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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 II 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 II, 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.1 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 

1 www. 163. com/ dy/ artic le/ HMVFC G4C05 198NMR. html.
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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 (HFS) 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 Rodríguez (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 S =
{
s0, s1, . . . , sg

}
 be a linguistic term set (LTS), where 

si i = 0, 1, · · · , g  is a linguistic term, and g + 1 is an odd number known as the granu-
larity of S . Generally, the linguistic term set S must satisfy the following conditions: 

(1) Orderliness once i > j , then si > sj;
(2) Maximization operator once si > sj , then Max

(
si, sj

)
= si;

(3) Minimization operator once si ≥ sj , then Min
(
si, sj

)
= sj;

(4) Negation operator Neg(si) = 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 S =
{
s0, s1, . . . , sg

}
 be an LTS. An HFLTS, 

which can be abbreviated as HS , is an ordered and finite subset of the consecutive lin-
guistic term of S . For easy understanding, HS can be represented as

where st ∈ S , t ∈
{
i, i + 1, · · · , j

}
 , i, j ∈

{
0, 1, · · · , g

}
 , and i ≤ j.

Definition 3 Rodriguez et al. (2012) Let S be a LTS and HS be an HFLTS. HS
+ , HS

− , 
which represent the upper and lower bounds of the HFLTS HS , are defined as 

(1) HS
+ = Max{si} = sj , si ∈ HS , and si ≤ sj , ∀i;

(2) HS
− = Min{si} = sj , si ∈ HS , and si ≥ sj , ∀i.

Definition 4 Rodriguez et  al. (2012) Let S be as before. HS , HS
1 , and HS

2 are three 
arbitrary HFLTS on S . The complement, union, and intersection of the HFLTSs are com-
puted as follows: 

(1) HS
c = S −Hs =

{
si|si ∈ S, and si /∈ HS

}
;

(2) HS
1 ∪HS

2 =
{
si|si ∈ HS

1 or si ∈ HS
2
}
;

(3) HS
1 ∩HS

2 =
{
si|si ∈ HS

1 and si ∈ HS
2
}
.

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 GH (VN ,VT , I ,P) , where VN  is the nonterminal symbols set, VT  is the 
terminal symbols set, I  is the starting symbol, and P is the production rules set. The 
elements of GH (VN ,VT , I ,P) are defined below: 
VN =

{〈
primary term

〉
, �composite term�,

〈
unary term

〉
,
〈
binary term

〉
,
〈
conjunction

〉}
;

VT =
{
lower than, greater than, at least, at most, between, and, s0, s1, · · · , sg

}
;

I ∈ VN .
 

The production rules are defined in an extended Backus-Naur form, where brackets 
enclose optional elements and the symbol | indicates alternative elements Bordogna 

HS =
{
si, si+1, · · · , sj

}
,
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and Pasi (1993). The production rules of GH are shown below: 
P = {I :: =

〈
primary term

〉
|
〈
composite term

〉

〈
composite term

〉
:: =

〈
unary relation

〉〈
primary term

〉
|
〈
binary relation

〉

〈
primary term

〉〈
conjunction

〉〈
primary term

〉

〈
primary term

〉
:: = s0|s1| · · · |sg〈

unary relation
〉
:: = lower than|greater than|at least|at most

〈
binary relation

〉
:: = between

〈
conjunction

〉
:: = and}

.

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

Definition 6 Rodríguez et  al. (2013) Let S be the LTS used by GH and Sll be the 
expression domain based on GH . The linguistic expressions ll ∈ Sll are generated by 
the context-free grammar GH . EGH is a conversion function that transforms ll ∈ Sll 
into HFLTS, that is EGH : Sll → HS . Sll is transformed into HFLTS using the following 
transformations: 

(1) EGH (si) = {si} for arbitrary si ∈ S;
(2) EGH (at least si) =

{
sj|sj ≥ si and sj ∈ S

}
;

(3) EGH (at most si) =
{
sj|sj ≤ si and sj ∈ S

}
;

(4) EGH (lower than si) =
{
sj|sj < si and sj ∈ S

}
;

(5) EGH

(
greater than si

)
=

{
sj|sj > si and sj ∈ S

}
;

(6) EGH

(
betweensi and sj

)
=

{
sk |sj ≥ sk ≥ si and sk ∈ 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. HS , HS
1 , and HS

2 are three arbitrary 
HFLTSs defined on S . 

(1) The negation of HS : HS
neg =

{
sg−i|i ∈ Ind(HS)

}
 , where Ind() represents the index 

set of the linguistic terms in an HFLTS;
(2) The max-union of HS

1 and HS
2 : HS

1 ∨HS
2 =

{
Max

{
si, sj

}
|si ∈ HS

1, sj ∈ HS
2
}
;

(3) The min-intersection of HS
1 and HS

2 : HS
1 ∧HS

2 =
{
Min

{
si, sj

}
|si ∈ HS

1, sj ∈ HS
2
}
.

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

Definition 8 Gou and Xu (2016) Let HS , HS
1 , and HS

2 be the three arbitrary HFLTSs 
defined on S . 

(1) HS
1 ⊕HS

2 = f −1
(

∪γ1∈f
(
HS

1
)
,γ2∈f

(
HS

2
){γ1 + γ2 − γ1γ2}

)

;

(2) HS
1 ⊗HS

2 = f −1
(

∪γ1∈f
(
HS

1
)
,γ2∈f

(
HS

2
){γ1γ2}

)

;



Page 10 of 53Chen et al. Financial Innovation           (2023) 9:120 

(3) �HS = f −1
(

∪γ∈f (HS)

{

1− (1− γ )�
})

;

(4) (HS)
� = f −1

(
∪γ∈f (HS)

{
γ �

})
;

(5) �1HS ⊕ �2HS = (�1 + �2)HS;
(6) (HS)

�1 ⊗ (HS)
�2 = (HS)

(�1+�2);

where �, �1, �2 are any real numbers, f and f −1 are the two linguistic scale functions 
between HFSs and HFLTSs, defined as follows:

where Ind(si) represents a function to derive the subscript of linguist term si , Ind(si) = 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 HS
1 and HS

2 be two HFLTSs defined on S , where S 
is an LTS. The convex combination of HS

1 and HS
2 can be defined as follows:

where ωi ≥ 0(i = 1, 2) and ω1+ω2=1.

Liao et  al. (2014) defined the Euclidean distance of H1

S (xi) and H2

S (xi) as shown 
below.

Definition 10 Liao et al. (2014) Let S be as before, X = {x0, x1, . . . , xn} be a reference set, 

H
1

S
(xi) = ∪(

S
δ1q
∈H1

S

)

{

sδ1q |q = 1, · · · , #H1

S

}

 and H
2

S
(xi) = ∪(

S
δ2q
∈H2

S

)

{

sδ2q |q = 1, · · · , #H2

S

}

 be two 

HFLTSs on X , where #H1
S and #H2

S represent the number of linguistic terms in HS
1 and 

HS
2 , respectively. The Euclidean distance of H1

S (xi) and H2

S (xi) are defined as follows:

where Q = #H1
S = #H2

S  (if #H1
S  = #H2

S  , we can use extension rules to make the number 
of linguistic terms the same in both linguistic terms), δ1q represents the subscript of the 
qth linguistic term in HS

1 , where 0 ≤ δ1q ≤ g and 0 ≤ δ2q ≤ 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:

{

f : [0, g] → [0, 1], f (si) =
Ind(si)

g = γi

f −1 : [0, 1] → [0, g], f −1(γi) = sγi×g = si
,

C2
(

ω1,HS
1,ω2,HS

2

)

= ω1 ⊙HS
1 ⊕ ω2 ⊙HS

2 =
{

C2(ω1, a1,ω2, a2)|a1 ∈ HS
1, a2 ∈ HS

2

}

,

(1)ded

�

H1

S (xi),H
2

S (xi)
�

=






1

Q

Q
�

q=1





�
�
�δ1q − δ2q

�
�
�

g + 1





2





1/2

,
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Definition 11 Garmendia et  al. (2017) Let A = {a1, a2, · · · , an} and 
B =

{
b1, b2, · · · , bm

}
 be two finite subsets of the unit interval and lcm(n,m) be the least 

common multiple of n and m. The extended sets A and B are as follows:

where lcm(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
l(l = 1, 2, · · · , t) be t 

HFLTSs provided by a panel of decision experts del(l = 1, 2, · · · , t) . The PHFLTS, 
denoted as PHS , is an ordered finite proportional linguistic pairs set for the linguistic 
variable ϑ generated by the union of HS

l(l = 1, 2, · · · , t).

where P =
(
p0, p1, · · · , pg

)T is a proportional vector, pi indicates the possibility degree 
that the alternative possesses the evaluation value si provided by the decision experts 
group, 0 ≤ pi ≤ 1

(
i = 0, 1, · · · , g

)
 and 

g∑

i=0

pi = 1 , the binary group (si, pi)
(
i = 0, 1, · · · , g

)
 

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, si and sj be any two linguistic terms 
of S , pi and pj be the proportions of si and sj , respectively. The binary relation is defined 
as follows:

Ar =







r times
� �� �
a1, · · · a1,

r times
� �� �
a2, · · · a2, · · · ,

r times
� �� �
an, · · · , an






, and By =







y times
� �� �

b1, · · · b1,

y times
� �� �

b2, · · · b2, · · · ,

y times
� �� �

bm, · · · , bm







PHS (ϑ) =
{
(si, pi)|si ∈ S, i = 0, 1, · · · , g

}
,



Page 12 of 53Chen et al. Financial Innovation           (2023) 9:120 

Definition 14 Chen et al. (2016) Let S be as before, P
HS

1 =
{(

si , pi
1
)
|si ∈ S, i ∈ Ind

(

P
HS

1
)}

 

and P
HS

2 =
{(

si , pi
2
)
|si ∈ S, i ∈ Ind

(

P
HS

2
)}

 be the two PHFLTSs. The degree of possibility 

L
(

PHS

1 ≥ PHS

2
)

 and L
(

PHS

1 ≤ PHS

2
)

 can be defined as follows:

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.

Definition 15 Yang et al. (2019) Let P
HS

1(ϑ) =

{
(
si
1 l , pi

1 l
) ∣
∣ si

1 l ∈ S, 0 ≤ pi
1 l ≤ 1,

g∑

i=1

pi
1 l

= 1, i = 0, 1, · · · , g , l = 1, 2, · · · , L1
} and 

P
HS

2(ϑ) =
{ (

si
2 l , pi

2 l
) ∣
∣ si

2 l ∈ S, 0 ≤

pi
2 l ≤ 1,

g∑

i=1

pi
2 l = 1, i = 0, 1, · · · , g , l = 1, 2, · · · , L2

}

 be the two PHFLTSs with different 

numbers of elements. Let P = (p1∗, p2∗ · · · , pK∗)
T be the adjusted proportion vector of 

PHS

1(ϑ) and PHS

2(ϑ) , where L1 , L2 , and K represent the number of PHFLTS in the set of 
PHFLTSs. The adjusted PHFLTSs can be represented as

P̃HS

1
(ϑ) =

{

(
si
1k , pk

∗
) ∣
∣ si

1k ∈ S, 0 ≤ pk
∗ ≤ 1,

K∑

k=1

pk
∗ = 1, i = 0, 1, · · · , g

}

 and

P̃HS

2
(ϑ) =

{

(
si
2k , pk

∗
) ∣
∣ si

2k ∈ S, 0 ≤ pk
∗ ≤ 1,

K∑

k=1

pk
∗ = 1, i = 0, 1, · · · , g

}

 , where 

(1) p1∗ = Min
{
p11, p21

}
;

(2) if p∗1 = p11 , then p∗2 = Min
{
p12, p21 − p∗1

}
;

(3) or if p∗1 = p21 , then p∗2 = Min
{
p22, p11 − p∗1

}
;

(4) if p∗1 = p11 and p∗2 = p12 , then p∗3 = Min
{
p13, p21 −

(
p∗1 + p∗2

)}
;

(5) or if p∗1 = p11 and p∗2 = p21 − p∗1 , then p∗3 = Min
{
p12 − p∗2, p

22
}
;

(6) or if p∗1 = p21 and p∗2 = p22 , then p∗3 = Min
{
p23, p11 −

(
p∗1 + p∗2

)}
;

(7) or if p∗1 = p21 and p∗2 = p11 − p∗1 , then p∗3 = Min
{
p22 − p∗2, p

12
}
;

· · ·

p∗k = Min
{
p1L1 , p2L2

}
.

To perform the operations on PHFLTS, Yang et al. (2019) established fundamental 
operational laws for PHFLTS.

R
�
si, sj

�
=







pipj , si > sj

1
2
pipj , si = sj

0, si < sj

.

L
(

PHS

1 ≥ PHS

2
)

=
∑

i∈Ind
(

P
HS

1
)
∑

i∈Ind
(

P
HS

2
) R

(
si, sj

)
;

L
(

PHS

1 ≤ PHS

2
)

= 1−
∑

i∈Ind
(

P
HS

1
)
∑

i∈Ind
(

P
HS

2
) R

(
si, sj

)
.
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Definition 16 Yang et al. (2019) Let S be as before, 
P

HS

1(ϑ) =
{ (

si
1k , pk

∗
) ∣
∣ si

1k ∈ S,

0 ≤ pk
∗ ≤ 1,

K∑

k=1

pk
∗ = 1, i = 0, 1, · · · , g

}

 and 
P

HS

2(ϑ) =
{ (

si
2k , pk

∗
) ∣
∣ si

2k ∈ S, 0

≤ pk
∗ ≤ 1,

K∑

k=1

pk
∗ = 1, i = 0, 1, · · · , g

}

 be two PHFLTSs with the same proportional 

vector P = (p1∗, p2∗, · · · , pK∗)
T , and � be a positive real number. The basic operational 

laws can be obtained as follows: 

(1) P
HS

1(ϑ)⊕ P
HS

2(ϑ) =
{ [

f −1
(
f
(
si
1k
)
+ f

(
si
2k
)
− f

(
si
1k
)
f
(
si
2k
))
, pk

∗
]
∣
∣
∣ si

1k ∈ P
HS

1, si
2k ∈ P

HS

2
};

(2) PHS

1(ϑ)⊗ PHS

2(ϑ) =
{ [

f −1
(
f
(
si
1k
)
· f
(
si
2k
))
, pk

∗
]
∣
∣
∣ si

1k ∈ PHS

1, si
2k ∈ PHS

2
}

;

(3) �PHS

1(ϑ) =
{ [

f −1
(
1− f

(
si
1k
))�

, pk
∗
] ∣
∣
∣ si

1k ∈ PHS

1
}

;

(4) 
(

PHS

1(ϑ)

)�

=
{ [

f −1
(
f
(
si
1k
))�

, pk
∗
] ∣
∣
∣ si

1k ∈ PHS

1
}

;

where i = 0, 1, · · · , g and k = 1, 2, · · · ,K  . f and f −1 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 II 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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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 =

{
de1, de2, . . . , det

}
 , 

where t 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, e2, . . . , em} be the set of real estate enterprises applying for loans, where m 
is the number of enterprises.

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: 

Fig. 1 Flowchart of the proposed PHFL‑PROMETHEE II model for alternative evaluation
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solvency, profitability, development ability, and operating ability. Let C = {c1, c2, . . . , cn} 
denote the set of criteria in the index system, where n 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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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 

Table 1 Related literature

Literature Solvency Operation 
capability

Profitability Development 
ability

External 
environment 
and industry 
status

Market 
position and 
competitive 
advantage

Management 
level and 
operation 
status

Years of 
cooperation 
with Banks

 Gaudêncio 
et al. (2019)

� � � � � �

 Adair and 
Hutchison 
(2005)

� � � � � � �

 Chang et al. 
(2018)

� � � � � � � �

 Lee (2012) � � � � � �

 Medeiros 
Assef and 
Arns Steiner 
(2020)

� � � � �

 Zhao and 
Zheng 
(2018)

� � � � � � � �

 Choi et al. 
(2016)

� � � � � � � �

 Wang and 
Ma (2012)

� � � �

 Mou et al. 
(2018)

� � � � � � �

 Wang et al. 
(2020)

� � � � � � � �

 Huang et al. 
(2018)

� � �

 Zhang et al. 
(2013)

� � � �

 Liu (2021) � � � � �

 Yao et al. 
(2022)

� � � � � � �

 Bernhard‑
sen and 
Larsen 
(2007)

� � � � �

 Sun and 
Guo (2015)

� � � � �

 Chai et al. 
(2019)

� � � � � � � �

 Cheng and 
Xu (2019)

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

• 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 

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

Fig. 3 The credit evaluation index system of real estate
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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

• 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.

• 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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• 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 ll generated according to GH 
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 del can be repre-
sented as Ldel = (ldeji

l)m×n , where ldejil represents the linguistic evaluation of enter-
prise ej for criterion ci provided by expert del , i belongs to N = {1, 2, · · · , n} , j belongs to 
M = {1, 2, · · · ,m} , and l belongs to T = {1, 2, · · · , t}.

Normalization of initial linguistic decision matrix

(1) We convert the linguistic expression ll in each Ldel to HFLTS on the basis of the 
transformation function EGH , which is set in Definition 6. We then construct the 
hesitant fuzzy linguistic evaluation matrix Hl

S = (HSji
l)m×n , where HSji

l is an 
HFLTS, which has the same meaning as ldejil.

(2) We normalize the hesitant fuzzy linguistic evaluation matrix Hl
S = (HSji

l)m×n of 
each expert to Bl = (bji

l)m×n by using the following rules:

where bjil is an HFLTS and 
(

HSji
l
)neg

 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 Bl = (bji

l)m×n by using 
the expansion rules given in Definition 11 to ensure that the number of linguistic 
terms in each HFLTS in the matrix Bl = (bji

l)m×n 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 

bji
l =

{

HSji
l , benefit criterion ci

(HSji
l)
neg

, cost criterion ci
(i ∈ N , j ∈ M)
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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 =

(
u1

S , u2
S , · · · , ut

S
)
.

(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 uO =

(
u1

O, u2
O, · · · , ut

O
)
 . Let del and dek represent two experts, 

and HSji
l and HSji

k indicate the evaluations of experts del and dek on enterprise ej 
under criterion ci , respectively, where l and k belong to T  . The process of determin-
ing the objective weights involves seven sub-steps.

Step 1 When evaluating ej under the criterion ci , the degree of consistency between the 
opinions of del and dek is defined as follows:

where 0 ≤ ACk
l (ej , ci) ≤ 1 , and the larger the value, the higher the consistency between 

del and dek . The distance between HSji
l and HS

k
ji
 is calculated using the equation given in 

Definition 10.

Step 2 The consistency of del and dek is calculated when evaluating all enterprises under 
all criteria.

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

(2)ACk
l (ej , ci) = 1− ded

(

Hl
Sji
,Hk

Sji

)

,

(3)ded

�

Hl
Sji
,Hk

Sji

�

=






1

Q

�Q

q=1





�
�
�δlq − δkq

�
�
�

g + 1





2





1/2

.

(4)ACk
l =

1

mn

∑m

j=1

∑n

i=1

(

1− ded

(

Hl
Sji
,Hk

Sji

))

.

(5)AC =








1 AC2
1 · · · ACt

1

AC1
2 1 · · · ACt

2
...

...
...

...

AC1
t AC2

t · · · 1







.
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Step 3 The average consistency degree of del is expressed as follows:

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

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

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

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 Pl = (pji

l)m×n , where pjil is a PHFLTS, and l ∈ T .
(2) Generation of the group decision matrix of PHFLTS The individual decision matrix 

Pl = (pji
l)m×n is aggregated using the PHFLWA operator, which was introduced 

in Yang et  al. (2019). This way, we obtain the PHFLTS group decision matrix 
P̃ =

(
p̃ji

)

m×n
 , where p̃ji is a PHFLTS that represents the group evaluation of ej 

under criterion ci.

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 = (w1 , w2 , · · · , wn) . 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 

(6)AACl =
1

t − 1

∑t

k �=l;k=1
ACk

l .

(7)AACl =
AACl

∑t
l=1 AACl

.

(8)ul
O =

AACl
∑t

l=1 AACl

=AACl .

(9)ul =
ul

O + ul
S

∑t
l=1 (ul

O + ulS)
, l ∈ T .
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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 ÃB , can be 
constructed as follows: 

 where ãBi denotes the fuzzy preference degree of the best criterion cB over crite-
rion ci , where i ∈ N  . Note that ãBB = (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 ÃW  , can be determined as follows:

where ãiW  denotes the fuzzy preference degree of criterion ci over the worst criterion cB 
and i ∈ N  . Note that ãWW = (1, 1, 1).

Step  4 Calculation of the optimal fuzzy weights ω = (ω1 , ω2 , · · · , ωn) 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:

(10)ÃB =
(
ãB1, ãB2, · · · , ãBn

)
,

(11)ÃW =
(
ã1W , ã2W , · · · , ãnW

)
,
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where ãiW=(liW ,miW ,uiW );   ãBi=(lBi,mBi,uBi);   w̃i=
(
lwi ,m

w
i ,u

w
i

)
 is the optimal fuzzy 

weight of criterion ci ; w̃B=
(
lwB ,m

w
B ,u

w
B

)
 is the optimal fuzzy weight of the best criterion; 

w̃W=
(
lwW ,mw

W ,uwW
)
 is the optimal fuzzy weight of the worst criterion; and l, m, u repre-

sent the lower, median, and upper values, respectively. R
(
w̃i

)
=

lwi +4mw
i +uwi
6  is a function 

that transforms the fuzzy weight of criterion ci into an accurate value. ξ∗=(k∗, k∗, k∗) is 
the optimal target value.

Solving the above model allows us to obtain the optimal fuzzy weights denoted by 
(
w̃∗
1, w̃

∗
2 , · · · , w̃

∗
n

)
 . The final criteria weights (w1,w2, · · · ,wn) can be obtained using the 

function R
(
w̃i

)
=

lwi +4mw
i +uwi
6 .

Use of the probability‑based PHFLTS‑PROMETHEE II 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 Li(er , ek) that er is better than ek under criterion ci , 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 ci(i ∈ N ).

where L(pri ≥ pki) ∈ [0, 1] . A higher value of L(pri ≥ pki) indicates that er is better than 
ek , while a smaller value of L(pri ≥ pki) suggests a smaller difference between er and ek . 
L(pri ≥ pki)=0 indicates that er and ek are indistinguishable.

Step 3 Determination of the preference index 
∏

(er , ek).
This index represents the outranking degree of every er over ek.

Step 4 The positive flow ϕ+(e) and negative flow ϕ−(e) of each enterprise based on the 
preference index.

Min ξ∗






�
�
�
(lwB ,m

w
B ,u

w
B)

(lwi ,m
w
i ,u

w
i )

− (lBi,mBi,uBi)
�
�
� ≤ (k∗, k∗, k∗)

�
�
�
(lwi ,m

w
i ,u

w
i )

(lwW ,mw
W ,uwW )

− (liW ,miW ,uiW )

�
�
� ≤ (k∗, k∗, k∗)

�n
i=1 R

�
w̃i

�
= 1

lwi ≤ mw
i ≤ uwi

lwi ≥ 0
i ∈ N

,

Lci = [Li(er , ek )]m×m = [L(pri ≥ pki)]m×m =









L(p1i ≥ p1i) L(p1i ≥ p2i) · · · L(p1i ≥ pmi)

L(p2i ≥ p1i) L(p2i ≥ p2i) · · · L(p2i ≥ pmi)

.

.

.
.
.
.

. . .
.
.
.

L(pmi ≥ p1i) L(pmi ≥ p2i) · · · L(pmi ≥ pmi)









m×m

(12)
∏

(er , ek) =
∑n

i=1
ωiLi(er , ek).

(13)ϕ+
(
ej
)
=

1

m− 1

∑m

k=1,k �=j

∏ (
ej , ek

)
;
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Step 5 The net ranking ϕ(e) of each enterprise.

Step 6 All enterprises according to the net ranking ϕ(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 {e1, e2, e3, e4, e5} , 
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, de2, de3, de4, de5

}
 , 

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 ( c5 ), market position and competitive advantage ( c6 ), man-
agement level and operational status ( c7 ), and years of cooperation with banks ( c8 ). 
The set of criteria is denoted by C = {c1, c2, c3, c4, c5, c6, c7, c8}.

(14)ϕ−
(
ej
)
=

1

m− 1

∑m

k=1,k �=j

∏ (
ek , ej

)
.

(15)ϕ
(
ej
)
= ϕ+

(
ej
)
− ϕ−

(
ej
)
.

Table 2 The profile of experts

Experts Highest academic 
qualification

Positions Bank credit evaluation 
experience

Real estate 
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.

Evaluation of five enterprises under eight criteria

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

(1) Transformation of the linguistic expression ll in Table 3 into HFLTS using EGH . The 
resulting HFLTS evaluation matrix is shown in Table 4.

S =

{
s0 : Very poor (VP), s1 : Poor (P), s2 : Slightly poor (SP), s3 : Medium (M),
s4 : Slightlygood (SG), s5 : Good (G), s6 : Verygood (VG)

}

Table 3 Initial decision matrices of the five experts

c1 c2 c3 c4 c5 c6 c7 c8

de1

e1 SG M SG G Between G and SG At least G At least SG Between M and G

e2 M SG SG SP Between SP and P Between G and SG SG Between SP and M

e3 G SG G SG SG Greater than SG M SG

e4 G G SG VG At least G Between SG and SP M Lower than M

e5 SP M M SP P VG SP At least SG

de2

e1 SG M SG G VG SG Greater than G Lower than SP

e2 M SG SG SP Between P and M G SG Lower than P

e3 G SG G SG At least SG VG Between P and M At least SG

e4 G G SG VG At least SG Between M and SG Between M and G SP

e5 SP M M SP Lower than M VG Between SP and M VG

de3

e1 SG M SG G Greater than G SG VG Between SP and M

e2 M SG SG SP M Between SG and G M VP

e3 G SG G M Greater than G Between SG and VG Between SP and SG At least SG

e4 G G SG VG G M At least SG Between P and M

e5 SP M M SP Between SP and M SG Between SP and M Greater than G

de4

e1 SG M SG G At least SG At least SG Between G and VG At most P

e2 M SG SG SP Between SP and M G At least SG Between SP and P

e3 G SG G SG Between M and SG At least SG M Between M and SG

e4 G G SG VG Greater than SG G Greater than M Between P and M

e5 SP M M SP Between SP and P At least SG Between P and M Between SG and VG

de5

e1 SG M SG G Between SG and VG M At least SG Between SP and M

e2 M SG SG SP Lower than P At least G Between SG and VG SP

e3 G SG G SG At least G At least SG Between M and G Greater than M

e4 G SG SG VG Between G and VG G G Between P and M

e5 SP M M SP At least G Between SG and VG Between P and M SG
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(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 ci for 
each enterprise was the same. The resulting standardized HFLTS matrix is shown in 
Table 5.

Table 4 HFLTS evaluation matrices

c1 c2 c3 c4 c5 c6 c7 c8

de1

e1 {s4} {s3} {s4} {s5} {s4 , s5} {s5 , s6} {s4 , s5 , s6} {s3 , s4 , s5}

e2 {s3} {s4} {s4} {s2} {s1 , s2} {s4 , s5} {s4} {s2 , s3}

e3 {s5} {s4} {s5} {s4} {s4} {s5 , s6} {s3} {s4}

e4 {s5} {s5} {s4} {s6} {s5 , s6} {s2 , s3 , s4} {s3} {s0 , s1 , s2}

e5 {s2} {s3} {s3} {s2} {s1} {s6} {s2} {s4 , s5 , s6}

de2

e1 {s4} {s3} {s4} {s5} {s6} {s4} {s6} {s0 , s1}

e2 {s3} {s4} {s4} {s2} {s1 , s2 , s3} {s5} {s4} {s0}

e3 {s5} {s4} {s5} {s4} {s4 , s5 , s6} {s6} {s1 , s2 , s3} {s4 , s5 , s6}

e4 {s5} {s5} {s4} {s6} {s4 , s5 , s6} {s3 , s4} {s3 , s4 , s5} {s2}

e5 {s2} {s3} {s3} {s2} {s0 , s1 , s2} {s6} {s2 , s3} {s6}

de3

e1 {s4} {s3} {s4} {s5} {s6} {s4} {s6} {s2 , s3}

e2 {s3} {s4} {s4} {s2} {s3} {s4 , s5} {s3} {s0}

e3 {s5} {s4} {s5} {s3} {s6} {s4 , s5 , s6} {s2 , s3 , s4} {s4 , s5 , s6}

e4 {s5} {s5} {s4} {s6} {s5} {s3} {s4 , s5 , s6} {s1 , s2 , s3}

e5 {s2} {s3} {s3} {s2} {s2 , s3} {s4} {s2 , s3} {s6}

de4

e1 {s4} {s3} {s4} {s5} {s4 , s5 , s6} {s4 , s5 , s6} {s5 , s6} {s0 , s1}

e2 {s3} {s4} {s4} {s2} {s2 , s3} {s5} {s4 , s5 , s6} {s1 , s2}

e3 {s5} {s4} {s5} {s4} {s3 , s4} {s4 , s5 , s6} {s3} {s3 , s4}

e4 {s5} {s5} {s4} {s6} {s5 , s6} {s5} {s4 , s5 , s6} {s1 , s2 , s3}

e5 {s2} {s3} {s3} {s2} {s1 , s2} {s4 , s5 , s6} {s1 , s2 , s3} {s4 , s5 , s6}

de5

e1 {s4} {s3} {s4} {s5} {s4 , s5 , s6} {s3} {s4 , s5 , s6} {s2 , s3}

e2 {s3} {s4} {s4} {s2} {s0} {s5 , s6} {s4 , s5 , s6} {s2}

e3 {s5} {s4} {s5} {s4} {s5 , s6} {s4 , s5 , s6} {s3 , s4 , s5} {s4 , s5 , s6}

e4 {s5} {s4} {s4} {s6} {s5 , s6} {s5} {s5} {s1 , s2 , s3}

e5 {s2} {s3} {s3} {s2} {s5 , s6} {s4 , s5 , s6} {s1 , s2 , s3} {s4}
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Table 5 Standard HFLTS evaluation matrices

c1 c2 c3 c4 c5 c6 c7 c8

de1

e1 {s4} {s3} {s4} {s5} {s4 , s4 , s4 , 
s5 , s5 , s5}

{s5 , s5 , s5 , 
s6 , s6 , s6}

{s4 , s4 , s5 , 
s5 , s6 , s6}

{s3 , s3 , s4 , s4 , 
s5 , s5}

e2 {s3} {s4} {s4} {s2} {s1 , s1 , s1 , 
s2 , s2 , s2}

{s4 , s4 , s4 , 
s5 , s5 , s5}

{s4 , s4 , s4 , 
s4 , s4 , s4}

{s2 , s2 , s2 , s3 , 
s3 , s3}

e3 {s5} {s4} {s5} {s4} {s4 , s4 , s4 , 
s4 , s4 , s4}

{s5 , s5 , s5 , 
s6 , s6 , s6}

{s3 , s3 , s3 , 
s3 , s3 , s3}

{s4 , s4 , s4 , s4 , 
s4 , s4}

e4 {s5} {s5} {s4} {s6} {s5 , s5 , s5 , 
s6 , s6 , s6}

{s2 , s2 , s3 , 
s3 , s4 , s4}

{s3 , s3 , s3 , 
s3 , s3 , s3}

{s0 , s0 , s1 , s1 , 
s2 , s2}

e5 {s2} {s3} {s3} {s2} {s6 , s6 , s6 , 
s6 , s6 , s6}

{s6 , s6 , s6 , 
s6 , s6 , s6}

{s2 , s2 , s2 , 
s2 , s2 , s2}

{s4 , s4 , s5 , s5 , 
s6 , s6}

de2

e1 {s4} {s3} {s4} {s5} {s6 , s6 , s6 , 
s6 , s6 , s6}

{s4 , s4 , s4 , 
s4 , s4 , s4}

{s6 , s6 , s6 , 
s6 , s6 , s6}

{s0 , s0 , s0 , s1 , 
s1 , s1}

e2 {s3} {s4} {s4} {s2} {s1 , s1 , s2 , 
s2 , s3 , s3}

{s5 , s5 , s5 , 
s5 , s5 , s5}

{s4 , s4 , s4 , 
s4 , s4 , s4}

{s0 , s0 , s0 , s0 , 
s0 , s0}

e3 {s5} {s4} {s5} {s4} {s4 , s4 , s5 , 
s5 , s6 , s6}

{s6 , s6 , s6 , 
s6 , s6 , s6}

{s1 , s1 , s2 , 
s2 , s3 , s3}

{s4 , s4 , s5 , s5 , 
s6 , s6}

e4 {s5} {s5} {s4} {s6} {s4 , s4 , s5 , 
s5 , s6 , s6}

{s3 , s3 , s3 , 
s4 , s4 , s4}

{s3 , s3 , s4 , 
s4 , s5 , s5}

{s2 , s2 , s2 , s2 , 
s2 , s2}

e5 {s2} {s3} {s3} {s2} {s0 , s0 , s1 , 
s1 , s2 , s2}

{s6 , s6 , s6 , 
s6 , s6 , s6}

{s2 , s2 , s2 , 
s3 , s3 , s3}

{s6 , s6 , s6 , s6 , 
s6 , s6}

de3

e1 {s4} {s3} {s4} {s5} {s6 , s6 , s6 , 
s6 , s6 , s6}

{s4 , s4 , s4 , 
s4 , s4 , s4}

{s6 , s6 , s6 , 
s6 , s6 , s6}

{s2 , s2 , s2 , s3 , 
s3 , s3}

e2 {s3} {s4} {s4} {s2} {s3 , s3 , s3 , 
s3 , s3 , s3}

{s4 , s4 , s4 , 
s5 , s5 , s5}

{s3 , s3 , s3 , 
s3 , s3 , s3}

{s0 , s0 , s0 , s0 , 
s0 , s0}

e3 {s5} {s4} {s5} {s3} {s6 , s6 , s6 , 
s6 , s6 , s6}

{s4 , s4 , s5 , 
s5 , s6 , s6}

{s2 , s2 , s3 , 
s3 , s4 , s4}

{s4 , s4 , s5 , s5 , 
s6 , s6}

e4 {s5} {s5} {s4} {s6} {s5 , s5 , s5 , 
s5 , s5 , s5}

{s3 , s3 , s3 , 
s3 , s3 , s3}

{s4 , s4 , s5 , 
s5 , s6 , s6}

{s1 , s1 , s2 , s2 , 
s3 , s3}

e5 {s2} {s3} {s3} {s2} {s2 , s2 , s2 , 
s3 , s3 , s3}

{s4 , s4 , s4 , 
s4 , s4 , s4}

{s2 , s2 , s2 , 
s3 , s3 , s3}

{s6 , s6 , s6 , s6 , 
s6 , s6}

de4

e1 {s4} {s3} {s4} {s5} {s4 , s4 , s5 , 
s5 , s6 , s6}

{s4 , s4 , s5 , 
s5 , s6 , s6}

{s5 , s5 , s5 , 
s6 , s6 , s6}

{s0 , s0 , s0 , s1 , 
s1 , s1}

e2 {s3} {s4} {s4} {s2} {s2 , s2 , s2 , 
s3 , s3 , s3}

{s5 , s5 , s5 , 
s5 , s5 , s5}

{s4 , s4 , s5 , 
s5 , s6 , s6}

{s1 , s1 , s1 , s2 , 
s2 , s2}

e3 {s5} {s4} {s5} {s4} {s3 , s3 , s3 , 
s4 , s4 , s4}

{s4 , s4 , s5 , 
s5 , s6 , s6}

{s3 , s3 , s3 , 
s3 , s3 , s3}

{s3 , s3 , s3 , s4 , 
s4 , s4}

e4 {s5} {s5} {s4} {s6} {s5 , s5 , s5 , 
s6 , s6 , s6}

{s5 , s5 , s5 , 
s5 , s5 , s5}

{s4 , s4 , s5 , 
s5 , s6 , s6}

{s1 , s1 , s2 , s2 , 
s3 , s3}

e5 {s2} {s3} {s3} {s2} {s1 , s1 , s1 , 
s2 , s2 , s2}

{s4 , s4 , s5 , 
s5 , s6 , s6}

{s1 , s1 , s2 , 
s2 , s3 , s3}

{s4 , s4 , s5 , s5 , 
s6 , s6}

de5

e1 {s4} {s3} {s4} {s5} {{s4 , s4 , s5 , 
s5 , s6 , s6}

{s3 , s3 , s3 , 
s3 , s3 , s3}

{s4 , s4 , s5 , 
s5 , s6 , s6}

{s2 , s2 , s2 , s3 , 
s3 , s3}

e2 {s3} {s4} {s4} {s2} {s0 , s0 , s0 , 
s0 , s0 , s0}

{s5 , s5 , s5 , 
s6 , s6 , s6}

{s4 , s4 , s5 , 
s5 , s6 , s6}

{s2 , s2 , s2 , s2 , 
s2 , s2}

e3 {s5} {s4} {s5} {s4} {s5 , s5 , s5 , 
s6 , s6 , s6}

{s4 , s4 , s5 , 
s5 , s6 , s6}

{s3 , s3 , s4 , 
s4 , s5 , s5}

{s4 , s4 , s5 , s5 , 
s6 , s6}

e4 {s5} {s4} {s4} {s6} {s5 , s5 , s5 , 
s6 , s6 , s6}

{s5 , s5 , s5 , 
s5 , s5 , s5}

{s5 , s5 , s5 , 
s5 , s5 , s5}

{s1 , s1 , s2 , s2 , 
s3 , s3}

e5 {s2} {s3} {s3} {s2} {s5 , s5 , s5 , 
s6 , s6 , s6}

{s4 , s4 , s5 , 
s5 , s6 , s6}

{s1 , s1 , s2 , 
s2 , s3 , s3}

{s4 , s4 , s4 , s4 , 
s4 , s4}
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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 uS = (0.18, 0.16, 0.2, 0.22, 0.24).

(2) Determining the objective weights of experts.

Given that c1 − c4 are quantitative indicators, the five expert evaluations of c1 − c4 are 
nearly the same. Thus, we only consider the expert evaluation of c5 − c8.

Step 1 We calculate the distance and consistency between the evaluations of expert del 
and dek for enterprise ej under criterion ci . The consistency matrices are as follows:

AC1
2 =








0.774 0.857 0.816 0.495
0.899 0.899 1 0.636
0.816 0.899 0.816 0.816
0.899 0.899 0.816 0.816
0.276 1 0.899 0.816







 , AC1

3 =








0.774 0.774 0.816 0.774
0.774 1 0.857 0.636
0.714 0.899 0.883 0.816
0.899 0.883 0.691 0.857
0.495 0.714 0.899 0.816







,

AC1
4 =








0.899 0.899 0.899 0.495
0.857 0.899 0.816 0.857
0.899 0.899 1 0.899
1 0.691 0.691 0.857

0.353 0.816 0.883 1







 , AC1

5 =








0.899 0.636 1 0.774
0.774 0.857 0.816 0.899
0.774 0.899 0.816 0.816
1 0.691 0.714 0.857

0.899 0.816 0.883 0.816







,

AC2
3 =








1 1 1 0.714
0.816 0.899 0.857 1
0.816 0.816 0.857 1
0.883 0.899 0.857 0.883
0.774 0.714 1 1







 , AC2

4 =








0.816 0.816 0.899 1
0.899 1 0.816 0.774
0.774 0.816 0.816 0.774
0.899 0.774 0.857 0.883
0.899 0.816 0.899 0.816







,

AC2
5 =








0.816 0.857 0.816 0.714
0.691 0.899 0.816 0.714
0.899 0.816 0.714 1
0.899 0.774 0.816 0.883
0.353 0.816 0.899 0.714







 , AC3

4 =








0.816 0.816 0.899 0.714
0.899 0.899 0.691 0.774
0.636 1 0.883 0.774
0.899 0.714 1 1
0.857 0.816 0.899 0.816







,

AC3
5 =








0.816 0.857 0.816 1
0.571 0.857 0.691 0.714
0.899 1 0.857 1
0.899 0.714 0.883 1
0.571 0.816 0.899 0.714







 , AC4

5 =








1 0.691 0.899 0.714
0.636 0.899 1 0.899
0.714 1 0.816 0.774
1 1 0.883 1

0.429 1 1 0.816







.

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

AC=








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







.



Page 31 of 53Chen et al. Financial Innovation           (2023) 9:120  

Step 3 We calculate the average consistency of each expert.

Step 4 We normalize the degree of consistency between expert del and all other experts.

Step 5 We obtain the objective weight of each expert.

(3) Comprehensive weights of each expert.

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 [ c4 ], external environment and industry 
status [ c5 ], market position and competitive advantage [ c6 ], management level and 
operational status [ c7 ], and years of cooperation with banks [ c8].

Step 2 Determination of the best and the worst criteria.
Based on expert consensus, c3 is identified as the best criterion, and c8 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:

The fuzzy others-to-worst vector can be obtained by Table 3 and Eq. (11) as follows:

AAC1 = 0.817, AAC2 = 0.835, AAC3 = 0.839, AAC4 = 0.845, AAC5 = 0.829.

AAC1 = 0.196, AAC2 = 0.200, AAC3 = 0.201, AAC4 = 0.203, AAC5 = 0.199.

u1
O = 0.196, u2

O = 0.200, u3
O = 0.201, u4

O = 0.203, u5
O = 0.199.

u1 = 0.188, u2 = 0.180, u3 = 0.201, u4 = 0.212, and u5 = 0.219.

ÃB = [(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)]

.
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Table 7 PHFLTS‑based group decision matrix

c1 c2 c3 c4 c5 c6 c7 c8

{(s1.97,1/6), ( s1.97
,1/6),

{(s2.96,1/6), ( s2.96
,1/6),

{(s1.81,1/6), ( s1.81
,1/6),

{(s5.47,1/6), ( s5.47
,1/6),

e1 {(s3,1)} {(s4,1)} {(s3,1)} {(s2,1)} (s1.66,1/6), ( s1.54
,1/6),

(s2.72,1/6), ( s2.38
,1/6),

(s1.54,1/6), ( s1.33
,1/6),

(s5.18,1/6), ( s4.44
,1/6),

(s1.14,1/6), ( s1.14
,1/6)}

(s2.06,1/6), ( s2.06
,1/6)}

(s1,1/6), ( s1,1/6)} (s4.12,1/6),(s4.12
,1/6)}

{(s5.5,1/6), ( s5.5
,1/6),

{(s2.34,1/6),(s2.34
,1/6),

{(s3.18,1/6), ( s3.18
,1/6),

{(s5.91,1/6), ( s5.91
,1/6),

e2 {(s4,1)} {(s3,1)} {(s3,1)} {(s5,1)} (s5.33,1/6), ( s4.91
,1/6),

(s2.34,1/6), ( s1.72
,1/6),

(s2.67,1/6), ( s2.67
,1/6),

(s5.91,1/6), ( s5.45
,1/6),

(s4.72,1/6), ( s4.72
,1/6)}

(s1.72,1/6), ( s1.72
,1/6)}

(s1.98,1/6), ( s1.98
,1/6)}

(s5.45,1/6), ( s5.45
,1/6)}

{(s2.34,1/6), ( s2.34
,1/6),

{(s2.28,1/6),(s2.28
,1/6),

{(s4.5,1/6), ( s4.5
,1/6),

{(s3.19,1/6), ( s3.19
,1/6),

e3 {(s2,1)} {(s3,1)} {(s2,1)} {(s3.18,1)} (s2.17,1/6), ( s1.76
,1/6),

(s1.77,1/6), ( s1.55
,1/6),

(s3.91,1/6), ( s3.91
,1/6),

(s2.5,1/6), ( s2.35
,1/6),

(s1.55,1/6), ( s1.55
,1/6)}

(s1,1/6), ( s1,1/6)} (s3.24,1/6), ( s3.24
,1/6)}

(s1.55,1/6), ( s1.55
,1/6)}

{(s2.15,1/6), ( s2.15
,1/6),

{(s3.09,1/6), ( s3.09
,1/6),

{(s3.05,1/6),(s3.05
,1/6),

{(s5.98,1/6), ( s5.98
,1/6),

e4 {(s2,1)} {(s2.19,1)} {(s3,1)} {(s1,1)} (s2,1/6), ( s1.3
,1/6),

(s2.97,1/6), ( s2.82
,1/6),

(s2.45,1/6), ( s2.45
,1/6),

(s5.17,1/6), ( s5.17
,1/6),

(s1.15,1/6), ( s1.15
,1/6)}

(s2.67,1/6), ( s2.67
,1/6)}

(s1.71,1/6), ( s1.71
,1/6)}

(s4.34,1/6), ( s4.34
,1/6)}

{(s4.68,1/6), ( s4.68
,1/6),

{(s2,1/6), ( s2,1/6), {(s5.41,1/6),(s5.41
,1/6),

{(s1.97,1/6),(s1.97
,1/6),

e5 {(s5,1)} {(s4,1)} {(s4,1)} {(s5,1)} (s4.55,1/6), ( s3.59
,1/6),

(s1.68,1/6), ( s1.68
,1/6),

(s5,1/6), ( s4.59
,1/6),

(s1.68,1/6), ( s1.68
,1/6),

(s3.48,1/6), ( s3.48
,1/6)}

(s1.25,1/6), ( s1.25
,1/6)}

(s4.17,1/6), ( s4.17
,1/6)}

(s1.27,1/6), ( s1.27
,1/6)}

Table 8 Relative importance comparison results between the best criterion and all the criteria

Criteria c1 c2 c3 c4 c5 c6 c7 c8

c3 VI AI EI WI FI WI VI AI

Table 9 Comparison results of the relative importance between the worst criterion c8 all other 
criteria

Criteria c8 Criteria c8

c1 FI c5 FI

c2 WI c6 WI

c3 AI c7 AI

c4 VI c8 VI
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Step 4 Calculation of the optimal fuzzy weights ω = (ω1 , ω2 , · · · , ωn) of the criteria.
In this study, according to the fuzzy best-to-others vector ÃB and the fuzzy others-to-

worst vector ÃW  , the following model for calculating the optimal weight of the criterion 
can be established.

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

ÃW = [(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)]

.

(16)

Min ξ∗

s.t.
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� ≤ (k∗, k∗, k∗),

�
�
�
(lw3 ,m

w
3
,uw
3 )

(lw3 ,m
w
3
,uw
3 )

− (l33,m33,u33)
�
�
� ≤ (k∗, k∗, k∗),

�
�
�
(lw3 ,m

w
3
,uw
3 )

(lw4 ,m
w
4
,uw
4 )

− (l34,m34,u34)
�
�
� ≤ (k∗, k∗, k∗),

�
�
�
(lw3 ,m

w
3
,uw
3 )

(lw5 ,m
w
5
,uw
5 )

− (l35,m35,u35)
�
�
� ≤ (k∗, k∗, k∗),

�
�
�
(lw3 ,m

w
3
,uw
3 )

(lw6 ,m
w
6
,uw
6 )

− (l36,m36,u36)
�
�
� ≤ (k∗, k∗, k∗),

�
�
�
(lw3 ,m

w
3
,uw
3 )

(lw7 ,m
w
7 ,u

w
7 )

− (l37,m37,u37)
�
�
� ≤ (k∗, k∗, k∗),

�
�
�
(lw3 ,m

w
3
,uw
3 )

(lw8 ,m
w
8
,uw
8 )

− (l38,m38,u38)
�
�
� ≤ (k∗, k∗, k∗),

�
�
�
(lw1 ,m

w
1
,uw
1 )

(lw8 ,m
w
8
,uw
8 )

− (l18,m18,u18)
�
�
� ≤ (k∗, k∗, k∗),

�
�
�
(lw2 ,m

w
2
,uw
2 )

(lw8 ,m
w
8
,uw
8 )

− (l28,m28,u28)
�
�
� ≤ (k∗, k∗, k∗),

�
�
�
(lw3 ,m

w
3
,uw
3 )

(lw8 ,m
w
8
,uw
8 )

− (l38,m38,u38)
�
�
� ≤ (k∗, k∗, k∗),

�
�
�
(lw4 ,m

w
4
,uw
4 )

(lw8 ,m
w
8
,uw
8 )

− (l48,m48,u48)
�
�
� ≤ (k∗, k∗, k∗),

�
�
�
(lw5 ,m

w
5
,uw
5 )

(lw8 ,m
w
8
,uw
8 )

− (l58,m58,u58)
�
�
� ≤ (k∗, k∗, k∗),

�
�
�
(lw6 ,m

w
6
,uw
6 )

(lw8 ,m
w
8
,uw
8 )

− (l68,m68,u68)
�
�
� ≤ (k∗, k∗, k∗),

�
�
�
(lw7 ,m

w
7 ,u

w
7 )

(lw8 ,m
w
8
,uw
8 )

− (l78,m78,u78)
�
�
� ≤ (k∗, k∗, k∗),

�
�
�
(lw8 ,m

w
8
,uw
8 )

(lw8 ,m
w
8
,uw
8 )

− (l88,m88,u88)
�
�
� ≤ (k∗, k∗, k∗),

�8
i=1 R

�
w̃i

�
= 1,

lwi ≤ mw
i ≤ uwi ,

lwi ≥ 0,

i = 1, 2, · · · , 8.

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

Then, the final criteria weights (w1,w2, · · · ,wn) can be obtained by the function 
R
(
w̃i

)
=

lwi +4mw
i +uwi
6  . The weights are as follows:

Use of the probability‑based PHFLTS‑PROMETHEE II 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:

(17)

Min k∗

s.t.







l3 − 2.5 ∗ u1 ≤ k ∗ u1; l3 − 2.5 ∗ u1 ≥ −k ∗ u1;m3 − 3 ∗m1 ≤ k ∗m1; m3 − 3 ∗m1 ≥ −k ∗m1;

u3 − 3.5 ∗ l1 ≤ k ∗ l1; u3 − 3.5 ∗ l1 ≥ −k ∗ l1; l3 − 3.5 ∗ u2 ≤ k ∗ u2; l3 − 3.5 ∗ u2 ≥ −k ∗ u2;

m3 − 4 ∗m2 ≤ k ∗m2; m3 − 4 ∗m2 ≥ −k ∗m2;u3 − 4.5 ∗ l2 ≤ k ∗ l2; u3 − 4.5 ∗ l2 ≥ −k ∗ l2;

l3 − 0.67 ∗ u4 ≤ k ∗ u4; l3 − 0.67 ∗ u4 ≥ −k ∗ u4;m3 − 1 ∗m4 ≤ k ∗m4; m3 − 1 ∗m4 ≥ −k ∗m4;

u3 − 1.5 ∗ l4 ≤ k ∗ l4; u3 − 1.5 ∗ l4 ≥ −k ∗ l4; l3 − 1.5 ∗ u5 ≤ k ∗ u5; l3 − 1.5 ∗ u5 ≥ −k ∗ u5;

m3 − 2 ∗m5 ≤ k ∗m5; m3 − 2 ∗m5 ≥ −k ∗m5;u3 − 2.5 ∗ l5 ≤ k ∗ l5; u3 − 2.5 ∗ l5 ≥ −k ∗ l5;

l3 − 0.67 ∗ u6 ≤ k ∗ u6; l3 − 0.67 ∗ u6 ≥ −k ∗ u6;m3 − 1 ∗m6 ≤ k ∗m6; m3 − 1 ∗m6 ≥ −k ∗m6;

u3 − 1.5 ∗ l6 ≤ k ∗ l6; u3 − 1.5 ∗ l6 ≥ −k ∗ l6; l3 − 2.5 ∗ u7 ≤ k ∗ u7; l3 − 2.5 ∗ u7 ≥ −k ∗ u7;

m3 − 3 ∗m7 ≤ k ∗m7; m3 − 3 ∗m7 ≥ −k ∗m7;u3 − 3.5 ∗ l7 ≤ k ∗ l7; u3 − 3.5 ∗ l7 ≥ −k ∗ l7;

l3 − 3.5 ∗ u8 ≤ k ∗ u8; l3 − 3.5 ∗ u8 ≥ −k ∗ u8;m3 − 4 ∗m8 ≤ k ∗m8; m3 − 4 ∗m8 ≥ −k ∗m8;

u3 − 4.5 ∗ l8 ≤ k ∗ l8; u3 − 4.5 ∗ l8 ≥ −k ∗ l8; l1 − 1.5 ∗ u8 ≤ k ∗ u8; l1 − 1.5 ∗ u8 ≥ −k ∗ u8;

m1 − 2 ∗m8 ≤ k ∗m8; m1 − 2 ∗m8 ≥ −k ∗m8;u1 − 2.5 ∗ l8 ≤ k ∗ l8; u1 − 2.5 ∗ l8 ≥ −k ∗ l8;

l2 − 0.67 ∗ u8 ≤ k ∗ u8; l2 − 0.67 ∗ u8 ≥ −k ∗ u8;m2 − 1 ∗m8 ≤ k ∗m8; m2 − 1 ∗m8 ≥ −k ∗m8;

u2 − 1.5 ∗ l8 ≤ k ∗ l8; u2 − 1.5 ∗ l8 ≥ −k ∗ l8; l4 − 2.5 ∗ u8 ≤ k ∗ u8; l4 − 2.5 ∗ u8 ≥ −k ∗ u8;

m4 − 3 ∗m8 ≤ k ∗m8; m4 − 3 ∗m8 ≥ −k ∗m8;u4 − 3.5 ∗ l8 ≤ k ∗ l8; u4 − 3.5 ∗ l8 ≥ −k ∗ l8;

l5 − 1.5 ∗ u8 ≤ k ∗ u8; l5 − 1.5 ∗ u8 ≥ −k ∗ u8;m5 − 2 ∗m8 ≤ k ∗m8; m5 − 2 ∗m8 ≥ −k ∗m8;

u5 − 2.5 ∗ l8 ≤ k ∗ l8; u5 − 2.5 ∗ l8 ≥ −k ∗ l8; l6 − 2.5 ∗ u8 ≤ k ∗ u8; l6 − 2.5 ∗ u8 ≥ −k ∗ u8;

m6 − 3 ∗m8 ≤ k ∗m8; m6 − 3 ∗m8 ≥ −k ∗m8;u6 − 3.5 ∗ l8 ≤ k ∗ l8; u6 − 3.5 ∗ l8 ≥ −k ∗ l8;

l7 − 0.67 ∗ u8 ≤ k ∗ u8; l7 − 0.67 ∗ u8 ≥ −k ∗ u8;m7 − 1 ∗m8 ≤ k ∗m8; m7 − 1 ∗m8 ≥ −k ∗m8;

u7 − 1.5 ∗ l8 ≤ k ∗ l8; u7 − 1.5 ∗ l8 ≥ −k ∗ l8;
1

6
∗ l1 +

1

6
∗ 4 ∗m1 +

1

6
∗ u1 +

1

6
∗ l2 +

1

6
∗ 4 ∗m2 +

1

6
∗ u2

+ 1
6
∗ l3 +

1
6
∗ 4 ∗m3 +

1
6
∗ u3 +

1
6
∗ l4 +

1
6
∗ 4 ∗m4 +

1
6
∗ u4

+ 1

6
∗ l5 +

1

6
∗ 4 ∗m5 +

1

6
∗ u5 +

1

6
∗ l6 +

1

6
∗ 4 ∗m6 +

1

6
∗ u6

+ 1
6
∗ l7 +

1
6
∗ 4 ∗m7 +

1
6
∗ u7 +

1
6
∗ l8 +

1
6
∗ 4 ∗m8 +

1
6
∗ u8 = 1;

l1 ≤ m1 ≤ u1; l2 ≤ m2 ≤ u2; l3 ≤ m3 ≤ u3; l4 ≤ m4 ≤ u4;

l5 ≤ m5 ≤ u5; l6 ≤ m6 ≤ u6; l7 ≤ m7 ≤ u7; l8 ≤ m8 ≤ u8;

l1 > 0; l2 > 0; l3 > 0; l4 > 0; l5 > 0; l6 > 0; l7 > 0; l8 > 0; k ≥ 0.

w̃∗
1
= (0.0787, 0.0922, 0.1063); w̃∗

2
= (0.0584, 0.0594, 0.0712);

w̃∗
3
= (0.2206, 0.2415, 0.2419); w̃∗

4
= (0.1652, 0.1856, 0.2013);

w̃∗
5
= (0.1070, 0.1070, 0.1145); w̃∗

6
= (0.1639, 0.1856, 0.2013);

w̃∗
7
= (0.0616, 0.0769, 0.0804); w̃∗

8
= (0.0513, 0.0561, 0.0584);

ξ∗ = (0.4258, 0.4258, 0.4258).

w∗
1
= 0.0923; w∗

2
= 0.0612; w∗

3
= 0.2381; w∗

4
= 0.1848;w∗

5
= 0.1083; w∗

6
= 0.1846; w∗

7
= 0.0750; w∗

8
= 0.0557.
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Step 2 Determination of the preference index 
∏

(er , ek).

Step 3 Calculation of the positive flow ϕ+(e) and negative flow ϕ−(e) of each enterprise 
based on the preference index.

Lc1 = [L(br1 ≥ bk1)]5×5 =








0.5 1 0 0 1
0 0.5 0 0 1
1 1 0.5 0.5 1
1 1 0.5 0.5 1
0 0 0 0 0.5








5×5

,

Lc2 = [L(br2 ≥ bk2)]5×5 =








0.5 0 0 0 0.5
1 0.5 0.5 0.11 1
1 0.5 0.5 0.11 1
1 0.89 0.89 0.5 1
0.5 0 0 0 0.5








5×5

,

Lc3 = [L(br3 ≥ bk3)]5×5 =








0.5 0.5 0 0.5 1
0.5 0.5 0 0.5 1
1 1 0.5 1 1
0.5 0.5 0 0.5 1
0 0 0 0 0.5








5×5

,

Lc4 = [L(br4 ≥ bk4)]5×5 =








0.5 1 1 0 1
0 0.5 0 0 0.5
0 1 0.5 0 1
1 1 1 0.5 1
0 0.5 0 0 0.5








5×5

,

Lc5 = [L(br5 ≥ bk5)]5×5 =








0.5 1 0.62 0.172 0.88
0 0.5 0.02 0 0.45

0.38 0.98 0.5 0.38 0.85
0.828 1 0.62 0.5 0.87
0.12 0.55 0.15 0.13 0.5








5×5

,

Lc6 = [L(br6 ≥ bk6)]5×5 =








0.5 0.29 0.23 0.57 0.27
0.71 0.5 0.36 0.84 0.40
0.77 0.64 0.5 0.83 0.56
0.43 0.16 0.17 0.5 0.21
0.73 0.60 0.44 0.79 0.5








5×5

,

Lc7 = [L(br7 ≥ bk7)]5×5 =








0.5 0.83 0.97 0.82 1
0.17 0.5 0.82 0.43 0.97
0.03 0.18 0.5 0.17 0.77
0.18 0.57 0.83 0.5 0.96
0 0.03 0.23 0.04 0.5








5×5

,

Lc8 = [L(br8 ≥ bk8)]5×5 =








0.5 0.65 0.08 0.53 0.04
0.35 0.5 0.005 0.35 0
0.92 0.995 0.5 0.99 0.32
0.47 0.65 0.01 0.5 0
0.96 1 0.68 1 0.5








5×5

.

∏
(e1, e2)=0.6564,

∏
(e1, e3)=0.3716,

∏
(e1, e4)=0.3339,

∏
(e1, e5)=0.7682,

∏
(e2, e1)=0.3436,

∏
(e2, e3)=0.1610,

∏
(e2, e4)=0.3326,

∏
(e2, e5)=0.6793,

∏
(e3, e1)=0.6284,

∏
(e3, e2)=0.8390,

∏
(e3, e4)=0.5532,

∏
(e3, e5)=0.8474,

∏
(e4, e1)=0.6661,

∏
(e4, e2)=0.6674,

∏
(e4, e3)=0.4468,

∏
(e4, e5)=0.7814,

∏
(e5, e1)=0.2318,

∏
(e5, e2)=0.3207,

∏
(e5, e3)=0.1526,

∏
(e5, e4)=0.2186.
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Step 4 Calculation of the net ranking ϕ(e) of each enterprise.

Based on the value of the net ranking ϕ(e) , we can rank all enterprises as follows: 
e3 > e4 > e1 > e2 > e5 . 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)

]

m×n
 , where Lji(p) =

{

Lji
(k)

(

p(k)
ji

)∣
∣
∣

k = 1, 2, · · · , #Lji(p)
} and #Lji(p) is the number of different terms in Lji(p).

Step  2 The criteria weight vector w = (w1,w2, · · · ,wn)
T is calculated by using the 

maximizing deviation method.

where d(w) is the deviation degree and Lji(p) is a PLTS, which represents the cri-
teria values over the enterprises ej

(
j = 1, 2, · · · ,m

)
 with respect to the cri-

teria ci(i = 1, 2, · · · , n) . The deviation degree between Lji(p) and Lqi(p) is 

d
(
Lji(p), Lqi(p)

)
=

√
∑#Lji(p)

k=1

(
pji(k)rji(k) − pqi(k)rqi(k)

)2
/#Lji(p) . In addition, p(k) is the 

probability of the linguistic term, and r(k) 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.

Step 4 The deviation degree d
(
ej , L(p)

+
)
 between each enterprise and PIS and the devia-

tion degree d
(
ej , L(p)

−
)
 between each enterprise and NIS are obtained.

ϕ+(e1)=0.5325, ϕ+(e2)=0.3791, ϕ+(e3)=0.7170, ϕ+(e4)=0.6404, ϕ+(e5)=0.2309,
ϕ−(e1)=0.4675, ϕ−(e2)=0.6209, ϕ−(e3)=0.2830, ϕ−(e4)=0.3596, ϕ−(e5)=0.7691.

ϕ(e1) = 0.065, ϕ(e2) = −0.2418, ϕ(e3) = 0.434, ϕ(e4) = 0.2808, ϕ(e5) = −0.5382.

{
Maxd(w) =

∑n
i=1

∑m
j=1

∑m
q �=j,q=1 wid

(
Lji(p), Lqi(p)

)

wi ≥ 0, i = 1, 2, · · · , n,
∑n

i=1 w
2
i = 1

L(p)+ =
(
L1(p)

+, L2(p)
+, · · · , Ln(p)

+
)
, Li(p)

+ =

{(

L
(k)
i

)+∣
∣k = 1, 2, · · · , #Lji(p)

}

;

L(p)− =
(
L1(p)

−, L2(p)
−, · · · , Ln(p)

−
)
, Li(p)

− =

{(

L
(k)
i

)−∣
∣k = 1, 2, · · · , #Lji(p)

}

.
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The better enterprise ej has a smaller distance d
(
ej , L(p)

+
)
 and a larger distance 

d
(
ej , L(p)

−
)
.

Step 5 dMin

(
ej , L(p)

+
)
 and dMax

(
ej , L(p)

−
)
 are determined by the formulas, as shown 

below.

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

where CI
(
ej
)
≤ 0

(
j = 1, 2, · · · ,m

)
 . The better enterprise ej 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.

We can obtain the ranking of enterprises using Pang et  al.’s method (2016) as 
e4 > e3 > e1 > e2 > e5 . In addition, the ranking of enterprises from Xiong et  al.’s 
method (2022) is e3 > e4 > e1 > e2 > e5 , and the ranking from Liu et al.’s method (2017) 
is e4 > e3 > e1 > e2 > 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 e3 and e4 . 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.

d
(
ej , L(p)

+
)
=

n∑

i=1

wid
(
Lji(p), Li(p)

+
)
=

n∑

i=1

wi

√
√
√
√
√

1

#Lji(p)

#Lji(p)
∑

k=1

(

p
(k)
ji r

(k)
ji −

(

p
(k)
i r

(k)
i

)+
)
2

;

d
(
ej , L(p)

−
)
=

n∑

i=1

wid
(
Lji(p), Li(p)

−
)
=

n∑

i=1

wi

√
√
√
√
√

1

#Lji(p)

#Lji(p)
∑

k=1

(

p
(k)
ji r

(k)
ji −

(

p
(k)
i r

(k)
i

)−
)
2

.

dMin

(
ej , L(p)

+
)
= Min1≤j≤m d

(
ej , L(p)

+
)
;

dMax

(
ej , L(p)

−
)
= Max1≤j≤m d

(
ej , L(p)

−
)
.

CI
(
ej
)
=

d
(
ej , L(p)

−
)

dMax

(
ej , L(p)

−
) −

d
(
ej , L(p)

+
)

dMin

(
ej , L(p)

+
) ,

CI(e1) = −0.44, CI(e2) = −1.08, CI(e3) = −0.41, CI(e4) = 0, CI(e5) = −1.41.
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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 ϕ.

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.

Fig. 4 Ranking results of real estate enterprises with different approaches
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Fig. 5 Sensitivity level of the final ranking of the proposed method to adjust the weights of criteria

Fig. 6 Sensitivity level of the final ranking of Pang’s method to adjust the weights of criteria
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Fig. 7 Sensitivity level of the final ranking of Liu’s method to adjust the weights of criteria

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 c5 c6 c7 c8

de2

e1 {(s4,1)} {(s3,1)} {(s4,1)} {(s5,1)} {(s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s4,1/6), 
( s4,1/6), 
( s4,1/6), 
( s4,1/6), 
( s4,1/6), 
( s4,1/6)}

{(s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s0,1/6), ( s0
,1/6), ( s0
,1/6), ( s1
,1/6), ( s1
,1/6), ( s1
,1/6)}

e2 {(s3,1)} {(s4,1)} {(s4,1)} {(s2,1)} {(s1,1/6), 
( s1,1/6), 
( s2,1/6), 
( s2,1/6), 
( s3,1/6), 
( s3,1/6)}

{(s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6)}

{(s4,1/6), 
( s4,1/6), 
( s4,1/6), 
( s4,1/6), 
( s4,1/6), 
( s4,1/6)}

{(s0,1/6), ( s0
,1/6), ( s0
,1/6), ( s0
,1/6), ( s0
,1/6), ( s0
,1/6)}

e3 {(s5,1)} {(s4,1)} {(s5,1)} {(s4,1)} {(s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s1,1/6), 
( s1,1/6), 
( s2,1/6), 
( s2,1/6), 
( s3,1/6), 
( s3,1/6)}

{(s4,1/6), ( s4
,1/6), ( s5
,1/6), ( s5
,1/6), ( s6
,1/6), ( s6
,1/6)}

e4 {(s5,1)} {(s5,1)} {(s4,1)} {(s6,1)} {(s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s4,1/6), 
( s4,1/6), 
( s4,1/6)}

{(s3,1/6), 
( s3,1/6), 
( s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6)}

{(s2,1/6), ( s2
,1/6), ( s2
,1/6), ( s2
,1/6), ( s2
,1/6), ( s2
,1/6)}

e5 {(s2,1)} {(s3,1)} {(s3,1)} {(s2,1)} {(s0,1/6), 
( s0,1/6), 
( s1,1/6), 
( s1,1/6), 
( s2,1/6), 
( s2,1/6)}

{(s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s2,1/6), 
( s2,1/6), 
( s2,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6)}

{(s6,1/6), ( s6
,1/6), ( s6
,1/6), ( s6
,1/6), ( s6
,1/6), ( s6
,1/6)}
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c1 c2 c3 c4 c5 c6 c7 c8

de3

e1 {(s4,1)} {(s3,1)} {(s4,1)} {(s5,1)} {(s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s4,1/6), 
( s4,1/6), 
( s4,1/6), 
( s4,1/6), 
( s4,1/6), 
( s4,1/6)}

{(s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s2,1/6), ( s2
,1/6), ( s2
,1/6), ( s3
,1/6), ( s3
,1/6), ( s3
,1/6)}

e2 {(s3,1)} {(s4,1)} {(s4,1)} {(s2,1)} {(s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6)}

{(s4,1/6), 
( s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6)}

{(s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6)}

{(s0,1/6), ( s0
,1/6), ( s0
,1/6), ( s0
,1/6), ( s0
,1/6), ( s0
,1/6)}

e3 {(s5,1)} {(s4,1)} {(s5,1)} {(s3,1)} {(s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s2,1/6), 
( s2,1/6), 
( s3,1/6), 
( s3,1/6), 
( s4,1/6), 
( s4,1/6)}

{(s4,1/6), ( s4
,1/6), ( s5
,1/6), ( s5
,1/6), ( s6
,1/6), ( s6
,1/6)}

e4 {(s5,1)} {(s5,1)} {(s4,1)} {(s6,1)} {(s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6)}

{(s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6)}

{(s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s1,1/6), ( s1
,1/6), ( s2
,1/6), ( s2
,1/6), ( s3
,1/6), ( s3
,1/6)}

e5 {(s2,1)} {(s3,1)} {(s3,1)} {(s2,1)} {(s2,1/6), 
( s2,1/6), 
( s2,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6)}

{(s4,1/6), 
( s4,1/6), 
( s4,1/6), 
( s4,1/6), 
( s4,1/6), 
( s4,1/6)}

{(s2,1/6), 
( s2,1/6), 
( s2,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6)}

{(s6,1/6), ( s6
,1/6), ( s6
,1/6), ( s6
,1/6), ( s6
,1/6), ( s6
,1/6)}

c1 c2 c3 c4 c5 c6 c7 c8

de4

e1 {(s4,1)} {(s3,1)} {(s4,1)} {(s5,1)} {(s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s0,1/6), ( s0
,1/6), ( s0
,1/6), ( s1
,1/6), ( s1
,1/6), ( s1
,1/6)}

e2 {(s3,1)} {(s4,1)} {(s4,1)} {(s2,1)} {(s2,1/6), 
( s2,1/6), 
( s2,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6)}

{(s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6)}

{(s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s1,1/6), ( s1
,1/6), ( s1
,1/6), ( s2
,1/6), ( s2
,1/6), ( s2
,1/6)}

e3 {(s5,1)} {(s4,1)} {(s5,1)} {(s4,1)} {(s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s4,1/6), 
( s4,1/6), 
( s4,1/6)}

{(s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6)}

{(s3,1/6), ( s3
,1/6), ( s3
,1/6), ( s4
,1/6), ( s4
,1/6), ( s4
,1/6)}

e4 {(s5,1)} {(s5,1)} {(s4,1)} {(s6,1)} {(s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6)}

{(s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s1,1/6), ( s1
,1/6), ( s2
,1/6), ( s2
,1/6), ( s3
,1/6), ( s3
,1/6)}
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c1 c2 c3 c4 c5 c6 c7 c8

e5 {(s2,1)} {(s3,1)} {(s3,1)} {(s2,1)} {(s1,1/6), 
( s1,1/6), 
( s1,1/6), 
( s2,1/6), 
( s2,1/6), 
( s2,1/6)}

{(s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s1,1/6), 
( s1,1/6), 
( s2,1/6), 
( s2,1/6), 
( s3,1/6), 
( s3,1/6)}

{(s4,1/6), ( s4
,1/6), ( s5
,1/6), ( s5
,1/6), ( s6
,1/6), ( s6
,1/6)}

c1 c2 c3 c4 c5 c6 c7 c8

de5

e1 {(s4,1)} {(s3,1)} {(s4,1)} {(s5,1)} {(s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6), 
( s3,1/6)}

{(s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s2,1/6), ( s2
,1/6), ( s2
,1/6), ( s3
,1/6), ( s3
,1/6), ( s3
,1/6)}

e2 {(s3,1)} {(s4,1)} {(s4,1)} {(s2,1)} {(s0,1/6), 
( s0,1/6), 
( s0,1/6), 
( s0,1/6), 
( s0,1/6), 
( s0,1/6)}

{(s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s2,1/6), ( s2
,1/6), ( s2
,1/6), ( s2
,1/6), ( s2
,1/6), ( s2
,1/6)}

e3 {(s5,1)} {(s4,1)} {(s5,1)} {(s4,1)} {(s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s3,1/6), 
( s3,1/6), 
( s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6)}

{(s4,1/6), ( s4
,1/6), ( s5
,1/6), ( s5
,1/6), ( s6
,1/6), ( s6
,1/6)}

e4 {(s5,1)} {(s4,1)} {(s4,1)} {(s6,1)} {(s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6)}

{(s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s5,1/6)}

{(s1,1/6), ( s1
,1/6), ( s2
,1/6), ( s2
,1/6), ( s3
,1/6), ( s3
,1/6)}

e5 {(s2,1)} {(s3,1)} {(s3,1)} {(s2,1)} {(s5,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s4,1/6), 
( s4,1/6), 
( s5,1/6), 
( s5,1/6), 
( s6,1/6), 
( s6,1/6)}

{(s1,1/6), 
( s1,1/6), 
( s2,1/6), 
( s2,1/6), 
( s3,1/6), 
( s3,1/6)}

{(s4,1/6), ( s4
,1/6), ( s4
,1/6), ( s4
,1/6), ( s4
,1/6), ( s4
,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 Not very 
important

Not 
important

Very not 
important

Adjust rate

Cash flow liability 
ratio

Asset liability ratio

Interest coverage 
ratio
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Profitability

Very important Important A little 
important

Normal Not very 
important

Not 
important

Very not 
important

Operating profit 
margin

Return on total 
assets

Return on net 
assets

Net profit margin 
on sales

Developing capacity

Very important Important A little 
important

Normal Not very 
important

Not 
important

Very not 
important

Operating profit 
margin

Capital accumula‑
tion rate

Total asset growth 
rate

Operating profit 
growth rate

Operational capability

Very important Important A little 
important

Normal Not very 
important

Not 
important

Very not 
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 A little 
important

Normal Not very 
important

Not important Very not 
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 A little 
important

Normal Not very 
important

Not 
important

Very not 
important

Land bank

Corporate reputa‑
tion

New project devel‑
opment strategy

Regional market 
position

Management level and operating conditions

Very important Important A little 
important

Normal Not very 
important

Not 
important

Very not 
important

Management 
experience

Develop building 
capabilities

Sales area/Com‑
pleted area

Shareholder 
control

Bank‑enterprise relationship

Very important Important A little 
important

Normal Not very 
important

Not 
important

Very not 
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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Step 2 The weighting vector of the decision?making attribute is

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

Step 4 Calculate the comprehensive evaluation value of each green airport plan as:
H1 = 0.523; H2 = 0.798; H3 = 0.000; H4 = 0.332; H5 = 1.000.

Step 5 The ranking of the alternative green airport plans according to group utility is

w1 ∗ 7 = 0.0923; w2∗ = 0.0612; w3∗ = 0.2381; w4∗ = 0.1848;

w5 ∗ 7 = 0.1083; w6∗ = 0.1846; w7∗ = 0.0750; w8∗ = 0.0557.

�
d
�
θ+n , θmn

��

5×8
=








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
0.000 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








5×8

Table 10 Decision matrix of the Xiong’s method

c1 c2 c3 c4 c5 c6 c7 c8

e1 {(s3, 1)} {(s4, 1)} {(s3, 1)} {(s2, 1)} {(s1.97, 1/6), {(s2.96, 1/6), {(s1.81, 1/6), {(s5.47, 1/6),

(s1.97, 1/6), (s2.96, 1/6), (s1.81, 1/6), (s5.47, 1/6),

(s1.66, 1/6), (s2.72, 1/6), (s1.54, 1/6), (s5.18, 1/6),

(s1.54, 1/6), (s2.38, 1/6), (s1.33, 1/6), (s4.44, 1/6),

(s1.14, 1/6), (s2.06, 1/6), (s1, 1/6), (s4.12, 1/6),

(s1.14, 1/6)} (s2.06, 1/6)} (s1, 1/6)} (s4.12, 1/6)}

e2 {(s4, 1)} {(s3, 1)} {(s3, 1)} {(s5, 1)} {(s5.5, 1/6), {(s2.34, 1/6), {(s3.18, 1/6), {(s5.91, 1/6),

(s5.5, 1/6), (s2.34, 1/6), (s3.18, 1/6), (s5.91, 1/6),

(s5.33, 1/6), (s2.34, 1/6), (s2.67, 1/6), (s5.91, 1/6),

(s4.91, 1/6), (s1.72, 1/6), (s22.67, 1/6), (s5.45, 1/6),

(s4.72, 1/6), (s1.72, 1/6), (s1.98, 1/6), (s5.45, 1/6),

(s4.72, 1/6)} (s1.72, 1/6)} (s1.98, 1/6)} (s5.45, 1/6)}

e3 {(s2, 1)} {(s3, 1)} {(s2, 1)} {(s3.18, 1)} {(s2.34, 1/6), {(s2.28, 1/6), {(s4.5, 1/6), {(s3.19, 1/6),

(s2.34, 1/6), (s2.28, 1/6), (s4.5, 1/6), (s3.19, 1/6),

(s2.17, 1/6), (s1.77, 1/6), (s3.91, 1/6), (s2.5, 1/6),

(s1.76, 1/6), (s1.55, 1/6), (s3.91, 1/6), (s2.35, 1/6),

(s1.55, 1/6), (s1, 1/6), (s3.24, 1/6), (s1.55, 1/6),

(s1.55, 1/6)} (s1, 1/6)} (s3.24, 1/6)} (s1.55, 1/6)}

e4 {(s2, 1)} {(s2.19, 1)} {(s3, 1)} {(s1, 1)} {(s2.15, 1/6), {(s3.09, 1/6), {(s3.05, 1/6), {(s5.98, 1/6),

(s2.15, 1/6), (s3.09, 1/6), (s3.95, 1/6), (s5..98, 1/6),

(s2, 1/6), (s2.97, 1/6), (s2.45, 1/6), (s5.17, 1/6),

(s1.3, 1/6), (s2.82, 1/6), (s2.45, 1/6), (s5.17, 1/6),

(s1.15, 1/6), (s2.67, 1/6), (s1.71, 1/6), (s4.34, 1/6),

(s1.15, 1/6)} (s2.67, 1/6)} (s1.71, 1/6)} (s4.34, 1/6)}

e5 {(s5, 1)} {(s4, 1)} {(s4, 1)} {(s5, 1)} {(s4.68, 1/6), {(s2, 1/6), {(s5.41, 1/6), {(s1.97, 1/6),

(s4.68, 1/6), (s2, 1/6), (s5.41, 1/6), (s1.97, 1/6),

(s4.55, 1/6), (s1.68, 1/6), (s5, 1/6), (s1.68, 1/6),

(s3.59, 1/6), (s1.68, 1/6), (s4.59, 1/6), (s1.68, 1/6),

(s3.48, 1/6), (s1.25, 1/6), (s4.17, 1/6), (s1.27, 1/6),

(s3.48, 1/6)} (s1.25, 1/6)} (s4.17, 1/6)} (s1.27, 1/6)}
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e3 > e4 > e1 > e2 > e5.

Table 11 Decision matrix of the Liu’s method

c1 c2 c3 c4 c5 c6 c7 c8

e1 {(s3, 1)} {(s4, 1)} {(s3, 1)} {(s2, 1)} {(s1.97, 1/6), {(s2.96, 1/6), {(s1.81, 1/6), {(s5.47, 1/6),

(s1.97, 1/6), (s2.96, 1/6), (s1.81, 1/6), (s5.47, 1/6),

(s1.66, 1/6), (s2.72, 1/6), (s1.54, 1/6), (s5.18, 1/6),

(s1.54, 1/6), (s2.38, 1/6), (s1.33, 1/6), (s4.44, 1/6),

(s1.14, 1/6), (s2.06, 1/6), (s1, 1/6), (s4.14, 1/6),

(s1.14, 1/6)} (s2.06, 1/6)} (s1, 1/6)} (s4.12, 1/6)}

e2 {(s4, 1)} {(s3, 1)} {(s3, 1)} {(s5, 1)} {(s5.5, 1/6), {(s2.34, 1/6), {(s3.18, 1/6), {(s5.91, 1/6),

(s5.5, 1/6), (s2.34, 1/6), (s3.18, 1/6), (s5.91, 1/6),

(s5.33, 1/6), (s2.34, 1/6), (s2.67, 1/6), (s5.91, 1/6),

(s4.91, 1/6), (s1.72, 1/6), (s2.67, 1/6), (s5.45, 1/6),

(s4.72, 1/6), (s1.72, 1/6), (s1.98, 1/6), (s5.45, 1/6),

(s4.72, 1/6)} (s1.72, 1/6)} (s1.98, 1/6)} (s5.45, 1/6)}

e3 {(s2, 1)} {(s3, 1)} {(s2, 1)} {(s3.18, 1)} {(s2.34, 1/6), {(s2.28, 1/6), {(s4.5, 1/6), {(s3.19, 1/6),

(s2.34, 1/6), (s2.28, 1/6), (s4.5, 1/6), (s3.19, 1/6),

(s2.17, 1/6), (s1.77, 1/6), (s3.91, 1/6), (s2.5, 1/6),

(s1.76, 1/6), (s1.55, 1/6), (s3.91, 1/6), (s2.35, 1/6),

(s1.55, 1/6), (s1, 1/6), (s3.24, 1/6), (s1.55, 1/6),

(s1.55, 1/6)} (s1, 1/6)} (s3.24, 1/6)} (s1.55, 1/6)}

e4 {(s2, 1)} {(s2.19, 1)} {(s3, 1)} {(s1, 1)} {(s2.15, 1/6), {(s3.09, 1/6), {(s3.05, 1/6), {(s5.98, 1/6),

(s2.15, 1/6), (s3.09, 1/6), (s3.05, 1/6), (s5.98, 1/6),

(s2, 1/6), (s2.97, 1/6), (s2.45, 1/6), (s5.17, 1/6),

(s1.3, 1/6), (s2.82, 1/6), (s2.45, 1/6), (s5.17, 1/6),

(s1.15, 1/6), (s2.67, 1/6), (s1.71, 1/6), (s4.34, 1/6),

(s1.15, 1/6)} (s2.67, 1/6)} (s1.71, 1/6)} (s4.34, 1/6)}

e5 {(s5, 1)} {(s4, 1)} {(s4, 1)} {(s5, 1)} {(s4.68, 1/6), {(s2, 1/6), {(s5.41, 1/6), {(s1.97, 1/6),

(s4.68, 1/6), (s2, 1/6), (s5.41, 1/6), (s1.97, 1/6),

(s4.55, 1/6), (s1.68, 1/6), (s5, 1/6), (s1.68, 1/6),

(s3.59, 1/6), (s1.68, 1/6), (s4.59, 1/6), (s1.68, 1/6),

(s3.48, 1/6), (s1.25, 1/6), (s4.17, 1/6), (s1.27, 1/6),

(s3.48, 1/6)} (s1.25, 1/6)} (s4.17, 1/6)} (s1.27, 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 c1, c2, · · · , c8.

w∗
1 = 0.0923; w∗

2 = 0.0612; w∗
3 = 0.2381; w∗

4 = 0.1848;w∗
5 = 0.1083; w∗

6 =
0.1846; w∗

7 = 0.0750; w∗
8 = 0.0557.

Step 3 Obtain the relative weight wjr of the attribute Cr to the reference Cj by
w∗
14

= 0.387; w∗
24

= 0.257; w∗
34

= 1; w∗
44

= 0.776;w∗
54

= 0.455; w∗
64

= 0.775; w∗
74

=

0.315; w∗
84

= 0.234.

Step 4 Obtain the overall prospect value of the alternative.
δ(x1) = 0.627; δ(x2) = 0.498; δ(x3) = 0.814; δ(x4) = 1.000; δ(x5) = 0.000.

Step 5 Sort the alternatives by their δ(xi) . The biggerd δ(xi) is, the better alternative 
is, we get:
e4 > e3 > e1 > e2 > e5.
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