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Abstract: The rapid development of the construction industry, which has brought economic prosperity,
has been accompanied by ecological and environmental crises incurred by the generation of building
materials. The development of the green building materials (GBMs) industry provides the key to
solving this problem. With the continuous promotion of Internet of Things strategies, cooperative
innovation in integrated GBMs supply chain (IGBMSC) enterprises has become an important method
of cooperative green innovation. The key strategy to realizing the development of the GBM industry
is promoting the technological innovation of GBMs via innovative resources in the GBM supply
chain. We examined the selection of green innovation partners for IGBMSCs, and the results are
as follows: Partner selection for technological innovation is an important factor influencing green
innovation among enterprises in the integrated GBMs supply chains. The method of selecting green
innovation partners in IGBMSCs proposed in this study is a reasonable and effective dynamic
selection decision-making method that can be used to improve the collaborative innovation capability
of IGBMSCs. The investigation of IGBMSC cooperative innovation partners includes quality and
capability, as well as the technology level, integration degree, integration and co-ordination ability,
resource integration ability, and learning and absorption ability of partners.

Keywords: Green building materials (GBMs); Green supply chain; Integrated supply chain; Green
innovation; Dynamic decision making

1. Introduction

The basis of green urban planning is the protection of natural resources and the construction of
human-oriented eco-cities suitable for human settlement. The key to green urban planning lies in
taking nature as the source, innovation as the soul, and protection as the basis, rather than simply
afforestation [1]. When achieving economic goals, green urban planning plays environmental and
energy-saving roles in the details of green building planning and construction. As an important part
of green buildings, the building materials industry is a core industry in the national economy of
China. Although China is a major global producer and consumer of building materials, the existing
building materials industry is struggling to meet the demands of building energy conservation and
the high-level development of green urbanization [2]. Green building materials (GBMs) are clean
production technologies that either do not use or minimize the use of natural resources and energy [3].
GBMs are divided into resource- and energy-saving types. Regardless of the type of GBM that needs
to be improved through green innovation activities [4], the comprehensive use of resources and energy
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can be realized from the aspects of product design and technological innovation [5]. The research and
development (R&D) of GBMs provides a means to improve the sustainability of the building materials
industry [6]. Under the current energy shortages, green buildings can adapt buildings to urban
development without consuming excessive energy. Therefore, the widespread application of GBMs in
the construction industry is crucial. The advantages of energy-saving buildings are creating sustainable
economic benefits, protecting human living environments, and realizing sustainable development.
Therefore, through the R&D of GBMs, GBMs can be innovated and further strengthened to promote
the green development of modern cities.

The development of the GBMs industry should co-ordinate the actions of all parties and
cooperatively optimize the environmental impact of the whole system [7]. Establishing co-operation
among members of supply chains to achieve the optimal environmental benefit of the GBM supply chain
system is a reasonable and effective method to realize energy conservation and emissions reduction in the
construction industry [8]. GBM supply chain management emphasizes the integrated management of
internal resources in building materials enterprises. With increasingly close co-operation, supply chain
management is developing toward the co-operation between upstream and downstream enterprises
and the integrated management of external resources [9]. Based on the guidance of core enterprises,
resources and cost control in GBM supply chains can be integrated. GBM supply chain management
emphasizes the reduction of energy consumption and pollution in the building materials supply chain.
From the product design of GBMs to the recycling and use of product waste, optimized management
can save resources and reduce harm to the environment [10]. Green supply chain management (GSCM)
requires enterprises to take corresponding environmental protection measures in each link of the
supply chain. Upstream green design can affect downstream green use. Waste recovery and disposal
also require resource materials to form a circular flow. The development of a GBM supply chain
requires smooth information communication channels to co-ordinate the building materials enterprises
in the supply chain [11].

Supply chain management is a management mode that connects the suppliers, assemblers,
distributors, and users of an entire supply chain through logistics, information flow, and capital
flow [12]. An integrated supply chain is the core developmental stage in supply chain management [13].
Macbeth et al. defined an integrated supply chain as a whole industry chain, connecting the information
flow, logistics, and capital flow from suppliers, manufacturers, distributors, retailers, and end users
into a whole network chain structure [14]. Flynn et al. stated that an integrated supply chain is the
process management of internal and external activities of enterprises [15]. From this perspective,
integration has gone beyond short-term partnerships. On the basis of information resource sharing,
enterprises promote the efficient and orderly operation of the whole supply chain through synchronized
and integrated planning and control systems. An integrated supply chain provides an optimization
process, passing from internal integration to external integration and from partial integration to
overall integration. Therefore, an integrated supply chain is a relatively stable and lasting cooperative
relationship among enterprises based on mutual trust. Integrated supply chains not only integrate
product flow, service flow, information flow, capital flow, and decision flow, but also eliminate
non-value-added operations in the business process through technology transfer flow for cooperative
innovation among enterprises.

Green integrated supply chain management is an important part of the whole process of
environmental management in the GBMs industry, which has an important impact on the improvement
of the overall competitiveness of the industry. On the micro level, green integrated supply chain
management is not only the core link of manufacturing engineering in the GBMs industry, but also
an important means to connect the manufacturing units in the GBMs industry. On the macro level,
green integrated supply chain management promotes the coordinated development of GBM supply and
demand and plays an important role in the green development of the upstream and downstream of the
industrial chain. With the increasing development of blockchain, networking, and other technologies,
green integrated supply chain management methods have become increasingly abundant, and its
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efficiency is expected to considerably improve. Therefore, increasing the importance of green integrated
supply chain management can effectively improve the competitiveness and sustainable development
potential of the GBMs industry.

Under the dynamic environment of demand, the R&D of personalized and diversified GBMs
has become a difficult problem for integrated GBM supply chain (IGBMSC) enterprises. Cooperative
innovation not only helps to enterprises to integrate internal and external green technology resources,
but can also reduce the cost and risk of GBM innovation. Simultaneously, technological breakthroughs
in GBMs are continually occurring to meet the dynamic demands of consumers [16]. With the continuous
promotion of the Internet of Things (IoT) strategy, resource sharing among enterprises has gradually
become the new normal. Cooperative innovation among enterprises is now an important means of
cooperative green innovation [17]. The formation of an IGBMSC consists of a dynamic and flexible
selection process. Cooperative partnerships are an important factor in influencing cooperative green
innovation among the enterprises of an IGBMSC, being the key to the success or failure of green
innovation in the integrated supply chain of GBMs for quickly and accurately selecting suitable and
well-matched partners.

Many scholars have studied the concepts of cooperative R&D, technology, and partner selection.
Wang et al. [18] studied the selection of virtual enterprise partners using cluster analysis and entropy
weight fuzzy evaluation. Nikghadam et al. [19] studied the development of virtual enterprise partner
selection and object-based planning methods. Su et al. [20] analyzed the selection of integrated chain
partners in manufacturing enterprises. Lu et al. [21] examined multi-attribute supply chain partners
in a multi-time frame. Wang et al. [22] investigated the selection of cooperative symbiosis partners
for focused enterprises in industrial technological innovation. From the perspective of research,
Vasudeva et al. [23] analyzed a transnational comparison of alliance partner selection under knowledge
acquisition. Zhang et al. [24] studied the selection of supply chain partners from a knowledge
perspective. Bunduchi [25] focused on partner selection in new product development. Wang et al. [26]
studied the selection of standard R&D partners based on the characteristics of technical standards.
Other scholars examined partner selection from the perspectives of co-operation networks [27,28],
technological innovation [29], and reputation.

In terms of research methods, Han et al. [29] proposed an improved technique for order preference
by similarity to an ideal solution (TOPSIS) method based on a particle swarm optimization algorithm.
Razmi et al. [30] introduced the analytic hierarchy process (AHP) approach to the benchmarking
process to investigate best-practice partner selection. Wang et al. [31] studied strategic alliance partner
selection in the automobile industry by using hybrid data envelopment analysis (DEA) and a grey
model. Zhang et al. [32] examined the selection of strategic emerging industry innovation partners
based on the partial least squares structural equation modelling (PLS-SEM) model. Huang et al. [33]
reported the dynamic selection of supply chain partners by using the multi-classifier fusion method.
Some scholars used radial basis function (RBF) neural networks, fuzzy analytic network process (ANP)
methods [34], genetic algorithms [35], grouping methods [36], and two-stage methods [37]. In this
study, the research subject, research perspective, and research method for green supply chain partner
selection were similar to those of the above studies.

Most studies mainly focused on virtual enterprises, but few considered the selection of cooperative
innovation partners in an IGBMSC. Most research methods mainly focused on the evaluation results at
a single time, without considering the results of multi-time evaluation and the withdrawal of existing
partners. Most also only analyzed the alternative partners, and only from the evaluation value of
the best choice of partners. The continuity of the interaction between partner selection subjects and
partners is ignored, and the process of partner selection has not been studied as a continuous process.
To compensate for the defects mentioned above, we examined the dynamic selection of IGBMSC
partners from the perspective of cooperative innovation. We not only overcome the shortcomings of
the research subject, but also provide decision-making guidance for optimizing the dynamic selection
management of IGBMSC partners. In terms of research methods, the dynamic selection model of
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innovative partners in the supply chain of integrated GBMs was constructed by further introducing
field theory, which considers rationality. This paper provides directions and strategies for improving
the selection of IGBMSC partners.

The rest of this paper is organized as follows. A survey of the GBM supply chain management,
integrated GSCMs, and green technology innovation management literature is presented in Section 2.
Section 3 constructs an intuitionistic fuzzy compromise method, based on the Vlsekriterijumska
Optimizacija I Kompromisno Resenje (VIKOR) method. A dynamic selection mechanism model is
built based on the complementarity of cooperative innovation resources. In Section 4, a case study
is investigated to verify the reasonability and effectiveness of the designed system and construction
methods. Research conclusions and future research directions are discussed in Section 5.

2. Literature Review

2.1. GBMs Supply Chain Management

As a systematic environmental strategy, GSCM requires enterprises to consider economic and
environmental problems from the perspective of the whole supply chain. According to Hsu et al.,
ecological design is an effective strategy for enterprises to reduce their negative impacts on the
environment [38]. Green design should consider the full life cycle of the product in terms of its impact
on the environment. Shi et al. studied green design as an important part of GSCM [39]. Furthermore,
Yin et al. found that the integration of external green supply chain affects the quality and speed of
green new product development [40]. Green production requires manufacturing enterprises to achieve
environmental compatibility in the production process. Zhu reported that green production can be
continuously applied in the production process [41]. Green et al. stated that green recycling is an
important part of the GSCM of enterprises [42].

Some scholars have studied green marketing, waste disposal, and reverse logistics. For example,
Xiong reported that GSCM practices can be divided into external management, internal management,
and post-supply chain management. Among them, external management includes co-operation
between upstream and downstream enterprises and environmental protection procurement; internal
management includes ecological design, internal environmental management, and investment recovery;
and post-supply chain management refers to reverse logistics [43]. Zhang divided GSCM practices into
five categories: green design, green procurement, internal environmental management, green recycling,
and green co-operation with upstream and downstream enterprises [44]. Scur et al. stated that GSCM
consists of internal environmental management, green procurement, green design, life cycle assessment,
reverse logistics, waste disposal, green production, and other seven aspects. Through an investigation
of five furniture manufacturing enterprises and two industry associations, waste disposal was found
to be more valued by enterprises [45].

Building materials enterprises also focus on GSCM from the perspective of green recycling.
Li et al. reported that environmental protection input is an important evaluation factor for green
production in building materials enterprises [46]. Ioannis et al. found that green purchasing strategies
could result in a significant competitive advantage for furniture companies. Environmental problems
are closely related to consumer behavior [47]. Wong et al. found that demand for environmental
concern by customers promotes the widespread use of green procurement in the construction industry.
The implementation of measures plays an important role in reducing the material cost of construction
projects [48]. Cai et al. identified the keys to green manufacturing as ecological design and green
production, which are independent of the green supply chain. When constructing a green supply chain
for household appliances, the emphasis should be placed on environmental protection services [49].

2.2. Integrated GSCM

Along with enhancing citizens’ consciousness of environmental protection, green products
have increasingly received the attention of consumers [50]. To gain a competitive advantage in the
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market, producers must strive to develop new green products. Green technology productization is
a complicated new green product development process that requires strengthening of design and
system layout. External co-operation helps manufacturing enterprises to integrate internal and external
technological resources and reduces innovation costs and risks to achieve technological breakthroughs
and the strategic goals of enterprises [51]. Green supply chain integration helps enterprises to integrate
internal and external green technological resources and absorb the advanced experience of both.
On this basis, the development speed and quality of new green products should be improved to realize
the personalized and diversified characteristics and meet the dynamic demand of green consumers [52].
With the deep integration of supply chains and the IoT, external green supply chain integration has
become an important means for manufacturing enterprises to develop green new products.

Effectively enhancing the development of green new products through green supply chain
integration is an urgent problem for manufacturing enterprises. The literature mainly discusses the
factors influencing new green product development from the following two perspectives: First,
studies of the external environment mainly analyze the factors influencing new green product
development based on stakeholder theory and institutional theory. Driessen et al. found that employees,
shareholders, and other stakeholders play a major role in the development of new green products [53].
De Medeiros et al. further expanded the study of stakeholder theory [54]. Weng et al. found that
different stakeholders have a differentiated impact on the green innovation activities of enterprises [55].
Therefore, environmental regulations and stakeholders are the main sources of external pressure.
Second, studies of internal conditions, mainly based on the theory of natural resources, explore the
driving mechanisms of green innovation strategies. Liao et al. found that background characteristics
influence the environmental innovation of an enterprise [56]. Albort-Morant et al. found that internal
knowledge absorption capacity plays an important role in driving sustainable innovation [57]. Lin et al.
found that green knowledge sharing improves green dynamic capability [58]. Song et al. reported
that internal sources can promote the development of new green products [59]. Shu et al. stated
that green management is more likely to lead to fundamental product innovation than incremental
product innovation [60]. The positive impact of green product development on enterprise performance
was found to be compounded without consideration of environmental management concerns [61].
Therefore, enterprise background characteristics, innovation resources, knowledge management, and
the attention of managers are the main internal driving forces.

2.3. Green Technology Innovation Management

Many scholars have studied the driving factors of green innovation. Most scholars think that green
innovation is more or less influenced by government regulation, market pull, and technological push.
Horbach summarized the driving factors of green innovation as technology promotion, market pull,
regulatory incentives, and internal factors of enterprises [62].

Cleff et al. pointed out that the enterprise scale is significantly positively correlated with product
integration innovation [63]. A small correlation was identified between the increase in pollution
prevention costs and green innovation. However, increasing government supervision activities
related to existing regulations cannot induce additional innovation [64]. Ziegler et al. reported
that environmental management tools have significant positive correlations with green product
innovation and process innovation [65]. De Vries et al. argued that high pollution emission levels
lead to strict environmental policies, which in turn stimulate innovative behavior [66]. Hamamoto
showed that environmental regulatory pressure has an effect of stimulating technological innovation of
enterprises [67]. Rehfeld et al. found that customer satisfaction is significantly positively correlated with
product innovation [68]. Wagner identified a significant positive correlation between environmental
labeling and product innovation [69]. Demirel et al. pointed to the environmental effects of external
government policies and internal enterprise motivations in different types of green innovation [70].
Ustaoğlu et al. studied the future development of electric vehicles and the future market share [71].
Eaton discussed the key role of innovation in the transition to a green economy [72]. Meltzer et al.
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argued that green innovation can help to cope with climate change and reduce carbon dioxide
emissions [73]. El-Kassar et al. developed a holistic model that helps to overcome technical
challenges [74]. Fernando et al. found that service innovation ability plays an intermediary role
in the relationship between sustainable performance and environmental innovation [75]. Green process
innovation was reported to have a positive impact on green product innovation, and that both green
process innovation and green product innovation can improve financial performance [76]. Fujii et al.
focused on the differences in priorities in green technology development and found that sustainable
green patent publications increased as a share of R&D spending and economic growth [77].

3. Methodology

3.1. Model Framework

To select matching partners, an innovation partners selection model based on prospect theory
and field theory was constructed for the GBMs industry. First, a fuzzy evaluation model was
constructed based on prospect theory. On this basis, field theory was introduced to effectively reflect
the complementarity of green innovation resources. Then, a dynamic selection model was built based
on field theory. The overall model, including the evaluation model and the dynamic selection model,
provides direction for improving the accuracy of partner selection in IGBMSCs. The model framework
for the dynamic selection of innovation partners is presented in Figure 1.
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building materials (GBMs) supply chain (IGBMSC).

Figure 1 presents the processes used in the dynamic selection of innovation partners. In the
fuzzy compromise evaluation model based on prospect theory, the major steps are as follows: Firstly,
the intuitionistic fuzzy decision matrix of the attributes of the cooperative innovation capability of the
IGBMSC and alternative partners at different times in the past is constructed. Secondly, the timing
sequence weights are obtained using the ideal time weight vector and the attribute weights of
the cooperative innovation capabilities of all partners in the IGBMSC at different times. Thirdly,
the intuitionistic fuzzy decision matrices are transformed into dynamic intuitionistic fuzzy synthetic
decision matrices through a dynamic intuitionistic fuzzy weighted geometry (DIFWG) operator.
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Prospect theory is introduced by considering the risk attitude and loss sensitivity of decision-makers.
Finally, an intuitionistic fuzzy compromise method based on the VIKOR method is constructed to
evaluate the cooperative innovation capabilities of all partners inside and outside the IGBMSC.

In the dynamic selection model based on field theory, the major steps are as follows: Firstly,
an innovation resource complementarity matrix between IGBMSC and alternative partners is
constructed with the goal of cooperative innovation. Secondly, the IGBMSC cooperative innovation
capability field is introduced to convert the quality and capability evaluation results of the IGBMSC
and the alternative partners into the cooperative innovation capability radius. Thirdly, the innovation
capability radius threshold is used to screen the IGBMSC and alternative partners. Finally, on this
basis, external selection and internal withdrawal of alternative partners in the IGBMSC are conducted
through interaction between the gravitational threshold of cooperative innovation capability and
willing resistance. In addition, on the basis of any change, the radius of cooperative innovation
capability, gravity, and willing resistance all change simultaneously, which requires updating and
further dynamic adjustment of the IGBMSC.

3.2. Fuzzy Compromise Evaluation Model Based on Prospect Theory

3.2.1. Basic Concept of Intuitionistic Fuzzy Sets

Definition 1. [78] Let X be a non-empty set, X = (x1, x2 · · · , xm). Then, an intuitionistic fuzzy set A on
X is defined as follows:

A =
{〈

x,µA(x),γA(x)
〉
|x ∈ X

}
(1)

where µA(x),γA(x) ∈ [0, 1]. The former is the membership degree of an element x in X, whereas the
latter is the non-membership degree.

Definition 2. [79,80] Let a =
〈
µA(x),γA(x)

〉
be an intuitionistic fuzzy number in X and define

T(a) = µA(x)−γA(x) as the score function a. Then, H(a) = µA(x)+γA(x) is the accuracy function of a.

Definition 3. Let a =
〈
µA(x),γA(x)

〉
, a1 =

〈
µA1(x),γA1(x)

〉
, and a2 =

〈
µA2(x),γA2(x)

〉
be intuitionistic

fuzzy numbers in the field X and λ > 0 be any real number [81]. Then, the following operations
are defined:

1Oλa =
〈
1− (1− µA(x))

λ,γA(x)
λ
〉
;

2Oaλ =
〈
µA(x)

λ, 1− (1− γA(x))
λ
〉
;

3Oa1 ⊕ a2 =
〈
µA1(x) + µA2(x) − µA1(x)µA2(x),γA1(x)γA2(x)|∀x ∈ X

〉
; and

4Oa1 ⊗ a2 =
〈
µA1(x)µA2(x),γA1(x) + γA2(x) − γA1(x)γA2(x)|∀x ∈ X

〉
.

Definition 4. Let a j =
〈
µAj(x),γAj(x)

〉
, where j = 1, 2, · · · , n, is an intuitionistic fuzzy number in the

field X, and ω j = (ω1,ω2, · · ·ωn)
T such that

n∑
j=1

ω j = 1. IFWA : Qn
→ Q is defined, when it is satisfied,

as follows [82]:

IFWAω(a1, a2 · · · , an) =
n∑

j=1

a jω j =

1−
n∏

j=1

(
1− µAj(x)

)ω j ,
n∏

j=1

γAj(x)
ω j

 (2)

IFWA is the multidimensional intuitionistic fuzzy weighted average operator.

Definition 5. Let a(t) =
〈
µA(t)(x),γA(t)(x)

〉
be an intuitionistic fuzzy number, where t is the timing

variable, µA(t)(x) and γA(t)(x) belong to [0, 1], and µA(t)(x) + γA(t)(x) ≤ 1 [83]. If t = t1, t2 · · · , tn,

then the intuitionistic fuzzy sets of different time series are expressed as a(t1), a(t2), · · · , a
(
tp
)
.
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Definition 6. If atk =
〈
µtk(x),γtk(x)

〉
is an intuitionistic fuzzy number of a time series tk, ϕ(tk) =

(ϕ(t1),ϕ(t2), · · · ,ϕ(tn))
T is the weight vector of time series tk, ϕ(tk) ∈ [0, 1], and

p∑
k=1

ϕ(tk) = 1 [80–

83], then

DIFWGϕ(tk)
(
at1, at2 · · · , atp

)
=

p∏
j

aϕ(tk)tk =


p∏
j

aϕ(tk)tk , 1−
p∏
j

(1− γtk)
ϕ(tk)

 (3)

is called the dynamic intuitionistic weighted geometric operator.

3.2.2. Sequence Weight Vector and Attribute Weight Vector

Definition 7. If τ =
p∑

k=1

p−k
p−1ϕk, then τ is called the time ϕ =

{
ϕ1,ϕ2, · · · ,ϕp

}
[84,85]. Let the distance

between the two time vectors ϕ′ =
{
ϕ1
′,ϕ2

′, · · · ,ϕp
′
}

and ϕ′′ =
{
ϕ1
′′ ,ϕ2

′′ , · · · ,ϕp
′′

}
be as follows:

d(ϕ′,ϕ′′ ) =

√√√ p∑
k=1

∣∣∣ϕk
′ −ϕk

′′

∣∣∣2 (4)

Then, the distances between ϕ =
{
ϕ1,ϕ2, · · · ,ϕp

}
and the positive and negative ideal time

weight vectors are d(ϕ,ϕ+) =

√
p∑

k=1
ϕ2

k +
(
1−ϕp

)2
and d(ϕ,ϕ−) =

√
(1−ϕ1)

2 +
p∑

k=2
ϕ2

k , respectively.

Therefore, the degree of closeness can be expressed as

C(ϕ) =
d(ϕ,ϕ−)

d(ϕ,ϕ+) + d(ϕ,ϕ−)
(5)

If the given time is satisfied and the maximum C(ϕ) is achieved, the transformation model is
maxC(ϕ) =

√
(1−ϕ1)

2+
p∑

k=2
ϕ2

k√
p∑

k=1
ϕ2

k+(1−ϕp)
2
+

√
(1−ϕ1)

2+
p∑

k=2
ϕ2

k

s.t. τ =
p∑

k=1

p−k
p−1ϕk,

p∑
k=1

ϕk = 1,ϕk ∈ [0, 1]

(6)

The time sequence weight vector can be obtained by solving this model.

Definition 8. Let ai j(tk) =
〈
µi j(tk)(x),γi j(tk)(x)

〉
be an intuitionistic fuzzy number, where µi j(tk)(x)

represents the degree of membership attributed to the attribute j of plan i at tk and γi j(tk)(x) represents
the degree of non-membership of scheme i to the attribute j at tk [86]. Then, the hesitation degree is
πi j(tk) = 1− µi j(tk)(x) − γi j(tk)(x) and the intuitionistic fuzzy entropy of the target attribute can be
expressed as follows:

E j(tk) =
1
m

m∑
i=1

{
1−

√(
1−πi j(tk)

2
)
− µi j(tk)(x)γi j(tk)(x)

}
(7)

Let the weight of the target attribute at time tk be ω j(tk). Then, the optimization model for the
target attribute weight is as follows:
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
min

n∑
j=1

ω j(tk)
2E j(tk)

s.t.
n∑

j=1
ω j(tk) = 1

(8)

The Lagrangian function constructed from the above equation is L
(
ω j(tk), δ

)
=

n∑
j=1

ω j(tk)
2E j(tk) + 2δ

 n∑
j=1

ω j(tk) − 1

. If we take the partial derivatives of ω j(tk) and δ, and set the

partial derivative to 0, the following formula is true:
∂L(ω j(tk),δ)
∂ω j(tk)

= 2ω j(tk)E j(tk) + 2δ = 0

∂L(ω j(tk),δ)
∂δ = 2

 n∑
j=1

ω j(tk) − 1

 = 0
(9)

The attribute weight vector can be obtained by solving this model.

3.2.3. Fuzzy Prospect Theory and VIKOR Method

Definition 9. Given the intuitionistic fuzzy numbers a1 =
〈
µA1(x),γA1(x),πA1(x)

〉
and a2 =〈

µA2(x),γA2(x),A2 (x)
〉
, the Hamming distance between them is as follows [87]:

d(a1, a2) =
1
2

(∣∣∣µA1(x) − µA2(x)
∣∣∣+ ∣∣∣γA1(x) − γA2(x)

∣∣∣+ ∣∣∣πA1(x) −πA2(x)
∣∣∣) (10)

Let the reference point of the criterion value under state S1 in criterion c1 be Y jh. Based on the
distance formula of two intuitionistic fuzzy numbers and the comparison result with Y jh, the prospect
value function can be determined as

v
(
yi jh

)
=


[
d
(
yi jh, Y jh

)]α
yi jh ≥ Y jh

−λ
[
d
(
yi jh, Y jh

)]β
yi jh < Y jh

(11)

where α = β = 0.88 and λ = 2.25. As the decision weight is closely related to the objective probability,
the ratio of the weight of probability p of the occurrence to the weight of certainty is taken as the
decision weight of gain and loss, which can be expressed as

π
(
p j

)
=


π+

(
p j

)
=

pγj[
pγj +(1−p j)

γ
]1/γ

π−
(
p j

)
=

pδj[
pδj+(1−p j)

δ
]1/δ

(12)

where γ = 0.61 and δ = 0.69. Using the prospect value function, the multi-attribute evaluation matrix
in multi-state can be transformed to prospect values. Therefore, the comprehensive foreground value
of c j under ai is as follows:

v
(
ai j

)
=

l∑
h=1,v(yi jh)≥0

v
(
yi jh

)
π+

(
p j

)
+

l∑
h=1,v(yi jh)<0

v
(
yi jh

)
π−

(
p j

)
(13)

Then, the prospect value matrix is V =
[
v
(
ai j

)]
m×n

.
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Definition 10. If f+ is the positive ideal point of the attribute and f− is the negative ideal point,
the acquisition method can be expressed as follows [88]:

f+ =
{
max

i
v(ai1), max

i
v(ai2), · · · , max

i
v(ain)

}
(14)

f− =
{
min

i
v(ai1), min

i
v(ai2), · · · , min

i
v(ain)

}
(15)

Let θ be the decision mechanism coefficient. Then, the group utility value Si, individual regret
value Ri, and Qi are obtained as follows:

Si =
l∑

j=1

w j

 f+j − v
(
ai j

)
f+j − f−j

, Ri = max
j

w j

 f+j − v
(
ai j

)
f+j − f−j


 (16)

Qi = Qi
1 + Qi

2 = θ×
Si −min

i
Si

max
i

Si −min
i

Si
+ (1− θ)

Ri −min
i

Ri

max
i

Ri −min
i

Ri
(17)

3.3. Dynamic Selection Model Based on Field Theory

3.3.1. Quality of Cooperative Innovation Capacity

We first set the field source as O, indicating the advantage of its own innovative resources: A group
(or groups) with specific technological innovation resources, which integrates the GBM supply chain.
The cooperative innovation capacity field is the distribution law of cooperative innovation capacity in
the space occupied by the site.

The quality of innovation capability of an IGBMSC describes its own innovation resources,
which are determined by a resource vector and resource use. The resource vector is represented by
P = (p1, p2, · · · , pn), where n is the dimension of the resource space. For any resource pi ∈ [0, 1], pi = 1
indicates that the innovation resource meets the needs of cooperative innovation and pi= 0 means that
it is not. Resource use is expressed as Y, Y = (y1, y2, · · · , yn), yi ∈ [0, 1], where yi is the availability of
pi. The time vector T = (t1, t2, · · · , tn) is introduced, and the quality of innovation capability is

MT = PT ×YT =
n∑

i=1

piy1i (18)

The resource vector of an alternative partner is expressed as Q = (q1, q2, · · · , qn). The resource

space saturation vector Pm =

n︷        ︸︸        ︷
(1, 1, · · · , 1) and resource demand vector P are introduced. Then,

the quality of innovation capability of alternative partners is as follows:

mT = ((Pm ⊕ P)∩Q) =
n∑

i=1

[(1⊕ pi)∧ qi]y2i (19)

3.3.2. Field Strength and Attraction of Cooperative Innovation Field

The field strength describes the effect of the field source on a specified position in the field.
The formula for calculating the field strength is ET = KT

(
MT/R2

T

)
, where M represents the quality of

cooperative innovation capacity of the field source, R is the radius of cooperative innovation capacity,
and K is the effect of collaborative innovation capability generated by the integration of the GBM supply
chain and co-operation with alternative partners. After the alternative partners join, the increase in
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the quality of cooperative innovation brought by unit innovation resources is defined as ZT. Then,
the effect of innovation ability can be expressed as

KT =
ZT

MT + mT
(20)

The cooperative innovation ability gravity describes the degree of recognition or attraction of
the field source to alternative partners in the field. The attraction of cooperative innovation ability is
expressed as

FT = ET ×mT =
ZTMTmT

R2
T(MT + mT)

(21)

3.3.3. Radius of the Cooperative Innovation Capacity Field

The cooperative innovation capability radius R is related to the qualities and capabilities of
the alternative partners. Quality reflects their static characteristics, while capability reflects their
dynamic characteristics; namely, their development potential after entering the IGBMSC. The radius R,
thus, measures the qualities (i.e., level of technology and supply chain integration) and capabilities
(i.e., fusion co-ordination, resource integration, and learning absorption) of potential partners. It is also
a fuzzy compromise evaluation index system, based on time and prospect theory. The qualities and
capabilities of IGBMSC partners are shown in Table 1.

Table 1. Integrated quality and capability evaluation system of GBM supply chain partner selection.

Main
Criteria Sub-Criteria Variable Measurement Element Literature Sources

Quality

IGBMSC partner
technology level

Proportion of R&D investment in GBMs
Eaton, (2013); Weng et al., (2015);
Shu et al., (2016); Chegut et al.,

(2019); Yin et al., (2019).

Proportion of scientific and
technological personnel in GBMs

Production equipment level of GBMs
Advanced technology of core GBMs

Number of intellectual property rights
of GBMs patents

Integration of GBM
supply chain partners

Green supplier integration capability Horbach et al., (2012); Yu et al.,
(2014); Zhang et al., (2017);

Scur et al., (2017); Chen et al., (2019).
Green customer integration capability

Internal integration capability

Capability

IGBMSC partner
integration co-ordination

capability

Compatibility of corporate culture
Han et al., (2012); Bunduchi, (2013);

El-Kassar et al., (2019);
Fernando et al., (2019).

Compatibility of strategic objectives
Fairness of benefit distribution

Risk bearing orientation
Trust level and communication level

IGBMSC partner
resource integration

capability

Resource allocation capacity
Lin et al., (2013); De Medeiros et al.,

(2014); Ferreira et al., (2017);
Lin et al., (2017); Fang et al., (2018);

Albort-Morant et al., (2018);
Yin et al., (2019).

Resource sharing capacity
Resource efficiency

IGBMSC partner
learning absorption

capacity

Learning communication ability
Knowledge absorption ability

Knowledge creation ability

Let the quality and capability of the field source be C f and the quality and capability of the
alternative partner be C. Then, the radius of cooperative innovation capability can be expressed as

RT = 1 + C f −C, C ∈ [0, 1] (22)

If C f is 1, the radius of cooperative innovation capacity simplifies to RT = 2−C.
The cooperative innovation capability field is divided into circles of differing radii, including

strong innovation capability in (0, R1], medium innovation capability in (R1, R2], weak innovation
capability in (R2, R3], and 0 innovation capability, as shown in Figure 2.
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Figure 2. Cooperative innovation capacity field model.

The dotted circles in Figure 2 represents the radial range of the field strength of different innovation
capabilities. Willingness resistance describes the opportunity and risk costs of alternative partners
joining the IGBMSC. If D1 is the opportunity cost and D2 is the risk cost, then the resistance to the
willingness of alternative partners can be expressed as

FTW = D1 + D2 (23)

3.3.4. Dynamics of IGBMSC

In the process of IGBMSC formation and development, the collaborative innovation capability and
the innovation performance of the IGBMSC should be improved. The IGBMSC must dynamically update
its cooperative innovation partners. Innovation partners that cannot meet the resource complementarity
standards of the IGBMSC should be eliminated. These standards change with the quality of cooperative
innovation capacity and field strength.

With the addition of an innovation partner entity to the IGBMSC, innovation resources flow
from the partner entity to the source of the innovation capability field. The resource situation of the
field source changes constantly and the demand space of the innovation resource shrinks. With a
change in the state of the innovation resources of the field source, the quality of its innovation ability
increases. The innovation capacity field that it stimulates also changes accordingly until the innovation
resources owned by the field source occupy the whole resource space. With a change in the field source,
the innovation capacity field it stimulates will also change. The partner entities in the innovation
capability field are attracted by the field source and tend to approach the field source; this trend is called
the innovation potential. The innovation potential is inversely proportional to the distance. The further
away the partners are from the field source, the smaller the trusted potential. Conversely, the closer the
field is to the source, the greater the credible potential. As the field source stimulates the innovation
ability field, innovation partners tend to approach the field source. When the attraction of the spot
source is not equal to the resistance energy of the innovation partner, the innovation partner will jump
between different circles. In this process, the standards also change in the innovation capacity field.

(1) Let Qt represent an enterprise exiting the IGBMSC at time t. The quality of cooperative
innovation ability can then be expressed as

Mt+1 = Mt + mt −Qt (24)

(2) The field strength of the cooperative innovation capacity has also changed, which can be
expressed as

Et+1 = Kt+1
Mt + mt −Qt

R2
t+1

(25)

The density of the cooperative innovation capacity field also simultaneously changes, as shown in
Figure 3.
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(3) Innovation partners actively participate in innovative activities at the early stage of entering
the IGBMSC to obtain a large number of innovation resources. With the dynamic change in time,
innovation partners adjust their supply types and comprehensive capacity of green innovation resources
to improve the quality of their own innovation ability. This forms the dynamic nature of innovation
partners. The quality and comprehensive strength of innovation partners change dynamically over
time. The resistance of innovation partners and their distance from the innovation capability of an
IGBMSC change. This change is reflected in changes in their innovation ability field. With a change,
some partners will choose to join the IGBMSC to conduct innovation activities, but some partners will
choose to quit the IGBMSC. At this point, the intended resistance is F(t+1)W = ηMt+1. The external
alternative partners of the IGBMSC are also affected by the interaction between the cooperative
innovation ability attraction FTG and the willing resistance FTW . This process is shown in Figure 4.
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(4) In the life cycle of the IGBMSC, the innovation capacity between the IGBMSC and potential
innovation partners is brought into play through the innovation capacity field; this role is continuous,
dynamic, and flexible. The above analysis shows that the partner selection process undergoes a wide
range of dynamic changes over time. This dynamic adjustment shows that the problem of partner
selection is targeted and fast. The solution of this problem through effective adjustment highlights the
flexibility of the method proposed in this study. The innovation partner selection of IGBMSC not only
dynamically adjusts the partners of IGBMSC, but also quickly and effectively solves the problem of
innovation partner selection. The process of the dynamic selection mechanism for IGBMSC partners is
shown in Figure 5, where the number in the circle indicates a particular enterprise.
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3.4. Implementation Steps

After the formation of the green innovation capability field, an IGBMSC can select potential
IGBMSC green innovation partners according to the distribution of existing innovation partners.
The selection process is shown in Figure 6.Sustainability 2020, 2, x FOR PEER REVIEW  16 of 28 
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As shown in Figure 6, the implementation steps for the dynamic selection of cooperative innovation
partners by an IGBMSC based on field theory are as follows:

Step 1: Preliminary research based on cooperative innovation resources. Building materials
enterprises make preliminary selections according to the needs of cooperative innovation resources.
Building materials companies should select alternative partners with the innovative resources that
are lacking in the IGBMSC. The building materials enterprise is added to the alternative partners to
complement the innovative resources of the IGBMSC.

Step 2: Based on the preliminary screening of cooperative innovation ability circle, managers
should evaluate the qualities and capabilities of the IGBMSC and its alternative partners based on
prospect theory. Managers should continue to calculate the radius of cooperative innovation capability.
For each partner, set the radius threshold εT with respect to the IGBMSC. The circle of cooperative
innovation capability where each partner radius is located should be judged accordingly. If the circle
is different, the radius should be judged to be less than the threshold. If the conditions are met,
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the partners with the highest level are selected and then Step 3 is completed. Otherwise, it will fail.
If each partner is at the same level of cooperative innovation ability, Step 3 is screening partners.

Step 3: Check or screen based on the attraction of cooperative innovation ability. Managers
should calculate the magnitude of cooperative innovation attraction of each partner obtained in Step 2,
and check whether the cooperative innovation attraction F of each partner at the highest level is greater
than the threshold value F0. If the condition is met, proceed to Step 4. If not, it fails. The attraction is
compared with partners at the same level, and partners whose gravity F is greater than the threshold
F0 are selected for screening in Step 4.

Step 4: A final check (or screening), based on the interaction between attraction and willing
resistance. Managers calculate the willing resistance of each cooperative innovation partner and check
that FTG ≥ FTW for each partner satisfying the highest level. If it is not satisfied, this step results in
failure. The same filter is applied to all partners at the same level. If it is not satisfied, it results in
failure again.

4. Case Study

4.1. Case Background

The considered manufacturing enterprise (HSB), located in Hebei province, China, is a high-tech
building materials enterprise integrating R&D, design, production, sales, and installation. HSB is a
system composed of suppliers and manufacturers that has considerable advantages in the fields of
production and management of GBMs. The company has introduced IGBMSC management based on
a large foreign GBM manufacturer, initially forming an IGBMSC management system. The system
exceeded the effective operation period, so the IGBMSC needs to be adjusted dynamically. HSB needs
to improve the overall R&D level, technological innovation ability, and market competitiveness of the
IGBMSC. The IGBMSC simultaneously decided to research and develop a new GBMs product, but its
technical resources were insufficient. The GBM supply chain was evaluated to seek suitable cooperative
innovation partners through resource sharing and complementary advantages. The IGBMSC must
simultaneously eliminate the partners that do not meet the standards.

Through market research, HSB preliminarily identified seven GBM supply chain partners in their
region. In order to select the most suitable cooperative innovation partner for the IGBMSC, HSB invited
10 industry experts. First, the experts anonymously evaluated each alternative partner in four different
periods according to the evaluation index system. After several rounds of comprehensive feedback,
the final 10 expert evaluation results were consistent. Second, experts in GBM technology R&D used
seven types of resources (labeled A to G) for investigation. The seven resource types of the partners and
each alternative partner in the IGBMSC were complementarily evaluated. For clarity in the analysis,
1 indicates that a resource met the needs of cooperative innovation, while 0 indicates that a resource
did not satisfy such needs. The following intuitionistic fuzzy matrices were obtained, as given in
Tables 2 and 3.

The resource utilization vectors in Table 3 were normalized. The quality of cooperative innovation
capacity was calculated as M and m, and the results are shown in Table 4.
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Table 2. (A) Innovation ability of the studied IGBMSC in the t1 and t2 periods. (B) Innovation ability
of the studied IGBMSC in the t3 and t4 periods.

(A)
t1 IA1 IA2 IA3 IA4 IA5

E1 <0.6,0.3> <0.5,0.4> <0.5,0.4> <0.6,0.3> <0.4,0.5>
E2 <0.4,0.4> <0.6,0.3> <0.6,0.3> <0.7,0.2> <0.6,0.3>
E3 <0.5,0.4> <0.4,0.5> <0.4,0.5> <0.3,0.4> <0.5,0.4>

C1 <0.2,0.5> <0.3,0.5> <0.5,0.5> <0.3,0.6> <0.5,0.3>
C2 <0.3,0.4> <0.2,0.7> <0.5,0.3> <0.3,0.5> <0.5,0.2>
C3 <0.3,0.2> <0.4,0.3> <0.4,0.6> <0.4,0.2> <0.6,0.3>
C4 <0.4,0.6> <0.5,0.2> <0.2,0.3> <0.1,0.5> <0.3,0.5>
C5 <0.4,0.5> <0.4,0.3> <0.4,0.5> <0.3,0.4> <0.5,0.4>
C6 <0.2,0.4> <0.2,0.6> <0.2,0.3> <0.2,0.4> <0.6,0.2>
C7 <0.5,0.4> <0.4,0.3> <0.5,0.5> <0.3,0.4> <0.3,0.5>

t2 IA1 IA2 IA3 IA4 IA5

E1 <0.5,0.4> <0.3,0.4> <0.5,0.3> <0.3,0.5> <0.6,0.3>
E2 <0.6,0.3> <0.6,0.3> <0.6,0.4> <0.6,0.2> <0.5,0.2>
E3 <0.4,0.5> <0.2,0.7> <0.3,0.4> <0.1,0.5> <0.4,0.4>

C1 <0.3,0.5> <0.6,0.3> <0.3,0.5> <0.3,0.4> <0.2,0.7>
C2 <0.2,0.3> <0.5,0.3> <0.2,0.6> <0.6,0.4> <0.3,0.6>
C3 <0.6,0.2> <0.8,0.2> <0.5,0.1> <0.5,0.3> <0.4,0.4>
C4 <0.4,0.3> <0.2,0.5> <0.4,0.3> <0.4,0.2> <0.4,0.5>
C5 <0.3,0.6> <0.7,0.3> <0.6,0.4> <0.3,0.5> <0.5,0.3>
C6 <0.7,0.2> <0.3,0.5> <0.7,0.2> <0.4,0.5> <0.4,0.1>
C7 <0.4,0.5> <0.3,0.4> <0.3,0.7> <0.4,0.3> <0.3,0.5>

(B)
t3 IA1 IA2 IA3 IA4 IA5

E1 <0.2,0.6> <0.6,0.2> <0.4,0.5> <0.4,0.4> <0.6,0.3>
E2 <0.6,0.3> <0.5,0.4> <0.6,0.2> <0.6,0.3> <0.7,0.3>
E3 <0.3,0.4> <0.3,0.6> <0.7,0.1> <0.2,0.6> <0.3,0.5>

C1 <0.3,0.4> <0.2,0.5> <0.5,0.4> <0.3,0.4> <0.7,0.1>
C2 <0.4,0.5> <0.5,0.4> <0.4,0.5> <0.4,0.6> <0.4,0.5>
C3 <0.6,0.3> <0.4,0.6> <0.3,0.6> <0.6,0.4> <0.5,0.4>
C4 <0.4,0.4> <0.3,0.7> <0.5,0.4> <0.4,0.3> <0.3,0.7>
C5 <0.5,0.3> <0.5,0.4> <0.4,0.2> <0.5,0.4> <0.4,0.6>
C6 <0.2,0.7> <0.2,0.5> <0.6,0.4> <0.2,0.7> <0.6,0.3>
C7 <0.3,0.5> <0.6,0.3> <0.3,0.6> <0.4,0.5> <0.5,0.3>

t4 IA1 IA2 IA3 IA4 IA5

E1 <0.3,0.5> <0.5,0.2> <0.6,0.3> <0.6,0.2> <0.2,0.7>
E2 <0.5,0.4> <0.3,0.6> <0.4,0.4> <0.5,0.3> <0.6,0.3>
E3 <0.4,0.4> <0.3,0.5> <0.3,0.7> <0.7,0.1> <0.4,0.5>

C1 <0.4,0.6> <0.6,0.3> <0.3,0.4> <0.3,0.6> <0.6,0.3>
C2 <0.6,0.3> <0.7,0.3> <0.4,0.5> <0.4,0.4> <0.5,0.4>
C3 <0.8,0.1> <0.8,0.1> <0.3,0.6> <0.5,0.5> <0.3,0.3>
C4 <0.5,0.4> <0.5,0.4> <0.5,0.4> <0.6,0.3> <0.2,0.5>
C5 <0.7,0.2> <0.3,0.6> <0.3,0.7> <0.4,0.4> <0.3,0.4>
C6 <0.3,0.6> <0.4,0.6> <0.5,0.4> <0.3,0.7> <0.2,0.7>
C7 <0.2,0.7> <0.6,0.3> <0.6,0.4> <0.4,0.5> <0.3,0.5>
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Table 3. The status of cooperative innovation resources of alternative partners and the studied IGBMSC.

A B C D E F G

E1 0(0.93) 1(0.97) 1(0.95) 0(0.94) 1(0.96) 1(0.95) 1(0.97)
E2 1(0.97) 1(0.96) 0(0.95) 1(0.93) 0(0.94) 1(0.97) 1(0.98)
E3 1(0.98) 0(0.91) 1(0.92) 1(0.94) 1(0.98) 1(0.96) 0(0.94)

C1 0(0.78) 1(0.79) 0(0.82) 1(0.84) 0(0.83) 1(0.85) 0(0.89)
C2 1(0.88) 0(0.81) 0(0.79) 1(0.79) 1(0.83) 0(0.75) 1(0.89)
C3 1(0.76) 1(0.83) 0(0.76) 0(0.74) 1(0.87) 1(0.85) 0(0.78)
C4 0(0.74) 1(0.86) 1(0.82) 0(0.77) 1(0.87) 0(0.76) 0(0.74)
C5 0(0.76) 1(0.88) 0(0.77) 1(0.84) 0(0.73) 1(0.87) 1(0.89)
C6 1(0.88) 0(0.76) 0(0.75) 1(0.82) 1(0.83) 0(0.77) 0(0.79)
C7 0(0.76) 1(0.83) 1(0.84) 0(0.79) 1(0.84) 0(0.87) 1(0.85)

Table 4. GBM cooperative green innovation capacity quality.

E1 E2 E3 C1 C2 C3 C4 C5 C6 C7

M 0.7196 0.7179 0.7210 m 0.4276 0.5906 0.5921 0.4586 0.6063 0.4518 0.5813

4.2. Evaluation of Green Innovation Capability Based on Evaluation Model

The quality and capability of each candidate partner was calculated to obtain their radius value.
According to the radius values, the circle of green innovation ability to be selected was judged.
As C ∈ [0, 1] and R ∈ [1, 2], the circle was divided into four circles, including (0, 1], strong green
innovation ability; (1, 1.5], medium green innovation ability; (1.5, 2], weak green innovation ability;
and (2,∞), no green innovation ability.

The intuitionistic fuzzy entropy method was used to calculate the weight of each attribute at
different times, and the results are shown in Table 5.

Table 5. Temporal and attribute weights.

t ϕ(tk) ω1(tk) ω2(tk) ω3(tk) ω4(tk) ω5(tk)

IGBMSC

t1 0.2282 0.1828 0.2260 0.1661 0.1989 0.2262
t2 0.1077 0.1975 0.2108 0.2057 0.1883 0.1978
t3 0.0000 0.2123 0.1968 0.1898 0.1924 0.2087
t4 0.6641 0.2248 0.2070 0.1839 0.1879 0.1964

Alternative
partners

t1 0.2282 0.1983 0.1948 0.1948 0.2172 0.1948
t2 0.1077 0.1918 0.2138 0.1822 0.2098 0.2024
t3 0.0000 0.1946 0.1946 0.2282 0.1984 0.1843
t4 0.6641 0.1828 0.1930 0.1828 0.2412 0.2002

The DIFWG operator was used to aggregate the weighted intuitionistic fuzzy decision matrices of
different periods. The matrix obtained is shown in Table 6.
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Table 6. Dynamic intuitionistic fuzzy synthesis decision matrix.

IA1 IA2 IA3 IA4 IA5

E1 <0.085,0.8594> <0.1183,0.7719> <0.1431,0.8109> <0.1736,0.7292> <0.0606,0.9102>
E2 <0.1172,0.838> <0.0912,0.8756> <0.1088,0.8346> <0.1712,0.735> <0.1622,0.7808>
E3 <0.0975,0.8468> <0.0694,0.8817> <0.0693,0.9183> <0.1455,0.6917> <0.1034,0.8592>

C1 <0.0819,0.8871> <0.1439,0.7993> <0.0727,0.8595> <0.0657,0.9016> <0.138,0.8086>
C2 <0.1236,0.7879> <0.1481,0.8263> <0.0869,0.8709> <0.0909,0.8491> <0.1224,0.8211>
C3 <0.1979,0.652> <0.2279,0.6695> <0.0729,0.8973> <0.1157,0.8445> <0.0889,0.789>
C4 <0.1235,0.8406> <0.1211,0.8082> <0.0892,0.833> <0.0934,0.8123> <0.0537,0.8687>
C5 <0.165,0.7844> <0.0891,0.8663> <0.075,0.9198> <0.0824,0.8444> <0.0865,0.8256>
C6 <0.074,0.8698> <0.0822,0.8942> <0.0973,0.8283> <0.0614,0.9136> <0.0658,0.8848>
C7 <0.0646,0.9044> <0.1412,0.781> <0.1311,0.8689> <0.0856,0.8613> <0.0698,0.8687>

In the decision-making process, the prospect matrix for integrating the GBM supply chain and
alternative partners was calculated. The results are shown in Table 7.

Table 7. Fuzzy prospect value decision matrix.

IA1 IA2 IA3 IA4 IA5

E1 0.0000 –0.2155 0.0000 0.0000 0.0451
E2 0.0302 0.0214 –0.0774 0.0066 –0.1603
E3 –0.0322 0.0000 0.0871 –0.1369 0.0000

C1 0.0838 0.0000 –0.0599 0.0367 0.0584
C2 –0.0915 0.0293 0.0000 –0.0312 0.0464
C3 –0.2541 –0.2499 0.0253 0.0284 –0.1627
C4 0.0493 –0.0541 –0.0846 –0.1059 –0.0399
C5 0.0000 0.0574 0.0435 –0.0484 –0.0947
C6 –0.1827 0.0781 –0.0937 0.0462 0.0164
C7 0.0960 –0.0503 0.0399 0.0000 0.0000

The compromise method was used to evaluate the innovation capability of the IGBMSC and
alternative partners. The radius threshold was set as εT = 1.4500, as decided by expert discussion and
analysis. The results are shown in Table 8.

Table 8. The calculation results of Q, C, and R.

E1 E2 E3 C1 C2 C3 C4 C5 C6 C7

Q 0.2145 0.0000 1.0000 0.1949 0.4078 1.0000 0.4835 0.1855 0.7113 0.0000
C 0.5909 0.6149 0.5263 0.7898 0.6410 0.2755 0.5191 0.7172 0.4695 0.8589
R 1.4091 1.3851 1.4737 1.2102 1.3590 1.7245 1.4809 1.2828 1.5305 1.1411

According to the radius values in Table 8, E3 = 1.4735 > 1.4500, and the IGBMSC partner E3
was initially eliminated. Alternative partners outside the IGBMSC satisfied C3 = 1.7245, C4 = 1.4809,
and C6 = 1.5305. The evaluation values of the other partners were less than those of partners C3, C4,
and C6; so, the remaining four alternative partners were all located within the circle of innovation
capability, and it was not possible to judge which building materials enterprises to choose as partners.

4.3. Selection of Candidate Partners Based on Dynamic Selection Model

4.3.1. Preliminary Screening Based on Cooperative Innovation Attraction

The four alternative partners were all in the same circle of cooperative innovation ability. In the
calculation of innovation attraction, K = 0.8, M = 0.75, m = 0.65, C = 0.9, and µ = 0.618 were set.
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The gravitational threshold of green innovation ability was F0 = 0.1992. The calculation results of
gravity, resistance, and resultant force are shown in Table 9.

Table 9. The attraction, resistance, and resultant force of cooperative green innovation ability.

E1 E2 E3 C1 C2 C3 C4 C5 C6 C7

E 0.2899 0.2993 0.2656 0.2336 0.2558 0.1593 0.1673 0.2947 0.1543 0.3571
FTG 0.2899 0.2993 0.2656 0.1680 0.1841 0.1146 0.1204 0.2121 0.1110 0.2570
FTW 0.0720 0.0718 0.0721 0.0428 0.0591 0.0592 0.0459 0.0606 0.0452 0.0581
FH 0.2180 0.2276 0.1935 0.1253 0.1250 0.0554 0.0745 0.1514 0.0658 0.1988

Table 9 shows that in terms of the gravity attraction, E2 > E1. E2 and E1 of the IGBMSC were both
greater than 0.1992, which indicates that they met the conditions for further inspection. The attraction
of each alternative partner satisfied C7 > C5 > C2 > C1. The cooperative innovation capacity values of
the alternative partners C7 and C5 were 0.2545 and 0.2245, respectively; both were greater than 0.1992,
so they also met the conditions for further inspection.

4.3.2. Final Screening Based on the Interaction Resistance

The willingness resistance of each partner is proportional to the ownership of its own resources
and was set at 10% of the complementary resources. The calculated results are shown in Table 9. As can
be seen in Table 9, the cooperative innovation attraction of the IGBMSC and the alternative partners
was greater than the willing resistance, and both met the conditions. Therefore, the members of the
IGBMSC needed to make a dynamic adjustment. Therefore, E3 was eliminated, and the alternative
partners C7 and C5 entered into a cooperative and integrated relationship. The state change results are
shown in Figure 7.
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4.4. Comparative Analysis of Innovation Partner Selection Results

In the case study, the selected GBM supply chain innovation partners belonging to the enterprise
HSB were evaluated based on prospect theory. The IGBMSC partner selection model was applied to
select innovative partners based on field theory. To verify the effectiveness of the proposed method,
prospect theory, the VIKOR method, prospect theory, and the TOPSIS method (a combination weighting
method based on AHP and entropy methods), and the method proposed in this paper were used
to select partners for IGBMSC innovation. The purpose of this was to compare and analyze the
differences in the evaluation and selection results of innovation partners under the different methods.
The evaluation and selection results of supply chain innovation partners selected under the four
methods are shown in Table 10.
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Table 10. Evaluation and selection results of four methods.

Prospect
Theory and

Field Theory
Ranking

Combination
Weighting

Method
Ranking

Prospect
Theory and

VIKOR Method
Ranking

Prospect Theory
and TOPSIS

Method
Ranking

E1 0.2180 2 0.4662 3 0.5909 2 0.5561 1
E2 0.2276 1 0.4718 1 0.6149 1 0.5249 3
E3 0.1935 3 0.4686 2 0.5263 3 0.5259 2
C1 0.1253 3 0.4764 2 0.7898 2 0.7315 2
C2 0.1250 4 0.4712 5 0.6410 4 0.6683 3
C3 0.0554 7 0.4517 7 0.2755 7 0.3992 7
C4 0.0745 5 0.4667 6 0.5191 5 0.4486 6
C5 0.1514 2 0.4747 4 0.7172 3 0.6148 4
C6 0.0658 6 0.4762 3 0.4695 6 0.6040 5
C7 0.1988 1 0.4787 1 0.8589 1 0.7452 1

(1) To reflect the advantages of the VIKOR method, prospect theory was used to compare and
analyze the results of innovation partner selection with VIKOR and TOPSIS methods.

Table 10 demonstrated the differences in the selection of innovation partners for the IGBMSC
based on the two methods. The ranking results of the VIKOR method and TOPSIS method were
obviously inconsistent. From the perspective of evaluation value, we found little difference in the
evaluation value of innovation partners based on prospect theory and TOPSIS method. The total
deviations between the integrated green supply chain and the candidate innovation partners were
0.0177 and 0.1332, respectively, and the degree of discrimination between the selected innovation
partners was poor. This not only causes the reverse order problem, but can also lead to a wrong decision.
The total deviations of the VIKOR method based on prospect theory to integrate the green supply
chain and the candidate innovation partner were 0.0458 and 0.2027, respectively. The evaluation value
of innovation partners for the IGBMSC was relatively different, which reflects attribute compromise.
This result weakens the concept of absolute optimal solution, and improves the accuracy, credibility,
and soundness of partner selection for IGBMSC innovation. In terms of resource complementation,
both had certain limitations.

(2) The evaluation results of the VIKOR method based on prospect theory and the combination
weighting method were compared with the results of the innovation capability field model proposed
in this study to verify the soundness and validity of the IGBMSC innovation partner selection model
based on field theory.

The selection results of innovative partners for the IGBMSC obtained by the above three methods
were different. According to the VIKOR method, the order of partner selection was C7 > C1 > C5 > C2 >

C4 > C6 > C3. According to the field model, the order of partner selection was C7 > C5 > C1 > C2 > C4
> C6 > C3. Although the first partner selected was the same, the ranking results obtained based on the
two methods differed. The reason for this is that, although the quality and capability of the alternative
partner C5 were not high, they were highly complementary to the cooperative innovation resources of
the IGBMSC. Thus, their ranking should be greater than that of C1. The consistency of the result C2 >

C4 > C6 > C3 also verifies the reliability of the dynamic decision-making method proposed in this paper.
The results of the combined weighting method were significantly different from those of the IGBMSC
innovation partners selected by the method based on field theory due to the complementary resources
of C1 and C5 and the innovation of IGBMSC being 3 and 5, respectively. Although the innovation
partner C1 had a higher innovation capability than partner C5, the complementary resources of
IGBMSC with respect to partner C5 were higher than those considering partner C1. Thus, the IGBMSC
innovation partner C5 ranked first. Compared with partner C6, the IGBMSC innovation capability of
partner C5 was higher than that of partner C6. Thus, partner C5 ranked higher than partner C6.

5. Conclusions and Future Research Direction

A survey of GBM industry associations showed that most GBM enterprises apply for fewer
patents and that the willingness of enterprises to innovate is low. With the continuous promotion of
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Internet of Things strategies, resource sharing among enterprises has gradually become the new norm.
The co-operation of IGBMSC enterprises has therefore become an important means of green innovation.
The formation of an IGBMSC involves a dynamic and flexible cooperative green partner selection
process. A cooperative partner is an important factor influencing cooperative green innovation among
the enterprises of an IGBMSC; thus, the key to the success of green innovation is quickly and accurately
selecting suitable and matched partners. Therefore, we studied the selection of cooperative innovation
partners for IGBMSCs. A time-based dynamic compromise integration model was proposed. On this
basis, field theory was introduced from the perspective of the main enterprise. The dynamic selection
mechanism model was constructed based on the complementarity of cooperative innovation resources.
The results of the study are as follows:

The integration of partners should depart from considering only the two aspects of quality and
ability, and should also include the technology level, integration degree, integration co-ordination
ability, resource integration ability, and learning and absorption ability of prospective IGBMSC partners.
Partner selection considering technological innovation is an important factor influencing the green
innovation among enterprises in the supply chains of integrated GBMs. The method proposed in this
study for the selection of green innovation partners in IGBMSCs is a reasonable and effective dynamic
selection decision-making method that can be used to improve the collaborative innovation capabilities
of IGBMSCs.

The findings not only have reference value for the GBM industry in China, but also promote the
popularization of green building. The proposed method further improves the systematic methodology
of partner selection in supply chains and provides theoretical support for promoting innovation in
the GBM field. We provide the following recommendations for building materials enterprises and
government departments: Building materials enterprises should strengthen management co-operation
and knowledge sharing with upstream and downstream enterprises. Knowledge platforms can also be
built through technical means, which can help GBMs enterprises to break down information barriers
and seek opportunities to optimize green supply chains. Government departments should increase the
support of green subsidies for each link in GSCM. Related subsidies and tax incentives can strengthen
the roles of other links in the green supply chain. Governments should take necessary measures to
ensure that support funds and resources can be truly invested into the GSCM of enterprises.

Although we conducted an important study on IGBMSC, the study has certain limitations. Firstly,
only cases were used to conduct the research. In the future, questionnaire surveys can be used to
further analyze the factors influencing the selection of cooperative innovation partners for IGBMSCs.
Secondly, optimization of the quality of the relationships between the cooperative innovation partners
has not been thoroughly analyzed, which needs further study in the future.
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