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Abstract

Credit risk assessment involves conducting a fair review and evaluation of an assessed
subject’s solvency and creditworthiness. In the context of real estate enterprises, credit
risk assessment provides a basis for banks and other financial institutions to choose
suitable investment objects. Additionally, it encourages real estate enterprises to abide
by market norms and provide reliable information for the standardized management
of the real estate industry. However, Chinese real estate companies are hesitant to
disclose their actual operating data due to privacy concerns, making subjective evalu-
ation approaches inevitable, occupying important roles in accomplishing Chinese real
estate enterprise credit risk assessment tasks. To improve the normative and reliability
of credit risk assessment for Chinese real estate enterprises, this study proposes an
integrated multi-criteria group decision-making approach. First, a credit risk assessment
index for Chinese real estate enterprises is established. Then, the proposed framework
combines proportional hesitant fuzzy linguistic term sets and preference ranking
organization method for enrichment evaluation Il methods. This approach is suitable
for processing large amounts of data with high uncertainty, which is often the case in
credit risk assessment tasks of Chinese real estate enterprises involving massive subjec-
tive evaluation information. Finally, the proposed model is validated through a case
study accompanied by sensitivity and comparative analyses to verify its rationality and
feasibility. This study contributes to the research on credit assessment for Chinese real
estate enterprises and provides a revised paradigm for real estate enterprise credit risk
assessment.

Keywords: Real estate enterprise, Credit risk assessment, PROMETHEE I, Best-worst
method, Proportional hesitant fuzzy linguistic term sets

Introduction

The real estate industry is a capital-intensive industry with the following characteristics:
(1) Land development cost is high; (2) Buildings are of great value; (3) The transaction
taxes are premium; and (4) Developers and investors put high expectations on real estate
development Yumei and Dandan (2011). Commercial banks are financial institutions
that accept deposits, offer checking account services, grant various loans, and provide
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basic financial products like certificates of deposit and savings accounts to individuals
and small businesses, commercial banks play an important role in providing credit to
real estate enterprises. In 2022, six state-owned banks in China intentionally financed 12
domestic real estate enterprises with a total of 93.6 billion dollars.! However, commer-
cial banks face non-negligible investment risks due to the uncertainty of the real estate
enterprise’s solvency.

The credit of a real estate enterprise refers to its ability and willingness to fulfill its obli-
gations under a loan contract. According to the Basel Committee, credit risk is the most
basic and significant risk faced by banks among the eight financial risks. This is because
the failure of the credit risk trustee to fulfill its obligations in the contract can directly
and completely cause economic losses to banks Yumei and Dandan (2011). Therefore,
it is critical to comprehensively evaluate the credit risk of real estate enterprises based
on their operating conditions and financial status Salas and Saurina (2002); Breuer et al.
(2008). Additionally, real estate enterprise credit risk assessment contributes to national
economic risk control.

Credit risk assessment for real estate enterprises is a financial risk control activity that
aims to predict their ability to repay loans on time. Data related to the business activities
and finances of the evaluation object are critical to the accuracy of credit risk assessment
(Chen et al. 2016). However, managers are sensitive to disclosing information about their
company operations (Ferreira and Rezende 2007) because competitors may adopt cor-
responding strategies based on the disclosed information, causing companies to lose
in market competition. Therefore, it is challenging to obtain operational and financial
information on real estate enterprises for credit risk assessment. Subjective evalua-
tion information from industry experts plays an essential role in evaluating credit risk
for real estate enterprises. Multiple methods, such as Credit Metrics by JP Morgan, the
Kealhofer, McQuown and Vasicek (KMV) model of the KMV Company, and the Credit
Suisse Financial Products (CSFP) CreditRisk+, are used to predict and evaluate the
default risk of real estate enterprises. Previous studies have provided innovative views
on credit risk evaluation for real estate enterprises. For example, Kerr (2002) combined
an accounting model and structural model to predict the default risk of real estate enter-
prises, while Liow (2008) used a logistic regression model to evaluate the credit risk of
listed real estate companies. Mah-Hui (2008) proposed a commercial real estate credit
risk assessment method based on professional judgment, considering the particularity
of commercial real estate credit risk, and considered both quantitative and qualitative
credit factors. Derbali (2012) constructed a model linking macroeconomic variables
directly to aggregate measures of credit risk in selected industries. These methods per-
form well in processing subjective credit risk evaluation information.

Affected by the national economic and land systems, and financing methods, Chi-
na’s real estate industry has distinct characteristics. The existing international main-
stream real estate enterprise credit risk assessment methods are not always suitable
for China’s real estate industry. China’s land is owned by collectives and the state,
and land resources are highly monopolized by the government. The industry is sub-
ject to macro-control by the state, and the operating decisions of real estate compa-
nies cannot be fully adjusted in accordance with the relationship between market
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supply and demand. Therefore, Chinese real estate companies are unique due to the
influence of the government’s active involvement, and the credit risk assessment
information of Chinese real estate companies is highly uncertain. The current credit
risk assessments of real estate companies that are popular in the world are mainly
aimed at the real estate industry that is regulated by the market, and its credit risk is
more predictable. Therefore, establishing a credit risk evaluation index system and
method for Chinese real estate companies is of great significance for the risk control
of commercial banks and the stability of China’s real estate industry.

This paper aims to evaluate Chinese real estate enterprise credit risk to provide
scientific references for bank investment decisions. The main work is summarized
as follows:

+ Constructing credit risk assessment indexes for real estate enterprises in China
based on their characteristics and business models.

+ Constructing a composite weight model consisting of objective weights. Objec-
tive weights are determined based on the similarity between experts’ evaluation
information, while subjective weights are determined based on the experience
and reputation of decision experts.

+ Proposing the PHFLTS-PROMETHEE method by combining proportional hesi-
tant fuzzy linguistic term set (PHFLTS) and preference ranking organization
method for enrichment evaluation (PROMETHEE) II. This method improves the
practicality and accuracy of the traditional PROMETHEE method and provides
a solution for prioritizing real estate enterprises in China based on credit risk

assessment.

The remainder of this paper is structured as follows. “Literature review” section provides
a review of the related literature on real estate enterprise credit risk assessment and the
application of multi-criteria group decision-making (MCGDM) methods in complex
and multi-dimensional uncertain evaluation problems. “Preliminaries” section clarifies
the basic concepts and operations that are relevant to this research. “Credit ranking of
real estate enterprises by a bank based on the PHFLTS-PROMETHEE II model” sec-
tion establishes the index system for real estate credit risk assessment and proposes a
novel real estate enterprise credit risk evaluating method. “Case study” section presents
a case study of the proposed method. “Comparison and sensitivity analysis” section
demonstrates the superiority of the proposed credit risk evaluating method through the
comparative and sensitivity analyses. Finally, “Conclusion and future direction” section
summarizes the main contributions of this study and presents future perspectives.

Literature review

This study contributes to the field of real estate enterprise credit risk assessment by
proposing an integrated framework that combines the PHFLTS and PROMETHEE
II methods. As such, we have divided our literature review into two subsections to
provide an in-depth understanding of these two methods.
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Real estate enterprise credit risk assessment

Loans to real estate development enterprises account for a significant proportion of the
overall loans issued by commercial banks. Consequently, credit risk assessment for real
estate enterprises has been the subject of widespread discussions.

The existing literature on credit risk assessment can be broadly categorized into two
groups. One group of studies investigates credit risk assessments based on the impact
of real estate enterprises’ credit on their own development. For instance, Kanno (2020)
conducted a credit risk assessment of Japan’s real estate investment trust from a macro
perspective using a binary logistic regression model. The study mainly considered the
financial factors, including the financial health of the real estate industry, the down-
side risk in the asset value or cash flow of the property holdings, sponsor support cir-
cumstances, and some network centralities as proxies for the interactions in the block
holding and lending networks. Kanno (2020) also applied the random forest method
to predict the credit default of real estate enterprises, which provided novel insights
for credit risk management. However, acquiring the dataset is a challenging task. Zhu
et al. (2010) built an artificial BP neural network evaluation model to evaluate the credit
risk of the real estate industry. COVID-19 has had a significant impact on small and
medium-sized enterprises (SMEs), making credit risk management particularly impor-
tant for supply chain finance. To address this issue, Yang et al. (2021) constructed a risk
evaluation index system based on non-financial data, determined the key factors affect-
ing credit, identified corporate risk factors using the lasso logistic model, and predicted
the credit risk of the enterprise. Wu (2017) constructed a multi-criteria cluster decision
model based on gray correlation analysis for credit risk analysis and corporate strat-
egy adjustment guidance. Another category focuses on the impact of credit risk of real
estate enterprises on investing banks and the industry as a whole. Li and Guo (2022)con-
structed the structural characteristics of the real estate company’s related network and
discussed the contagion law of the associated credit risk in the network. They empha-
sized that the credit status of real estate companies not only affects enterprise’s own
development but also may trigger large-scale risk contagion within the real estate indus-
try. Other studies contribute to credit risk management. Jin et al. (2011) established an
incidence identification method based on grey incidence analysis to identify the indus-
try and macroeconomic factors that could affect the impaired loan ratio of banks. Their
research provides implications for credit risk control of banks. Gao and Xiao (2021)
constructed a machine learning-based method to discriminate normal loans and default
loans, which is significant for banks to control potential financial risks. Some studies
combined different techniques for better credit risk assessment. Yang et al. (2019) used
gray correlation analysis and the technique for order preference by similarity to an ideal
solution (TOPSIS) to establish a green credit rating mechanism that includes environ-
mental and social benefits, which can be used by banks to encourage enterprises to focus
on green development through green credit. Locurcio et al. (2021) analyzed real estate
credit risk by establishing credit real estate risk indicators, allowing for more approvals
of debt restructuring procedures and facilitating restructuring debt operations, benefit-
ing smaller banks and SMEs. Kanno (2022) analyzed the network structure of syndicated
loans to Japan’s real estate investment trusts (J-REITs) and the credit and systemic risk
in the J-REITs bank loan market from the perspective of financial networks and risk
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resilience using key centrality indicators, and thus provided an effective methodology to
assess the interconnectedness of loans in a bimodal network of syndicated loans and the
risk contagion from borrowers to lenders. Due to the relatively short development time
of China’s real estate industry, various problems are faced such as unsustainable devel-
opment of excessive profitability. Cheng et al. (2020) combined the KMV model with the
genetic algorithm (GA) to construct a GA-KMV model for analyzing the relationship
between debt financing of real estate companies and their credit risk, providing a refer-
ence for banks to invest in the real estate industry.

There are many studies on credit risk management through multi-criteria indica-
tors in various areas, not just limited to the real estate industry. For example, to reduce
the number of non-performing loans in personal loans, Zhang et al. (2018) combined
personal socio-demographic information, loan application information, and applicant
dynamic transaction behavior data to construct a personal credit evaluation model
based on radial basis function multiple instances learning to extract features. With
online transactions becoming the main pattern of consumer shopping, merchant credit
is one of the main factors affecting consumer decisions. Nana et al. (2022) introduced
a profit function and constructed a game model to analyze and explore the causes of
credit risk formation in e-commerce and made suggestions for reducing losses caused by
credit risk in e-commerce. In agriculture, farmers’ demands for operational loan compo-
nents have increased. To solve the problem of credit difficulties in agricultural develop-
ment, Xia et al. (2022) constructed a sustainable agricultural supply chain finance risk
indicator system from five aspects, including farmers’ credit status and core enterprise
qualifications, and used the neutrosophic enhanced best-worst method and combined
compromise solution model to assess the credit risk.

Previous literature has contributed to the standardized development of real estate
enterprise credit by discussing the contagion of associated credit risk in real estate net-
works and evaluating and predicting the credit risk of the real estate industry. Existing
credit risk assessment methods include logistic regression models, machine learning, big
data, and grey incidence analysis. These evaluation methods typically assess the over-
all credit level of the industry using macro and financial data of the real estate indus-
try, providing guidance for banks’ investment decisions. However, in practice, the credit
risk assessment of specific real estate enterprises has greater reference value for banks’
investment decisions and risk control. Moreover, the existing research on the credit risk
of real estate enterprises is general, and China’s real estate industry is subject to national
macro-control, with unique financing methods. Consequently, there are few available
risk assessment methods for Chinese real estate enterprises.

This study aims to establish a novel credit assessment index for evaluating the credit
risk of Chinese real estate enterprises. To achieve this goal, an MCGDM method is uti-
lized for credit risk evaluation, which will be reviewed in the next section.

The application of MCGDM method in complex and multi-dimensional uncertain
evaluation problems

The MCGDM problems inherently present high-dimensional uncertainty provoked
by the changing decision-making contexts and their associated complexity (Chen
et al. 2023; Zha et al. 2020; Zhang et al. 2020; Chen et al. 2022). One particular tool
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for dealing with such complexity is the concept of hesitant fuzzy set (HES) proposed by
Torra (2010), which can better adapt to the decision-making environment with hesitant
information. However, the limitation of individual subjective judgment and incomplete
knowledge of problem aspects makes it difficult for experts to evaluate decision objects
with accurate numerical values. Therefore, Rodriguez et al. (2012) proposed the HFLTSs
using linguistic terms to effectively reflect expert preferences. The emergence of HFLTS
has led scholars from different professions to address various MCGDM issues. For
example, Sansabas-Villalpando et al. (2019) analyzed the influencing factors with HFLTS
to develop methodological strategies and sustainability priorities for organizational
development, while Liao et al. (2019) proposed the extended multi-objective optimiza-
tion on the basis of ratio analysis plus full multiplicative form method based on HFLTS
to solve the investment problem of bike sharing. Additionally, Isik and Kaya (2022) pro-
posed a new HFLTS method to solve the product acceptance problem by overcoming
the traditional HFLTS accuracy problem.

As the research progresses, some scholars have found that relying solely on HFLTSs
to reflect expert assessment information is not appropriate. This is because the pro-
portional information in the assessment data provided by decision experts is ignored,
which affects the accuracy of decision-making (Xiong et al. 2018). To address this issue,
Chen et al. (2016) proposed the notion of PHFLTS. PHFLTS is an important extension of
HFLTS, which greatly reduces the loss of evaluation information by considering both the
linguistic terms of expert evaluation and the corresponding proportional information in
the MCGDM environment. To improve the applicability and integrity of PHFLTS, Liu
and Rodriguez (2014) defined some novel manipulations such as comparison, arithmetic
operations, aggregation operators, cosine similarity, and distance measures. They also
developed two MCGDM methods to deal with the MCGDM problem with PHFLTS
information. Moreover, Xiong et al. (2023) expanded the practical application scope of
the power geometric operator and utilized it to develop a proportional hesitant fuzzy
linguistic large-scale group decision-making model. Additionally, Yang et al. (2022) com-
bined PHFLTS and extended cumulative prospect theory to facilitate the translation
of customer requirements into engineering characteristics. Several studies have been
conducted on the application of PROMETHEE to the fuzzy environment. For instance,
Hesamian and Shams (2015) proposed a fuzzy multi-criteria decision-making (MCDM)
method that combines the analytic hierarchy process (AHP) and PROMETHEE. Fur-
thermore, Meng and Chen (2015) applied PROMETHEE to a 2-tuple linguistic environ-
ment. Liao et al. (2015) conducted a well-integrated study of PHFLSs with PROMETHEE
II for MCGDM problems to identify the most suitable decision alternatives. Lastly,
Farhadinia (2016) presented a new hybrid decision-making support method that jointly
uses AHP, quality function deployment, PROMETHEE II, and HFLTS to capture hesita-
tion and aggregate divergent opinions from different experts.

Most of the existing research on Chinese enterprise credit risk adopts traditional and
modern credit risk measurement models that mainly rely on quantitative indicators.
However, indicators that impact the credit risk of real estate development enterprises
also include qualitative indicators, such as the external environment, industry status,
market position, competitive advantage, and government policies. Enterprises consider
their actual operating conditions and financial risks as private information, and their
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willingness to disclose such information is weak. Therefore, it is difficult for banks to
obtain comprehensive quantitative data related to corporate credit risks. To cope with
the lack of quantitative information, banks usually obtain subjective evaluations of credit
risks of real estate enterprises by inviting industry experts. Thus, a reasonable combi-
nation of quantitative and qualitative evaluations is crucial to the reliability of assess-
ment results. However, there is no good combination of qualitative and quantitative
indicators in the current research on enterprise credit risk. Moreover, China’s real estate
enterprises lack objective operational data, and the evaluation of credit risk of China’s
real estate enterprises relies mainly on the subjective evaluation information of a large
number of experts. PHFLTS considers not only the linguistic information but also the
proportional information of different linguistics when processing the subjective evalua-
tion information of experts. This approach can more accurately represent the hesitancy
and preference of experts. PROMETHEE II has incomplete compensation to overcome
the mutual substitutability of indicators and does not require dimensionless or stand-
ardized treatment of indicators (Wang and Yang 2007). Therefore, this study proposes
the PHFLTS-PROMETHEE method by combining PHFLTS with PROMETHEE II. This
method has the ability to handle a large amount of high uncertainty data and applies
to the credit risk assessment of Chinese real estate enterprises with massive subjective
evaluation information. Furthermore, the PHFLTS-PROMETHEE method improves the
practicality and accuracy of the traditional PROMETHEE method, solving the dilemma
of the lack of operational data of real estate enterprises in China.

Preliminaries

In this section, we present a review of the tools and the methods used for credit evalu-
ation and ranking of real estate enterprises before bank loans. We will specifically focus
on HFLTS and PHFLTS.

Hesitant fuzzy linguistic term sets (HFLTS)

In the actual decision-making process, numerical scales may not accurately and effec-
tively reflect the preferences of experts (Torra 2010; Zadeh 1975) when evaluating cer-
tain qualitative indicators. To address this issue and better represent the subjective
judgment of experts, linguistic terms are often used to evaluate decision objects.

Definition 1 Zadeh (1975) Let § = {so, 51...,8g } be a linguistic term set (LTS), where
si(i=0,1,---,g)is a linguistic term, and g + I is an odd number known as the granu-
larity of S. Generally, the linguistic term set § must satisfy the following conditions:

(1) Orderliness oncei > j, thens; > sj;

(2) Maximization operator once s; > sj, then Max (s,', sj) =s;
(3) Minimization operator once s; > sj, then Min (s,-, sj) =sj;
(4) Negation operator Neg(s;) = sj, where j=g — i.

Traditional linguistic decision models are limited in their ability to express experts’
evaluation information with only one linguistic term. They do not apply when experts
hesitate among several possible linguistic terms Rodriguez et al. (2012). To address
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this limitation, Rodriguez et al. (2012) proposed the concept of HFLTS based on the
idea of HFSs and LTS.

Definition 2 Rodriguez et al. (2012) Let § = {so,s1,...,5;} be an LTS. An HFLTS,
which can be abbreviated as Hg, is an ordered and finite subset of the consecutive lin-
guistic term of S. For easy understanding, Hg can be represented as

Hs = {si,siv1,-+ 5j}
wheres; € S,t € {i,i+1,---,j}i,j € {0,1,--- g}, andi <.

Definition 3 Rodriguez et al. (2012) Let S be a LTS and Hg be an HFLTS. Hg%t, Hg™,
which represent the upper and lower bounds of the HFLTS Hy, are defined as

(1) Hs* = Max{s;} =sj,s; € Hs, and s; < s, ¥i;
(2) Hs™ = Min{s;} =sj,s; € Hg,and s; > s, Vi.

Definition 4 Rodriguez et al. (2012) Let S be as before. Hg, Hg!, and Hg? are three
arbitrary HFLTS on S. The complement, union, and intersection of the HFLTSs are com-
puted as follows:

(1) Hs* =S — Hg = {si|si € S,and s; ¢ Hs};
(2) Hg! UHg? = {silsi e Hglors; € HSZ};
(3) Hg! N Hg? = {silsi € H¢lands; € HSZ}.

Although HFLTSs use consecutive linguistic terms to elicit opinions, human beings
do not naturally express their opinions in this manner; they use linguistic expressions.
To address this issue, Rodriguez et al. (2012) proposed the use of context-free gram-
mar to construct comparative linguistic expressions that are closer to the reasoning
process of human beings.

Definition 5 Rodriguez et al. (2012) Let S be as before. A context-free grammar can
be denoted as Gy (Vn, V1,1, P), where Vy is the nonterminal symbols set, Vr is the
terminal symbols set, I is the starting symbol, and P is the production rules set. The

elements of Gy (Vn, Vr,1,P) are defined below:
VN = <primary term>, (composite term), <unary term>, <binary term), <conjunction>};
Vr = {lower than, greater than, at least, at most, between, and, so,s1,- - - , 5S¢ 1;

IeVy.

The production rules are defined in an extended Backus-Naur form, where brackets
enclose optional elements and the symbol | indicates alternative elements Bordogna
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and Pasi (1993). The production rules of @G are shown below:

P={l:= <primary term>|<c0mposite term>
composite term> n= <unary relation> <primary term> | <binary relation>
primary term <conjunction> <primary term
primary term) :: = spls1|- - |sg
unary relation> :: = lower than|greater than|at least|at most
binary relation) :: = between
conjunction) :: = and}

To perform computation processes with these linguistic expressions, Rodriguez
et al. (2013) defined a conversion function that transforms comparative linguistic
expressions into HFLTS:

Definition 6 Rodriguez et al. (2013) Let S be the LTS used by Gy and Sy be the
expression domain based on Gp. The linguistic expressions I/ € Sy are generated by
the context-free grammar Gp. Eg, is a conversion function that transforms I/l € Sy
into HFLTS, that is Eg,: Sy — Hs. Sy is transformed into HFLTS using the following
transformations:

(1) Egy(s;) = {s;} for arbitrary s; € S;

(2) Egy(atleasts;) = {sj|sj > s;and sj € S};

(3) Egy(at mosts;) = {sj|sj <sjands; € S};

(4) Eg, (lower thans;) = {sj|sj < sjand sj € S};

(5) Egy (greater than Sl') = {S]'|S,' > s;and sj € S};

(6) Egy (betweens,- and sj) = {sk|sj > s > s; and s; € S}.

In the actual decision-making process, it is often necessary to integrate multiple
HFLTSs. Therefore, it is also important to understand the relevant operations of
HFLTS, which provide a foundation for its logical and algorithmic developments.

Following the correlation operations of HFSs by Torra (2010), Wei et al. (2013)
defined the negation, max-union, and min-intersection operations on HFLTSs.

Definition 7 Wei et al. (2013) Let S be as before. Hg, Hg!, and Hg? are three arbitrary
HFLTSs defined on S.

(1) The negation of Hg: Hg"®¢ = {sg,ili € Ind(Hs)}, where Ind() represents the index
set of the linguistic terms in an HFLTS;

(2) The max-union of Hg' and Hg?: Hg' v Hg? = {Max{si,s,'} |s; € Hsl,sl- € Hsz};

(3) The min-intersection of Hg' and Hs?: Hg! A Hg? = {Min{s;,s; }|s; € Hs',s; € Hs>}.

Gou and Xu (2016) defined the following basic operational laws of HFLTS:

Definition 8 Gou and Xu (2016) Let Hg, Hs!, and Hg? be the three arbitrary HFLTSs
defined on §.

(1) Hs' & Hs® = ' (U), of (5151 per (152) 1 + 72 = J/l)/z});
(2) Hs' ® Hs® :f_l Uylef(Hsl)vyzef(Hsz){mm});
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(3) 2Hs = f! (UVEf(Hs){l -1- V)*});
(4) (He)" =/~ (Uyeras) {v"})

(5) M1Hs @ AoHs = (A1 + ;LZ).HS.;

(6) (Hs)"' ® (Hg)™> = (Hg)"112);

where 7, A1, 43 are any real numbers, f and f —L are the two linguistic scale functions
between HFSs and HFLTSs, defined as follows:

f:10,g] = [0,1], f(s) = 2460 —
f—l :[0,1] — [0,g], f_l(J/i) = Syg = §i

where Ind(s;) represents a function to derive the subscript of linguist term s;, Ind(s;) = i.

Wei et al. (2013) generated a convex combination of two HFLTSs based on the con-
vex combination of LTSs. The definition is as follows:

Definition 9 Wei et al. (2013) Let Hg! and Hg? be two HFLTSs defined on S, where S
is an LTS. The convex combination of Hs! and Hg? can be defined as follows:

c? (wl,Hsl,wz,Hsz) =w OHs' @ wy O Hg® = {Cz(wlyﬂl,wzyﬂz)Wl € Hs',a; € Hsz},
where w; > 0(i = 1,2) and w; +wy=1.

Liao et al. (2014) defined the Euclidean distance of H;(xi) and Hsz(xi) as shown
below.

Definition 10 Liao et al. (2014) Let S be as before, X = {xg, x1, . . ., x,} be a reference set,

10y — —1... 11 and g2, — { —1... 2} be two
H{(xi) U(saleH;){sﬁé'q Lo ety and g2 (sye) Spla =1, #HZ
q

HFLTSs on X, where #Hg and #H S2 represent the number of linguistic terms in Hg! and
Hg?, respectively. The Euclidean distance of H Sl (x;)and H. g (x;) are defined as follows:

1/2

Q ‘81 _82’
q q
—_ , 1)

dua(Hyw), H3w)) = | 53

\ g+l
where Q = #HS1 = #Hf (if #Hg # #Hg, we can use extension rules to make the number
of linguistic terms the same in both linguistic terms), 8; represents the subscript of the
gth linguistic term in Hg!, where 0 < 8; <gand0 < 83 <g

When calculating the distance between two HFLTSs, it is necessary for the num-
ber of linguistic terms to be the same. However, in general, the number of linguistic
terms in different HFLTSs is not necessarily equal. Therefore, it is necessary to use the
expansion rule of HFLTSs to make the number of linguistic terms included in HFLTSs
the same. Garmendia et al. (2017) proposed the HFS extension rule based on the min-
imum common multiple, which is defined as follows:
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Definition 11 Garmendia et al. (2017) Let A=/{ay,a2,---,a,} and
B= {bl, by, -+, bm} be two finite subsets of the unit interval and lcm(n, m) be the least
common multiple of # and m. The extended sets A and B are as follows:

y ti ti y times y times y times
r times r times r times
A, =Ray, - -anas, --ag - ,an - ,dn ¢, and By = { b1, - b1, ba, by -+ by, 1 b

where lem(n,m) =r-n=y-m.

Proportional hesitant fuzzy linguistic term set (PHFLTS)

Although HFLTSs serve as successful information representation models for individu-
als, they are not effective in modeling group assessments where the assessments are
collected from a subset of individual HFLTS inputs. Information loss or distortion is
inevitable because the objective proportions of expert subgroups with the same individ-
ual assessment cannot be reflected well. To address this issue, the concept of a PHFLTS
was introduced by integrating the proportional information of each generalized linguis-
tic term, providing a new dimension to construct a group information representation
using HFLTSs. PHFLTSs offer a new perspective on understanding the collective deci-
sion matrix construction paradigm, as they not only improve the quality of evaluations
by including objective statistical information but also provide a simple solution to gather
individual opinions. To consider hesitant linguistic assessments of experts and the pro-
portional information of each generalized linguistic term in group decision-making set-
tings simultaneously, Chen et al. (2016) proposed the concept of PHFLTS, as described
below.

Definition 12 Chen et al. (2016) Let S be as before and Hs!(I =1,2,--- ,t) be ¢
HFLTSs provided by a panel of decision experts de;(I =1,2,---,t). The PHFLTS,
denoted as Py, is an ordered finite proportional linguistic pairs set for the linguistic
variable ¢ generated by the union of Hsl(1=1,2,--,¢)

PHs(ﬁ) = {(Si;Pi)|Si S S! l= 01 1;’ o 1g};

where P = (po, P pg) Tisa proportional vector, p; indicates the possibility degree
that the alternative possesses the evaluation value s; provided by the decision experts

g
group,0 < p; < l(i =0,1,--- ,g) and Zpi = 1, the binary group (s;, p;) (j =0,1,--- ,g)
i=0

can be defined as proportional linguistic pairs.

The probability-theory-based comparison method for PHFLTSs was proposed by
Chen et al. (2016), and some related concepts are introduced as follows:

Definition 13 Chen et al. (2016) Let S be as before, s; and s; be any two linguistic terms
of S, p; and p; be the proportions of s; and s;, respectively. The binary relation is defined
as follows:
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bipj, Si > §j
_ 1 — <.
R(si,s7) = § spibj»  Si =) -
0, si<s

Definition 14 Chen etal. (2016) Let S be as before, pHs1 = { (spi')lsi €S, i € Ind (pHsl) }
and PHS2 = { (sipi®)Isi €S, i€ Ind (PHsz) } be the two PHFLTSs. The degree of possibility
L (PHs 1> Py 2) and L (PHs 1< Py 2) can be defined as follows:

L<I)HS1 Z PHSZ) = Zie]nd(PHsl) Zielnd(PH52> R(Si:Sj);
L<P”Sl = PHSZ) =1- Zielnd(PHsl) Zielnd(PHS2> R(si,5;)-

In general, the number of proportional linguistic pairs in different PHFLTSs varies.
To simplify operations, Yang et al. (2019) proposed the following extension rules that
ensure an equal number of elements in different PHFLTSs.

g
Definition 15 Yang et al. (2019) Let PHsl(z?) = { (sithpitt) | sittes, 0<pltl <1, >
il =1, =01 g, =12 Ly} and P, ) ={ (s?,p*)|s* €S 0<
pitt <1, Zp,ﬂ =1,i=01,---,g,/=12,--- ,Lz} be the two PHFLTSs with different

i=1

numbers of elements. Let P = (p1*, po* - -+ , pr*) The the adjusted proportion vector of
PHS () and PHS 2(29), where L1, Ly, and K represent the number of PHFLTS in the set of
PHFLTSs. The adjusted PHFLTSs can be represented as

~ K
PHsl(ﬂ)= { (Silk;Pk*) ’Silkes) Ofpk*ﬁl; Zpk*=1y i=0)1,"')g}and
k=1

- K
PHsz(z?) = { (S;Zk,pk*) ’ s?* eS8, 0<p*<1l, Y p*=1i=01,--,¢g }, where
k=1

(1) 1* Min{p“,p21 i

(2) if M then py = Min{plz,p21 p’f};

(3) or 1fp1 1, then p} = Mln{p22 —p; };

(4) if pf = and ps = p'2, then pi = Min{pl?’,p21 — (p]k +p§) };
(5) or 1fp1 p“ and p5 =p 21 — pi, then p§ = Min{p12 pa‘,pm};
(6) orif pf = p*'and p} :p 2 then pi= Mln{p23 pt— (p]k +p§)};
(7) orif p; = p* and p} = p'' — p}, then p} = Min{p** — p5, p'*};

plt — Min{plLl,pZLz }

To perform the operations on PHFLTS, Yang et al. (2019) established fundamental
operational laws for PHFLTS.
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Definition 16 Yang et al. (2019) Let S be as before,
PHSI(,&) — { (Silkﬁpk*) | Silk e S,

K
Ofpk*fl; Zpk*=]"l=071’rg and
P, 0) ={ (s, pc*) | sk es, 0

k=1
K
=p*<lL Y p*=1i=01,---,¢ } be two PHFLTSs with the same proportional
k=1
vector P = (p1x, paxk, -, PK*) T and /. be a positive real number. The basic operational

laws can be obtained as follows:

D) 2, @)@ Py 20 = { [ (%) 7 (62) —f () (52))e] [ st
) H;(m@PHSZ(ﬂ):{[f LF () f (s k)) d
3) 4
(4)

ep, ls*ep,? };
ke PHsl,sizk ep,’ };

3) Py @) = { [FH (1 =f () o] [ st e Py |
4 ( 1(19)) :{ [f—l(f(silk)))"pk*} k EPHsl};

wherei =0,1,--- ,gandk = 1,2,---,K. fand f~!are defined in Definition 8.
Based on the operational laws of PHFLTS, the proportional hesitant fuzzy linguistic

weighted averaging (PHFLWA) operator and the proportional hesitant fuzzy linguistic
ordered weighted averaging operator were developed for PHFLTSs. For more informa-
tion on PHFLTS and its associated concepts, theorems, and recent advancements, please
refer to Chen et al. (2016), Yang et al. (2019), Xiong et al. (2023).

Credit ranking of real estate enterprises by a bank based

on the PHFLTS-PROMETHEE Il model

The PROMETHEE method is an interactive MCDM approach designed to handle both
quantitative and qualitative criteria with discrete alternatives. In this method, pairwise
comparison of the alternatives is performed to compute a preference function for each
criterion. Based on this preference function, a preference index for each alternative is
determined. This preference index is the measure that supports the hypothesis that an
alternative is preferred. The PROMETHEE method has significant advantages over other
MCDM approaches, such as multi-attribute utility theory and AHP, as it can classify
alternatives that are difficult to compare due to trade-off relations of evaluation stand-
ards as non-comparable alternatives. It is quite different from AHP in that there is no
need to perform pairwise comparisons again when comparative alternatives are added
or deleted, making its calculation intuitive and uncomplicated. As the main financing
source of real estate enterprises, the risks of real estate enterprises have a direct impact
on banks. Therefore, banks must conduct credit risk assessments on real estate enter-
prises before granting loans to achieve the best allocation of credit resources, thereby
reducing the bank’s risk of loans to real estate enterprises. PHFLTS is a way of elicit-
ing expert evaluation information, which can effectively reduce the loss of information.
PROMETHEE II is an MCDM method with a higher level than the relationship and has
been widely used in transportation management, manufacturing (Venkata Rao and Patel
2010), and many other fields. The current section proposes the PHFLTS-PROMETHEE
II model to evaluate the credit risk of real estate enterprises. The flowchart of the model
is shown in Fig. 1, where each specific step is described in further detail in the following
subsections.
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Fig. 1 Flowchart of the proposed PHFL-PROMETHEE Il model for alternative evaluation

Establishment of an experienced decision-making team

Given that many aspects of this method are determined by the evaluation informa-
tion of experts, it is critical to prepare by constructing an experienced decision-making
team whose members have rich experience, knowledge, and reputation in the field of
real estate credit evaluation. We denote the set of experts as DE = {del, dey, ..., de; },
where ¢ is the number of experts in the decision-making process.

Determination of credit evaluation criteria and establishment of the credit evaluation
index system for real estate

To evaluate and rank the credit of real estate enterprises before banks grant loans, it is
necessary to first determine the evaluation criteria used in the decision-making process.
Let E = {e1, e3,...
is the number of enterprises.

, em} be the set of real estate enterprises applying for loans, where m

With the promulgation of a series of real estate regulation policies by the Chinese
government, real estate enterprises are facing greater competitive pressure and capital
demand (Li et al. 2020). Bank loans are the primary source of capital for China’s real
estate industry (Fung et al. 2006). Thus, the establishment of a credit risk index system
for real estate companies by banks is of great significance to increase the security of bank
operations and enhance their ability to prevent and resist unexpected risks. To reduce
the risk of bank loans, this thesis constructs a credit risk evaluation index system for
real estate companies, which consists of a quantitative indicator system and a qualitative
indicator system. The quantitative indicators mainly include financial indicators, while
the qualitative indicators mainly include non-financial indicators. The qualitative index
system includes four criteria: (i) external environment and industry status, (ii) market
position and competitive advantage, (iii) management level and operation status, and
(iv) bank-enterprise relationship. The quantitative index system includes four criteria:
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solvency, profitability, development ability, and operating ability. Let C = {c1, c2, ..., ¢4}
denote the set of criteria in the index system, where # is the number of criteria. Moreo-
ver, each criterion contains multiple sub-criteria. The selection process for sub-criteria is
as follows:

+ We collect and sort the indicators used by banks to evaluate the credit of loan enter-
prises and the credit evaluation indicators in the literature related to real estate eval-
uation, based on the characteristics and business model of the real estate enterprise.
We use the frequency statistics method to carry out the preliminary selection of the
sub-criteria for real estate credit evaluation.

+ We invite relevant experts and experienced personnel to provide recommendations
on the initial sub-indicators. We then review the indicators based on the experts’ rec-
ommendations and adjust by adding or subtracting indicators as necessary to deter-
mine the final index system used in this study.

We have presented a review of the criteria selected from the relevant literature in
Table 1.

Through the literature review, we sorted out the overall index table, as shown in Fig. 2.

We excluded some molecular indicators through a questionnaire survey of experts,
which is provided in Appendix B.

Thus, the credit evaluation index system for real estate companies includes two parts:
a quantitative index system and a qualitative index system. The quantitative index system
contains eight first-level indicators and twenty-two second-level indicators, as shown in
Fig. 3.

Professionals and seasoned individuals with expertise in evaluating credit risk for real
estate development firms were invited to assign scores to the sub-criteria that were ini-
tially chosen (see Appendix B for details). The sub-criteria were then reviewed based
on their recommendations, and adjustments were made by either increasing or decreas-
ing the indicators. Ultimately, the indicator system employed in this investigation can
be established.

Quantitative indicator system
The financial index of a real estate enterprise is a crucial quantitative indicator of credit
evaluation (Tian et al. 2014). By analyzing the financial index data of the enterprise, we
can determine the internal factors that affect the credit evaluation of the company, such
as its solvency, profitability, development ability, and operating ability.

(1) Solvency

Solvency refers to the ability of a real estate development enterprise to repay debt with
its assets, which can measure the enterprise’s current financial ability, especially the
liquidity of its current assets. The solvency of a real estate enterprise can be evaluated
through the following four indicators:

+ Adjusted quick ratioThis index is a financial evaluation index that measures the
short-term debt repayment and ability to pay. It reflects the circulating cash scale
and cash payment ability of the company’s normal operating turnover activities.
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Table 1 Related literature

Literature Solvency Operation Profitability Development External Market Management Years of
capability ability environment position and level and cooperation

and industry competitive operation with Banks
status advantage status

Gaudéncio v/ v v v v v

etal. (2019)

Adairand v v v v v v v

Hutchison

(2005)

Changetal.v’ v v v v v v v

(2018)

Lee (2012) v v v v v v

Medeiros v/ v v v v

Assef and

Arns Steiner

(2020)

Zhaoand V' v v v v v v v

Zheng

(2018)

Choietal. v v v v v v v v

(2016)

Wangand v v v v

Ma (2012)

Mouetal. v v v v v v v

(2018)

Wang etal. v/ v v v v v v v

(2020)

Huang etal.v’ v v

(2018)

Zhang et al. v/ v v v

(2013)

Liu (2021) v v v v v

Yaoetal. v v v v v v

(2022)

Bernhard- v/ v v v v

senand

Larsen

(2007)

Sunand Vv v v v v

Guo (2015)

Chaietal. v v v v v v v v

(2019)

Chengand v/ v v v v v v

Xu (2019)

However, relying solely on the adjusted quick ratio may not provide a reliable pic-
ture of a firm’s financial condition if the company has accounts receivable that take
longer than usual to collect or current liabilities that are due but have no immedi-
ate payment needed.

+ Cash current liabilities ratio This is a liquidity measure that shows the company’s
ability to cover its short-term obligations using only cash and cash equivalents. It
fully reflects the extent to which the net cash flow generated by the business activ-
ities can guarantee the repayment of current liabilities in the current period, given
that the cash earned may not necessarily be enough to pay off the debt. A calcula-
tion greater than 1 means that a company has more cash on hand than current
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The credit evaluation index system of real estate

Quantitative indicator system

® Solvency
o Adjusted quick ratio
o Cash current liabilities ration
o Asset-liability ratio
o Interest protection multiple
® Operation capability
o Accounts receivable turnover
o Inventory turnover
o Total asset turnover
« Velocity of liquid assets
® Profitability
 Operating profit margin
« Rate of return on total assets
e« Return on equity
o Net profit margin on sales
® Development ability
« Operating income growth rate
o Capital accumulation rate
o Total asset growth rate
 Operating profit growth rate

Fig. 2 The overall credit evaluation index system of real estate

Qualitative indicator system

External environment and industry status
o Development of regional real estate industry
o Local government support
e Monetary and credit policy
o Land tax policy
Market position and competitive advantage
o Land reserve
o Enterprise reputation
 New project development strategy
o Regional market position
Management level and operation status
o Management experience
o Building capacity development
o Sales area /completed area
« Shareholder control

Bank-enterprise relationship
o Years of cooperation with Banks
o Enterprise Historical credit rating
o Financing default rate
o Transaction default Rate

The credit evaluation index system of real estate

Quantitative indicator system

® Solvency
o Adjusted quick ratio
o Cash current liabilities ration
 Asset-liability ratio
o Interest protection multiple
® Operation capability
 Accounts receivable turnover
o Inventory turnover
« Total asset turnover
® Profitability
« Operating profit margin
« Rate of return on total assets

« Return on equity
® Development ability
« Operating income growth rate
« Capital accumulation rate
o Total asset growth rate

Fig. 3 The credit evaluation index system of real estate

debts, while a calculation less than 1 means that a company has more short-term

debt than cash.

o Asset-liability ratio This index shows the ratio of assets provided by creditors and
non-creditors to all assets. It considers all of the company’s debt, not just loans

Qualitative indicator system

External environment and industry status
o Development of regional real estate industry
o Local government support

Market position and competitive advantage
o Land reserve
« Enterprise reputation

Management level and operation status
o Management experience
« Building capacity development
o Sales area /completed area

Corporate historical credit status
o Years of cooperation with Banks
o Enterprise Historical credit rating
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and bonds payable, and all assets, including intangibles. The total-debt-to-total-
assets ratio is calculated by dividing the company’s total amount of debt by its
total amount of assets. This ratio reflects the risk of creditor and non-creditor
assets and the enterprise’s leverage ability.

« Interest protection multiple This index reflects the number of times the operating
income of the enterprise covers the debt interest to be paid. As long as the inter-
est protection multiple is large enough, the enterprise has sufficient capacity to pay
interest and vice versa.

(2) Operation capability

This factor reflects the operating ability of the enterprise in relation to its total assets
and constituent elements. The strength of this ability is determined by the management
level, operating conditions, and turnover speed of the assets. The operating ability of a
real estate development enterprise refers to the efficiency and turnover rate of the funds
required for operation in the process of production and operation.

» Accounts receivable turnover This index reflects the efficiency of managing enterprise
accounts receivable and the speed of their realization.

« Inventory turnover This index reflects the management efficiency of real estate devel-
opment enterprises, including production and sales, and has an absolute impact on
the profitability and solvency of the enterprises.

« Total asset turnover This index reflects the speed at which total assets turn over and
the enterprise’s sales capacity. A higher turnover rate indicates a faster asset turnover
and stronger sales capacity.

(3) Profitability

This factor reflects the ability of the enterprise to increase the value of its capital,
which is reflected in its income level. The risk of real estate investment is large, and its
profitability is directly related to whether the enterprise can continue to operate, and it
is an important source of funds for debt repayment and a guarantee for investors and

creditors to receive compensation.

« Operating profit margin This index measures the income level of an enterprise and
reflects the ability of enterprise managers to obtain profits. It represents the competi-
tiveness of the company’s industry to a certain extent.

+ Rate of return on total assets This index measures the profit of the enterprise using
the total amount of creditors” and owners’ equity. It reflects the profitability of the
enterprise’s total assets and the effectiveness of the comprehensive utilization of its
assets. It is a concrete embodiment of the company’s management performance.

« Return on equity This index measures the efficiency of the enterprise’s asset utiliza-
tion and reflects the ability of investors to obtain net profits from their investments.
It helps analyze the efficiency of the enterprise’s capital utilization.

(4) Development ability
This factor refers to the potential ability of the enterprise to expand its strength and
scale based on survival. Analyzing the future development potential of the enterprise
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can help evaluate its future operation and profitability, and assist creditors in making
correct decisions. For real estate enterprises, strong development potential is beneficial
to their continuous and healthy operation and also provides a guarantee for the repay-
ment of their subsequent debts.

+ Operating income growth rate This index reflects the change in operating income for
real estate development enterprises. It helps evaluate a company’s development abili-
ties and growth prospects.

+ Capital accumulation rate This index is important for measuring the ability of an
enterprise to grow its capital. It reflects changes in the enterprise owner’s equity and
the accumulation of enterprise capital. It also reflects the growth and preservation of
the capital invested by investors in a real estate development enterprise.

+ Total asset growth rate This index reflects the development ability of the real estate
enterprise by tracking the expansion of its asset scale, indicating the impact of the
growth of the real estate enterprise on its future development.

Qualitative indicator system

As financial statements of real estate enterprises mainly reflect their past operating situa-
tion, the data can be easily manipulated and there may be a time lag (Atiya 2001). There-
fore, solely relying on financial data to evaluate the credit risk of real estate enterprises is
defective and inadequate. This study selects eight non-financial indicators from the fol-
lowing four aspects, which can reflect the company’s soft power, and make the index sys-
tem construction more comprehensive and scientific. This approach also improves the
limitations of the evaluation of financial indicators. This study selects the four primary
indicators of external environment and industry status, market position and competitive
advantage, management level, and the operation condition and bank-enterprise relation-
ship as qualitative evaluation indicators of real estate credit rating. These indicators aid
in a full understanding of the risk factors related to corporate credit.

(1) External environment and industry status

o Regional real estate industry development The real estate industry’s situation
directly affects real estate enterprises’ operations and, to some extent, can reflect
their credit risk.

o Local government support China’s real estate investment is more regulated and
influenced by the government than any other investment behavior. In recent years,
the rapid increase in commercial housing prices in China has had some negative
effects. The government has introduced many policies to regulate the real estate
market, such as land supply and financial policies.

(2) Market position and competitive advantage
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o Land reserve area This indicator is unique to real estate companies and is an
important indicator for examining their long-term capabilities. Given the scarcity
and non-replacement of land resources, an appropriate amount of land reserve
must be held to ensure the long-term sustainable development of enterprises.

« Enterprise reputation Enterprise reputation is an external expression of corporate
spirit and culture, which is the overall impression felt by the public during their
contact with the enterprise. The brand effect is the key factor in enhancing the
company’s popularity and comprehensive strength. A famous real estate brand
attracts customers, increases the company’s output value, promotes the continued
growth of the company, and increases the guarantee for the company’s credit rat-

ing.
(3) Management level and operation status

+ Management experience Whenever an unexpected event occurs, the ability of
management to make an appropriate response is key to maintaining the develop-
ment of the enterprise. In this context, this indicator has become important. Gen-
erally, the longer the main leaders of real estate companies have been engaged in
real estate development, the more familiar they are with the characteristics of the
industry, and the stronger their ability to deal with practical problems that arise in
the operation of the enterprise. Therefore, this article uses the length of time that
major leaders of real estate development companies have been engaged in this
industry to evaluate their experience.

« Building capacity development This indicator is based on the qualification assess-
ment of the Ministry of Construction of China, and it incorporates qualification
indicators such as development capability into the indicator system of the thesis
research. The goal is to combine with the qualification assessment of real estate
development enterprises to improve the social acceptance of credit evaluation.

+ Sales area/completed area This indicator reflects the market acceptance of the real
estate company’s products and can indicate the turnover and recovery ability of
the company’s main business funds. The larger the index, the stronger the turno-
ver and recovery capacity of the company’s main business funds.

(4) Years of cooperation with banks

If a company has a long-standing relationship with a bank, the bank will have a better
understanding of the company and its creditworthiness. If the company’s credit standing
is not good, the bank may not cooperate with the company over a long period of time.

Determination of the linguistic term set and the semantics of its elements

Real estate credit evaluation includes qualitative and quantitative indicators, which can
be regarded as an MCGDM problem that combines qualitative and quantitative evalua-
tion. Thus, defining a reasonable LTS and the semantics that can be used for both quali-
tative and quantitative index evaluation is integral. As g is an even number, in order to
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better identify the differences between adjacent linguistic terms and improve the accu-
racy of the results (Chen et al. 2021), the LTS will be constructed in the subsequent
"Case study" section.

Expert evaluation of all enterprises to obtain the initial linguistic decision matrix

Experts evaluate all enterprises using linguistic expressions // generated according to Gy
given in Definition 5. This produces the initial linguistic decision matrix of each expert.
Since quantitative and qualitative indicators are not easy to handle simultaneously, we
require experts to convert the evaluation of quantitative indicators into linguistic eval-
uation values when dealing with quantitative indicators. Experts offer their linguis-
tic expressions based on the financial statements of each enterprise and international
standards. Therefore, theoretically, the quantitative indicators’ evaluation results of each
expert should be consistent. The initial linguistic decision matrix of de; can be repre-
sented as Lde! = (ldej/)mxn, where ldejil represents the linguistic evaluation of enter-
prise e; for criterion c; provided by expert de;, i belongs to N = {1, 2, - - - , n}, j belongs to
M =1{1,2,--- ,m},and [ belongs to T = {1,2,--- , £}.

Normalization of initial linguistic decision matrix

(1) We convert the linguistic expression /[ in each Lde' to HELTS on the basis of the
transformation function Eg,,, which is set in Definition 6. We then construct the
hesitant fuzzy linguistic evaluation matrix H! = (Hgﬁl)mxn, where Hgﬁl is an
HELTS, which has the same meaning as laleﬁl.

(2) We normalize the hesitant fuzzy linguistic evaluation matrix H L — (Hgﬁl)mX » of
each expert to B! = (bj/)mxn by using the following rules:

Hs.!, benefit criterion c;
bﬁl:{ Sji g (iEN,jEM)

ne; . .
(Hsjil) €, cost criterion Ci

neg
where bj,-l is an HFLTS and (Hsﬁl ) can be obtained by Definition 10.

(3) We standardize HFLTSs. Given that the number of elements in different HFLTSs
of the hesitant fuzzy linguistic evaluation matrix by each expert is usually different,
comparing the size or calculating the distance between different HFLTSs can be dif-
ficult. Therefore, it is necessary to standardize the matrix B = (b,»,'l)mX n by using
the expansion rules given in Definition 11 to ensure that the number of linguistic
terms in each HELTS in the matrix B! = (b,'il)mxn is the same.

Determination of the comprehensive weights of experts

In the process of solving the MCGDM problem, experts coming from different research
fields have varying levels of knowledge and practical experience, leading to different
evaluations of the same decision-making problem. Therefore, it is necessary for each
expert to assign a weight that corresponds to their importance in the problem. The
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weights of experts reflect their discourse power and directly impact the decision results.
The expert weights consist of two parts: subjective weights and objective weights.

(1) The subjective weights of experts The bank manager determines the subjective
weights of experts based on their experience and reputation. If an expert has dealt
with many related projects and has a good reputation in the relevant field, they
should be assigned a higher weight. Conversely, if the expert has less experience
and reputation, they should be assigned a lower weight. The subjective weights of
experts can be represented as us = (uls, uS, o, uts).

(2) The objective weights of experts The objective weights of experts are determined
based on the consensus among the experts. If the consensus among the experts is
higher, it indicates that the expert evaluations are more reasonable, and the evalua-
tion questions are more professional. Therefore, giving a higher weight to the expert
who has a higher consensus is reasonable. The objective weights of experts can be
represented as u® = (ulo, u0, -, uto). Let de; and dey represent two experts,
and Hsﬁl and Hsﬂk indicate the evaluations of experts de; and de; on enterprise ¢;
under criterion c;, respectively, where [ and k belong to T'. The process of determin-
ing the objective weights involves seven sub-steps.

Step 1 When evaluating ¢; under the criterion c;, the degree of consistency between the
opinions of de; and dey is defined as follows:

ACH (g, = 1~ doa (HE, HE ), )

where 0 < AClk (¢j,ci) < 1, and the larger the value, the higher the consistency between

dejand dey. The distance between Hgﬁl and Hg]’_; is calculated using the equation given in
Definition 10.

I sk 1z

K

“Sq — %

1 Q
dea (M HE) = | 62 | o ] ] ®3)

Step 2 The consistency of de; and dey is calculated when evaluating all enterprises under
all criteria.

AC = % Z/ril Z?:l (1 = ded (Héﬂ’Hgif))' (4)

Therefore, the consistency degree between any two experts can be represented by a con-
sistency matrix.

1 AC} --- ACE
ACy 1 -+ AC}
AC=| .~ . . .

ACH AC? --- 1
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Step 3 The average consistency degree of de; is expressed as follows:

1 ¢ k

Step 4 The degree of consistency normalized between de; and all other experts is given
by:

AAC

AAC, = 245
"7 aac @)

Step 5 The objective weight of each expert is obtained as follows:

(3) The comprehensive weight of each expert is calculated as follows:

ulO + ulS

U= = s
=1 @ +uw)

Generation of the group decision matrix of PHFLTS

(1) Generation of standard PHFLTS Given that HFLTS is a special form of PHFLTS
where the proportion of each evaluation value in PHFLTS is equal, the first step
is to convert HFLTS to PHFLTS. Then the PHFLTS is converted to the standard
PHFLTS format according to Definition 15. Finally, we can obtain the individual
decision matrix P! = (pj/)mxn, where pjil isa PHFLTS,and/ € T.

(2) Generation of the group decision matrix of PHFLTS The individual decision matrix
P! = (p,/)mxn is aggregated using the PHFLWA operator, which was introduced
in Yang et al. (2019). This way, we obtain the PHFLTS group decision matrix

P = (ﬁﬁ)mxn’ where pj; is a PHFLTS that represents the group evaluation of ¢;
under criterion c;.

Determination of the weights of criteria
Criteria weights play a crucial role in MCGDM. Different criteria weighting can lead
to different decision results. Therefore, the allocation of criteria weight should be thor-
oughly considered in the decision-making process.

Experts determine the criteria weights w = (wy, wy, --- , w,). Compared to com-
monly used methods for determining weights such as AHP and Delphi, the calculation
of BWM is simpler, and the evaluation consistency is stronger. The fuzzy best-worst
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method (FBWM) is a new method based on BWM, which considers the ambiguity and
uncertainty of experts in the decision-making process, and integrates fuzzy theory (Guo
and Zhao 2017). Therefore, in this study, we use FBWM to determine the weights of cri-
teria. The specific process of FBWM is as follows.

Step 1 Establishment of a set of decision criteria.

Step 2 Determination of the best criterion and the worst criterion.

Step 3 Determination of the fuzzy preference degree of the best criterion over all other
criteria and the fuzzy preference degree of the worst criterion over all other criteria.

The experts compare the importance of the indicators based on their knowledge and
professional experience level. The comparison results are expressed in linguistic terms,
which include five levels in this study. These linguistic terms need to be converted into
fuzzy evaluations, which are represented by triangular fuzzy numbers. The conversion

rules are shown in Guo and Zhao (2017).

(1) Determination of the fuzzy preference degree of the best criterion over all other
criteria Experts compare the importance of the best criterion with the other cri-
teria and express the comparison results in linguistic terms. These terms are then
transformed into triangular fuzzy numbers using the conversion rules listed in Guo
and Zhao (2017). The resulting fuzzy best-to-others vector, denoted by A, can be
constructed as follows:

Ap = (@B, apa, ~++ > agn), (10)

where ap; denotes the fuzzy preference degree of the best criterion cg over crite-
rion ¢;, where i € N. Note that agg = (1,1, 1).

(2) Determining the fuzzy preference degree of the worst criterion over all other crite-
ria

Experts compare the importance of all criteria relative to the worst criterion using the
linguistic terms. These terms are then converted to triangular fuzzy numbers based
on the conversion rules given in Guo and Zhao (2017). The resulting fuzzy others-to-

worst vector, denoted by Aw, can be determined as follows:
Aw = (aww, dow, -+ anw), (11)

where a;y denotes the fuzzy preference degree of criterion ¢; over the worst criterion cg
and i € N. Note thataww = (1,1, 1).

Step 4 Calculation of the optimal fuzzy weights @ = (w1, wy, -+, wy,) of the
criteria.

The optimal fuzzy weights of the criteria for this study are calculated using a non-
linear constrained optimization model proposed in Guo and Zhao (2017). The model

can be expressed as follows:
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where a;w=;w, miw, uiw); api=(lp;, mp;, up;); Wi= (liw, mY, u;"’) is the optimal fuzzy
weight of criterion c¢;; wg= (ZW, my, u}";’) is the optimal fuzzy weight of the best criterion;
ww=(ly, mly,, u‘\‘)’y) is the optimal fuzzy weight of the worst criterion; and /, m, u repre-
sent the lower, median, and upper values, respectively. R(w;) = w is a function
that transforms the fuzzy weight of criterion ¢; into an accurate value. §*=(k*, k*, k*) is
the optimal target value.

Solving the above model allows us to obtain the optimal fuzzy weights denoted by

(171/;‘, Wy 171/;) The final criteria weights (w1, wy, - - - ,wy) can be obtained using the
. ~ Y +4m? +u?
function R(wi) =L,

Use of the probability-based PHFLTS-PROMETHEE Il method to sort all enterprises
The specific steps of the probability-based PHFLTS-PROMETHEE II method are
detailed below.

Step 1 Calculation of the probability degree between two enterprises.

To obtain the probability L;(e,, ex) that e, is better than e; under criterion c;, we use
the equation given in Definition 14

Step 2 Construction of a probability matrix of pairwise comparisons of enterprise
evaluation values for each criterion ¢;(i € N).

where L(p,; > pi;) € [0,1]. A higher value of L(p,; > py;) indicates that e, is better than
ex, while a smaller value of L(p,; > py;) suggests a smaller difference between e, and ey.
L(p,i > pr;)=0 indicates that e, and e are indistinguishable.

Lp1i = p1i) Lpri = p2i) -+ L(p1i = pmi)
L(pai > p1i) L2 > p2i) -+ L2 > Pmi)
L, = [LiCers e)mxm = [L@&ri = Pki)lynscm = . . . )

Lpmi = p1i) LpPmi = p2i) -+ LOwmi > pmi)

Step 3 Determination of the preference index [] (er, ).
This index represents the outranking degree of every e, over e.
n
I[ ener=>" _ wiLierep. (12)

Step 4 The positive flow ¢ (e) and negative flow ¢~ (e) of each enterprise based on the
preference index.

R
G E D | (OO (13)
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1
0 (6) =7 D iy 1] (oo ). (14)

Step 5 The net ranking ¢ (e) of each enterprise.
v(e) =9 (¢) ¢ (¢)- (15)

Step 6 All enterprises according to the net ranking ¢(e) of each enterprise.
The enterprise with a higher net ranking is considered to have better credit.

Case study

Bank A (anonymized) is one of the five largest state-owned commercial banks in
China. As real estate development loans are susceptible to macroeconomic condi-
tions and national regulations, Bank A has gradually begun to control the issuance of
credit to the real estate industry. Five real estate enterprises, namely {e;, e, e3, es, €5},
have applied for real estate development loans from the Hunan Branch of Bank A. In
order to achieve the best allocation of credit resources and reduce the risk of loans
to real estate companies, this study proposes a credit risk assessment model based
on the PHFLTS-PROMETHEE II method for real estate enterprises. This model
ranks the real estate companies according to their level of credit risk. The specific
steps of the model are outlined below.

Establishment of an experienced decision-making team

We formed a team of five decision experts, denoted as DE={de1, dey, des, dey, des },
consisting of five experts with rich experience and knowledge in bank credit evalu-
ation and the real estate industry. The team was tasked with ranking several real
estate enterprises and selecting the enterprise with the best credit. The profiles of the
experts are shown in Table 2.

Eight criteria for credit risk assessment

There are eight criteria for credit risk assessment, which are as follows: solvency (c1),
operation capability (c2), profitability (c3), development ability (c4), external environ-
ment and industry status (cs ), market position and competitive advantage (cs), man-
agement level and operational status (c¢7), and years of cooperation with banks (cg).
The set of criteria is denoted by C = {c1, ¢2, ¢3, ca, ¢5,¢6, €7, C3}.

Table 2 The profile of experts

Experts Highest academic Positions Bank credit evaluation Real estate
qualification experience industry

experience

Expert 1 M.Eng.Mgt Bank agent 7 7

Expert 2 Ph.D Project management 5 7

Expert 3 Ph.D- Architect 4 6

Expert 4 Ph.D- Associate professor 5 8

Expert 5 M.Eng.Mgt Investment manager 3 6
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Definition of LTS with seven terms

The representation of LTS is as follows.

1

Evaluation of five enterprises under eight criteria

so : Very poor (VP), s1 : Poor (P), sy : Slightly poor (SP), s3 : Medium (M),
s4 : Slightlygood (SG), s5 : Good (G), s¢ : Verygood (VQ)

Five experts were invited to evaluate the five enterprises under the eight criteria using

comparative linguistic expressions. The initial decision matrix is presented in Table 3.

Normalization of initial linguistic decision matrix

resulting HFLTS evaluation matrix is shown in Table 4.

(1) Transformation of the linguistic expression // in Table 3 into HFLTS using Eg,,. The

Table 3 Initial decision matrices of the five experts

1 ¢ 3 Q4 Cs Ce C7 Cg
d€1
e SG M SG G BetweenGandSG AtleastG At least SG Between Mand G
e M SG SG SP Between SPandP Between Gand SG  SG Between SP and M
e3 G SG G SG SG Greater than SG M SG
e, G G SG VG AtleastG Between SGand SP M Lower than M
es SP M M SP P VG SP At least SG
dé’z
e SG M SG G VG SG Greater than G Lower than SP
e) M SG SG SP BetweenPandM G SG Lower than P
e3 G SG G SG AtleastSG VG Between P and M At least SG
e, G G SG VG AtleastSG Between M and SG  Between M and G SP
es SP M M SP Lowerthan M VG Between SPand M VG
d€3
e SG M SG G Greaterthan G SG VG Between SP and M
e M SG SG SP M Between SGandG M VP
e3 G SG G M Greaterthan G Between SGand VG Between SP and SG At least SG
e4 G G SG VG G M At least SG Between P and M
es SP M M SP BetweenSPandM  SG Between SPand M Greater than G
d84
e SG M SG G Atleast SG At least SG Between GandVG At most P
e) M SG SG SP BetweenSPandM G At least SG Between SP and P
e3 G SG G SG BetweenMandSG Atleast SG M Between M and SG
e, G G SG VG Greaterthan SG G Greater than M Between P and M
es SP M M SP BetweenSPandP  Atleast SG Between P and M Between SGand VG
d@g
e SG M SG G BetweenSGandVG M At least SG Between SPand M
) M SG SG SP LowerthanP At least G Between SG and VG SP
e3 G SG G SG AtleastG At least SG Between M and G Greater than M
e4 G SG SG VG BetweenGandVG G G Between P and M
es SP M M SP AtleastG Between SGand VG Between P and M SG

Page 27 of 53



Chen et al. Financial Innovation

(2023) 9:120

(2) Conversion of cost criterion into benefit criterion.

Given that all eight criteria are already benefit criteria, converting any cost criterion

is unnecessary.

(3) Generate the standardized HFLTS matrix.

To facilitate the calculation of the size and distance between two HFLTSs, we use

the extended rule presented in Definition 11 to ensure that the number of linguis-

tic terms used by different experts to evaluate the HFLTSs under criterion ¢; for

each enterprise was the same. The resulting standardized HFLTS matrix is shown in

Ta

Table 4 HFLTS evaluation matrices

ble 5.

(4] C C3 C4 Cs Ce C7 Cg
dey
e {sa} {s3} {sa} {ss} {54, 55 {ss, s} {s4, 55,56 {53, 54, 55}
€ {s3} {sa} {s4} {s2} {s1, 2} {s4, 5} {sa} {s2, 53}
€3 {ss} {sa} {sst {sa} {sa} {55, se} {s3} {sa}
€4 {ss} {ss} {s4} {se} {55, s¢t {s2,53, 54} {s3} {s0, 51,52}
es {s2} {s3} {s3} {s2} {s3 {s6} {s2} {s4, 5, s6}
des
e {s4} {s3} {s4} {sst {se} {s4} {set {s0, s
€ {s3} {sa} {sa} {sa} {152,538 {53} {sa} {sot
€3 {ss} {sa} {ss {sa} {sa, 55,56} {s6} {152,538 {sa, 55,56}
€4 {ss} {ss} {sa} {se} {s4, 55,56} {s3, 54} {s3,54,550  {s2}
€s {s2} {s3} {s3 {s2} {so, 515 {s¢ {s2, 53} {se}
des
e {sa} {s3} {sa} {ss} {se} {s4} {se} {s2, 53
€ {s3} {sa} {s4} {sa} {s3 {s4, 5} {s3} {so}
€3 {ss} {sa} {sst {s3 {set {sa,55, 56} {52,853, 54} {54, 55, S}
€4 {ss} {ss} {s4} {se} {ss} {s3} {s4,55,5¢t {51, 52,53}
es {s2} {s3} {s3} {s} {s2, 53} {sa} {s2, 53} {s6}
d€4
e {s4} {s3} {s4} {sst {54, 55,56 {54, 55,56 {55, 56 {s0, 5%
€ {s3} {sa} {sa} {s2} {s2, 53 {ss} {s4, 55,56 {5152}
€3 {ss} {sa} {sst {sa} {s3, 54} {s4, 55,56t {s3} {s3, 54}
€4 {ss} {ss} {s4} {se} {s5, s6} {ss} {s4,55, 56} {5152, 53
€s {s2} {s3} {s3 {s2} {s1, 52} {sa,55, 56} {s152,538 {54, 55,5¢}
des
e {sa} {s3} {sa} {ss} {54, 55,56} {s3} {54, 55,56+ {52, 53
€ {s3} {sa} {s4} {s2} {so} {s5, se} {s4,55,5¢} {52}
e3 {ss} {sa} {sst {s4} {ss, se} {54, 55,56 {53, 54,55 {54, 55, 56}
€4 {ss} {sa} {s4} {se} {55, s¢t {ss} {ss} {s1,52, 53}
es {s2} {s3 {s3 {s2} {ss, se} {sa,55, 56t {s1,52,538  {sa}
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Table 5 Standard HFLTS evaluation matrices

(4] [+) C3 C4 Cs5 Ce c7 Cg

d€1

e {s4 {s3} {s4 {ss} {s4,54,54, {s5,55,55  {54,54,55 {53,354, 54,
5,55, 550 S6,56,56} 55,56, 56} S5, S5}

€ {s3} {s4 {s4 {s2} {s5u51  {sa,54,54, {54,54,54, {52,552, 53,
$2,52,52}  $5,55,55  S4,54,54} 3,53}

e3 {sst {s4} {sst {s4} {s4,54,54, {55,55,55,  {53,53,53, {54, 54,54, 54,
S4,54,54}  S6,56, 56} 53,53, 53} S4,54}

€4 {55} {55} {sa} {se} {s5, 55,55 {s2,52,53, {53,353 {50, 50,51, 51,
6,56, 56} $3,54, 54 53,853,538 S2, 52}

es {s2 {s3 {s3 {s2} {S6, 56,56, {56, 56,56, 52,52, 52, {54, 54, 5, 5,
56,56/ 568 56/ 56,6} 52,52,52}  S6, S6}

dez

e {s4 {s3} {s4 {ss} {S6, 56,56, {54, 54,54, {56, 56,56, {50, 50, S0, S
6,56, 56} S4,54,54}  S6, 56,56} S1, 5T

€ {s3} {s4 {s4 {s2} {s151,52, {55,555, {s4,54,54, {50, S0, S0, S0,
$2,53,53}  S5,55,55  S4,54,54}  Sa, Sob

e3 {sst {s4} {sst {s4} {sa4,54,55, {56,556, {51,515, {54, 54, 55, S5,
5,56, 56 S6:56, 56} 52,53, 538 6, Se}

€4 {55} {55} {sa} {se} {sa,54,55, {53,53,53 {s53,53,54, {52,52,52. 52
5,56, 6} S4,54,54}  S4,55,55h  $2, 52}

es {s2} {s3 {s3 {s2} {s0, 50,51, {56, S6:S6,  {52,52,52, {56, S S6: S6
51,852,520 56,56, 56} $3,53,53  S6, S6}

de3

e {s4 {s3} {s4 {ss} {S6, 56,56, (54,54, 54, {56, 56,6, {52, 52,52, 53,
6,56, 56} S4,54,54}  S6, 56,6} $3,53}

€ {s3} {s4 {s4 {s2} {53,53,53,  {s4,54,54, 153,53,53, {50, S0, S0, S0,
$3,53,53} S5, 55,58 53,853,538 Sa, Sob

e3 {sst {s4} {sst {s3} {S6, 56,56, {54,545, {52,52,53, {54, 54, 55, S5,
6, 56,56} S5, 56,56} $3,54,54F 6, Se}

€4 {55} {55} {sa} {set {s5, 55,55 {53,53,53, {s54,54,55 {s1,51,52, 52
5,55, 550 53,53, 53} 5,56, 56} 3,53}

es {s2} {s3 {s3 {s2} {s2,52,52,  {54,54,54, {52,52,52, {56, 56, S6: S6
$3,53,53t  S4,54,54}  $3,53,53 6, S6}

d€4

e {s4 {s3} {s4 {ss} {54, 54,55, {sa,54,55 {55555 {0, 50, S0, S
5,56, 56} S5.56, 56} S6.56, 56} S1, 5T

€ {s3} {s4 {s4 {s2} {52,52,52, {55,555, {s4,54,55  {s1,51,51, 52,
$3,53,53}  $5,55,58  S5,56, 56} S2, 52}

e3 {sst {s4} {sst {s4} {53,53,53,  {s4,54,55, {53,53,53, {53,53, 53,54,
S4,54,54} S5, 56,56} 53,53, 53} S4,54}

€4 {ss} {ss} {sa} {se} {s5,55, 55, {55,55,55,  {52,54,55, {51,51,52, %2,
6, 56,56} $5,55, 55 S5, 56,56} $3, 53}

es {s2} {s3 {s3 {s2} {5150 {sa,54,55, {sus1,52,  {54,54, 55,55,
52,852,520 $5,56,56t 52,53, 534 S6, S6}

deg

e {s4 {s3} {s4 {ss} {{54, 54,55, {53,53,53,  {s4,54,55 152,52, 52, 53,
5,56, 56 53,53, 538 55,56, 56} 3,53}

€ {s3} {s4 {s4 {s2} {s0. S0, S0, {55, 55,55, {54, 54,55, {52, 52,52, 52,
50,50, S0} S6. 56,56} S5, 56,56} S2, 52}

e3 {sst {s4} {sst {s4} {s5,55,55,  {s4,54,55, 153,53, 54, {54, 54,5, S5,
6,56, 56} S5, 56,56} S4,55, 558 6, Se}

€4 {ss} {sa} {sa} {se} {s5, 55,55, {5555, 55, {55,555, {51,515 %2
6,56, 56} S5, 55,55 S5, 55,55 53,53}

es {s2} {s3} {s3} {s2} {s5,55,55,  {s4,54,55, {51,515, {54, 54,54, 54,

S6,56: 568 S5, 56,56b  $52,53,534 54,54}
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Determination of the comprehensive weights of experts
(1) Determining the subjective weights of experts.

The subjective weights of experts are determined by a bank manager based on three
aspects: reputation in the industry, number of processed projects, and years of
experience in the industry. The higher the reputation, the more projects processed,
and the longer the experience, the higher the score. The score range for each expert
is 0—100, and the score of each expert is normalized to 0—1 as the weight. The sub-

jective weight of each expert can be obtained as usS = (0.18, 0.16, 0.2, 0.22, 0.24).

(2) Determining the objective weights of experts.

Given that ¢; — c4 are quantitative indicators, the five expert evaluations of ¢; — c4 are
nearly the same. Thus, we only consider the expert evaluation of ¢5 — cs.

Step 1 We calculate the distance and consistency between the evaluations of expert de;
and de for enterprise ¢; under criterion ¢;. The consistency matrices are as follows:

[0.774 0.857 0.816 0.495 ] [0.774 0.774 0.816 0.774
0.899 0.899 1 0.636 0774 1 0.857 0.636
AC;%2 = | 0.816 0.899 0.816 0.816 |, AC;% = | 0.714 0.899 0.883 0.816 |,
0.899 0.899 0.816 0.816 0.899 0.883 0.691 0.857
0276 1 0.899 0.816 0.495 0.714 0. 899 0.816
" 0.899 0.899 0.899 0.495 7 " 0.899 0.636 0.77417
0.857 0.899 0.816 0.857 0.774 0.857 0.816 0.899
AC1* = 10.899 0.899 1 0.899 |, AC;° = | 0.774 0.899 0.816 0.816 |,
1 0.691 0.691 0.857 1 0.691 0.714 0.857
| 0.353 0.816 0.883 1 | ' 0.899 0.816 0.883 0.816 |
1 1 1 0.714 "0.816 0.816 0.899 1
0.816 0.899 0.857 1 0.899 1 0.816 0.774
ACy3 = | 0.816 0.816 0.857 1 | ACy* = | 0.774 0.816 0.816 0.774 |,
0.883 0.899 0. 857 0.883 0.899 0.774 0.857 0.883
0.774 0.714 1 0.899 0.816 0.899 0.816
F0.816 0.857 0816 0.7147 "0.816 0.816 0.899 0.714 T
0.691 0.899 0.816 0.714 0.899 0.899 0.691 0.774
ACy® = | 0.899 0.816 0.714 1 | AC3*= 10636 1 0.883 0.774 |,
0.899 0.774 0.816 0.883 0.899 0.714 1 1
0.353 0.816 0.899 0.714 | | 0.857 0.816 0.899 0.816
"0.816 0.857 0.816 1 1 0.691 0.899 0.714 1
0.571 0.857 0.691 0.714 0.636 0.899 1 0.899
AC3° = 10899 1 0857 1 |[AC,°= 0714 1 0.816 0.774 |
0.899 0.714 0.883 1 1 1 0883 1
| 0.571 0.816 0.899 0.714 | 0429 1 1 0.816 |

Step 2 We calculate the consistency of de; and de; when evaluating all enterprises
under all criteria and obtain the consistency matrix.

1 0.807 0.799 0.830 0.832
0.807 1 0.889 0.852 0.795
0.799 0.889 1 0.840 0.829
0.830 0.852 0.840 1 0.858
0.832 0.795 0.829 0.858 1

AC=
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Step 3 We calculate the average consistency of each expert.

AAC; = 0.817, AAC, = 0.835, AAC3 = 0.839, AAC4 = 0.845, AAC5 = 0.829.
Step 4 We normalize the degree of consistency between expert de; and all other experts.
AAC; = 0.196, AAC, = 0.200, AAC3 = 0.201, AAC, = 0.203, AAC5 = 0.199.

Step 5 We obtain the objective weight of each expert.

119 = 0.196, u,° = 0.200, u3° = 0.201, u,° = 0.203, us° = 0.199.

(3) Comprehensive weights of each expert.

u; = 0.188, uy = 0.180, uz = 0.201, ug = 0.212, and us = 0.219.

Generation of the group decision matrix of PHFLTS
Given that HFLTS is a special case of PHFLTS where the proportion of each evalua-
tion value is equal, Table 5 can be represented as Table 6. The evaluation matrices of the
experts shown in Table 5 are aggregated to obtain the PHFLTS group decision matrix
shown in Table 7.

The rest of Table 6 is presented in Appendix A to save space here.

Calculation of the weights of criteria by using FBWM
Step 1 Establishment of a set of decision criteria.

For this study, eight credit risk assessment criteria have been identified for the
enterprise credit risk assessment; these include solvency [c1], operation capability
[c2], profitability [c3], development ability [cs], external environment and industry
status [c¢s5], market position and competitive advantage [cs], management level and
operational status [c7], and years of cooperation with banks [cg].

Step 2 Determination of the best and the worst criteria.

Based on expert consensus, c3 is identified as the best criterion, and cg is identified
as the worst criterion.

Step 3 Determination of the fuzzy preference degree of the best and worst criteria
over all other criteria.

The comparison results of the importance of the best criterion, worst criterion, and
other criteria provided by experts are shown in Tables 8 and 9.

Thus, the fuzzy best-to-others vector can be obtained by Table 3 and Eq. (10) as

follows:

Ap =1[(5/2,3,7/2), (7/2,4,9/2), (1,1,1), (2/3,1,3/2),
(3/2,2,5/2), (2/3,1,3/2), (5/2,3,7/2), (7/2,4,9/2)]

The fuzzy others-to-worst vector can be obtained by Table 3 and Eq. (11) as follows:
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Table 7 PHFLTS-based group decision matrix

1 (%) C3 C4 Cs Ce C7 Cg

{(5107,1/6), (5107 {(52.96,1/6), (5296 {(51.811/6), (s181  {(55.47,1/6), (55.47
,1/6), ,1/6), 1/6), 1/6),

er {31 {21} {630} {621} (51661/6), (S154  (52721/6), (5238 (5154,1/6), (5133 (55.18,1/6), (S4.44
,1/6), ,1/6), 1/6), 1/6),
(51.14,1/6), (5114 (5206/1/6), (S206  (511/6), (531/6)}  (54.12,1/6),(54.12
,1/6)} ,1/6)} 1/6)}
{(s551/6), (555 {(52341/6),(5234  {(53.18,1/6), (5318 {(55.911/6), (s5.91
1/6), 1/6), ,1/6), ,1/6),

e {41} {(s31)} {53} {51} (55331/6), (401 (52341/6), (5172 (5267.1/6), (5267 (S591,1/6), (S545
1/6), 1/6), ,1/6), ,1/6),
(54721/6), (5472 (51.721/6), (5172 (5108,1/6), (5108 (55.451/6), (S5.45
,1/6)} ,1/6)} 1/6)} ,1/6)}
{(5234,1/6), (5234 {(52281/6)(52208  {(5451/6), (545 {(53.19,1/6), (5319
,1/6), ,1/6), ,1/6), ,1/6),

es {21} {(s31)} {52} {3181} (5217,1/6), (5176 (5177,1/6), (5155 (5391,1/6), (S391  (5251/6), (5235
,1/6), ,1/6), ,1/6), ,1/6),
(51551/6), (5155 (51,1/6), (51,1/6)}  (5324,1/6), (5324  (51551/6), (5155
,1/6)} 1/6)} ,1/6)}
{(52151/6), (5215 {(53.09,1/6), (5300 {(53.051/6).(s305  {(55.98,1/6), (5598
,1/6), ,1/6), ,1/6), ,1/6),

es {1} {2190 {31 {1y (52,1/6), (513 (5297,1/6), (5282 (52451/6), (5245  (5517,1/6), (s5.17
,1/6), ,1/6), ,1/6), ,1/6),
(51151/6), (5115 (5267,1/6), (5267 (51.711/6), (5171 (5434,1/6), (5434
1/6)} 1/6)} ,1/6)} ,1/6)}
{(5468,1/6), (sa68  1(52,1/6), (52,1/6), {(55411/6),(s541  {(51.97,1/6),(51.97
,1/6), ,1/6), ,1/6),

es {5 1)} {(sa1)} {64} {51} (54551/6), (350 (5168,1/6), (S168  (551/6), (459 (5168,1/6), (5168

1/6),

(5348,1/6), (5348
1/6)}

1/6),

(51.251/6), (5125
1/6)}
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Table 8 Relative importance comparison results between the best criterion and all the criteria
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Table 9 Comparison results of the relative importance between the worst criterion cg all other

Criteria

Criteria Cg Criteria Cs
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(&) WI Co WI
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Aw =1(3/2,2,5/2), (2/3,1,3/2), (7/2,4,9/2), (5/2,3,7/2),
(3/2,2,5/2), (5/2,3,7/2), (2/3,1,3/2), (1,1,1)]

Step 4 Calculation of the optimal fuzzy weights @ = (w1, w3, - -+, w,) of the criteria.
In this study, according to the fuzzy best-to-others vector Ap and the fuzzy others-to-
worst vector Ay, the following model for calculating the optimal weight of the criterion
can be established.
Min &*
% — (31, m31, uz1)| < (k% k*, k%),

lW’mW’uW
W — (I32, m32, uz)| < (K*, k*, k),

lW’mW,uW
W - (133:77’133:”33) =< (k*,k*,k*),

lW,mW,MW
W — (I34, m34, u3a)| < (k*, k*, k*),

lW,mW,MW
(i) — s, mas,uzs)| < (KKK,

% — (I36,m36, uze)| < (k*, k*, k*),

i — (g, maz, uz) | < (KKK,

(lw m3 u3) — (I38, m38, uzg)| < (K*, k*, k*),

8: wt ub% — (hig, mg, u1g)| < (k*, k*, k*),
s.t. )

8: t ufvg (lg, mag, uzg)| < (k*, k*, k%),

ij it ui% (I33, m3g, uzg)| < (k*, k*, k"),

8: Z‘* Zi‘vg — (lag, mag, uag) | < (k*, k*, k*),

ij (e mpie) ui% — (Isg, msg, usg)| < (k*, k*, k*),

8w 26 Z?v% (les, mes, ue)| < (k*, k*, k*),

% — (I8, m7g,u78)| < (k*, k*, k*),

8: ZS Zi% (Igs, mss, ugg)| < (k*, k*, k™),
S R(w) =1,

Y <m! <uf,
w
ll‘ ZO;
i=12---,8.

The nonlinear constrained optimization equation represented by specific numbers can
be obtained, as shown below.
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Min k*

s.t.

By solving Eq. (17), the optimal fuzzy weights of eight criteria can be calculated as

follows:
*
1

w
w
%
o
w,

I3 —25%u; <ksuy; I3—25%xu1 > —k*uy;ms—3+xmy <kxmy; mg—3%m > —k*mi;
us —35%l) <kxly; ug—35%l > —k*xl1;l3 —35%uy <k*xup; I3 —35%uy > —k *uy;

my —4dxmy <kxmy; m3—4dxmy > —ksxmy,us —45xl <kxly; us—45xl > —kxlp;

I3 —0.67 % ugy < k *uy; I3 —0.67 xug > —k *xug; ms — Lk mg < k xmy; mg —1%xmy > —k x my;
us — 15xly <kxly; us —1.5%ly > —kxly;ls3 —1.5%us < kxus; I3 —1.5%us > —k * us;

ms — 2% ms < kxms; m3—2%ms > —kxms;uz —2.5%l5 < kxls; ug —2.5%ls > —k *lIs;

I3 —0.67 % ug < k xug; I3 —0.67 x ug > —k x ug; ms — 1 x mg < k x mg; ms — 1% mg > —k x mg;
us —1.5%lg <kxlg; us —1.5%lg > —k*xlg; I3 —2.5xuy < k*xuy; I3 —2.5%xu; > —k * uy;

ms —3xmy < kxmy; mg—3xmy; > —kxmy,us —35%l; <kxly; ug —3.5%l; > —k*ly;

I3 —3.5%xug < kxug; I3 —3.5%xug > —k*xug,ms —4xmg <k *xmg; ms—4*mg > —k xmg;
us —45%lg <kxlg; us —45*lg > —kxlg;ly —1.5xug < k*ug; Iy —1.5%xug > —k * ug;

my —2xmg < kxmg; my —2*xmg > —kxmg,u; —2.5%lg < kxlg; up —2.5%lg > —kx*lg;

Iy —0.67 xug < kxug; lp —0.67 xug > —k xug; my — 1 xmg < k xmg; my — 1% mg > —k x mg;
up —1.5%lg < kxlg; up —1.5%lg > —k*lg; ly — 2.5 % ug < kxug; lg — 2.5 % ug > —k * ug;

my —3xmg < kxmg; my —3xmg > —kxmg;ug —3.5%lg < kxlg; ug —3.5%lg > —k xlg;
Is —15%ug < kxug; Is —1.5%ug > —k sk ug; ms — 2% mg < k xmg; ms —2+mg > —k * msg;
us —2.5%lg < kxlg; us —2.5%lg > —kxlg; lg —2.5xug < kxug; lg — 2.5 ug > —k * ug;

me — 3% mg < k xmg; mg — 3% mg > —k xmg; ug — 3.5%lg < k*lg; ug —3.5%lg > —k*lg;

I7 —0.67 xug < kxug; l7 —0.67 xug > —k xug; my; — 1« mg < k xmg; my; — 1% mg > —k x mg;
uy; —15%lg <kxlg; uy —1.5%lg > —k *lg;
Lab+ixdem+irxm+iabhtiedemt
+%*13+%*4*m3+é*u3+%*l4+é*4*m4+é*u4
+%*15+é*4*m5+é*u5+%*15+%*4*m6+é*u5
+%*l7+é*4*m7+é*u7+é*lg+%*4*m8+é*ug:1;

L <my <ui; b <mpy <uy I3 <mz <uz; ly <my < u;

Is < ms < us; lg < me < ug; l7 <m7 <uy; Iy < mg < ug;

Lh>00b>0,l3>0;04>0;l5>0,lg >0, [ >0; Ig >0,k >0.

= (0.0787, 0.0922, 0.1063); w; = (0.0584, 0.0594, 0.0712);

3 = (0.2206, 0.2415, 0.2419); wj = (0.1652, 0.1856, 0.2013);

= (0.1070, 0.1070, 0.1145); w¢ = (0.1639, 0.1856, 0.2013);
= (0.0616, 0.0769, 0.0804); wg = (0.0513, 0.0561, 0.0584);

7
&* = (0.4258, 0.4258, 0.4258).

Then, the final criteria weights (w1, wa,---,w,) can be obtained by the function
R(i) =

Y +am! +ul .
L—F—=. The weights are as follows:

wi = 0.0923; wj = 0.0612; w} = 0.2381; w} = 0.1848; w} = 0.1083; w} = 0.1846; w3 = 0.0750; w} = 0.0557.

Use of the probability-based PHFLTS-PROMETHEE Il method to sort all enterprises

Step 1 Calculation of the probability degree between two enterprises under each

criterion.

The probability matrix of pairwise comparisons of enterprise evaluation values under

each criterion is shown below:
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05 1 0 0 1
0050 0 1

Loy, =L > bi)lsxs=| 1 1 0505 1 )
1 10505 1

L0 0 0 005],,;

05 0 0 0 05
1 05 05 011 1
Lo, =[Lbyy > bio)lsxs=| 1 05 05 011 1 ,
1 0.890.89 05 1
05 0 0 0 05],,

[0.505 0 05 1

0505 0 05 1
Ley =[L(br3=bi3)lsxs = | 1 1 05 1 1
0505 0 05 1
L0 0 0 0 05]

(051 1 0 1]
050 0 05
1050 1| |,
1 1051

050 0 05],

5 1 0620172 0.88
0 05002 0 045
Ley = [L(bys > bys)]ses = | 0.38 0.98 0.5 038 0.85|
0828 1 0.62 05 087
| 0.12 0.55 0.15 0.13 0.5

0.5 0.29 0.23 0.57 0.27 ]
0.71 0.5 0.36 0.84 0.40
Le, = [L(brs > big)lsxs = | 0.77 0.64 0.5 0.83 0.56 |
0.43 0.16 0.17 0.5 0.21
| 0.73 0.60 044 0.79 0.5 |, .

(0.5 083097082 1 ]
017 0.5 0.82 0.43 0.97
Le, = [L(by7 = by7)]sxs = | 0.03 018 05 017 0.77 |
0.18 0.57 0.83 0.5 0.96

0 0.3 0.23 0.04 05 |, .

T 05 065 0.08 053 0.04
0.35 0.5 0.005 0.35 0
Leg = [L(byg = big)]sxs = | 092 0.995 0.5 0.99 0.32
047 065 001 05 0
096 1 068 1 05

5x5

Lo, = [L(bra > bra)lsys =

o O, OO

5x5

5x5
Step 2 Determination of the preference index [] (e, ex).

11 (e1, e2)=0.6564, [] (e1, e3)=0.3716, ] (e1, ea)=0.3339, [] (e1, e5)=0.7682,
11 (e2, €1)=0.3436, [] (e2, e3)=0.1610, ] (e2, €2)=0.3326, ] (e2, €5)=0.6793,
11 (es, €1)=0.6284, [] (e3, e2)=0.8390, [] (es3, ea)=0.5532, [] (es3, e5)=0.8474,
H (eq, €1)=0.6661, H (es, €2)=0.6674, H (e, €3)=0.4468, H (e, e5)=0.7814,
11 (es, €1)=0.2318, [] (es, €2)=0.3207, [] (es, e3)=0.1526, [] (es5, €4)=0.2186.

Step 3 Calculation of the positive flow ¢ (e) and negative flow ¢~ (e) of each enterprise

based on the preference index.
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@1 (e1)=0.5325, ¢ (e2)=0.3791, ¢ (e3)=0.7170, ¢ (e2)=0.6404, ¢ (e5)=0.2309,
@~ (e1)=0.4675, ¢~ (2)=0.6209, ¢~ (e3)=0.2830, ¢~ (e4)=0.3596, ¢~ (e5)=0.7691.

Step 4 Calculation of the net ranking ¢ (e) of each enterprise.
@(e1) = 0.065, p(ex) = —0.2418, p(e3) = 0.434, p(es) = 0.2808, ¢(e5) = —0.5382.

Based on the value of the net ranking ¢(e), we can rank all enterprises as follows:
e3 > e4 > e1 > ey > es. The credit of enterprise e3 is the best among them. Therefore,
the bank should choose enterprise e3 for the loan to minimize credit risk.

Comparison and sensitivity analysis

To validate the effectiveness and practicality of the proposed PHFLTS-PROMETHEE II
method, we compare it with the following methods: Pang et al’s method (2016), Xiong
et al’s method (2022), and Liu et al’s method (2017).

Comparison analysis
In Pang et al. (2016), evaluation information is expressed using probabilistic linguistic
term sets (PLTSs), and two models are proposed to calculate the completely unknown or
partially unknown condition of criterion weight information. Specifically, two methods
are proposed in Pang et al. (2016): the extended TOPSIS method and the aggregation-
based method. In this section, we compare our method with TOPSIS. The seven steps
described in Pang et al. (2016) are as follows.

Step 1 The linguistic evaluation values of experts are aggregated to obtain a probabilis-
tic linguistic decision matrix R = [Lji (p)]mxn, where Lj(p) = {Lji(k) (p/_(l_k)) ‘
k=1,2,--,#L; (p)} and #L;j;(p) is the number of different terms in Lj;(p).

Step 2 The criteria weight vector w = (w1, w,--- ,w,)! is calculated by using the

maximizing deviation method.

Maxd(w) = 311 3500 30 g-1 wid (Lii(P), Lai(p))
wi > 0,i=1,2-,mY L wi=1

where d(w) is the deviation degree and Lj;(p) is a PLTS, which represents the cri-
teria values over the enterprises ej(j =12, ,m) with respect to the cri-
teria ¢;(i=1,2,---,n). The deviation degree between Lj(p) and Ly (p) is
#Lji (p) 2 o .
d(Lii(p), Lgi(p)) = \/Zkzjl (070 — pgi®r;0) " /#Lji(p). In addition, p® is the
probability of the linguistic term, and ) is the subscript of the linguistic term.

Step 3 The positive ideal solution (PIS) L(p)™ and negative ideal solution (NIS) L(p)~
of enterprises are obtained.

L)t = (L' L@’ L"), Lip) " = {(Lgk))w" = ’#L""(‘”)};
L(p)_ — (L1([0)_,L2(P)_: . ,Ln(p)_), Ll«(p)_ = {(Ll(k))_V( = 1,2, . ,#L}l(p)}

Step 4 The deviation degree d (e,-,L(p)+) between each enterprise and PIS and the devia-
tion degree d (ej, L(p)_) between each enterprise and NIS are obtained.
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#Li(p) 2

n n 1
d(e Lp)*) =Y wid(Li(p), Lip)*") = z;wi #Lip) kZ (pl(tk) - ( - L(k)) ) ;
i= =1

i=1

2

(k). (k) (k). (k)
(p]l 11 (z Ti ) ) .

The better enterprise ¢; has a smaller distance d (ej,L(p)+) and a larger distance
d(ej, L(p)™).

Step 5 dwin (e/,L(p)+) and dpax (e,»,L(p)‘) are determined by the formulas, as shown
below.

d(ep L)) Zwl Lioh L)) = wiy|
i=1

dwin (¢, L(p)*) = Mini<j<n d (e, L) *);
dMax (ej,L(p)_) = Maxi<j<m d(ej,L(p)_).

Step 6 The closeness coefficient CI of each enterprise is calculated.

dlgLp)”)  d(e L))

CI e = )
(&) dvax (e, L)) dmin (e L(p)T)
where CI(¢) <0(j=1,2,---,m). The better enterprise e; has a larger closeness
coefficient.

Step 7 Enterprises are sorted according to the closeness coefficient CI.

Applying the above steps to the case in “Credit ranking of real estate enterprises by
a bank based on the PHFLTS-PROMETHEE II model” section, the following results
can be obtained.

Cl(e1) = —0.44, Cl(ez) = —1.08, CI(e3) = —0.41, CI(es) = 0, Cl(e5) = —1.41.

We can obtain the ranking of enterprises using Pang et al’s method (2016) as
es > e3 > e1 > ey > es. In addition, the ranking of enterprises from Xiong et al’s
method (2022) ise3 > es4 > e; > ez > es5, and the ranking from Liu et al’s method (2017)
ises > e3 > e1 > ey > e5. The relevant calculation process is provided in Appendix C.

The ranking results with different methods are depicted in Fig. 4.

The enterprise ranking results of the proposed method, Pang et al’s method, Xiong
et al’s method, and Liu et al’s method are generally similar. However, there is a small
deviation for enterprises ez and es. The reason for this is two-fold. First, Pang et al’s
method adds the expected smaller linguistic terms directly after standardizing the
proportional linguistic term set, whereas other methods add them proportionally,
which effectively reduces information change. Second, although Pang et al’s, Xiong
et al’s, and Liu et al’s methods consider the evaluation information of several experts,
they do not have a model for determining the expert weights, while the expertise and
experience of different experts can affect the evaluation results. Therefore, the pre-
sent study comprehensively considers the subjective and objective weights of experts,
making the evaluation results more accurate and reliable.
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Fig. 4 Ranking results of real estate enterprises with different approaches

Sensitivity analysis

To investigate the influence of expert weights and assessment criteria on the ranking
results of the proposed method and the extended TOPSIS method, we conduct a sensi-
tivity analysis of the decision results with respect to ¢.

In this subsection, we conduct sensitivity analysis by varying the weight of each cri-
terion to avoid the impact of data randomness. Firstly, we increase the weight of each
criterion by 30% and 60%. At the same time, the weights of the remaining criteria are
adjusted proportionally to ensure that the sum of expert weights is equal to 1. The deci-
sion information, parameters, thresholds, and other aspects of the proposed model
remain unchanged. For each change in the criterion weight, we obtain five experimen-
tal ranking results. Finally, we conduct 16 experiments, as shown in Figs. 5, 6, 7, and
8. From the figures, we can conclude that the ranking results of the proposed method
are slightly sensitive to changes in the weight of the criteria, but the range of change is
small in this process. As shown in Fig. 5, the ranking results of the proposed method
change when we adjust the weights of the second, fourth, and seventh criteria. The main
reason for this is the significant preference differences among them, which affect simi-
lar enterprises 3 and 4. We also conducted comparative experiments on other methods
by changing the weight of the criteria. It can be seen from the figures that the ranking
of enterprises obtained by other methods is more susceptible to changes in the control
group of weights. This is because the proposed method takes into account the weight of
experts, which results in a more significant difference in preferences.

In conclusion, the introduction of the proposed method allows us to fully consider
individual experts who have significant differences in assessment information from oth-
ers, leading to a more comprehensive assessment. The sensitivity of the ranking results
also reminds us to determine the weights of criteria accurately to obtain more accurate
and reliable decision results.
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Suued

Fig. 5 Sensitivity level of the final ranking of the proposed method to adjust the weights of criteria

Fujued

Fig. 6 Sensitivity level of the final ranking of Pang’s method to adjust the weights of criteria
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Fuouey

Fig. 7 Sensitivity level of the final ranking of Liu's method to adjust the weights of criteria

Fujued

Fig. 8 Sensitivity level of the final ranking of Xiong's method to adjust the weights of criteria
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Conclusion and future direction

Conclusion

Credit risk assessment of Chinese real estate enterprises is crucial to commercial banks
for control financial risk. However, accurately evaluating credit risk in this industry is
challenging due to its distinctive characteristics. Firstly, the Chinese real estate industry
is heavily influenced by the government, requiring a novel credit risk evaluation index
for real estate enterprises that is tailored to the Chinese market. Secondly, information
related to the operations of Chinese real estate enterprises is rarely disclosed, leading to
high uncertainty in credit risk evaluation. To address this challenge, this study proposes
a PHFLTS-PROMETHEE method for evaluating the credit risk of Chinese real estate
companies. The main contributions and innovations of this study are summarized below:

« This study develops a credit risk assessment index for Chinese real estate enterprises,
utilizing both quantitative and qualitative indicators that reflect the unique charac-
teristics of the industry. The index provides commercial banks with assessment cri-
teria and contributes to the research on credit risk assessment for Chinese real estate
enterprises.

+ This study proposes the PHFLTS-PROMETHEE method for evaluating credit risk in
Chinese real estate enterprises. This method utilizes the defined PHFLTS distance
measurement and replaces the traditional PROMETHEE method. The extended
PHFLTS-PROMETHEE method can be applied for expressing the evaluation infor-
mation in PHFLTS, and the preference function in the PROMETHEE method
is replaced by a possibility degree, improving its applicability and accuracy. The
PHFLTS-PROMETHEE method can overcome the challenge of a lack of operational
data in the Chinese real estate industry and has the advantage of integrating subjec-
tive judgment under both quantitative and qualitative indicators.

+ The study presents a comprehensive weight distribution model that enhances the
rationality of decision-making. The model determines objective weights of experts
by calculating the similarity measure between evaluation information provided by
experts, while subjective weights are determined based on their experience and rep-
utation. The study integrates the obtained objective and subjective weights to obtain
comprehensive weights for experts, which improves the accuracy and reliability of
the decision-making process.

+ This study demonstrates the effectiveness of the PHFLTS-PROMETHEE method
through empirical analysis of bank loans towards real estate enterprises and com-
parative analysis with similar methods. The comparative analysis reveals that the
PHFLTS-PROMETHEE method is flexible in various decision-making contexts
and can produce reliable results, thus confirming the validity and practicality of the
approach.

Future direction

This study presents an effective method through empirical analysis of bank loans towards
real estate enterprises, demonstrating its flexibility in various decision-making contexts
and ability to obtain reliable results. However, the proposed PHFLTS-PROMETHEE
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II method may require further improvement, particularly regarding the simultaneous
involvement of subjective and objective weights in determining the weights of criteria.
Future research will focus on developing accurate, efficient, and general methods to ana-
lyze the credit risk of real estate companies in practical applications. For example, the
evaluation of quantitative indicators can be improved using scientific and reasonable
methods such as the KMV model. Additionally, future research will focus on allocating
credit funds based on the credit risk of real estate development enterprises and the loan
amount they apply for. This approach will ensure reasonable allocation of resources and
mitigate financial risks for commercial banks.

Despite its effectiveness, this study has certain limitations. Firstly, the amount of data
is limited, as only five enterprises were considered for credit risk rating. Future research
should focus on big data analysis to provide a more comprehensive understanding of
credit risk in the Chinese real estate industry. Additionally, the reliability and quality of
data should be improved for more accurate analysis. Advanced subjective evaluation
processing techniques can also be explored in future research to process expert evalu-
ations. To promote and deepen continuing research, further studies should investigate
new issues and potential areas of improvement.

Appendix A
Continued from Table 6: Standard PHFLTS evaluation matrix

C1 C2 c3 C4 Cs Ce c7 Cg

dé’z

e {(s4,1)} {(s31)} {(s4,1)} {(s5,1)} {(s61/6),  {(s41/6), {(s51/6),  {(s0,1/6), (s0
(56,1/6), (54,1/6),  (s6,1/6),  ,1/6),(so
(56,1/6), (54,1/6),  (s6,1/6),  ,1/6), (51
(56,1/6), (54,1/6),  (s6,1/6),  ,1/6), (51
(56,1/6), (54,1/6),  (s6,1/6),  ,1/6), (51
(61/6)}  (s41/6)}  (s61/6)}  ,1/6)}

€ {(s31} {(s2,1)} {(s4,1)} {(s21)} {(s11/6),  {(s51/6),  {(s4,1/6), {(s0,1/6), (s0
(51,1/6) (55,1/6), (54,1/6),  ,1/6), (s0
(52,1/6), (55,]/6), (54,V6), ,1/6), (50
(52,1/6), (s5,1/6), (54,1/6),  ,1/6), (s0
(53,1/6), (55,]/6), (54,V6), ,1/6), (50
(s31/6)}  (s51/6)}  (s4,1/6)  ,1/6)}

€3 {(s5 1)} {(s4,1)} {(s51)} {(s4,10} {(s41/6),  {(s61/6), {(s11/6),  {(54,1/6), (54
(54,1/6),  (56,1/6), (51,1/6), ,1/6), (s5
(55,]/6), (56,]/6), (52,1/6), ,1/6), (55
(s5,1/6), (56,1/6), (52,1/6),  ,1/6), (s6
(56,]/6), (56,]/6), (53,V6), ,1/6), (56
(561/6)}  (s61/6)}  (s31/6)}  ,1/6)}

€4 {(s5,1)} {(s5,1)} {(s4,1)} {(s6,1)} {(s4176),  {(s31/6), {(s31/6),  {(s21/6), (s>
(54,1/6),  (53,1/6), (s3,1/6), ,1/6), (s2
(S§,1/6), (S%,V6), (S4,V6), ,V6), (52
(s5,1/6), (54,1/6),  (s4,1/6),  ,1/6), (52
(56,]/6), (S4,V6), (S§,1/6), ,V6), (52
(s6,1/6)}  (54,1/6)}  (s51/6)}  ,1/6)}

es {(s2,1)} {(s31)} {(s31)} {(s2,1)} {50.1/6),  {(s61/6),  {(521/6),  {(s6,1/6), (Ss
(50,1/6), (56,1/6), (52,1/6),  ,1/6), (s6
(51,1/6) (56,]/6), (52,1/6), ,1/6), (56
(51,1/6) (56,1/6), (s3,1/6), ,1/6), (se
(52,1/6) (56,]/6), (53,1/6), ,1/6), (56
(521/6)}  (s61/6)}  (s31/6)}  ,1/6)}
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(4] 2 C3 Ca Cs Ce c7 cg

d€3

e {(s4,1)} {(s31} {(s4,1)} {(s5,1)} {(s61/6),  {(s41/6), {(s1/6), {(s2,1/6), (52
(56,]/6>, (S4,W /6), (56,]/6>, Al /6), (52
(s61/6),  (s41/6),  (s61/6),  ,1/6),(s3
(56,]/6>, (S4,W /6), (56,]/6>, Al /6), (53
(s61/6),  (s41/6),  (s61/6),  ,1/6),(s3
(s61/6)}  (s41/6)}  (s61/6)}  ,1/6)}

€ {(s31} {(s4,1)} {(s4,1)} {52} {(s31/6),  {(s41/6), {(s31/6), {(s0,1/6), (s0
(5%,V6), (54,W /6), (5%,V6), Al /6), (So
(s31/6),  (s41/6),  (s31/6),  ,1/6), (so
(5%,V6), (55,]/6), (5%,V6), ,V6), (So
(s31/6),  (s51/6),  (s31/6),  ,1/6), (s
(s31/6)}  (s51/6)}  (s31/6)}  ,1/6)}

€3 {(ss 1} {(s4,1)} {(ss 1} {(s31} {561/6),  {(s4,1/6),  {(s1/6),  {(s4,1/6), (54
(56,]/6>, (S4,V6), (52,1/6), ,V6), (55
(56,1/6),  (s51/6),  (s3,1/6),  ,1/6), (55
(56,]/6>, (Sg,]/@, (52,1/6), ,V6), (56
(56,1/6),  (s6,1/6),  (54,1/6),  ,1/6), (s
(s61/6)}  (s61/6)}  (s41/6)}  ,1/6)}

€4 {(ss1)} {(ss 1} {(s4,1)} {(s6, 1)} {(s51/6),  {(s31/6),  {(s4,1/6),  {(531/6), (51
(55,]/6), (53,‘\/6), (S4,V6), ,V6), (52
(s51/6),  (s3,1/6),  (551/6) 1/6), (52
(55,]/6), (53,‘\/6), (55,]/6), ,V6), (53
(s51/6),  (s3,1/6),  (s6,1/6) 1/6), (s3
(s5,1/6)}  (s31/6)}  (ss1/6)}  ,1/6)}

es {21} {(s31} {(s31} {21} {(521/6), {(s4,1/6),  {(s21/6),  {(s6,1/6), (s6
(52/1/6), (S4,W /6), (52/1/6), Al /6), (S(,
(5,1/6),  (s4,1/6),  (s2,1/6),  ,1/6), (s
(S%,V6), (S4,W /6), (S%,V6), Al /6), (S(,
(53,1/6),  (s4,1/6),  (s31/6), ,1/6), (s
(531/6)}  (s41/6)}  (s31/6)}  ,1/6)}

C1 C2 c3 C4 Cs Ce c7 Cg

d€4

e {(s41 {(s31} {(s41 {(ss 1)} {(s41/6),  {(s41/6),  {(s51/6),  {(s0,1/6), (s0
(541/6),  (s41/6),  (s51/6),  ,1/6),(s0
(s51/6),  (s51/6),  (s51/6),  ,1/6), (51
(s51/6),  (s51/6),  (s61/6),  ,1/6),(s1
(56,1/6),  (s61/6),  (s61/6),  ,1/6), (51
(561/6)}  (s61/6)}  (s61/6)}  ,1/6)}

€ {(s31} {(s4 M} {(s4 M} {52} {(521/6),  {(s51/6),  {(s4,1/6),  {(541/6), (51
(52,1/6),  (s51/6),  (s41/6),  ,1/6),(s1
(521/6) (55,]/6), (55]/6) ,1/6), (52
(53,1 /6) (s5,1/6),  (s51/6),  ,1/6),(s2
(531/6),  (s51/6),  (s61/6),  ,1/6),(s2
(s31/6)}  (s51/6)}  (s61/6)}  ,1/6)}

e3 {5 a1} s {(sa1)} {(53,1/6) {(s41/6),  {(s31/6),  {(531/6), (53
(s31/6),  (s41/6),  (s31/6),  ,1/6),(s3
(531 ) (55,]/6), (531 ) ,1/6), (54
(541/6),  (s51/6),  (s31/6),  ,1/6),(s4
(541/6),  (s61/6),  (s31/6),  ,1/6), (54
(54176} (s61/6)}  (s31/6)}  ,1/6)}

€4 {(s5,1)} {(s5,1)} {(s4 M} {(s6 M} {(s51/6),  {(s51/6), {(54,1/6) {(511/6), (51
(s51/6),  (s51/6),  (s41/6), ,1/6),(s2
(s5,1/6), (s5,1/6), (s5, 1/6), ,1/6), (s2
(56,1/6),  (s51/6),  (s51/6),  ,1/6),(s3
(S(,,]/6>, (S§,1/6), (S(,,]/6>, ,V6), (Sg
(s61/6)}  (s51/6)}  (s61/6)}  ,1/6)}
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(4] 2 C3 Ca Cs Ce c7 cg

es {21} {(s31} {(s31} {210} {541/6),  {(s41/6),  {(5141/6),  {(s4,1/6), (54
(51,1/6), (S4,V6), (51,1/6) ,V6), (55
(51,1/6), (s5,1/6) (52,1/6) ,1/6), (s5
(52,1/6), (55,1/6), (52,1/6), ,V6), (56
(52,1/6),  (s56,1/6) (53,1/6) ,1/6), (se
(521/6)}  (s61/6)}  (s31/6)}  ,1/6)}

(4] C C3 C4 Cs Ce c7 Cg

d€5

e {(s4,1)} {(s31)} {(s4,1)} {(s5,1)} {(52,1/6),  {(s31/6),  {(541/6), {(52,1/6), (52
(541/6),  (s31/6),  (s41/6),  ,1/6),(s2
(55,]/6), (53,1/6), (55,]/6), ,1/6), (53
(s51/6),  (s31/6),  (s51/6), ,1/6),(s3
(56,]/6), (53,1/6), (56,]/6), ,1/6), (53
(56176} (s31/6)}  (s6,1/6)}  ,1/6)}

€ {(s3,1)} {(s4 M} {(s4 1} {(s2,1)} {(s0,1/6),  {(s51/6),  {(s4,1/6), {(52,1/6), (52
(s01/6),  (s51/6),  (s41/6),  ,1/6), (s>
(50,]/6), (55,]/6), (55,]/6), ,V6), (57
(s01/6),  (s61/6),  (s51/6),  ,1/6), (s>
(50,]/6), (56,]/6), (56,]/6), ,V6), (57
(s01/6)}  (s61/6)}  (s61/6)}  ,1/6)}

€3 {(s5,1)} {(s4 M} {(s5,1)} {(s4 1} {(s51/6),  {(s41/6), {(s31/6), {(s4,1/6), (54
(551/6),  (s41/6),  (s31/6), ,1/6), (55
(55,1/6), (55,1/6), (S4,V6), ,V6), (Ss
(56,1/6),  (s51/6),  (s4,1/6),  ,1/6), (s
(56,]/6), (56,]/6), (55,1/6), ,V6), (56
(56,1/6)}  (s61/6)}  (s51/6)}  ,1/6)}

€4 {(s5,1)} {(s4 1} {(s4 M} {(s6 M} {(s51/6),  {(s51/6), {(s51/6),  {(s31/6), (51
(s51/6),  (s51/6),  (s51/6),  ,1/6),(s2
(55,1/6), (55,1/6), (55,1/6), ,V6), (52
(56,1/6),  (s51/6),  (s51/6),  ,1/6),(s3
(56,]/6), (55,1/6), (55,1/6), ,V6), (53
(s6,1/6)}  (s5,1/6)}  (s5,1/6)}  ,1/6)}

es {(s2,1)} {(s3,1)} {(s3,1)} {(s2,1)} {(s51/6),  {(s41/6), {(s11/6),  {(54,1/6), (54
(551/6),  (s4,1/6),  (511/6),  ,1/6), (54
(55,1/6), (55,1/6), (52/1/6)/ ,V6), (54
(56,1/6),  (s51/6),  (s3,1/6),  ,1/6), (54
(56,]/6), (56,]/6), (S%,V6), ,V6), (54
(56,1/6)}  (s61/6)}  (s3,1/6)}  ,1/6)}

Appendix B

Investigation on the Importance of Evaluation Indicators of “Credit Risk Assessment of

Real Estate Development Enterprises—From the Perspective of Commercial Banks”

Solvency

Very important Important A little

important

Normal Notvery Not

important important

Very not
important

Adjust rate

Cash flow liability
ratio

Asset liability ratio

Interest coverage
ratio

Page 45 of 53



Chen et al. Financial Innovation (2023) 9:120 Page 46 of 53

Profitability

Very important Important Alittle  Normal Notvery Not Very not
important important important important

Operating profit
margin

Return on total
assets

Return on net
assets

Net profit margin
on sales

Developing capacity

Very important Important Alittle = Normal Notvery Not Very not
important important important important

Operating profit
margin

Capital accumula-
tion rate

Total asset growth
rate

Operating profit
growth rate

Operational capability

Very important Important Alittle  Normal Notvery Not Very not
important important important important

Accounts Receiv-
able Turnover

Rate of stock
turnover

Turnover of total
capital

Velocity of liquid
assets

External environment and industry conditions

Very important Important Alittle  Normal Notvery Notimportant Very not
important important important

Prosperity of the
local real estate
industry

Local government
support

Monetary and
credit policy

Land tax policy
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Market position and competitive advantage

Very important Important Alittle  Normal Notvery Not Very not
important important important important
Land bank
Corporate reputa-
tion

New project devel-
opment strategy
Regional market
position

Management level and operating conditions

Very important Important Alittle  Normal Notvery Not Very not
important important important important

Management
experience

Develop building
capabilities

Sales area/Com-
pleted area

Shareholder
control

Bank-enterprise relationship

Very important Important Alittle  Normal Notvery Not Very not
important important important important

Years of coopera-
tion with the bank

Enterprise historical
credit rating

Financing default
rate

Transaction Default
Rate

Appendix C

Xiong’s method

Step 1 Calculate the PHFLTS group decision matrix. The decision matrix is shown in
Table 10.
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Table 10 Decision matrix of the Xiong's method

(4] (o) C3 C4 Cs Ce C7 Cg

e {s3, D} {4, D} {3, D} {(s2, D} {(s197,1/6),  {(5206,1/6),  {(5181,1/6), {(s547,1/6),
(5197,1/6),  (5206,1/6),  (5181,1/6),  (S547,1/6),
(5166,1/6),  (5272,1/6),  (5154,1/6), (518, 1/6),
(5154,1/6),  (5238,1/6),  (5133,1/6),  (S444,1/6),
(5114,1/6),  (5206,1/6),  (51,1/6), (5412,1/6),
(5114, 1/6)} (5206, 1/6)}  (51,1/6)} (5412, 1/6)}
€ {a. D} {(s3, D} {3 D} {Gss, D} {(s55,1/6),  {(5234,1/6), {(s5318,1/6), {(s501,1/6),
(s55,1/6), (5234,1/6),  (s318,1/6),  (5501,1/6),
(5533,1/6),  (5234,1/6),  (5267,1/6),  (S591,1/6),
(5491,1/6),  (5172,1/6),  (52267,1/6),  (5545,1/6),
(5472,1/6),  (5172,1/6),  (5198,1/6),  (S545,1/6),
(5472,1/6)}  (s5172,1/6)} (5198, 1/6)}  (5545,1/6)}
e {2, D} {3, D} {2, D} {318, D} {(5234,1/6),  {(5228,1/6),  {(545,1/6),  {(5319,1/6),
(5234,1/6),  (5228,1/6),  (545,1/6), (53.19,1/6),
(5217,1/6),  (s177,1/6),  (s301,1/6),  (525,1/6),
(5176,1/6),  (5155,1/6),  (5301,1/6),  (5235,1/6),
(s155,1/6),  (51,1/6), (5324,1/6),  (5155,1/6),
(5155, 1/6)}  (51,1/6)} (5324,1/6)}  (s155,1/6)}
es {2 D} {6219, D} {G3, D} {51, D} {(5215,1/6),  {(5300,1/6),  {(s5305,1/6),  {(s598,1/6),
(5215,1/6),  (5300,1/6), (5395, 1/6),  (55.98,1/6),
(52,1/6), (5207,1/6),  (5245,1/6),  (5517,1/6),
(513,1/6), (5282,1/6),  (5245,1/6),  (5517,1/6),
(5115,1/6),  (5267,1/6),  (5171,1/6),  (5434,1/6),
(5115, 1/6)} (5267, 1/6)}  (5171,1/6)}  (5434,1/6)}
es {s5, D} {(s4, D} {Gs2, )} {(s5, D} {(s468,1/6),  {(52,1/6), {(s541,1/6),  {(s5197,1/6),
(s468,1/6),  (52,1/6), (s541,1/6),  (5197,1/6),
(s455,1/6),  (s168,1/6),  (s5,1/6), (5168, 1/6),
(5359,1/6),  (5168,1/6),  (5450,1/6),  (S168,1/6),
(5348,1/6),  (5125,1/6),  (5417,1/6),  (5127,1/6),
(5348, 1/6)}  (5125,1/0)}  (5417,1/6)}  (5127,1/6)}

Step 2 The weighting vector of the decision?making attribute is

wi * 7 = 0.0923; wyx = 0.0612; wsz* = 0.2381; wyx = 0.1848;
ws x 7 = 0.1083; wgx = 0.1846; wy* = 0.0750; wgx = 0.0557.

Step 3 The distance between the comprehensive assessment value and the best value for
the corresponding attribute is:

0.153 0.000 0.131 0.102 0.000 0.152 0.053 0.121
0.143 0.098 0.130 0.121 0.156 0.133 0.151 0.000
[d(6,F6mn)] 5,5 = | 0000 0.012 0.187 0.000 0.146 0.143 0.000 0.135
0.186 0.156 0.000 0.087 0.198 0.000 0.145 0.142

0.068 0.153 0.097 0.152 0.170 0.053 0.101 0.103 | .

Step 4 Calculate the comprehensive evaluation value of each green airport plan as:
H; = 0.523; H, = 0.798; H3 = 0.000; Hs = 0.332; Hs = 1.000.
Step 5 The ranking of the alternative green airport plans according to group utility is
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€3 > €4 > €1 > €y > é5.

Table 11 Decision matrix of the Liu's method

(4] 2 C3 Ca Cs Ce c7 Cg

e {3 D} {Ga D} {3 D} {621} {(s197,1/6),  {(5206,1/6),  {(5181,1/6), {(s547,1/6),
(5197,1/6),  (5206,1/6),  (5181,1/6),  (S547,1/6),
(5166,1/6),  (5272,1/6),  (5154,1/6),  (S518,1/6),
(5154,1/6),  (5238,1/6),  (5133,1/6),  (5444,1/6),
(5114,1/6),  (5206,1/6),  (51,1/6), (5414,1/6),
(5114,1/6)} (5206, 1/6)}  (51,1/6)} (s412,1/6)}

€ {4, D)} {(s3, D} {Gs3, D} {5, D} {(s55,1/6),  {(5234,1/6), {(s318,1/6), {(s5.01,1/6),
(s55,1/6), (5234,1/6),  (s318,1/6),  (5591,1/6),
(s533,1/6),  (5234,1/6),  (5267,1/6),  (S591,1/6),
(5491,1/6),  (5172,1/6),  (s267,1/6),  (S545,1/6),
(5472,1/6),  (s172,1/6),  (5198,1/6),  (5545,1/6),
(s472,1/6)}  (5172,1/0)} (5198, 1/6)}  (S545,1/6)}

e3 {2} {63 D} {2} {6318, D} {(5234,1/6),  {(5228,1/6),  {(545,1/6),  {(s3.19,1/6),
(5234,1/6),  (5228,1/6),  (545,1/6), (53.19,1/6),
(5217,1/6),  (5177,1/6),  (5301,1/6),  (525,1/6),
(5176,1/6),  (5155,1/6),  (5301,1/6),  (5235,1/6),
(5155,1/6),  (51,1/6), (5324,1/6),  (5155,1/6),
(5155, 1/6)}  (51,1/6)} (5324,1/6)}  (5155,1/6)}

€4 {2, D} G219, D} {3, D {61, D} {(s215,1/6),  {(5300,1/6),  {(s305,1/6), {(s598,1/6),
(5215,1/6),  (5300,1/6), (5305, 1/6),  (S598,1/6),
(52,1/6), (5207,1/6),  (5245,1/6),  (5517,1/6),
(513,1/6), (5282,1/6),  (5245,1/6),  (5517,1/6),
(5115,1/6),  (s267,1/6),  (5171,1/6),  (5434,1/6),
(5115, 1/0)} (5267, 1/0)}  (5171,1/6)}  (5434,1/6)}

es {Gss, D {Gsa, D} {a. D} {(ss, D} {(s468,1/6),  {(s2,1/6), {(s541,1/6),  {(5197,1/6),
(s468,1/6),  (52,1/6), (s541,1/6),  (5197,1/6),
(5455,1/6),  (5168,1/6),  (55,1/6), (5168, 1/6),
(5350, 1/6),  (s168,1/6),  (5459,1/6),  (s168,1/6),
(5348,1/6),  (5125,1/6),  (5417,1/6),  (5127,1/6),
(5348, 1/6)}  (s125,1/6)}  (s417,1/6)}  (5127,1/6)}
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Liu’s method
Step 1 Standardize the decision matrix. The decision matrix is shown in Table 11.

Step 2 Obtain attribute weight vector for ci, ¢, - - - , cs.
wi = 0.0923; wi = 0.0612; wi = 0.2381; w; = 0.1848; wi = 0.1083; w{ =
0.1846; w;‘ = 0.0750; wg = 0.0557.

Step 3 Obtain the relative weight w;, of the attribute C; to the reference C; by
wi, = 0.387; wi, = 0257, wi, = 1; wp, = 0.776; wg, = 0.455; w}, = 0.775; w3, =
0.315; w}, = 0.234.
Step 4 Obtain the overall prospect value of the alternative.
8(x1) = 0.627; 8(x2) = 0.498; §(x3) = 0.814; §(x4) = 1.000; 5(x5) = 0.000.
Step 5 Sort the alternatives by their §(x;). The biggerd 8(x;) is, the better alternative
is, we get:

€4 > €3 > €1 > €y > é5.
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