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Minimum adjustment consensus optimization
models with fuzzy preference relations: The
perspective of cardinal and ordinal consensus

Zhengmin Liu, Member, IEEE, Wenxin Wang, Ruxue Ding and Peide Liu, Member, IEEE

Abstract—In group decision-making (GDM), traditional con-
sensus models have primarily focused on cardinal consensus. In
reality, irrespective of whether the objective of GDM is to select
the optimal alternative or to rank alternatives, it is imperative
to establish a ranking that garners the utmost assent from
all decision-makers (DMs). When preferences are articulated
through fuzzy preference relations (FPRs), cardinal information
emerges in numerical form, quantifying the degree of preference
for alternatives, while ordinal relations are implicitly embedded
within pairwise comparisons. To delve into both cardinal and
ordinal consensus among DMs, this study introduces two con-
sensus optimization models that strive to minimize adjustments
to FPRs while fostering consensus in terms of preference intensity
and ranking. To this end, we first propose two ordinal consensus
measurement methods: one precisely discerns whether DMs have
achieved consensus on the selection of the best alternative,
while the other assesses the consistency of different preference
rankings, taking into account the importance of positions. Based
on these methods, two s of i lities are designed to
explicitly govern both types of ordinal consensus. Subsequently,
two consensus control rules are formulated, tailored to distinct
objectives. These rules necessitate not only cardinal consensus
among all DMs but also their alignment in terms of either the
selection of the best alternative or the preference ranking. Ulti-
mately, these rules are integrated as constraints into two mixed-
integer programming models aimed at minimizing preference
adjustments. The proposed models have been applied in a case
study, confirming their practicality, with thorough comparative
analyses demonstrating their effectiveness.

Index Terms—Group decision-making; Cardinal and ordinal
consensus; Fuzzy preference relation; Mixed-integer program-
ming model; Minimum adjustment.

1. INTRODUCTION

DM assumes a pivotal role across various domains [1].

Whether it pertains to formulating business strategies
[2]. assessing projects [3], or selecting contingency plans
[4], a collective of DMs is imperative to articulate opinions
on a finite set of alternatives [5]. Within this process, pref-
erence relations, particularly FPRs, demonstrate remarkable
advantages [4], [6]. Relying on pairwise comparisons among
alternatives, they not only evaluate their relative merits but also
leverage multiple potential degrees of membership to capture
the underlying intensity of such relations, thereby enriching
the arsenal of tools for expressing individual opinions [7].

This work was supported by the National Social Science Foundation of
China under Grant 22BGL234. (Corresponding author: Wenxin Wang.)

The authors are with the School of Management Science and Engineering,
Shandong University of Finance and Economics, Jinan, 250014, China.
(e-mail: 1zm525@sdufe.edu.cn; wangwenxin@mail.sdufe.edu.cn; dingruxu-
e@mail.sdufe.edu.cn; peide.liu@gmail.com.)

In GDM, consensus reaching process (CRP) holds
paramount significance and involves two stages [8], [9]:
consensus measurement and feedback adjustment. Consensus
measurement provides the directional guidance for adjust-
ment, while feedback adjustment, by adjusting opinions and
resolving discrepancies, fosters a continuous enhancement of
consensus levels [11], [12]. Recent years have seen significant
progress in research on the CRP. The majority of these studies
focus on cardinal consensus, where a high level of consensus
among DMs is assumed when they give similar evaluation
values [2], [8], [9]. [10], [11], [13]. However, the objectives of
GDM vary depending on the type of decision problem, which
also imposes different requirements on the CRP. Broadly, the
objectives of GDM can be classified into two primary types:

(1) Firstly, the objective is to select the optimal alternative
from a set of candidates [9], [12]. Such scenarios are ubig-
uitous in areas like supplier selection, facility location [1],
[2], where DMs strive to identify the best solution based on
economic considerations, ensuring the subsequent economic
activities proceed efficiently and smoothly [13], [14].

(2) Secondly, the aim is to rank or rate the alternatives, a
goal commonly encountered in service provider evaluations,
project competitiveness rankings, and performance appraisals
[16], [17]. DMs employ systematic evaluation frameworks to
arrange the alternatives in descending order of merit [18], [19].

Both objectives entail prioritizing alternatives, implicitly
necessitating a CRP that facilitates DMs in identifying a
ranking that garners the broadest acceptance among them.
Cardinal consensus models, which leverage distance met-
rics between individual preferences, are ill-suited for such
scenarios [20], [21]. They readily steer towards sufficient
similarity in preferences between pairs of DMs, yet their re-
spective desired rankings of alternatives may conflict with each
other’s preferences [21]. In recent years, ordinal consensus
has garnered increasing attention [20]. Contrasting cardinal
consensus, ordinal consensus emphasizes the alignment of
DMs’ preferences in terms of ranking. It focuses on the
relative merits and drawbacks among alternatives rather than
the specific nuances of evaluation information [24]. While full
cardinal consensus represents a stricter criterion than ordi-
nal consensus, its achievement poses formidable challenges.
Consequently, adhering to acceptable levels of both cardinal
and ordinal consensus can be regarded as an indispensable
principle in ensuring effective consensus among DMs. Never-
theless, as previously mentioned, the preponderance of existing
research has predominantly centered on cardinal consensus
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Graph Model for Conflict Resolution Considering
Heterogeneous Behavior Based on Hesitant Fuzzy
Preference and Social Network Analysis

Peng Wang

Abstract—Graph model for conflict resolution (GMCR) is an
effective tool to solve conflicts, which determines the feasible
states by modeling the conflict, and then analyzes the behavior
of decision-makers (DMs) through stability analysis to find a
solution to the conflict. This article studies the composite DMs
(CDMs) and the heterog behaviors of of in GMCR.
Based on the social relationship between DMs, the social network
is applied to analyze the individuals in CDMs and to identify
the types of heterogeneous behaviors of DMs. Combining social
network and aggregating operator, this article unifies the pref-
erences of individuals in a CDM. Subsequently, an identification
mechanism is designed to determine the kind of opponents’
heterogeneous behaviors. Then, the mixed stabilities are extended
to hesitant fuzzy mixed general meta-rationality (HFMGMR) and
hesitant fuzzy mixed symmetric meta-rationality (HFMSMR).
The matrix representations of two stabilities are developed to
analyze the equilibrium of conflicts. Finally, a conflict in pollution
rectification of industry enterprises is analyzed to demonstrate
how social networks can ht applied to GMCR with CDM and

2 ) i fuzzy mixed stability analysis
reveals the infl of hvu:l 2 behaviors in GMCR.
Different types of DM behavior lead to different equilibrium
results, which is concluded in this article.

heter

Index Terms—Composite decision-makers (CDM), graph
model for conflict resolution (GMCR), hesitant fuzzy mixed sta-
bilities, heterogeneous behaviors, social network analysis (SNA).
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[. INTRODUCTION

N PRACTICAL problems, conflicts are always com-

mon due to the different interests and purposes of each
decision-maker (DM) involved in the problem. Conflicts may
lead to many malignant incidents, ranging from daily life
to international events [1], [2]. Therefore, properly analyz-
ing and resolving conflicts is a problem worth studying.
Researchers [3], [4], [5], [6] combined graph theory with game
theory to systematically analyze conflicts to form the graph
model for conflict resolution (GMCR). In GMCR, multiple
DMs with different interests, backgrounds, and purposes are
involved. Each DM has the option to change the current
state of the conflict. In response, other DMs have options to
change the state of conflict further. GMCR aims to find the
equilibrium state where all DMs compromise so the conflict
cannot proceed further.

Since the creation of GMCR, its modeling method-
ology (3], [5], DMs’ game process [7], and preference
representation [8] have been extensively researched, and a
systematic system has been formed. The GMCR can be
divided into two parts: 1) modeling and 2) analysis. When
modeling a conflict, the DM’s options in the conflict are first
constructed based on the specific conflict background. Next,
the states of the conflict are constructed based on the options
of DMs, and the unreasonable states are excluded based on
the specific background. Then, the state transition diagram
of the DMs is constructed to complete the modeling. The
analysis of the GMCR mainly includes stability analysis, status
quo analysis, and sensitivity analysis. Among them, stability
analysis is crucial to finding the equilibrium state of conflict.
The equilibrium state is stable for all DMs. In an equilibrium
state, all DMs cannot take further actions that would make
the conflict continue. Therefore, the conflict ends, and the
equilibrium state can be regarded as a resolution of the conflict.

Take the conflict in pollution rectification of industry enter-
prises as an example. Industrial emissions have led to serious
pollution. Therefore, residents have the option of appealing to
the Government. Local Government has the option of fining
the enterprise or issuing a rectification order. And the enter-
prise can choose to accept the rectification or not. Within the
enterprise, different individuals may have different opinions on
the order of Government, which leads to significant differences
in individual preferences for the feasible state. Expressing
an enterprise’s opinion on the feasible states regarding an

2168-2216 © 2025 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence
and similar technologies. Personal use is permitted, but republication/redistribution requires IEEE permission.
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A social trust network-based classification consensus decision-making
method with incomplete information: cross-classification
adjustment perspective
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ARTICLE INFO ABSTRACT

Keywords:

Classification consensus
Social trust network

Group decision-making
Classification threshold
Cross-classification adjustment

The consensus decision-making problem based on classification requires placing alternatives in a predetermined
category in a specific order, occupying an important position in group decision-making. To achieve a high level
of group identification with the output results, the current research primarily focuses on modifying expert
evaluation opinions to indirectly adjust the classification of alternatives, which may result in a significant de-
viation between the revised and initial opinions. Consequently, this paper constructs a classification consensus
decision method with incomplete information from the perspective of cross-classification adjustment and social
network analysis technology. Firstly, the node strength in the PageRank algorithm is used to acquire the weight
of experts, and incomplete information is supplemented based on social trust network and opinion evolution.
Secondly, the classification threshold model of the i group is blished, and the unified
classification threshold of alternatives is calculated. In addition, the consensus-reaching process is achieved
through the optimization model of cross-classification minimum adjustment, which directly adjusts the classi-
fication of the alternatives and avoids excessive modification of opinions. Further, taking the rating of green
tourist scenic area buildings as an le, the applicability of the proposed method is tested. Ultimately, the

efficacy and advantage of the presented approach are demonstrated via sensitivity analysis and contrast with
current methodologies.

1. Introduction systematically balances alternatives under various criteria by inte-

grating the differentiated evaluation perspectives of experts from mul-

The vigorous development of the social economy and the rapid
replacement of science and technology have made the decision-making
environment unpredictable, and individual decision-makers (DMs) have
shown obvious limitations in dealing with dynamic and multidimen-
sional decision-making problems (Li et al., 2020, 2022). In this context,
the group decision-making (GDM) model has gradually become a
research hotspot by expanding from a single DM to multiple DMs
collaborating (Wang et al., 2022; Zhang & Li, 2021). GDM has gradually
expanded to multi-criteria group decision-making (MCGDM), which
refers to the process in which multiple DMs participate in decision
analysis based on different criteria (Liu et al., 2022; Wu, Zhou, Dong, Xu,
Altalhi, & Herrera, 2022; Zhang, Li, & Gao, 2021). MCGDM

Science and i ing

tiple fields, effectively enhancing the scientificity of complex decision-
making problems. Currently, it has been widely applied in fields such
as political consultation, economic planning, cultural evaluation, etc.
(Morente-Molinera et al., 2017; Yu et al., 2017; Zhang et al., 2019).

In the actual MCGDM process, owing to the constraints of decision
time and limited knowledge, the initial evaluation information given by
DMs may be incomplete. However, incomplete information may
compromise the integrity of the decision matrix, thereby affecting the
normal operation of algorithms or models in subsequent decisions. At
the same time, the presence of missing values can slow down the
decision-making process, reduce the quality of decision-making, lead to
biased decision results, and weaken the accuracy and reliability of
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Research on the management strategy of a new energy vehicle
supply chain under technology patent licensing — Whether to
introduce professional manager
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Abstract In the context of technology patent licensing, the game models for the supply chain
of new energy vehicles have been established based on four management strategies: no introduc-
tion, individual introduction by suppliers/manufacturers, and mutual introduction of professional
managers. The aim is to comprehensively explore the impact of introducing professional man-
agers on innovation decision-making within companies. Additionally, we have investigated the
question of whether supply chain members should introduce professional managers from various
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Graph model for conflict resolution for
mixed-stability combinatorial foresight based on the
combination of regret theory and VIKOR method

Peide Liu, Member, IEEE, Xue Wang, Yingxin Fu and Peng Wang

Abstract—The graph model for conflict resolution (GMCR) is a
branch of decision-making; therefore, how to scientifically
abstract the evaluative thinking of decision-makers (DMs) has
always been a core research point in decision science. In this
context, further ¢ ation of the heterog behavior of
competitors and their impact on the evolution of conflicts deserves
special attention. Usually, DMs’ evaluation thinking has certain
ambiguity and uncertainty, and they are accustomed to giving
qualitative evaluation information. Given the unique advantages
of trapezoidal interval type-2 fuzzy sets (TrIT2FS) in the fusion of
decision domains and transformational linguistic expressions, this
paper constructs a theoretical framework for a graph model on
TrIT2FS and proposes a method for calculating DMs preference
ranking and a heterog bi ial foresight stability
function. Firstly, the DMs will consider multiple factors in the
decision evaluation process, and there are specific regret
avoidance psychological behavior characteristics; thus, this paper
integrates VIKOR and regret theory to solve the DM’s preference
ranking and expands on a new preference ranking method.
Secondly, mixed stability definitions based on TrIT2FS are
proposed to facilitate the description of different sanctioning
behaviors of  heterog pp Subseq ly, a
2 bi ial foresight stability function is
proposed to quickly obtain conflict evolution solutions in complex
dynamic conflict problems based on the extended mixed stability
definitions. Finally, to thoroughly test the correctness and
practicality of the proposed theory, the conflict between inputs
and of the hnological transformation of enterprises
under the low-carbon strategy is used as a specific application
scenario and example for validation,

Index Terms—Graph model for conflict resolution (GMCR),
trapezoidal interval type-2 fuzzy sets (TrIT2FS), regret theory,
VIKOR, heterogeneous opponents, combinatorial foresight.

h
heter

1. INTRODUCTION
n contemporary profit-driven societies, conflicts arising
from the pursuit of maximizing individual or collective
interests are prevalent in all fields. Since the uncontrolled
development of conflicts can lead to many undesirable
consequences, effective mediation must be employed to contain
and resolve conflicts promptly. The graph model for conflict
resolution (GMCR) effectively addresses the steady state of
strategic conflict. The method requires only the relative
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preferences of decision-makers (DMs) in all feasible states.
Based on the advantages and widespread use of the model,
GMCR is used by experts and scholars in many fields of
conflict problem-solving. In international conflicts, conflicts
over water resources have become the focus of conflicting
interests [1, 2]. In addition, Régo et al. [3] studied the Cuban
Missile Crisis event between the United States and the Soviet
Union using the GMCR. Although international disputes
abound due to economic development needs, specific conflicts
within cach country urgently need to be resolved. Yang ct al.
[4] modeled the transboundary water resources conflict in the
Yangtze River Delta in China. Qu et al. [5] also solved the
large-scale engineering resumption conflict under the influence
of epidemics using a newly proposed graphical model. In
summary, the GMCR model has been widely applied in
multiple fields with the deepening of research. However, there
are relatively few GMCR research results related to
environmental conflicts. With the intensification of global
climate change and the deepening of sustainable development
concepts, green and low-carbon development has become the
international community’s consensus and direction for action.
Yin et al. [6] studied and analyzed the brownfield remediation
conflict at a school in China. Zhang et al. [7] explored a
dual-channel supply chain’s carbon emission reduction conflict
from the perspective of inverse graph modeling. The GMCR
model has broad application prospects and the potential to solve
real-world environmental conflicts.

The core implementation process in the GMCR theoretical
framework is usually divided into two key steps: modeling and
stability analysis. The essence of the modeling stage is to
abstract the real conflict problem into a rigorous mathematical
model, thus laying the foundation for the subsequent analysis.
Each DM in the conflict independently prioritizes all feasible
states based on personal interests and goal orientations, which
is an essential step in the modeling stage and has a crucial
impact on the final solution outcome. At first, DMs directly
rank their preferences for feasible states based on their interests,
a method known as the direct ranking method [8]. Then, with
the increasing complexity of the conflict background, experts
and scholars continue to explore new methods to give
appropriate and persuasive preference ranking with rigorous
mathematical reasoning. Therefore, two other commonly used
preference ranking methods are the strategy weight ranking
method and the strategy priority ranking method [4, 9]. Given
the inherent ambiguity and uncertainty in DMs’ cognitive and
evaluative processes, scholars in the GMCR field have been
actively incorporating various information forms to translate
their evaluative feedback into mathematical terms more
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A dynamic dual-trust network-based consensus model for
individual non-cooperative behaviour management in group
decision-making

Zhengmin Liu, Wenxin Wang *, Xiaohan Zhang, Peide Liu

School of Management Science and Engineering, Shandong University of Finance and Economics, Jinan 250014, China

ARTICLEINFO ABSTRACT
Keywords: In group decision-making, trust relationships are the basis of interactions among decision makers
Group decision making (DMs) and play an important role in maintaining cooperation. However, DMs from different

Dynamic dual-trust network
Consensus

Minimum adjustment
Non-cooperative behaviours

backgrounds may use the trust relationship to influence the opinion adjustment of other in-
dividuals and adopt non-cooperative behaviours, which will also consume trust among DMs, both
of which are ignored by extant consensus models. To explore the mutual influence of trust re-
lationships, consensus processes, and non-cooperative behaviour, a consensus model for indi-
vidual non-cooperative behaviour management in group decision-making under a dynamic dual-
trust network is proposed. First, to represent the trust relationship among DMs in a more realistic
way, a dynamic dual-trust network based on familiarity-based trust and similarity-based trust is
developed. This approach can comprehensively model the interpersonal relationship and opinion
similarity among DMs, while dynamically updating according to their interactions. Second, a
minimum adjustment consensus model based on a dual-trust relationship is proposed. This model
can provide adjustment suggestions to DMs to retain initial opinions as much as possible while
considering the impact of trust relationships on opinion adjustments. Subsequently, a non-
cooperative behaviour management method based on non-cooperative willingness and trust
risk is designed to classify the behaviour of DMs and then adjust their trust relationship and
weight accordingly. Subsequently, an illustrative example is provided to demonstrate the effec-
tiveness of the proposed method. Finally, the validity of the model is verified through a simu-
lation and comparative analysis.

1. Introduction

Group decision-making (GDM) aims to select the best solution from a set of alternatives based on the preferences and opinions of a
set of DMs [1,2]. In GDM, selecting the final solution is no longer the responsibility of an individual; rather, it is the outcome of fully
leveraging collective intelligence. Therefore, the GDM method is widely used in addressing intricate societal issues [3,4]. However,
owing to the divergent educational backgrounds, professional knowledge, and varying comprehension levels regarding decision-
making issues among DMs, large differences exist in their evaluations of alternatives. The greater the difference in opinions, the
lower the consensus level. At this time, the collective opinions obtained by directly gathering individual opinions may not be accepted
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model of large-scale group decision making in social network
Fei Teng , Xinran Liu, Peide Liu
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ARTICLE INFO ABSTRACT
Keywords: Large-scale group decision-making (LSGDM) serves as a pivotal tool for facilitating consistent
OVETI"‘?P“‘L' community detection . decision results through intricate interactions among individuals within the network. However,
Dynamic consensus feedback: mechanism the impact of complex trust relationships within overlapping communities on consensus is often

Intuitionistic fuzzy number

G : overlooked in many studies. Moreover, the dynamic interaction between overlapping commu-
Large-scale group decision-making

nities and the consensus reaching process (CRP) is seldom taken into account. This paper aims to
build an overlapping community-driven consensus reaching model for addressing LSGDM chal-
lenges in social network. Given the advantages of intuitionistic fuzzy numbers (IFNs) in uncertain
information representation, IFNs are used to express evaluation information and trust informa-
tion. Firstly, a novel overlapping community detection method is developed to divide subgroups
and detect overlapping communities. Secondly, to determine reliable subgroup weights, this
paper constructs a weight determination model that considers multiple factors and their internal
correlations. Then, an overlapping community-driven dynamic consensus model is proposed,
which provides a new way to resolve the opinion conflicts, considering the dynamic change of
CRP. Simultaneously, the reverse effect of opinion adjustment on the social trust network is
considered. Finally, the practicality of the proposed model is demonstrated through illustrative
cases. Furthermore, through a comparative analysis, the superiority of the proposed model is
demonstrated and the efficiency improvement for CRP is verified.

1. Introduction

LSGDM refers to the integration of the wisdom from large-scale decision-makers (DMs) to make the most reasonable decision
[10,21,26]. In LSGDM, consensus plays an important role in improving decision quality, fostering teamwork, addressing complex
problems, and bolstering decision acceptability [16]. Consensus means that group members reach a shared understanding and
viewpoint on a certain issue. This shared perspective can mitigate decision-making risks and enhance the scientific and accuracy of
decisions through collaborative brainstorming [17]. Therefore, it is crucial to cultivate a consensus-oriented mindset to facilitate
scientific, democratic, and effective decision-making [3,15,40]. Meanwhile, due to the limited cognitive capabilities of DMs, their
evaluation information is imprecise and unreliable. To align more closely with human semantic expression habits, IFNs are adopted to
represent DMs’ evaluation information [37]. It can effectively reduce the deviation between evaluation information and the actual
intend meaning. Notably, DMs, as social beings, are not isolated entities in this process. The intricate web of social relationships among

* Corresponding authors at: School of Management Science and Engineering, Shandong University of Finance and Economics, Jinan Shandong
250014, PR China (F. Teng).
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Regional productivity in the energy structure transition of the Yellow River %=
Basin in China - estimation based on a restricted cost function
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HIGHLIGHTS

o Construct simultaneous equations system for the measurement of productivity

e Decompose and analyze the key factors of productivity changes

« Compare productivity devel trends and hind factors in regions
© Analyze the biased factors of technological progress and energy structure adjustment
e« Propose strategies for energy structure transformation in the Yellow River Basin

ARTICLE INFO ABSTRACT

Keywords:

Yellow River Basin

Energy structure transformation
Productivity

Restricted cost function

The energy structure transformation (EST) is crucial for achieving the “dual carbon™ goals and enhancing
regional productivity. Based on panel data from provinces along the Yellow River Basin (YRB) from 2005 to
2021, this study incorporates the energy structure into a restricted cost function to explore the allocative effi-
ciency, spatial dynamic evolution trends, and input factor biases of productivity in the YRB in the context of EST.
The analysis shows the following. (i) The average annual productivity growth in the YRB reaches 8.25%, which
shows a “U” shaped trend from 11.66% to 8.43%. The scale effect is the main driving force of productivity
growth and the contribution of the effect of energy has been lified in recent years. (ii) Sub-
basin analysis shows that productivity growth has the pattern of downstream > midstream > upstream.
Although the effect of technological change in the upstream of the YRB is greater than that in the midstream and
downstream, its low energy efficiency drags down its development. (iii) Markov chain analysis shows that the
development trend of productivity growth in the provinces along the YRB is relatively stable, and it is not easy
for provinces to jump ranks. (iv) The analysis of factor input bias shows that technological progress tends to
favour the use of capital and energy, while saving the labour. For EST, there is a factor-saving bias for all factors.
On this basis, countermeasures to optimize i and EST in the YRB are proposed
from a systemic perspective.

1. Introduction

Energy is a crucial pillar and guarantee for national economic
growth. The Yellow River Basin (YRB) serves as a crucial energy reserve
and production hub in China, significantly contributing to the nation’s
economic growth. Over 40% of the YRB’s area harbors coal resources,
with coal production accounting for approximately 80% of the national

total. Large-scale coal bases, each producing over 100 million tons,
constitute 50% of the country’s total number. Coal remains the primary
source of energy consumption in the YRB. However, the high energy
consumption dominated by coal and fossil fuels, along with increased
carbon dioxide emissions, poses severe challenges to environmental
protection and sustainable economic development in the YRB. The re-
gion faces issues of high resource and environmental load, ecological

Abbreviations: YRB, yellow river basin; EST, energy structure transformation; DEA, data envelopment analysis; APG, average productivity growth; SE, scale effect;
CDE, energy consumption effect; SSR, energy structure effect; TCE, technological change effect; U, upstream; M, midstream; D, downstream.
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An improved FMEA method based on the expert trust network for maritime
transportation risk management
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ARTICLE INFO ABSTRACT

Keywords:

Failure mode and effect analysis
Maritime transportation

Risk assessment

Expert trust network

Dynamic opinion interaction

The prosperity of international trade has driven the development of shipping. Thus, evaluating shipping risks can
better avoid risks, improve shipping safety, and promote economic and cultural communication and develop-
ment. Failure Mode and Effects Analysis (FMEA), as a reliable technique, can be used to identify and analyse the
risk of oil spills at sea and improve the stability of maritime transport. Considering the relationship among multi-
experts and the influence of the leader, this study intends to improve the FMEA method from some perspectives.
First, the multi-party expert trust network is constructed and the expert trust relationship is supplemented as a
pre-processing of the FMEA method. Second, a expert dynamic opinion interaction model is constructed to show
the evolution of risk assessment information among experts. Which demonstrates the trsut relationships among
experts and the leader’s influence. Third, in this paper, the risk factor weights are determined by combining the
different importance of multi-experts on risk factors and the maximizing deviation model, and the expert’s
weight is determined by considering the experts’ relationships and risk information. , to
demonstrate the ambiguity and hesitation in expert evaluations, and show more assessment information, the
hesitant fuzzy sets are employed in this paper. And the effectiveness and superiority of the improved FMEA
method is demonstrated through case study and further discussion. The improvements of the FMEA method can
help improve the efficiency of the risk assessment, protect the marine ecological envi and 1 the
interests of investors.

1. Introduction economic consequences (Sevgili, Fiskin, & Cakir, 2022; Siqueira, Moura,

& Duarte, 2023). Therefore, monitoring and managing oil spills have

With the gradual increase of international trade, marine trans-
portation has become the preferred way of international trade trans-
portation with its large volume and low cost. According to statistics,
marine transportation undertaken more than 2/3 of the total interna-
tional trade (Sirimanne et al., 2019). It not only promotes economic
development but also political and social communications. To develop
the maritime economy, a stable maritime transportation environment is
essential. However, it is threatened by natural calamities and accidents,
such as heavy weather, lightning, stranding, striking a reef, collisions,
etc. Marine accidents are rare but led to economic and environmental
consequences (Siddiqui, Sarhadi, & Verma, 2023). And oil spills are one
of the key issues, with potentially disastrous environmental, social, and

considerable economic, social, and practical implications (Li, Yu, Xu, &
Luo, 2022). And the trend of continuous growth in maritime activities
has increased the urgency of the development of innovative methods for
the monitoring and management of potential oil spill damage (Afenyo,
Jiang, Ng, & Lee, 2022).

In recent years, many efficient tools for identifying and analyzing
risks have emerged, such as quantitative risk assessment (QRA) tech-
nology, hazard and operability study (HAZOP), fault tree analysis (FTA),
failure mode and effect analysis (FMEA) method. Among them, the FTA
method can describe possible failure scenarios of a system (Purba, Sony
Tjahyani, Ekariansyah, & Tjahjono, 2015). It starts from undesired
outcomes and analyzes the causes according to the cause-effect
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An Improved Failure Mode and Effect Analysis
Model for Automatic Transmission Risk Assessment
Considering the Risk Interaction

Peide Liu®, Yigiao Xu, and Ying Li®

Abstract—Failure mode and effect analysis (FMEA) is a power-
ful tool for reliability management that has been widely applied in
a variety of areas. The interaction relationship exists in the whole
process of FMEA risk assessment, and has an important impact on
it. However, few scholars consider the interaction among experts,
risk factors, and failure modes in the FMEA framework. Therefore,
we propose an improved FMEA method, which comprehensively
considers the interaction between each part. First, the Choquet
integral is used to improve the incomplete part of the social trust
network, then the importance of experts is determined. Second,
the Shapley-LINMAP linear programming method based on cloud
model is proposed to calculate the weight of risk factors. Finally, the
improved decision-making trial and evaluation laboratory hod
based on cloud model is used to rank the failure modes. By ap-
plying the method proposed in this article to the case of automatic
transmission (AMT) of new energy vehicles, the effectiveness and
superiority can be verified from the comparison analysis with other
methods, which enriches the theoretical research of the FMEA
method and improves the reliability of risk assessment of AMT.

Index Terms—Cloud model, decision-making trial and
evaluation laboratory (DEMATEL), failure mode and effect
analysis, interaction, Shapley-LINMAP.

I. INTRODUCTION

ITH the rapid expansion of the social economy, vari-
W ous industries represented by the field of transportation
have demonstrated great momentum. However, when the gov-
ernment’s environmental protection strategy is developed and
people’s awareness of environmental protection grows, people
realize that rapid economic development is usually carried out at
the cost of environmental pollution and resource loss. Therefore,
the contradiction between economic development and environ-
mental protection is becoming increasingly serious. How to
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further protect the environment while maintaining economic
development is a hot issue in current research. Among them, the
development of science and technology has brought new ideas.
The transportation industry initially tries to launch new energy
vehicles driven by improved energy to alleviate the problems of
energy shortage and environmental pollution [6]. However, as
one of the key components of new energy vehicles, the quality
and reliability of automatic transmission (AMT) have always
restricted the development of the new energy vehicle industry.
With the development of science and technology, the electronic
degree of AMT is increasing, resulting in an increase in risk
factors and types. The reliability of AMT and the safety of
the whole vehicle can be greatly improved, and the loss can
be minimized if these risks can be identified and mitigated in
advance. Therefore, selecting a robust reliability management
tool for the risk assessment of AMT is necessary and meaningful
to improve the quality and reliability of AMT [5], [24].

For AMT, a complex system, the failure of a small component
may lead to the paralysis of the whole system and even causes
great danger to drivers and the environment. In the past, there
were few studies on failure analysis of AMT. The fuzzy fault
tree method [24] was used to analyze reliability of AMT. To
explore the possible failures of AMT and the impact of failures,
Chen et al. [5] used traditional failure mode and effect analysis
(FMEA) method to analyze the failure modes (FMs) of AMT.
FMEA is a powerful tool to enhance the reliability and safety of
products and systems, that was first used in the aerospace indus-
try in the 1960s [1]. FMEA is to predict the impact of failures
by analyzing potential FMs, focusing on high-risk failures, and
reducing the losses caused by failures. During risk management
of AMT, FMEA is not only simple to operate, but also can
accurately prioritize failure modes and improve the reliability
of the systems. However, the traditional FMEA method also has
the following limitations [8], [25], [50].

1) In traditional FMEA method, severity (S), occurrence
(0), and detection (D) are given the same weight without
considering their relative importance of them.

2) The experts” weight is not taken into account in traditional
FMEA procedures.

3) In traditional FMEA method, the values of O, S, D are
scored by experts, but it is extremely difficult to evaluate
them with accurate numbers.

4) The traditional FMEA technique determines FM rankings
based on the comparison of risk priority numbers (RPN),

0018-9529 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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Article history: In group decision-making, the incomplete probabilistic linguistic preference relation
Received 19 April 2022 (InPLPR) has been widely studied because it can flexibly reflect the decision psychology
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of decision makers (DMs). In addition, to help DMs revise their opinions and reach a con-
sensus, a large number of scholars have conducted research on the consensus reaching pro-
cess. Therefore, this study proposes a group consensus decision approach based on InPLPR,
considering consistency, the social trust network (STN), and unit cost consensus adjust-
ment. First, an InPLPR consistency measure formula is proposed, based on which a
multi-stage missing value estimation method based on optimal consistency and STN is

Keywords:
Group decision-making
Incomplete probabilistic linguistic

preference relation offered for the missing information problem in InPLPR. Thereafter, the hesitation index
Social trust network and unit consensus cost measurement formulas are presented for incomplete probabilistic
Hesitation index linguistic term set. Subsequently, consensus reaching and ranking selection are performed
Unit minimum cost consensus model based on the proposed unit minimum cost consensus model. Finally, a numerical example

of the future development choice problem for new energy vehicle enterprises is provided
to demonstrate the applicability of the decision process, and the advantages of the method
are derived through comparative analysis.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Group decision-making (GDM) is a form of decision-making that effectively avoids the problems of an individual's deci-
sion errors. These problems primarily originate from the deficiencies of the individuals themselves, including knowledge and
experience, ability level, and information sources. The GDM problem generally consists of four stages: expression of individ-
ual opinions, consensus reaching process (CRP), aggregation process, and selection and ranking. In GDM, preference decision-
making (PDM) is popular because it is simple for the decision maker (DM) to compare the two alternatives individually. In
PDM, in contrast to GDM, each DM requires to provide the decision preference judgment matrix of pairwise comparison, and
test the consistency level of the decision matrix. Once the individual's consistency requirements are met, the subsequent
steps (CRP, aggregation, selection and ranking) are the same as those in the traditional GDM framework.

Initially, the individuals used real numbers to express their opinions. However, experts are more accustomed and prefer
to use linguistic scales such as poor, average, and good for information evaluation. In 1975, Zadeh [1] first proposed the use
of linguistic terms to express preference information, and breaking the monolithic situation that was limited to describing

* Corresponding authors.
E-mail addresses: peide.liu@gmail.com (P. Liu), wangpeng@mail.sdufe.edu.cn (P. Wang).
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Keywords:
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FMEA method
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Social network analysis

Multiple criteria group decision making

Failure mode and effects analysis (FMEA) is regarded as an efficient tool in identifying and eliminating system
failures and important tool in safety and reliability analysis. However, the traditional FMEA method has some
drawbacks, for example, in the process of risk assessment, traditional FMEA method usually ignores the influence
factors of weight. ly, when risk information, crisp numbers and fuzzy sets
cannot represent complex linguistic information forms accurately. Moreover, the traditional FMEA method ranks
risk failures through simple product. Thus, based on these disadvantages, this paper aims to present an improved
FMEA method combines with the Weighted Aggregates Sum Product Assessment (WASPAS) method and weight
determination method to address the risk assessment problems under probabilistic double hierarchy linguistic
(PDHL) environment. In assessment process, the probabilistic double hierarchy linguistic term sets (PDHLTSs)
can indicate the probability distribution as a linguistic tool to describe the information reasonably and precisely.
The contribution s of this paper can be incarnated as below. Firstly, the PDHLTSs are utilized to provide the
linguistic information of failure modes and construct risk evaluation model in risk assessment. Secondly, FMEA
method is combined with WASPAS method to overcoming some drawbacks existing in traditional FMEA such as
without consideration of the weight of three aspects in Severity (S), Occurrence (0) and Detection (D) and too
simple to evaluate the risk factors using Risk Priority Number (RPN) values. Meanwhile, in response to the issue
of traditional FMEA method neglecting expert weights, weight deter method is d based on the
SNA method under the PDHL context. Additionally, the FMs are ranked through the multi-attribute decision-
making method WASPAS, and the final risk ranking result is obtained. Finally, the proposed method is applied to
the marine risk assessment faced in the development of marine economy. Based on the assessment results,
suggestions are given for the risk problems. In addition, we also carried out sensitivity analysis and accuracy
analysis on the evaluation results. At the same time, comparison analysis with existing methods is given to
illustrate the superiority of the proposed method.

1. Introduction With the uncertainty of the evaluation information becomes more
apparent, more evaluation details need to be expressed when describing

Due to the increasing complexity of the decision-making environ- evaluation information. The evaluation information of these details is

ment, the fuzzy set (FS) (Zadeh, 1965) is proposed. The FS can describe
fuzzy information that cannot be described by crisp numbers in
complicated environment. The increasing prevalence of linguistic eval-
uation information has led to the proposal of linguistic term set (LTS)
(Zadeh, 1975). Subsequently, some extended forms based on the LTS
have been proposed, such as hesitant fuzzy LTSs and its expanded forms
(Liu et al., 2022; Xiong et al., 2023), Probabilistic LTSs (Hao et al.,
2023), unbalanced hesitant fuzzy LTSs (Liang et al., 2022) and so on.

* Corresponding authors.

easily overlooked and has not been expressed. For this reason, the
double hierarchy LTS (DHLTS) and double hierarchy hesitant fuzzy LTS
(DHHFLTS) has been presented by Gou et al. (Gou et al., 2017). The
DHLTS can describe more details using the two-hierarchy linguistic term
(Gou et al., 2017; Gou et al., 2018). Aiming at the problem that the
frequency or the important rate of each DHLTS under DHHFLTS cannot
be represented by the DHHFLTS and considering the advantages of
probabilistic LTS (PLTS) (Pang et al., 2016), a probabilistic DHLTS

E-mail addresses: peide.liu@gmail.com, liupd@sdufe.edu.cn (P. Liu), gys@qlu.edu.cn (Y. Geng).
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To investigate the diffusion degree of low-carbon technology in competitive firms and the influence of different
pollution regulations, we constructed an evolutionary game model representing three environmental mecha-
nisms: total amount control and trading, carbon tax, and subsidy, within a complex firm network. By analyzing
the effects of carbon quotas, tax rates, and subsidy rates, we comprehensively assessed the performance of these

mechanisms in terms of diffusion degree, firm profits, surplus, I damage, and social
welfare. The study results d d distinct for each envir hanism. Under the subsidy
t low-carbon technol hibited the highest diffusion degree, suggesting its efficacy in promoting

widespread adoption. However, it is worth noting that the higher the subsidy, the more environmental pollution
it led to, which presents a trade-off between environmental benefits and financial incentives. On the other hand,
the carbon tax mechanism resulted in minimal pollution, reflecting its potential as an effective tool for envi-
ronmental regulation. Finally, the cap-and-trade mechanism emerged as the most favorable option, as it maxi-

mized social welfare while effectively addressing environmental concerns.

1. Introduction

Greenhouse gases are responsible for global climate change and a
series of natural disasters. The Paris Agreement sets a crucial target for
global greenhouse gas emissions, requiring them to peak as soon as
possible and achieve net-zero emissions by 2050. Among greenhouse
gases, carbon dioxide stands as a main component, making its reduction
a strategic goal for nations worldwide. Low-carbon technology is
recognized as an innovative solution to meet emission reduction ob-
jectives. E.M [1]. explained the diffusion of innovation as the process
through which novel ideas, products, and technologies spread and
become widespread within a specific social system over time. Regarding
low-carbon technology (LCT) diffusion, its denotes the extent to which it
has been adopted and promoted within its domain [2]. For instance, in
the automotive industry, considering new energy vehicles as low-carbon
technology, the number of such vehicles in China increased by 59.25%
in 2022 compared to 2021. According to the New Energy Vehicle In-
dustry Development Plan (2021-2035), China aims to have 100 million
pure electric vehicles by 2030, resulting in a substantial reduction of
approximately 220 million tons of carbon dioxide emissions. Thus, the
diffusion of LCT carries immense importance in enhancing productivity,

* Corresponding author.

achieving emission reduction goals, and fostering sustainable develop-
ment. As mentioned by Ref. [3]; the diffusion of innovation holds greater
significance than the innovation itself. For low-carbon technology, its
economic and environmental value can only be realized when it is
embraced and adopted by more firms and commercialized.

Firms, as the key players in achieving carbon emission reduction
goals, establish economic relationships, such as cooperation, competi-
tion, and alliances among themselves. These relationships possess
distinct topological structures and serve as conduits for the diffusion of
LCT. Complex network theory identifies WS small world networks and
scale-free networks as the most common types of network relations. The
Watts-Strogatz small world network, in particular, exhibits a higher
clustering coefficient and shorter average path, it more suitable for
describing closely connected firms without significant heterogeneity
[4]. Therefore, our papaer believe that the firms we study are closely
connected economic systems that conform to the characteristics of small
world networks.

However, it is important to note that not all firms adopt LCT due to
higher costs and technological barriers [5]. Simultaneously, firm returns
are not solely determined by their individual strategies, but are also
influenced by other firms’ strategies within their network relationships.

E-mail addresses: liupd@sdufe.edu.cn, peide.liu@gmail.com (P. Liu), LiXinal001@126.com, 211106005@mail.sdufe.edu.cn (X. Li), 1jl20@foxmail.com (J. Li).
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This paper introduces the energy structure variables into the generalized cost function from the dual perspective
of energy "structural dividend" and factor allocation distortion. It quantitatively estimates the factor allocative
efficiency, cost elasticity and marginal cost of the energy decarbonization practice in China from 2004 to 2019.
Estimation results show that: (i) there is a "structural dividend" effect of energy restructuring in China. On
average, a 1% increase in the level of decarbonization of the energy structure reduces the total cost by 0.57% and
the marginal cost by 5.846 billion yuan. Specifically, a 1% reduction in the share of coal consumption reduces the
marginal cost by 4.590 billion yuan. (ii)Energy restructuring has accelerated factor allocation distortions in
recent years. In terms of the impact of energy decarbonization on productivity growth, the inhibition of factor
allocation distortion on productivity growth mainly comes from scale effect. (iii)Energy restructuring has a
heterogeneous impact on productivity growth across provinces. Productivity growth in energy-consuming re-
gions is lower than that in energy-supplying regions, while the regions where factor allocation distortions have a
greater impact on productivity growth are mostly found in the central and western parts of the country where

factor markets are less developed.

1. Introduction

For a long time, the expansion of energy supply to meet demand has
been the general keynote of China's energy development. However, with
the rapid growth of economic and social development and energy "hard
demand", China’s coal-based high-carbon energy structure has brought
about serious ecological and environmental problems in sustainability.
In September 2020, China proposed a "dual carbon" goal, which aims to
achieve a carbon peak by 2030 and carbon neutrality by 2060. In
October 2021, the Central Committee of the Communist Party of China
and the State Council issued the "Working Guidance for Carbon Dioxide
Peaking and Carbon Neutrality in Full and Faithful Implementation of
the New Development Philosophy", which clearly defined the general
direction and key tasks of energy transformation under the "double
carbon" target. Then, the State Council issued the "Action Plan to Reach
the Carbon Peak by 2030”, making the "green and low-carbon energy
transformation action" the first of the "ten actions to reach the carbon
peak”. Promoting energy restructuring and building a clean, low-carbon,

Science and

safe and efficient energy system has become a fundamental and critical
task to achieve the "double carbon" goal.

Under the severe double carbon constraint and low-carbon energy
orientation, the whole country has accelerated the pace of energy
transformation, focusing on coal control, coal restriction and low-carbon
energy development and use. The policy-makers also introduced a series
of measures to "double control” the total energy consumption and in-
tensity and cut the backwards production capacity by energy structure
adjustment, "up large and down small "and industrial structure optimi-
zation to drop high energy consumption, high emissions, and excess
backwards production capacity to promote regional production effi-
ciency and low-carbon transformation (Shao et al., 2022). However,
there is an inherent mismatch between the demand for energy decar-
bonization and China’s "coal-rich, oil-poor, and gas-poor" resource re-
serves. The differences in resources, technology, and economic
development levels among regions determine the heterogeneity and
uncertainty of the impact of energy decarbonization on local economic
development; at the same time, local governments have the motive to

* Corresponding author. School of M: ing,

University of Finance and Economics, Jinan, Shandong, 250014, China.
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ARTICLE INFO ABSTRACT

Keywords: In grey system theory, the performance of an established grey forecasting model largely depends on how effi-
Forecasting ciently the grey information can be measured from data. Most existing grey forecasting models use grey accu-
Grey "‘_"_de_] < mulating generators to obtain grey information. However, not all grey information helps improve the
Probabilistic accumulation operator A e b Y &

e performance of grey forecasting models. Ce , simple ion leads to the ion of error
Optimization

from invalid grey information, which deteriorates the model performance. To address this issue, valid and invalid
grey information were defined in this study according their contributions to the model performance. Further, it
was proposed to use a Bernoulli distribution to simulate the distribution of valid/invalid grey information. Based
on that probability, a probabilistic accumulation operator was designed to compute grey information, and this grey
information was utilized to a probabilisti ion operator-based grey forecasting model (PGM(1,1)).
PGM(1,1) is advanced in terms of forecasting because it is not negatively affected by invalid grey information.
PGM(1,1) was tested on five public datasets and compared to other grey models as well as a wide range of other
forecasting models, achieving state-of-the-art performance. In addition, a comprehensive analysis was conducted
to demonstrate how the forecasting performance benefits from identifying valid/invalid grey information in PGM

Grey information

(1,1).

1. Introduction

Information mining is an important means of understanding the
evolution law of things. Technological progress has accelerated the
generation of information, both valid and invalid (Gupta & George,
2016). Valid information has value attributes and can meet the needs of
users (Jiang et al., 2021). However, due to the existence of external
disturbance factors, invalid information usually appears along with
valid information (Groenhof et al., 2020). This mixed information in-
creases the system uncertainty. Therefore, stripping invalid information
from valid information is a fe method of enh system sta-
bility (Hakak et al., 2021). The rapid development of machine learning
has improved the efficiency of obtaining valid information (Sousa et al.,
2022). When the amount of data is sufficiently large, machine learning
can replace manual labor, algorithms can be designed according to re-
quirements, and valid information extraction can be achieved (Kiluk,
2017). However, machine learning has limitations when the sample size
is not sufficiently large (Ma, Yang, & Sun, 2021; Xian, & Che, 2022;
Yang, Tian, & Hao, 2022). Small-sample information also has the po-
tential for information mining (Feng, & Chen, 2021). There are

PR

numerous small-sample information application scenarios in emerging
industries and emerging economies (Ceylan, 2021; Saxena, 2021; Yang,
Sun, Hao, & Wang, 2022). Hence, realizing the mining of small-sample
information has important practical significance for guiding social
production activities. Grey system theory focuses on the study of small-
sample data and advocates accurate prediction of the evolution law of
things based on small-sample data (Chen et al., 2020).

Grey system theory has been active in various areas of the economy
and society since it was proposed (Ye, Xu, & Gou, 2022; Emmanuel
Sapnken, & Gaston Tamba, 2022; Meng, Yang, & Huang, 2018). As a
research method for uncertainty systems, grey system theory focuses on
the study of small samples. Because small-sample data can provide less
information directly than large-sample data, traditional research
methods cannot solve such problems well. Grey system theory deeply
mines grey information in small samples through technologies such as
information superposition and sequence operators, creating a new field
of small-sample research (Deng, 1989). Grey prediction is the main topic
in grey system theory, and grey prediction models can achieve excellent
performance in small-sample data prediction (Duman, Kongar, & Gupta,
2020). According to the number of input variables, grey prediction
models can be divided into univariate and multivariate prediction

d
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ARTICLE INFO ABSTRACT

Keywords: Accurate short-term prediction of bioenergy power generation structure can optimize the bioenergy structure
Bioenergy power generation structure and help achieve carbon neutrality. However, there are currently few related studies, and most of them present
Prediction

long-term predictions on the development potential of bioenergy, which cannot meet the modeling requirements
of predicting structure. Hence, the Fractional-order-accumulation grey Compositional data Model with Particle
swarm is proposed in this paper (PFCM (1,1)) for forecasting bioenergy power generation structure. The pro-
posed model satisfies the modeling requirements by introducing the fractional accumulation operator to ensure
the prediction accuracy, and constructing the spherical mapping space to reduce the data dimension. The
empirical studies prove that the newly developed model performs better than other models, which is successfully
employed to predict bioenergy power generation structure of China for 2020-2024. The results show that the
share of renewable municipal waste in bioenergy power generation will exceed that of solid biofuels by 2023 and
the share of biogas power generation has not changed much. Furthermore, although the total amount of bio-
energy power generation in China is growing rapidly, unbalanced development and small share of power are two

Fractional accumulation
Compositional data
Grey prediction model

important challenges.

1. Introduction

This section describes the development of China’s bioenergy power
generation and relevant government policies. A literature review related
to the research object is provided in Section 1.2. The contributions and
innovations of this paper are stated in Section 1.3.

1.1. Background

As China promised at the United Nations General Assembly, China’s
carbon emission reduction target is divided into two phases. China aims
to achieve the carbon peak goal by 2030 and the carbon neutral goal by
2060. Bioenergy has zero-carbon properties and plays a role in reducing
carbon and climate change mitigation [1,2]. After the global oil crisis in
the 1970s, clean energy represented by bioenergy has been valued
worldwide [3-7]. Presently, the annual output of China’s main biomass
resources is approximately 3.494 billion tons, and the development
potential of biomass resources as an energy source is valued at 460
million tons of standard coal [8,9]. It can be observed that China has
great potential for bioenergy development. However, due to the

* Corresponding author. School of M: Science and

relatively short time available for China to develop bioenergy, the share
of bioenergy in China’s energy is relatively low, lower than the world
average [10,11]. China has taken a series of measures for increasing this
proportion because of the goal of carbon reduction [12].

Bioenergy has various classification methods, such as the classifica-
tion of the chemical nature of the raw materials and the classification of
the source of the raw materials. Additionally, bioenergy can be placed in
the following categories: agricultural waste and forestry waste, organic
sewage, livestock manure, domestic waste, etc. [13,14]. For the con-
venience of description and statistics, bioenergy is divided into biogas
[15], renewable municipal waste [16], and solid biofuels [17] in this
paper. It can be observed from Fig. 1 that China’s bioenergy power
generation has been rising for 2010-2019, and biogas, renewable
municipal waste and solid biofuels in the bioenergy power generation
structure are rising. This is related to the CO, emission reduction target
made by China at the United Nations (UN) Climate Change Conference
in Copenhagen in December 2009. Presently, this goal has been
completed ahead of schedule. In 2018, carbon dioxide emissions per unit
of GDP decreased by 45.8% compared to 2005, and non-fossil energy
accounted for 14.3% of total energy consumption [18]. There is no
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ARTICLE INFO ABSTRACT

Keywords: Stock movement prediction is an important field of study that can help market traders make better trading

Stock movement prediction decisions and earn more profit. The fusion of text from social media platforms such as Twitter and actual

Deep learning stock prices is an effective but difficult approach for stock movement prediction. Although some previous

};‘:"S;f’"“" methods have explored this approach, there are still difficulties with the temporal dependence of financial data
ention

and insufficient effectiveness of fusing text and stock prices. To solve these problems, we propose the novel
Transformer Encoder-based Attention Network (TEANet) framework, which is based on precise description
through small-sample feature engineering and uses a small sample of 5 calendar days to capture the temporal
dependence of financial data. In addition, this deep learning framework uses the Transformer model and
multiple attention mechanisms to achieve feature extraction and effective analysis of financial data to achieve
accurate prediction. Extensive experiments on four datasets demonstrate the effectiveness of our framework.
Further simulations show that an actual trading strategy based on our proposed model can significantly increase

profit and has practical application value.

1. Introduction

Stock movement prediction has attracted the attention of both
investors and researchers for decades due to its great value in seeking to
maximize stock profit (Hu et al., 2018). Early approaches mainly relied
on historical stock prices and time series analysis methods (Akaike,
1969). However, stock movement prediction is quite a challenging issue
because of the highly volatile and nonstationary nature of the stock
market. Moreover, the stock market is affected by random noise gener-
ated by participants with different viewpoints, making its movements
complicated and difficult to predict. The efficient market hypothesis
(EMH) argues that stock prices are driven by all observable information
and relevant news (Fama, 1965; Fama et al., 1969). This classical
theory opens the door to predicting financial market trends and move-
ments, and many experts have dedicated themselves to improving
the accuracy of such predictions, which may lead to better trading
decisions.

Based on Fama'’s hypothesis, the scientific community has developed
a large number of different ways to predict the stock market (Caval-
cante et al., 2016). The most common method of stock market pre-
diction in the early literature was to take stock prices or indicators

* Corresponding author at: School of C Science and Technol

extracted from them as input (Aguilar-Rivera et al., 2015; Atsalakis &
Valavanis, 2009). It was believed that all new information, such as news
and social media discourse, is fully reflected in the stock price and that
it is thus sufficient to predict the stock market simply by analyzing the
patterns of price movements. The related indicators have been widely
studied and used as signals to buy or sell stocks, reflecting the current
state of the stock market (Farias Nazério et al., 2017; Yang et al., 2019).
However, research has shown that the effectiveness of using price or
indicator data alone to make trading decisions is limited (Park & Trwin,
2007).

Since it is difficult to establish a model to comprehend stock fluc-
tuations, the most commonly used information is related to macroeco-
nomic time series, such as GDP, interest rates, currency exchange rates,
and consumer price indices (Boyacioglu & Avci, 2010). Other sources
of information include general financial news reports; however, their
unstructured nature and discontinuous behavior make them difficult to
use. Cc ly, natural 1 prC ing (NLP) techniques have
been applied to address this complexity. Several studies have focused
on news and social media analytics and have gradually formed the
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Abstract

Curriculum evaluation shoulders the important task of measuring the realization of talent
cultivation. Effective curriculum evaluation enables the school to optimally arrange courses
and improve the overall quality of students. To implement the curriculum evaluation effec-
tively, this paper constructs a multiple attribute group decision-making (MAGDM) method
according to the characteristics of curriculum evaluation. In view of the nonlinearity and
hesitation of decision maker’s cognition, unbalanced double hierarchy linguistic term sets
(UDHLTSSs) are utilized to fully represent the individual cognition of decision makers.
Based on this, a novel MAGDM method with UDHLTSs is proposed. Firstly, to facili-
tate the analysis and treatment of UDHLTSs, the basic theories of UDHLTSs are perfected
or complemented. Based on this, the unbalanced double hierarchy linguistic aggregation
operator is defined and its properties are analyzed. Secondly, the weight determination
method based on SWARA model is proposed to determinate the importance of each evalu-
ation index under UDHLTSs environment. Thirdly, given the appetite of different decision-
makers towards risk, an extended S-ARAS method is proposed based on S-utility function.
Finally, to illustrate its effectiveness and rationality, the proposed method is applied in the
case study of curriculum evaluation in university and compare with other methods.

Keywords Unbalanced double hierarchy linguistic term set - Extended Additive Ratio
Assessment method - SWARA method - S-utility function - Curriculum evaluation

1 Introduction

Decision-making problems are widely existed in the sociology, management, economics
and other fields. In view of the uncertainty and fuzziness existed in decision-making prob-
lems, fuzzy set is firstly proposed to address uncertain information (Xue et al. 2021). As
the complexity of decision-making environment increase, fuzzy set has been constantly
extended and improved to construct many information representations models, such as
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Consistency- and consensus-based group decision-making method
with incomplete probabilistic linguistic preference relations

Peide Liu, Member, IEEE, Peng Wang and Witold Pedrycz, Fellow, IEEE

Abstract-—The use of incomplete probabilistic linguistic term sets
(InPLTSs) can enrich the flexibility of qualitative decision-making
information expression, esy situations
with high time pressure and insufficient knowledge. In this study,
we develop a method for group decision-making (GDM) with
mcomplctc prohablhsm linguistic prcfcrcncc rclalmns (InPLPRs),
ing y and ly. First, to
fully explore the ability of InPLTSs to express uncertain
information, InPLTSs are specifically classified. Then, an
expected multiplicative consistency of InPLPRs is introduced,
which is conductive to estimating the mlssmg information more
accurately and effectively. Sub idering the
consensus of GDM problems, a comensus index, which considers
the principle of majority and minority, is developed to measure
the agreement degree among multiple individuals. Because
individual InPLPRs may not all meet acceptable consistency after

hi

SESeN iR
y in dec

r g a i y- and improving
mathematical programing model considering information
distortion is presented. Then, to aggregate all individual

preference relationships into a collective one, a reliability induced
ordered weighted geometric operator is introduced, whose
induced variable reliability is determined by the confidence

degree and consistency index of individual preference
relationships. Furthermore, a multi-phase algorithm with
InPLPRs is developed to solve GDM problems. Finally, a

numerical example about fire emergency decisions is presented to
illustrate the applicability of the proposed method, and a detailed
validity test and comparative analysis are conducted to highlight
the advantages of the proposed me(hod
Index Terms—Group deci king; i pl

probabilistic  linguistic ~ preference  relation;  expected
multiplicative consistency; consensus; mathematical programing
model; induced ordered weighted geometric operator.

NOMENCLATURE

AHP Analytic hierarchy process

BUM Basic unit-interval monotonic

CPLTS Complete probabilistic linguistic term set

CPLPR Complete probabilistic linguistic preference
relation

DLPR Distribution linguistic preference relation

EV-CPLPR Expected value-based complete probabilistic
linguistic preference relationship

EHFLTS Extended hesitant fuzzy linguistic term

GDM Group decision-making

HFLT Hesitant fuzzy linguistic term

HFLTS Hesitant fuzzy linguistic term sct

HFLPR Hesitant fuzzy linguistic preference relation

InPLE Incomplete probabilistic linguistic element

InPLTS Incomplete probabilistic linguistic term set

P. Liu and P. Wang arc with the School of Management Science and
Engineering, Shandong University of Finance and Economics, Jinan, 250014,
China (e-mail: Peide.liu@gmail.com; wangpeng@mail.sdufe.edu.cn).

W. Pedrycz is with the Department of Electrical and Computer Engineering,
University of Alberta, Canada (e-mail: wpedrycz@ualberta.ca)

InPLPR Incomplete probabilistic linguistic preference
relation

IOWG Induced ordered weighted geometric

LDA Linguistic distribution assessment

LT Linguistic term

LTS Linguistic term set

MLT-InPLTS  Missing LT in InPLTS

MP-InPLTS Missing probability in InPLTS
OWG Ordered weighted geometric
PD-HFLTS Possibility distribution for HFLTS
PDM Preference decision-making

PLPR Probabilistic linguistic preference relation
PLTS Probabilistic linguistic term set
PHFLTS Proportional HFLTS

QGDD Quantifier-guider dominance degree
R-IOWG Reliability-IOWG

I. INTRODUCTION

WING to the increasing complexity of decision-making

problems and the uncertainty of the decision-making

environment, more experts are needed to participate in
decision-making, thus GDM should be considered [1, 2].
Generally speaking, the evaluation of an object can be
performed in many ways, e.g., through multi-attribute
decision-making, which involves evaluating multiple attributes
of an object and then obtaining a comprehensive evaluation
result based on the values of each attribute [3, 4]. However, in
some decision-making situations with high time pressure and
insufficient knowledge, PDM is more effective. Through an
AHP, Saaty [5] reported preference relation, which is a form of
pairwise comparison between alternatives that allows experts to
generate reasonable preference information about each object
compared based on specific criteria. Preference relation is
highly consistent with people’s evaluation habits and has
become the most common evaluation tool for presenting

Jjudgment information in decision-making.

The research of preference relationship in GDM mainly
focuses on consistency and consensus. Consistency research
involves consistency tests and improvement processes. In
practical decision-making, it is very difficult to obtain a
preference decision matrix that represents a completely
reasonable logical relationship. Therefore, a consistency test is
the first and key step in the decision-making process. At
present, the most commonly used consistency measures are
additive consistency [1, 6-8] and multiplicative consistency
[9-11]. In addition, because the inconsistent judgment matrix
seriously restricts the accuracy of the decision results, the
improvement mechanism of consistency has also attracted
considerable attention [11-13]. There are two typical methods
to improve the consistency, namely iterative and optimization
adjustment. For instance, Zhou & Xu [13] introduced an
iterative optimization algorithm to improve the consistency

requires [EEE p

Sechi html for more i
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An improved failure mode and effect analysis method for multi-criteria
group decision-making in green logistics risk assessment
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ARTICLE INFO ABSTRACT

Keywords:

failure mode and effect analysis
K-means clustering method
RT-PROMETHEE II

multi-criteria group decision-making
cold chain green logistics risk assessment

As one of the powerful ic reliability tool, the failure mode and effect analysis (FMEA)
method is adopted to investigate and analyze potential failure mode (FM) risks of the cold chain green logistics
(CCGL). Since FMEA experts have different professional backgrounds and risk preferences, they may give
evaluation from different angle and emphasis; and express different limited rational behavior. Therefore, this
study proposes an improved FMEA model which considers the expert group and the bounded rational behavior of
experts. Firstly, this paper develops the K-means clustering method to partition FMEA experts. Further, a
calculation model of attribute weights that considers different risk attitudes is proposed. Additionally, this study
proposes a combination final ranking method based on regret theory (RT) and PROMETHEE 1l method. A
practical case and two simulation experiments are carried out to demonstrate the validity, reliability and su-
periority performance of the proposed FMEA model. The improved FMEA model can enhance the faimess and
reasonableness of the expert eval improve the bility and flexibility of FMEA, and enrich the
theoretical research of FMEA method. Findings indicated that it is necessary to consider the grouping and risk

attitudes of experts in the practical risk assessment.

1. Introduction

With the improvement of living standards, people’s health awareness
is constantly increasing. People are pursuing safety and quality more
when buying and choosing food. However, for many foods, especially
perishable and fresh-keeping one, it is difficult to keep them fresh and
safe in the traditional transportation, distribution, and sales process.
Hence, in order to ensure food quality and safety, improve resource
utilization, reduce environmental pollution, and meet the individual
needs of the market, retail supermarkets are committed to forming their
supporting food cold chain green logistics services. Nevertheless, many
risk factors such as personnel, equipment and information communi-
cations are hidden in the actual operation process. If they are not
properly identified and managed, they will cause quality variation,
damage and beyond the shelf life in the logistics process. If these risk
factors can be identified early and quality management can be carried
out, the loss can be greatly reduced. At the same time, accurate identi-
fication of the risks in the cold chain green logistics system and timely
quality management of the risks have an important role in improving the
transportation quality, food safety, reducing loss costs, etc. Therefore, it

* Corresponding author TEL: -86-531-82222188
E-mail address: Peide.liu@gmail.com (P. Liu).

https://doi.org/10.1016/j.ress.2021.107826

is necessary to adopt a powerful reliability management tool to deal with
the risk assessment of cold chain green logistics.

Failure mode and effect analysis (FMEA) was developed by NASA in
the 1960s [3]. It is a systematic reliability management tool for inves-
tigating and analyzing potential failure mode (FM) risks of products and
processes. It allows experts uses quantitative assessment of the occur-
rence (0), severity (S), and detection (D) of FMs, and then generates RPN
(RPN = 0 = S * D) to evaluate FMs. Owing to its easy to understand and
simple to operate, FMEA has a wide range of applications, such as
supplier selection, 3D print selection, portfolio selection, goods trans-
portation, offshore engineering and healthcare management, food cold
chain logistics risk assessment, etc [1,5,6,10,12]. Nevertheless, with the
continuous change of application environment and the need of realistic
decision-making, the classical FMEA has exposed some inherent defects,
such as (i) it only evaluates FMs by crisp numbers, which cannot adapt to
the fuzzy environment, and is not conducive to the expression of experts’
evaluation information; (ii) the weight of FMEA experts is not consid-
ered; (iii) the weight of attributes is not considered; (iv) the final ranking
method uses a multiplication algorithm, which is too simple and not
conducive to determining the ranking, etc.

Received 22 February 2021; Received in revised form 24 May 2021; Accepted 26 May 2021
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The analytic hierarchy process (AHP) is widely used as a multi-criteria decision-making method in
practical applications. Several researchers have expanded the AHP method to D numbers AHP (D-
AHP) to apply AHP to an uncertain decision-making environment. D numbers is an extension of
the Dempster-Shafer (D-S) theory, which overcomes the shortcomings of the D-S theory and can
effectively express uncertain information. With the deepening of research on the AHP method, the
best-worst method (BWM) was proposed as an improvement to the AHP method. The BWM can
lower the inconsistency in results and reduce the number of required pairwise comparisons. Although
some researchers have extended the BWM method to an uncertain environment and proposed fuzzy
BWM methods, these methods cannot handle some special situations, such as when the subjective
evaluations of experts are conflicting or altogether missing. To apply the BWM method to these
special situations, this study suggests combining the BWM with D numbers and proposes D numbers
BWM (D-BWM) weighting model. First of all, we discuss D numbers extended fuzzy preference
relations (DNFPRs). Afterwards, we design an algorithm to select the best and worst criteria based
on the DNFPRs by calculating the out-degrees and in-degrees. Furthermore, we develop a linear
programming model to derive the weights of criteria, and then propose a consistency ratio to check
the reliability of the derived results. The experimental results show that the D-BWM method is more
suitable for realistic decision-making because of its simplicity and sensitivity to subjective information.
Finally, the proposed method is applied to evaluate the environmental performances of 30 provincial
administrative regions of China.

Keywords:

Multi-criteria decision-making (MCDM)
Best-worst method (BWM)

D numbers

Decision-making

Environmental performance evaluation
(EPE)

©2021 Elsevier B.V. All rights reserved.

1. Introduction used owing to its applicability and operability in practical appli-

cations | 10]. AHP, proposed by Saaty [7,8], is based on pairwise

Multi-criteria decision-making (MCDM) is the process of eval-
uating situations and analyzing multiple conflicting assessments
to arrive at a decision. It is a significant part of the decision-
making theory [ 1]. Based on the discrete or continuous solution
space, MCDM is usually divided into multi-attribute decision-
making (MADM) and multi-objective decision-making. In this
study, we used MCDM to represent MADM for convenience and
practicality. Owing to the evaluation mechanism characteristics
of MCDM, it is widely applicable to real decision-making envi-
ronments such as in management [2], transportation [3], invest-
ment [4], and other fields [5,6]. Several MCDM methods have
been researched and expanded, such as the analytic hierarchy
process (AHP) [7,8] and the technique for order of preference
by similarity to ideal solution (TOPSIS) method [9] for different
decision situations. Among the MCDM methods, AHP is widely

* Corresponding author.
E-mail address: peide.liu@gmail.com (P. Liu).

https://doi.org/10.1016/j.as0c.2021.107 168
1568-4946/© 2021 Elsevier B.V. All rights reserved.

25

comparisons and is widely used in practical management en-
vironments such as public transport service development [11],
urban planning [12,13] and urban sustainability assessment [14].
Furthermore, to overcome the environmental uncertainty in some
practical decisions and the ambiguity of human consciousness,
fuzzy sets [15], intuitionistic fuzzy sets [16], Pythagorean fuzzy
sets [17], hesitant fuzzy sets [18], interval type-2 hesitant fuzzy
sets [19] are proposed. Some researchers have expanded the
classical AHP to the fuzzy AHP method with the aid of these fuzzy
sets. Fuzzy AHP [20], intuitionistic fuzzy AHP [21], Pythagorean
fuzzy AHP [22] and hesitant fuzzy AHP [23] are proposed to solve
decision problems in different situations. These fuzzy AHP meth-
ods have a better comprehensive structure than the traditional
AHP because these methods combine quantitative and qualitative
criteria. For example, Zyoud et al. [20] applied the fuzzy AHP to
study how to reduce water loss, and Liao and Xu [21] studied the
consistency of AHP preference relationships in intuitionistic fuzzy
environments. [Ibahar et al. [22] combined risk assessment with
fuzzy AHP to evaluate occupational health.
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ARTICLE INFO ABSTRACT

As a useful tool for information representation, hesitant fuzzy linguistic term sets (HFLTSs) have received ex-
tensive attention and in-depth discussion in recent years. However, in real decision making, it is impossible for
decision makers to express all preference information only through a few continuous linguistic terms. Much
valuable information is hidden in the original evaluation information. Thus, this paper mainly studies how to
mine deeper uncertain information from the original hesitant fuzzy linguistic evaluation information. To achieve
this goal, we present a new representation tool called the normal wiggly hesitant fuzzy linguistic term set
(NWHFLTS). The NWHFLTS not only retains the original evaluation information, but it also delivers and
quantifies potential uncertain information. First, we propose some basic theories of NWHFLTS, such as some
basic operational rules, score function and distance measures between two NWHFLTSs. Then, based on the
distinctive features of the power average (PA) operator and Hamy mean (HAM) operator, we propose two new
information aggregation operators, i.e., the normal wiggly hesitant fuzzy linguistic power Hamy mean (NWH-
FLPHAM) operator and its weighted form (NWHFLPWHAM). Furthermore, based on the NWHFLPWHAM op-
erator, a new method is proposed to address multi-attribute decision-making (MADM) problems. Finally, we use
a numerical example to show the specific calculation steps and provide a comparison with other methods to

Keywords:

Normal wiggly hesitant fuzzy linguistic term
set

Power mean operator

Hamy man operator

Real preference degree

Multi-attribute decision-making

validate the effectiveness and advancement of our proposed method.

1. Introduction

In multi-attribute decision-making (MADM) problems, people need
to evaluate alternatives based on predetermined attributes and then
make decisions based on reasoning or decision-making methods. In fact,
due to the ambiguity and complexity of evaluation problems, some
decision-making problems cannot be quantitatively evaluated by one or
several specific numerical values. In contrast, they can be described by
intuitively qualitative evaluations. Thus, the fuzzy linguistic evaluation
method based on linguistic variables proposed by Zadeh (1975) has
been favored by many scholars, and it has gradually become a suitable
tool for the evaluation of qualitative information. However, the tradi-
tional fuzzy linguistic method can only allow decision makers (DMs) to
describe the characteristics of alternatives by a single linguistic term,
which sometimes does not accurately reflect the true perception of
DMs. Based on such theoretical defects, in the continuous exploration
and improvement of fuzzy linguistic methods, various new fuzzy lin-
guistic methods have been proposed, such as uncertain linguistic vari-
ables (Xu, 2006), intuitionistic uncertain linguistic variables (Liu & Jin,
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2012), linguistic intuitionistic fuzzy numbers (Chen & Liu, 2015) and
the 2-tuple fuzzy linguistic representation model (Herrera & Martinez,
2000). However, these models are still very limited for comprehen-
sively characterizing complex qualitative information. In particular,
when the DM hesitates among several different linguistic terms, he/she
needs to use more complex linguistic terms to express his/her cognitive
preferences. Obviously, none of the above linguistic expression models
can handle this situation. Inspired by the hesitant fuzzy sets (HFSs)
proposed by Torra (2010), Rodriguez, Martinez, and Herrera (2012)
proposed the concepts of hesitant fuzzy linguistic term sets (HFLTSs)
and the hesitant fuzzy linguistic term element (HFLTE). HFLTS combine
the advantages of the hesitant fuzzy set and linguistic variables, thus
allowing DMs to qualitatively express their evaluation values as an al-
ternative to the orderly and continuous subset of the linguistic term set
(LTS).

Since HFLTS were proposed, the theory, method and application of
HFLTS have been deeply studied and developed (Farhadinia & Herrera-
Viedma, 2018; Liao et al., 2019; Tang & Liao, 2019; Wei, Rodriguez, &
Martinez, 2018). Liao, Xu, Herrera-Viedma, and Herrera (2018)
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With the rapid development of the cyber economy and green consumption demand, more and more consumers choose to pur-
chase green products through e-commerce platforms. Considering the product green degree and the e-commerce platform’s
service, the paper studies the decisions and coordination of green e-commerce supply chain under green manufactures’ fair-
ness concerns. The centralised model and the decentralised models with and without fairness concern are constructed and
analysed with consideration of product green degree and service level. Then, the ‘cost-sharing joint commission’ contract
is proposed to realise system coordination. Finally, propositions and conclusions are verified by numerical simulation. The
results indicate that unlike traditional offline and dual-channel supply chains, the manufacturer’s behaviour in response to
fairness concerns can result in the decline both in product green degree and system efficiency but has no impact on service
level. Under the centralised model, the product green degree is not the highest but is more affected by consumers’ green pref-
erences. In addition, the product price and the service level will reach the highest under the centralised model. The increase
in green technology investments can downsize the feasible interval of the contract, and the consumers’ green preferences
can extend the feasible interval.

Keywords: Green supply chain; e-commerce; fairness concerns; network service level

1. Introduction

Currently, the economic and social impacts of the reuse of resources have gradually emerged as an issue of public concern.
Many companies have undertaken green initiatives to take collective responsibility and establish a good corporate image
(Du, Liu, and Li 2017). For instance, Panasonic held the Panasonic Green Creative Forum 2010 at his headquarters in 2010,
viewing environmental protection and green as the company’s primary innovation goals; In 2011, Haier held an end-of-the-
year product sampling meeting in Beijing, and expressed his willingness to take the lead in environmental responsibility and
promotion of green products. In the pursuit of green production, enterprises inevitably increase their investments in green
technology, resulting in an increase in production costs. Considering that, companies are seeking more cost-effective ways
of operating. On one hand, the e-commerce platforms (as e-platform) feature with the large customer flow and standardised
low-cost sales services, which provide new sales opportunities for green manufacturers. Product display and sales through
e-platforms can effectively reduce operating costs and relieve production pressure from manufacturers. On the other hand,
consumers’ consumption habits have changed in favour of green products. Consumers not only prefer green products (Liu,
Anderson, and Cruz 2012) but also increasingly rely on online shopping (Wang, Malthouse, and Krishnamurthi 2015). As a
result, manufacturers are shifting sales of green products from offline to online, and the e-commerce supply chain (ECSC),
combining green product manufacturers and e-platforms, is also gradually emerging.

However, some new problems have arisen in the green e-commerce supply chain (GECSC). First, unlike traditional
supply chains dominated by manufacturers, e-platforms have a distinct advantage due to their significant impact on product
sales in GECSC, which causes some e-platforms to gain more profits by infringing upon the rights of green manufactur-
ers. For example, JD (www.JD.com) forced coordinating manufacturers to participate at a ‘618 venue’, locked inventory
and prices, and forced promotion.! During the *11.11” and ‘618’ online shopping events, Tmall (www.tmall.com) required
manufacturers to make a choice between Tmall and JD, otherwise, manufacturer traffic would be stopped.2 Second, the
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Multiple-Attribute Decision-Making Based on
Archimedean Bonferroni Operators of g-Rung
Orthopair Fuzzy Numbers

Peide Liu ® and Peng Wang ©

Abstract—The theory of g-rung orthopair fuzzy sets (g-ROFSs)
proposed by Yager effectively describes fuzzy information in the
real world. Because g-ROFSs contain the parameter ¢ and can
adjust the range of expressed fuzzy information, they are superior
to both intuitionistic and Pythagorean fuzzy sets. Archimedean
T-norm and T-conorm (ATT) is an important tool used to generate
operational rules based on the g-rung orthopair fuzzy numbers (g-
ROFNs). In comparison, the Bonferroni mean (BM) operator has
an ad ge b it id hips between
the different attributes. Therefore, it is an important and meaning-
ful innovation to extend the BM operator to the g-ROFNs based
upon the ATT. In this paper, we first discuss g-rung orthopair
fuzzy operational rules by using ATT. Furthermore, we extend
BM operator to the g-ROFNs and propose the g-rung orthopair
fuzzy Archimedean BM (q-ROFABM) operator and the g-rung
orthopair fuzzy weighted Archimedean BM (q-ROFWABM) op-
erator and study their desirable properties. Then, a new multiple-
attribute decision-making (MADM) method is developed based on
q-ROFWABM operator. Finally, we use a practical example to ver-
ify effectiveness and superiority by comparing to other existing
methods.

s the interrel

Index Terms—Archimedean T-norm and T-conorm (ATT), Bon-
ferroni mean (BM), Itipl tribute decisi king (MADM),
g-rung orthopair fuzzy sets (g-ROFSs).

I. INTRODUCTION

ULTIPLE-ATTRIBUTE decision-making (MADM) is
M a process that can give the ranking results for the finite
alternatives according to the attribute values of different alter-
natives. In recent years, some hot decision problems, such as the
strategic choice of enterprises and the behavior of government
procurement, are all related to the MADM. In a real decision
process, the first question is how to effectively and accurately
express the attribute value of uncertain decision information.
Because of the complexity of human cognition and decision-
making environment, exact values are not enough to express
fuzzy information. Therefore, many fuzzy information expres-
sion tools came into being [6], [15], [19]. The intuitionistic fuzzy
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set (IFS), first presented by Atanassov [ 1], [2], is improved from
fuzzy sets (FSs) by Zadeh [45], and it has a membership degree
(MD), a nonmembership degree (NMD), and a hesitancy degree,
which can express the degree of satisfaction, the degree of dissat-
isfaction, and the degree of hesitancy, respectively. IFS is a very
valuable tool, so it is widely applied to describe fuzzy decision
information and studied by a large number of experts and schol-
ars. These researches mainly include the following aspects: 1)
the basic theory research, such as operational laws of intuition-
istic fuzzy numbers (IFNs) [8], distance measures between [FNs
[71, [34], similarity measures between IFNs [5], information en-
tropy of IFNs [14], etc.; 2) some extended MADM methods for
IFNs, such as the application of government E-tendering based
on the Technique for Order Preference by Similarity to an Ideal
Solution (TOPSIS) method [36], the application of optimizing
multiresponse problems in IFS based on the VIseKriterijumska
Optimizacija I Kompromisno Resenje (VIKOR) method [29],
the supplier selection of a supply chain based on the Elimina-
tion Et Choice Translation Reality ITI (ELECTRE III) method
[27], the distributor evaluation and selection problem based on
the TODIM (an acronym in Portuguese of interactive and multi-
criteria decision making) method [20], and so on. (3) The intu-
itionistic fuzzy aggregation operators (AOs), for example, Xu
[39] and Xu and Yager [40] presented some basic weighted av-
eraging operator and the weighted geometric operator for IFNs,
respectively. Liu [22] and Zhang et al. [46] presented some ex-
tended AOs based on the special Hamacher operation rules and
Frank operation rules, respectively, and they are more superior
by using a flexible parameter. Xu and Yager [41] proposed the
BM operator whose prominent feature is that the interrelation-
ships between different attributes can be taken into account.
However, the application range of IFSs is narrow because it
has a condition that the sum of MD « and NMD v is equal to or
lessthan 1,i.e.,u + v < 1. Inthis case, some decision evaluation
values cannot be effectively expressed by IFSs because some
decision makers may give some data that the sum of MD and
NMD is greater than 1. For example, a decision maker give the
MD of 0.8 of NMD of 0.6. It is obvious that the IFNs cannot ex-
press this result. Therefore, in order to solve this problem, Yager
[42] proposed a new concept of the Pythagorean fuzzy set (PFS),
which eminent characteristic is that the square sum of MD and
NMD s less than orequal to 1, i.e.,u*> + v*> < 1.So, the PES can
describe a lot of fuzzy information that the IFS cannot describe
in some practical problems. Based on this theory, some exten-
sive researches have been carried out. For example, Yager and
Abbasov [44] studied the relationship between the Pythagorean
fuzzy numbers (PFNs) and the complex numbers. Yager [42]
proposed some new Pythagorean fuzzy weighted average opera-
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Keywords: The development of social economy has rendered the decision-making environment more complex. To better
Probabilistic linguistic adapt to the and solve | decisi king probl this study uses the probabilistic lin-
PLDWA guistic terms set (PLTS) to describe qualitative information, which can not only provide every possible eva-
;;r(; :}d];Jhll;TMOORA luation value, but can also yield the weight or proportion of these values. Based on the PLTS, we propose a

probabilistic linguistic-dependent weighted average (PLDWA) operator; then, we establish the prospect theory-
based multi-objective optimization by ratio analysis plus the full multiplicative form (MULTIMOORA) method
(PT-MULTIMOORA) and extend it to the probabilistic linguistic information (PLI) environment. Moreover, we
propose a final value determination method for the PT-MULTIMOORA method. Based on the combination of the
PLDWA operator and the PT-MULTIMOORA method, we develop a novel approach to solve multiple criteria
group decision making (MCGDM) problems with PLI. Two practical cases are demonstrated to verify the fea-

sibility and superiority of the proposed method.

1. Introduction

In recent years, with the development of Web 2.0 and the emer-
gence of various e-commerce websites, people are continuously
choosing to adopt the consumption mode of online shopping.
Meanwhile, people are more willing to provide feedback on their con-
sumption experience through online reviews. Furthermore, with the
development of mobile internet and “Internet +”, the sharing economy
that is based on mobile internet and the “Internet + industry” model
has made significant progress. With such new economic developments,
it is both an opportunity and a challenge for us. Employing this new
development trend in decision making is an important research topic;
more specifically, we need to consider how to describe and express the
decision information and how to construct a more accurate decision-
making method so that a reasonable decision result can be obtained.

In describing and expressing the decision information, owing to the
complexity and vagueness of the decision-making environment, it is
occasionally difficult to handle the realistic decision-making problems
(DMPs) in terms of crisp numbers. On account of the ambiguity of
human thinking, it may be occasionally convenient for decision makers
(DMs) to evaluate the alternatives with qualitative description; thus,
the concept of linguistic variables (LVs) (Zadeh, 1975a, 1975b, 1975¢)
was proposed to deal with the qualitative information. However, LVs
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only allow the DMs to express the evaluation information by single and
very simple linguistic terms (LTs). However, in most cases, DMs prefer
to provide all possible evaluation results at once, so as to better and
conveniently express the decision-making information. Rodriguez et al.
(Rodriguez, Martinez, & Herrera, 2012) proposed the hesitant fuzzy LTs
set (HFLTS), which could cater to the needs of the DMs; since then, it
has been extensively researched by scholars. Regarding the basic theory
of the HFLTS, based on the operations proposed by the Rodriguez et al.
(2012), Liu, Cai, and Jiang (2014) further developed the new opera-
tions of the HFLTS. Meanwhile, the information-aggregation operators
regarding the HFLTS have also been researched by Rodriguez et al.
(2012) and Wei, Zhao, and Tang (2014). Beg and Rashid (2013) pro-
posed the HFLTS-TOPSIS method; Liao, Xu, and Zeng (2015) extended
the VIKOR method to the HFLTS environment. Although HFLTS can
well describe the decision information in the case where the weight or
proportion of each possible LT is the same, it has been found that the
DMs typically have different preferences for each possible LT; this im-
plies that the weight or proportion of each possible LT value is different.
In other words, the probabilities of the LTs are not equal. Under such
conditions, based on the concept of HFLTS, the probabilistic LTs set
(PLTS) was proposed by Pang, Xu, and Wang (2016). The PLTS can
express every possible LT provided by DMs, as well as its probability.
Compared with other forms of linguistic information, it can express
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