer perception,
differences in customer perception affect the evaluation
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results of the PSS schemes. Therefore, a more specific
description of the customer experience is required to better
understand the contents involved. The interpretation of the
evaluation results must be more detailed to further explain
how the results can help manufacturers make better decisions.

In addition, enterprises can consider how to enhance the
customer experience of the PSS scheme and understand the
value preferences of customers based on evaluation infor-
mation. Simultaneously, customer evaluation information
provides management inspiration and a strategic basis for
enterprises.

REFERENCES
[1] P. P. M. Pieroni, C. McAloone, and C. A. D. Pigosso, ‘‘Configuring new

business models for circular economy through product-service systems,’’
Sustainability, vol. 11, pp. 3727–3749, Jan. 2019.

[2] R. J. Hernandez, ‘‘Sustainable product-service systems and circular
economies,’’ Sustainability, vol. 11, pp. 5383–5394, Jan. 2019.

[3] D. Mourtzis, S. Fotia, N. Boli, and P. Pittaro, ‘‘Product-service system
(PSS) complexity metrics within mass customization and industry 4.0
environment,’’ Int. J. Adv. Manuf. Technol., vol. 97, nos. 1–4, pp. 91–103,
Jul. 2018.

[4] O. K. Mont, ‘‘Clarifying the concept of product–service system,’’
J. Cleaner Prod., vol. 10, no. 3, pp. 237–245, Jun. 2002.

[5] M. Zhao and X. Wang, ‘‘Perception value of product-service systems:
Neural effects of service experience and customer knowledge,’’ J. Retailing
Consum. Services., vol. 62, pp. 102617–102628, 2021.

[6] K. Ding, J. Li, F. Zhang, J. Hui, andQ. Liu, ‘‘Service satisfaction evaluation
of customer preference-driven public warehousing product service systems
for small- and medium-sized enterprises in an industrial park,’’ IEEE
Access, vol. 7, pp. 98197–98207, 2019.

[7] X. Geng and X. Chu, ‘‘A new importance–performance analysis approach
for customer satisfaction evaluation supporting PSS design,’’ Expert Syst.
Appl., vol. 39, no. 1, pp. 1492–1502, Jan. 2012.

[8] G. Alfian, J. Rhee, and B. Yoon, ‘‘A simulation tool for prioritizing
product-service system (PSS) models in a carsharing service,’’ Comput.
Ind. Eng., vol. 70, pp. 59–73, Apr. 2014.

[9] L. L. Kjaer, D. C. A. Pigosso, T. C. McAloone, and M. Birkved, ‘‘Guide-
lines for evaluating the environmental performance of product/service-
systems through life cycle assessment,’’ J. Cleaner Prod., vol. 190,
pp. 666–678, Jul. 2018.

[10] Z. Wang, C.-H. Chen, and X. Li, ‘‘A context-aware concept evaluation
approach based on user experiences for smart product-service systems
design iteration,’’ Adv. Eng. Inform., vol. 50, pp. 101394–101407,
Oct. 2021.

[11] D. P. Chen, X. N. Chu, T. Feng, Y. P. Li, and G. L. Zuo, ‘‘Product-
service system evaluation based on information axiom in hybrid uncertain
environment,’’ Expert Syst. Appl., vol. 42, pp. 5822–5838, Jan. 2015.

[12] X. An and C. Niu, ‘‘Optimal selection method for product service system
scheme based on variable granule weight and group decision-making,’’
Comput. Integr. Manuf. Syst., vol. 22, pp. 155–165, Jan. 2016.

[13] Y. Li and Y. Wu, ‘‘Scheme evaluation of product service system based
on improved stochastic multi objective acceptability analysis,’’ Comput.
Integr. Manuf. Syst., vol. 24, pp. 189–196, Aug. 2018.

[14] X. Wang and C. Durugbo, ‘‘Analysing network uncertainty for industrial
product-service delivery: A hybrid fuzzy approach,’’ Expert Syst. Appl.,
vol. 40, no. 11, pp. 4621–4636, Sep. 2013.

[15] Z. Chen, X. Ming, X. Zhang, D. Yin, and Z. Sun, ‘‘A rough-fuzzy
DEMATEL-ANP method for evaluating sustainable value requirement
of product service system,’’ J. Cleaner Prod., vol. 228, pp. 485–508,
Aug. 2019.

[16] S. Song, H. Zhou, and W. Song, ‘‘A fuzzy decision support approach
for modularization scheme selection of product-service offerings,’’ IEEE
Access, vol. 7, pp. 112191–112199, 2019.

[17] W. Zhang, J. Guo, F. Gu, and X. Gu, ‘‘Coupling life cycle assessment
and life cycle costing as an evaluation tool for developing product service
system of high energy-consuming equipment,’’ J. Cleaner Prod., vol. 183,
pp. 1043–1053, May 2018.

[18] Z. Chen, X. Ming, and R. Wang, ‘‘Selection of design alternatives for
smart product service system: A rough-fuzzy data envelopment analysis
approach,’’ J. Cleaner Prod., vol. 273, pp. 122931–122950, Nov. 2020.

[19] K. WC and R. Mauborgne, ‘‘Knowing a winning business idea when you
see one,’’ Harvard Bus. Review., vol. 78, pp. 129–138, Sep. 2000.

[20] A. R. Oxenfeldt, ‘‘Pricing: Making profitable decisions,’’ J. Marketing.,
vol. 44, no. 1, pp. 107–112, 1980.

[21] M. B. Holbrook, Analytic Network Process Encyclopedia of Operations
Research and Management Science. Cham, Switzerland: Springer, 2001,
pp. 28–35.

[22] T. L. Saaty, Decision Making With Dependence and Feedback: The
Analytic Network Process. Pittsburgh, PA, USA: RWS publications, 1996.

[23] H. Lee, S. Lee, and Y. Park, ‘‘Selection of technology acquisition mode
using the analytic network process,’’ Math. Comput. Model., vol. 49,
nos. 5–6, pp. 1274–1282, Mar. 2009.

[24] C. B. Ervural, S. Zaim, O. F. Demirel, Z. Aydin, and D. Delen, ‘‘An ANP
and fuzzy TOPSIS-based SWOT analysis for Turkey’s energy planning,’’
Renew. Sustain. Energy Rev., vol. 82, pp. 1538–1550, Feb. 2017.

[25] Y.-L. Wang and G.-H. Tzeng, ‘‘Brand marketing for creating brand value
based on a MCDM model combining DEMATEL with ANP and VIKOR
methods,’’ Expert Syst. Appl., vol. 39, no. 5, pp. 5600–5615, Apr. 2012.

[26] Z.-M. Luo, J.-Z. Zhou, L.-P. Zheng, L. Mo, and Y.-Y. He, ‘‘A TFN–
ANP based approach to evaluate virtual research center comprehensive
performance,’’ Expert Syst. Appl., vol. 37, no. 12, pp. 8379–8386,
Dec. 2010.

[27] G. Büyüközkan and G. Çifçi, ‘‘A novel hybrid MCDM approach based
on fuzzy DEMATEL, fuzzy ANP and fuzzy TOPSIS to evaluate green
suppliers,’’ Expert Syst. Appl., vol. 39, no. 3, pp. 3000–3011, Feb. 2012.

[28] M. Sevkli, A. Oztekin, O. Uysal, G. Torlak, A. Turkyilmaz, and D. Delen,
‘‘Development of a fuzzy ANP based SWOT analysis for the airline
industry in Turkey,’’Expert Syst. Appl., vol. 39, no. 1, pp. 14–24, Jan. 2012.

[29] W.-W. Wu, ‘‘Choosing knowledge management strategies by using a
combined ANP and DEMATEL approach,’’ Expert Syst. Appl., vol. 35,
no. 3, pp. 828–835, 2008.

[30] J. L. Yang and G.-H. Tzeng, ‘‘An integrated MCDM technique combined
with DEMATEL for a novel cluster-weighted with ANP method,’’ Expert
Syst. Appl., vol. 38, no. 3, pp. 1417–1424, Mar. 2011.

[31] J. Dimmick and E. Rothenbuhler, ‘‘The theory of the niche: Quantifying
competition among media industries,’’ J. Commun., vol. 34, no. 1,
pp. 103–119, Mar. 1984.

[32] H. Zhang and Y. C. Zhang, ‘‘The evaluation of IT-based teaching abilities
based on niche theory,’’ Adv. Mater. Res., vols. 171–172, pp. 193–196,
Dec. 2010.

[33] S. Lee, Y. Geum, S. Lee, and Y. Park, ‘‘Evaluating new concepts of PSS
based on the customer value: Application of ANP and niche theory,’’
Expert Syst. Appl., vol. 42, no. 9, pp. 4556–4566, Jun. 2015.

[34] M.-L. Tseng, S. Lin, C.-C. Chen, L. S. C. Sarmiento, and C. L. Tan,
‘‘A causal sustainable product-service system using hierarchical structure
with linguistic preferences in the ecuadorian construction industry,’’
J. Cleaner Prod., vol. 230, pp. 477–487, Sep. 2019.

[35] C. Changdar, G. S. Mahapatra, and R. K. Pal, ‘‘An improved genetic
algorithm based approach to solve constrained Knapsack problem in fuzzy
environment,’’ Expert Syst. Appl., vol. 42, no. 4, pp. 2276–2286, 2015.

ZHEN YIN was born in Dezhou, Shandong, China,
in 1989. He received the B.S. degree in mechanical
engineering from Dezhou University, Dezhou,
in 2013, the M.S. degree in mechanical engineer-
ing from Dalian Polytechnic University, Dalian,
in 2015, and the Ph.D. degree in mechanical
engineering fromShandongUniversity, Sahndong,
in 2020.

Since 2020, he has been a Lecturer with the
Mechanical and Electrical Engineering Depart-

ment, Shandong Jianzhu University. His research interests include product
life cycle management, product service systems, and manufacturing
execution systems.

49004 VOLUME 10, 2022


