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Abstract: The architectural relics of ancient vernacular residences and villages with brick–timber
structures are at great risk of fire; if one occurs, they cannot be recovered. To protect this cultural
heritage, this study takes a southern Guangdong He Xinwu building complex as a case study.
It focuses on four indicator systems: human factors, facility factors, environmental factors, and
social management factors, and 20 sub-indicators to establish an assessment system for fire risk in
vernacular residences. Combining triangular fuzzy hierarchical analysis and the entropy weight
method to determine weight values reduces evaluation subjectivity, allowing for both qualitative
and quantitative measurements to derive the safety level and determine key fire risk factors. The
results showed that human misconduct and social management of fire had the greatest impact on
fire risk (29% and 25.8%, respectively). The most important secondary indicators were the ability to
fight fires early on, the fire resistance level of building materials, fire rescue capability, fire load, and
electricity use by villagers. Moreover, comparing differences in protection between ancient houses
and high-rise buildings provided targeted policy recommendations that offer a new perspective for
protecting architectural heritage from fires.

Keywords: risk management; architectural heritage; fire risk; assessment; human factors issue

1. Introduction

The traditional culture of ancient vernacular residences and towns is an important ma-
terial cultural heritage, forming a vital part of human historical and cultural resources [1,2].
As an ancient civilization that has existed for over 5000 years, China boasts an array of
architectural and historical relics and sites [3]. However, these vernacular residences are
at great risk of fire due to the advanced age of construction, flammable materials used
in their construction, the distance from city centers, and the lack of modern firefighting
technology [4]. Fire is one of the most common and destructive disasters in the world [5];
Therefore, risk analysis, assessment, and conservation plans for ancient Chinese buildings
are essential for cultural preservation.

Once a fire occurs in a heritage building, the damage to its cultural heritage value
is irreversible. In 2020, China suffered 1958 casualties and CNY 4.009 billion in property
losses due to fire, with rural areas accounting for 49.3% of such fires and 84.7% of fatalities,
which exceeded the total number of deaths in other places [6]. According to statistics
from 2009 to 2019 [7], there were 392 fires in ancient cultural buildings and thousands of
fires in traditional settlements of different sizes throughout China. Studies indicate that
residential fires typically account for approximately 75% of fire deaths and injuries in the
United States [8]. Along the ancient routes of southern Guangdong province are numer-
ous vernacular residences and towns characterized by their unique local culture. These
buildings are typically constructed using wood structures, bricks, or other combustible

Appl. Sci. 2023, 13, 12368. https://doi.org/10.3390/app132212368 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app132212368
https://doi.org/10.3390/app132212368
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-1810-4639
https://orcid.org/0000-0002-2383-4249
https://orcid.org/0000-0002-6513-1189
https://orcid.org/0000-0001-8637-6559
https://doi.org/10.3390/app132212368
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app132212368?type=check_update&version=2


Appl. Sci. 2023, 13, 12368 2 of 25

materials, classified as Class A based on their source [9]. Additionally, their age, unfavor-
able traffic conditions near the premises, including narrow roads that make evacuation
difficult, and the lack of local inhabitants’ firefighting knowledge all contribute to putting
heritage buildings at high risk of fires. With China’s “Rural Revitalization Strategic Plan
2018–2022” and the development of cultural tourism in southern Guangdong combining
forces, it is imperative that we conduct fire risk assessment on these ancient residential
buildings immediately in order to protect their cultural heritage integrity.

Most fire risk assessments currently focus on high-rise buildings, underground struc-
tures, schools, and shopping centers due to their high population density, combustible
materials, potential for rapid spread of fire, difficulty in evacuation, and the difficulty of
quickly extinguishing fires with current technology [10]. Few studies have considered
fire risks in traditional ancient vernacular residences and villages. Yuan et al. [11] pro-
vided practical information for the development of a fire prevention system approach
and performance-based design for heritage villages by investigating brick walls, wooden
columns, and fire management to measure the relative fire risk in the Dangjia village in
China. Zhang et al. [12] proposed a CFD-based framework to assess the fire risk of wood-
frame villages in western Hunan by investigating various factors [7]. However, accurately
understanding the severity of fires in any given area or at any given time requires more
than just a single indicator assessment, as these vary significantly based on variables such
as human factors and environmental conditions [13,14]. Currently, there are limited unified
assessment systems that consider single-factor layers such as building characteristics, fire
hazard sources, firefighting facilities, or firefighting management without considering
relevant human or environmental factors holistically [15]. Studies have shown that 11%
of fires are caused by human error, highlighting the need to include human factors in the
assessment of fire risk [16].

The purpose of this research is to select the Hexinwu Building Complex, a representa-
tive ancient vernacular residence with a large number of unique local cultural characteristics
preserved along the ancient road in southern Guangdong province, as a research object
and develop a targeted assessment model to analyze fire risk. To do this, two methods are
employed: Triangular Fuzzy Hierarchical Analysis (FAHP) and the Entropy Weight Method
(EWM). Through these, necessary measures for fire risk management can be identified in
order to improve the fire safety level of heritage buildings and reduce the level of fire risk
and associated damage.

The rest of this study is structured as follows: Section 2 provides a review of the
literature relating to the analysis and evaluation of building fires; Section 3 outlines the
FAHP and EWM in brief; Section 4 examines case studies and discussion related thereto;
and Section 5 identifies conclusions, limitations of the proposed model, and potential
avenues for further research.

2. Review

Fire has played a significant role in the growth and evolution of human civilization
and society. Unfortunately, it also has caused incalculable damage. Research into fire risk
management and assessment methods has drawn extensive attention from scholars around
the world. Consequently, this section reviews the literature related to fire assessment
management and fire risk assessment methods.

2.1. Fire Assessment Management

Fire is closely related to human life and habitation; therefore, countries have enacted
laws and regulations to manage fires. In the United States, the Federal Fire Prevention
and Control Act was passed in 1974 to strengthen fire management and require building
operators or managers to conduct and document fire risk assessments for the premises
and processes under their responsibility [17]. Moreover, the National Research Council of
Canada (NRC) has developed a computerized fire risk cost assessment model for evaluating
the expected risk to occupants’ lives and the expected cost of fire prevention and damage
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to buildings [18]. The Chinese government’s fire code is highly detailed in specifying the
fire rating of various types of buildings, building loads, and first aid programs in case of a
fire [19]. Furthermore, with increased government investment in the field of firefighting,
improved fire regulations, and greater public safety awareness, China has seen a decrease
in mega-fire accidents in the past 20 years [20].

Crippa et al. [21] demonstrated the advantages of employing a fire risk assessment
methodology. Su et al. [22] evaluated the fire risk of a six-story light-frame apartment
building, examining the influence of various wall barriers on fire growth. Li et al. [23]
created a hybrid judgment system by taking into consideration asymmetrical proximity to
solve the complication of single index and obscure boundary for evaluating electrical fire
risk in buildings. Applying BIM, Wang et al. [24] quantified the degree of fire risk during
structure operation and maintenance and assessed the value accurately to improve fire
risk prevention and control effectively. Based on a literature summary, Salazar et al. [13]
proposed 22 indicators of fire imperfection associated with heritage elements that could lead
to escalating or subduing implicit fire losses, which can be utilized to analyze specifically
constructed cultural heritage elements for fire danger. Li et al. [25] suggested passive and
active fire prevention factors to reduce the uncertainty of the influence of fire in high-
rise buildings under construction by developing a high-rise building fire risk assessment
model. Durak et al. [26] highlighted the pivotal significance of integrating passive and
active strategies for preserving built heritage sites. It is worth noting that fires do not
only occur in historic buildings but also in other structures, such as steel and concrete
structures. Kodur et al. [27] considered the high-temperature properties of specified steels
to assess the fire risk of steel structures and used the results as an important aspect to
guide the fire safety design of steel structures. Bastami and Aslani [28] investigated
the behavior of concrete structures subjected to extreme thermo–mechanical loads by
developing constitutive models and relationships for preloaded normal and high-strength
concrete subjected to reheat to provide a reference for the fire safety of concrete structures.

2.2. Fire Risk Assessment Methods

Conducting fire risk assessment is a crucial part of building risk management, leading
to the protection of life, environment, and property. When selecting an assessment method,
precision should be the main concern. Both qualitative and quantitative methods are
available. The AHP (Analytic Hierarchy Process) technique is commonly used in combina-
tion with both. Saaty [29] proposed the systemic analysis and hierarchical approach for
this purpose. In terms of finding solutions, Ren [30] created a model for evaluating fire
risk in logistics warehouses whereby warehouse buildings, goods, management, and the
environment were incorporated as standard layers analyzed by AHP. On the other hand,
Lee et al. [31] assimilated AHP along with big data examination to gauge the intensity of
building fires in 17 villages located in the Taishan District, Taiwan. Similarly, Zou et al. [32]
applied a structural entropy weighing procedure along with a quantitative safety checklist
to propose a quantitative evaluation method to measure mall fire risk, thereby decreasing
subjective assessment dramatically. Liu et al. [33] developed a substantial commercial
fire analysis system based on an entropy value strategy concerning characteristics related
to fires and maintenance of firefighting equipment in large commercial buildings in the
local region, while Guan et al. [34] developed the ZigBee framework, which integrated fire
characteristics as well as fire safety management parameters to create assessment criteria
for heritage buildings concerning structural fire risk, respectively.

Tancogne–Dejean and Laclémence [35] applied the qualitative research method to
examine individual attitudes and behaviors when assessing the susceptibility related to
potential fire risks. Akashah et al. [36], for their part, used an agent-based model during
the automatic event tree analysis process, consequently quantifying fire risk more accu-
rately compared to traditional models. With a focus on the quake response resistance of
particular non-fire resistant steel frames, especially non-fireproof steel frames for different
heights, Risco et al. [37] applied nonlinear thermoplastic dynamics numerically to simulate



Appl. Sci. 2023, 13, 12368 4 of 25

and evaluate exceptionally relevant post-quake associated effects, respectively. On the
contrary, Gulum et al. [38] researched and accomplished assignment weight determination
prospects related to a wide array of common problem criteria, while practical data project
implementation involved interval value neuromorphic hierarchical analysis procedures
targeting residential use throughout Istanbul, Turkey considering logical implementation
results subsequently tested through sensitivity analysis aimed to verify further robust-
ness or effectiveness regarding various proposed methods. Ding et al. [39] established
intelligent back propagation neural network-based likelihood analyses associated with
rising outbreaks. Consequently, Wang et al.’s [40] application incorporated the theoretical
consideration of the integration of smart bodies in the evacuation of underground construc-
tions; therefore, the emergency decision-making process also attempts to find opportune
solutions. In contrast to traditional policies, which were evaluated using a hierarchical and
imprecise approach relying on subjective reasoning algorithms and discrete scenario-based
assessments, Mi et al. [41] put forth a novel methodology that emphasizes the importance
of accessible information collection, observations, and document reviews. This approach
is based on classical incident trees and employs an inductive measure, as demonstrated
by Roshan [42], to evaluate the utility and effectiveness of proposed policies. Case studies
were also utilized to provide practical examples and empirical evidence to support the
proposed methodology. The use of fuzzy mathematics established hieratical implemen-
tations in addition to serving quantum evaluation purposes hypothesized by Sun and
Xiao [43]. Overall, the potential of fuzzy mathematics in quantitative assessment represents
a promising avenue for future research and development in the field.

Building fire risk assessments currently employ a variety of methods such as the
AHP, EWM, event tree, comprehensive evaluation method, fuzzy TOPSIS, and FAHP.
Numerical simulation evaluations and machine learning techniques based on BP neural
networks are being employed, as well. These methods rely on the ability to obtain a
substantial amount of real-world building information. Traditional architectural heritage
houses may have a long history but often lack complete data for assessment purposes;
furthermore, many evaluation indicators and parameters associated with fire hazards can
be highly uncertain or vague. The key to resolving this predicament lies in objectively
determining indicator weights.

In summary, (1) most of the fire risk assessments in the field of architecture focus on
above-ground structures such as urban high-rise residential buildings, residential houses,
commercial complexes, and underground constructions. There is limited research on fire risk
assessment specifically for ancient village buildings. (2) Existing fire assessment methods
have limitations in the field of ancient village architecture. Most commonly used assessment
methods are highly subjective and lack objectivity and scientificity. This leads to the reliability
of the assessment results being questioned and makes it difficult to provide effective guidance
to decision-makers. (3) Due to the unique historical and cultural value of ancient village
buildings, there are many uncertainties and insufficient comprehensive considerations in the
assessment of fires. In this study, FAHP proposed by Saaty [29], he is chosen as a reliable
method for handling imprecise and uncertain data, aiming to reduce subjectivity. Additionally,
seven experts were invited to score each indicator, the EWM was introduced to calculate the
indicator weights, the two methods were compared to get the weights of each indicator, and
the weights were calculated comprehensively to reduce the errors and improve the objectivity
of the results. Therefore, this study aims to analyze the factors influencing fire incidents
in ancient village buildings, establish an evaluation index system for fire risk assessment
in ancient village buildings, employ FAHP and EWM in combination for assessment, and
explore the key factors influencing fire incidents in ancient villages.

3. Methodology
3.1. Fuzzy Hierarchy Analysis

In Multiple Criteria Decision-Making (MCDM), FAHP can reconcile the fuzziness and
uncertainty of a problem well and, therefore, is a practical and popular method with a wide
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range of application [44]. Specifically, the incorporation of fuzzy mathematics into quantum
evaluation allows for a more nuanced and flexible approach to measurement and analysis.
By leveraging hierarchical structures, researchers can more effectively capture the complex
relationships and interactions between quantum variables, leading to more accurate and
comprehensive evaluations. Van Laarhoven and Pedrycz [45] extended Saaty’s [46] AHP
method directly with the use of a triangular fuzzy number (TFN), which compared fuzzy
ratios described by triangular membership functions. Numerous scholars have since
exploited this method in their studies [47–50]. However, Chang [51,52] proposed a pairwise
comparison scale using the TFN to conduct pairwise comparisons with integrated range
values, which can make the transformation of fuzzy and uncertain problems clearer and
measurable. Moreover, Chang’s method of FAHP stands out for its simple steps and
calculations compared to others. Therefore, this study employs Chang’s approach to
compute the weights of obtained indicators and perform pairwise comparisons. The
outline for FAHP is described in the following.

Let X = {x1,x2,x3, . . . , xn} be an object set, and U = {u1,u2,u3, . . . , um} is a goal set.
According to Chang’s extent analysis, each object is taken, and extent analysis for each
goal, gi is performed, respectively. Therefore, m extent analysis values for each object can
be obtained with the following equations:

M1
gi

, M2
gi

, . . . , Mm
gi

, i = 1, 2, . . . , n (1)

where all the Mj
gi (j = 1, 2, . . ., m) are TFNs whose parameters are l, m, and u. They are the

lowest possible value, the highest possible value, and the largest possible value, respectively.
The triplet (l, m, u) can represent a TFN. A triplet array can represent a fuzzy set. The value
of the fuzzy synthesis range of the ith object is defined as follows:

Si = ∑m
j=1 Mj

gi ⊗
[
∑n

i=1 ∑m
j=1 Mj

gi

]−1
(2)

and:
∑m

j=1 Mij =
(
∑m

j=1 lij, ∑m
j=1 mij, ∑m

j=1 uij

)
, i = 1, 2, . . . , n (3)

∑n
i=1 ∑m

j=1 Mij =
(
∑n

i=1 ∑m
j=1 lij, ∑n

i=1 ∑m
j=1 mij, ∑n

i=1 ∑m
j=1 uij

)
(4)

[
∑N

i=1 ∑m
j=1 Mij

]−1
=

(
1

∑n
i=1 ∑m

j=1 uij
,

1
∑n

i=1 ∑m
j=1 mij

,
1

∑n
i=1 ∑m

j=1 lij

)
(5)

a. Fuzzy Arithmetic: Each triangular fuzzy value is evaluated by experts based on
Table 1. The evaluation results of multiple experts can be averaged as a triangular
fuzzy number by applying operations of triangular fuzzy numbers. The algorithm of
two TFNs A(l1, m1, u1) and B(l2, m2, u2) is as follows.

A1 ⊕ B2 = (l1 + l2, m1 + m2, u1 + u2) (6)

A1 ⊗ B2 ≈ (l1l2, m1m2, u1u2), forli > 0, mi > 0, ui > 0, i = 1, 2 (7)

A1/B2 =

(
l1
u2

,
m1

m2
,

u1

l2

)
, forli > 0, mi > 0, ui > 0, i = 1, 2 (8)

A−1
1 ≈

(
1
u1

,
1

m1
,

1
l1

)
, forl1 > 0, m1 > 0, u1 > 0 (9)

b. Compare the values of fuzzy synthesis range Si
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Table 1. Linguistic scales and fuzzy scales for importance.

Linguistic Scale Triangular Fuzzy Scale Triangular Fuzzy Reciprocal
Scale

Just equal (1, 1, 1) (1, 1, 1)
Equally important (1/2, 1, 3/2) (2/3, 1, 2)

Weakly more important (1, 3/2, 2) (1/2, 2/3, 1)
Strongly more important (3/2, 2, 5/2) (2/5, 1/2, 2/3)

Very strongly more important (2, 5/2, 3) (1/3, 2/5, 1/2)
Absolutely more important (5/2, 3, 7/2) (2/7, 1/3, 2/5)

It is first necessary to calculate the degree of probability that Sj =
(
lj, mj, uj

)
≥ Si = (li, mi, ui).

As follows:

M
(
Sj ≥ Si

)
= height

(
Si ∩ Sj

)
=


1 if mj ≥ mi

0 if li ≥ uj
li−uj

(mj−uj)−(mi−li)
otherwise

(10)

when mj < li < uj < mi, d is the value of the transverse coordinate of the highest intersec-
tion point between Sj and Si. Meanwhile, we need the value of N

(
Sj > Si

)
and N

(
Si > Sj

)
to compare Si and Sj.

c. The degree of probability that a convex fuzzy number is greater than k convex fuzzy
numbers Si (i = 1, 2, ..., k) can be defined as:

N(S ≥ S1, S2, . . . , Sk) = N[(S ≥ S1)and(S ≥ S2) and
. . . and(S ≥ Sk)] = min N(S ≥ Si), i = 1, 2, 3, . . . , k

(11)

Assume that:
d′(Ai) = minN(Si > Sk) (12)

The weight values are as follows:

W ′ =
(
d′(A1), d′(A2), . . . , d′(An)

)T (13)

where Ai (i = 1, 2, . . ., n) are n elements. By normalization, the normalized weight vector is:

W = (d(A1), d(A2), . . . , d(An))
T (14)

In this study, we applied the triangular fuzzy transformation scale of Table 1 as the
evaluation model.

We define a problem with k indicator factors, where the relative importance of factor
i to j is denoted by the triangular fuzzy number as

∼
a ij =

(
lij, mij, uij

)
. For example, if j is

thought to be Weakly more important, it could be represented as
∼
a ji = (1, 3/2, 2). Then,

the comparison matrix
∼
A can be constructed as:

∼
A =


1

∼
a12 . . .

∼
a1n

∼
a21 1 . . .

∼
a2n

. . . . . . . . . . . .
∼
an1

∼
an2 . . . 1

 =


1

∼
a12 . . .

∼
a1n

1/
∼
a12 1 . . .

∼
a2n

. . . . . . . . . . . .
1/
∼
a1n 1/

∼
a2n . . . 1

 (15)

d. Consistency index (CI) and consistency ratio (CR)
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Since the trait roots continuously depend on
∼
a ij, the larger ymax is compared to n, the

more serious the degree of non-consistency of the data in matrix
∼
A is, and the standardized

eigenvectors corresponding to ymax do not truly reflect the weights of individual factors.
Therefore, it is necessary to do a CI test on the judgment matrix provided by the decision-
maker to decide whether to accept it or not. For the decisions to reach a good level of
quality, the consistency of the assessment must be analyzed. As CR ≤ 0.1, it can proceed to
the next step; otherwise, the judgment matrix should be appropriately corrected [53].

The triangular fuzzy number
∼
a ij =

(
lij, mij, uij

)
can be defuzzied into a clear value in

the following way:(
aα

ij

)x
=
[

x · lα
ij + (1− x)uα

ij

]
, 0 ≤ x ≤ 1, 0 ≤ α ≤ 1 (16)

lα
ij =

(
mij − lij

)
× α + lij (17)

uα
ij = uij −

(
uij −mij

)
× α (18)

where lα
ij and uα

ij denotes the left-end and the right-end value of α-cut for aij. The larger
values of the decision-maker’s preference (α) and risk tolerance (x) refer to a more stable
decision environment and a more pessimistic decision-maker, respectively, and vice versa.

Therefore, after transforming all the elements in the comparison matrix, the compari-
son matrix (Bα)x is obtained as follows:

[
(Bα)x] = [(aij

)x
]
=


1

(
aα

12
)x . . .

(
aα

1n
)x(

aα
21
)x 1 . . .

(
aα

2n
)x

. . . . . . . . . . . .(
aα

n1
)x (

aα
n2
)x . . . 1

 (19)

Finally, the following equation is applied to calculate CI and CR.

CI =
ymax − n

n− 1
(20)

CR =
CI

RI(n)
(21)

where ymax denotes the maximum eigenvalue of the matrix and n is the dimension of the
matrix. Random index (RI) is the key value for judging CR and if the matrix is reasonable.
The values of some of the RI values are shown in Table 2. The value of RI is obtained by
constructing 500 sample matrices using a randomized method: randomly drawing numbers
from 1 to 9 and their reciprocals to construct a positive inverse matrix and defining the
average value of the largest trait y′max [54] and defining:

RI =
y′max − n

n− 1
(22)

Table 2. The value of RI.

n 1 2 3 4 5 6 7 8
RI 0 0 0.52 0.89 1.12 1.26 1.36 1.41

3.2. Entropy Weight Method

Information entropy theory has been utilized to calculate objective weights for indica-
tors. Calculating each indicator with the information entropy model involves determining
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the utility value of the indicator information; the higher the utility value, the more signifi-
cant its evaluation will be. With this model, it is possible to maximize screening significant
factors based on precise evaluation results without compromise. The EWM comprises the
following steps:

• Build the matrix

The individual metrics were first de-quantified. Suppose that m indicators are given:
X1, X2, . . . , Xm. Among them Xi = {X1, X2, . . . , Xn}. Then, assume that the values normal-
ized to the data of each indicator are: Y1, Y2, . . . , Ym.

According to the evaluation objects and indicators of traditional residences, set the
jth indicator of the i the object as Xij. Structure the original data matrix X =

[
Xij
]

n∗m, we
know from the selection of the practical case in Section 4 that n = 3, m = 20.

Use the range transformation method to standardize the positive indicators and the
negative indicators separately, as in the following Equations (23)–(25):

Yij =
xij −min(xi)

max(xi)−min(xi)
(23)

Yij =
min(xi)− xij

max(xi)−min(xi)
(24)

0 ≤ij ≤ 1 (25)

• Calculate the entropy value ej

ej = −
1

ln m ∑m
i=1 Pij ln Pij (26)

where Pij =
Yij

∑12
i=1 Yij

, If Pij = 0, then define Pij = 10−6. Because Pij = 0, the logarithmic

function in Equation (4) is not mathematically tenable. The value of 10−6 is small enough to
have no significant impact on the result. In information theory, entropy is used to measure
the amount of uncertainty in a given set of data. Generally, more information leads to less
uncertainty and, thus, a decreased entropy, while less information results in an increased
level of uncertainty and an increased entropy.

• Calculate weights (wj) by calculating information redundancy Dj

Dj = 1− ej (27)

Then Calculate weights (wj)

wj =
Dj

∑n
j=1
(

Dj
) (28)

where wj refers to the weight of the jth index. wj fight, the impact fight to the evaluation
target. The larger the value of wj, the more important the corresponding index and the
greater the impact on the value and vice versa.

3.3. The Combination of Indicator Weights

As stated in the introduction, (1) buildings in ancient villages usually have a long
history, while there is a lack of complete historical data. The FAHP and EWM allow
for assessment in cases of incomplete or inaccurate data, as they deal with ambiguity
and uncertainty and rely on expert judgment. This is very useful in filling in the gaps
where data are missing. (2) The risk of building fires in ancient vernacular residences is
affected by a variety of factors, including natural wear and tear, historical events, and
maintenance and upkeep. These factors may be difficult to measure accurately. FAHP
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allows the impact of these multiple factors to be assessed in a comprehensive manner rather
than relying solely on specific data. (3) The EWM can reduce the subjective judgment
of different factors in assessing ancient vernacular residences, especially in the absence
of large-scale research data. The EWM can help determine the relative importance of
factors in order to assign weights more objectively in a comprehensive assessment. (4) The
maintenance and upkeep of historic buildings are usually different from modern buildings.
FAHP and EWM can take these differences into account and better accommodate the
special characteristics of historic buildings. Therefore, by combining these two methods,
a comprehensive analysis of fire risk can be achieved in ancient village buildings. The
FAHP considers the inherent uncertainties and vagueness associated with various risk
factors, while the EWM enables the quantification of the importance and weights of these
factors. FAHP accommodates subjective judgments and linguistic variables, allowing for
the inclusion of qualitative assessments. On the other hand, EWM deals with quantitative
data and measures the degree of disorder among indicators. These can well handle the
complexity of fire assessment due to the unique architectural and cultural characteristics of
ancient village buildings.

In conclusion, the combination of FAHP and EWM is essential for assessing the fire risk
of ancient village buildings because it allows a comprehensive analysis, deals with complexity,
and improves objectivity. Therefore, a linear weighting scheme is applied to identify com-
prehensive weights of evaluation indexes (wi, wj), Combining the two methods, λ1 and λ2
represent the weight of the two methods, FAHP and EWM, respectively, in calculating the
combined weights. This procedure is accomplished through the following calculation:

W = λ1wi + λ2wj (29)

λ1 + λ2 = 1 (30)

There is no research to indicate which of the two evaluation methods is more important;
in this study, we set λ1 = λ2 = 0.5.

4. Materials and Modeling
4.1. Hexinwu Building Complex

The Hexinwu Building Complex is a landmark complex with a history of more than
350 years located along the ancient southern Guangdong Road, east of Lianping County,
Heyuan City, Guangdong Province, China (see Figure 1a). Built as a battle site during the
People’s Liberation War, Hexinwu is home to various intangible cultural heritages such as
red culture, contract culture, and Hakka culture. It also serves as a heritage revitalization
practice base in Guangdong Province. The complex boasts a symmetric courtyard house
structure featuring an axial main hall in its center. In 1724, the He Xin House was built in
five circles with five gates and nine wailing dragons, divided into four pavilions: east, west,
north, and south. The existing Hexinwu building complex has only four circles, as shown
in Figure 1b,c. The highest point of this structure is the wailing apex, followed by the
upper hall, middle hall, and lower hall, which successively descend in formation, separated
by patio and screen divisions. Horizontal houses that flank the main halls are arranged
perpendicularly in overlapping patterns toward both sides, forming the core unit across
(see Figure 1d). Given its important role in studying traditional Chinese architectural art
and transmitting ancient cultural customs among people, the Hexinwu Building Complex
offers high cultural value.
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Figure 1. Location and information of the Hexinwu Building Complex, China.

Through field visits and expert interviews, we learned that the brick and wood structures
of the Hexinwu buildings have undergone long-term weathering and natural wear and tear,
and their architectural structures are broken or aging. Electric wires in ancient villages are
generally older, and the problem of aging wires is more common. Fire prevention facilities
and measures in ancient villages are relatively simple, mainly fire extinguishers (7), fire
hydrants (1), and fire drains, which are currently distributed throughout the villages (see
Figure 1e). The roads within the village are narrow, making it difficult for firefighting vehicles
to enter. Also, because it is far from the city, the emergency rescue time is long. During the
conversation with the villagers, it was found that the villagers’ awareness of firefighting is
weak, and there are some problems with unregulated living electricity, which indicates that
there is a greater risk of fire. It is necessary to conduct fire risk assessment for Hexinwu ancient
village buildings, which is important and significant for the protection and inheritance of
traditional architectural art and ancestral cultural customs in southern Guangdong.

4.2. Evaluation System Model

The most important aspect of risk assessment is the implementation of an indicator
system. Using data from prior research, the fire risk assessment system for the Hexinwu
Building Complex was constructed by combining human factors, facility factors, envi-
ronmental factors, and social management factors, which created a full system of twenty
sub-indicators [55–57]. See Figure 2 for more information. Subramaniam [58] showed a
statistically significant positive correlation between human factors and the occurrence of
fire. Ouache et al. [15] reconciled any discrepancies by applying evidence-based reasoning
and machine-learning methods to illustrate that human error was responsible for 20.68% of
urban fire events. In this research, in view of the possible incompleteness, diversity, and
complexity of historical fire data from ancient village buildings, which vary according to
geographical and cultural differences, the fire risk assessment model focuses on the princi-
ples of operability and data reliability in addition to the principles of comprehensiveness
and methodological scientificity. The framework of fire risk assessment was established, as
shown in Figure 2.
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Figure 2. Framework of fire risk assessment.

Relevance to Fire Risk: The selected sub-indicators under each primary indicator are
directly related to the factors that contribute to fire risk in ancient village buildings. These
factors encompass a wide range of elements, including electricity use standardization,
incendiary sources, fire prevention knowledge, citizen involvement in firefighting, and
awareness of fire prevention measures. Taking into account these specific aspects, the
assessment can effectively capture the significant factors influencing fire risk in the context
of ancient village buildings.

Comprehensive Coverage: The chosen primary indicators (human factors, facility
factors, built environment, and social management) collectively cover various dimensions of
fire risk assessment. They encompass human behavior, facility conditions, environmental
factors, and social management practices, ensuring a comprehensive evaluation of the
multiple factors that contribute to fire risk. This comprehensive approach enhances the
accuracy and validity of the assessment results.

Practical Significance: The selected sub-indicators reflect practical considerations and
management practices that can help mitigate fire risk and reduce post-disaster losses. They
encompass aspects such as standardized electricity use, availability and accessibility of
firefighting tools, alarm systems for evacuation, ventilation and smoke exhaust facilities,
emergency plans, personnel evacuation capability, and expertise during rescue operations.
By including these factors, the assessment provides actionable insights for effective fire risk
management and mitigation strategies.
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4.3. Establishing Judging Criteria

This study adopts a qualitative and quantitative approach to assess the fire risk of
ancient residential buildings. To overcome the degree of ambiguity associated with the
result of this assessment, we use a hierarchical system to divide the intervals. In accordance
with general classification methods found in existing literature, we divide the fire risk into
five levels, as can be seen in Table 3. The score for each level ranges from 0 to 9, where the
higher the score, the greater the fire risk.

Table 3. Security classification.

Grade I II III IV V

Description
Very safe More safe Weakly safe More

dangerous
Very

dangerous
Fire safety is
in very good

condition
and very low

risk of fire

Good fire
safety with
low risk of

fire

Average fire
safety, with

some degree
of fire risk

Poor fire
safety

condition, a
greater risk

of fire

Very poor fire
safety and

high fire risk

Scoring
Criteria [0, 1] [1–3] [3–5] [5–7] [7–9]

5. Results and Discussion
5.1. Data Collection

We divided the interviewers into three groups: representatives (three) of the Hex-
inwu village committee and front-line firefighting staff, two teachers and scholars from
universities engaged in firefighting management research, and two decision-makers from
government firefighting management. These three groups of personnel gave triangular
fuzzy evaluation values (20 indicators and 4 system indicators) based on Table A1 in
Appendix A. To obtain Table A18 in Appendix A, seven experts then judged each of the
20 sub-indicator factors based on Table 3, with the highest and lowest scores removed.

5.2. Calculation Results

The comparison matrix of indicator factors can be obtained from Equations (6) and (9),
and Table 4.

Table 4. Comparison matrix of indicator factors.

A B C D
A (1, 1, 1) (1, 1.65, 2.5) (0.5, 1.65, 3.5) (0.5, 1.14, 2)
B (0.4, 0.61, 1) (1, 1, 1) (0.5, 1.65, 3.5) (0.33, 0.56, 1)
C (0.33, 0.64, 2) (0.5, 1.31, 2) (1, 1, 1) (0.5, 0.76, 2)
D (0.5, 0.87, 2) (1, 1.78, 3) (0.5, 1.31, 2) (1, 1, 1)

The comparison matrix V of the indicator factors can be obtained by decoding
Equations (16) through (18).

V =


1.000 1.536 1.826 1.155
0.696 1.000 1.006 0.603
0.880 1.281 1.000 0.999
0.936 1.244 1.281 1.000


Using MATLAB R2021a and Equations (20) and (21) to calculate results:

ymax = 5.25 CI = 0.0834 CR = 0.0937, CR < 0.1
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Hence, it is acceptable.
The same method detailed in Table 4 was used to calculate the comparison matrix for

each sub-indicator factor. Subsequently, the defuzzification of the triangular fuzzy number
tables of each subindex was carried out, and the respective CR values were obtained
(Tables A2–A17 in Appendix A). The consistency values obtained by the results are less
than 10%, all of which are satisfactory.

CRA = 0.0831, CRB = 0.0948, CRC = 0.0621, CRD = 0.0971

We utilized FAHP to determine the weights of 4 indicator factors and 20 sub-indicator
factors. For example, using Equations (2)–(5), we calculated the TFN values of the four
indicators from Table 4 as follows:

S1 S2 S3 S4

TFN (0.107, 0.327, 0.813) (0.088, 0.179, 0.478) (0.086, 0.224, 0.669) (0.113, 0.270, 0.574)

Using Equations (10) and (11) to compare the value of N
(
Si ≥ Sj

)
.

N (S1 ≥ Sj) Value N (S2 ≥ Sj) Value N (S3 ≥ Sj) Value N (S4 ≥ Sj) Value

N (S1 ≥ S2) 1 N (S2 ≥ S1) 0.715 N (S3 ≥ S1) 0.844 N (S4 ≥ S1) 0.891

N (S1 ≥ S3) 1 N (S2 ≥ S3) 0.897 N (S3 ≥ S2) 1 N (S4 ≥ S2) 1

N (S1 ≥ S4) 1 N (S2 ≥ S4) 0.802 N (S3 ≥ S4) 0.924 N (S4 ≥ S3) 1

The relative weights of the four indicators can be obtained from Equations (12)–(14),
as shown in Figure 3.
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Figure 3. Indicator weighting values.

The remaining 20 sub-index factors were calculated to obtain the relative weight of
each sub-index to the index factors. The EWM was then used to find the weight of each
index, and both values were combined (with equal weight) to obtain the weight from
Equations (29) and (30).

5.3. Analysis of Fire Indicators

From Figure 3, we can observe that the fire risk assessment of ancient vernacular
residences revealed that 29% of fires were caused by human causes. This result is consistent
with Ouache et al.’s [15] study, wherein 20.68% of fire risk was attributed to human factors.
However, the difference in these two percentages is due to the distinct subjects studied
by each research. Therefore, it is important for officials, village councils, and citizens
to work together to prevent fires through means such as increased fire safety awareness
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campaigns and the use of new technologies in improving pre-fire damage assessment, early
identification, and prevention of potential hazards.

Through a questionnaire survey of villagers, it was found that the probability of fire is
highest in winter. This finding is supported by Chuvieco and Justice’s [59] research, which
showed that winter is relatively dry, creating an environment around the ancient village
that is extremely vulnerable to fire. Statistics from 1997 to 2017 revealed that there was a
slight increase in the number of fire accidents and fatalities during December, January, and
February each winter compared to the rest of the year. Dry air in winter makes these fires
more likely to spread easily once they occur. Additionally, during festive seasons such as
New Year’s Day and Spring Festival, residents tend to use more electrical appliances for
entertainment and party activities, increasing their risk of starting a fire [7].

The second most influential fire risk is social management factors, accounting for 25.8%.
Fire is not only a physical phenomenon but also a social one with complex consequences.
To prevent fires from occurring, countries such as China and the United States have
implemented successful fire awareness and training programs [60]. However, many rural
dwellers lack knowledge of fire hazard management due to their poor social experience.
Therefore, developing more effective fire safety education is essential to make people aware
of how to better protect themselves from the risk of fire. Therefore, an effective fire safety
accountability system and fire management system are crucial for the sustainability of the
built cultural heritage of ancient villages. The establishment of systematic and routine
fire safety inspections, corrective measures, and the integration of fire protection planning
with urban planning departments can ensure adequate fire stations, evacuation routes,
and safety exits in neighboring areas. Timely notification of relevant authorities, increased
supervision, installation of additional firefighting equipment, and regular evacuation drills
can ensure overall fire safety during major events.

The other two main categories of indicators that influence the risk of a fire in new
buildings are facility factors (20.7%) and environmental factors (24.5%), which directly
affect the objective factors of building fires. Wang et al. [61] used building information
modeling and 3D modeling geometry data to simulate evacuation assessment, escape
route planning, safety education, and fire management strategies. From 2012 to 2014, a
survey conducted by the Ministry of Public Safety and Security of Korea regarding the
financial support for fire safety facilities and technology research projects showed that
investments in safety facilities were integral to fire prevention [62]. Kim and Kong’s [63]
research showed a positive correlation between quality fire protection facilities and the
rate of fire prevention conducted by studying management styles within apartment houses
during inspections. However, the specific correlation between them was not stated, nor
was its influence on reducing fires revealed. Guo et al. [64] studied the probability of failure
when it came to steel structure resistance against fire load considering uncertain parameters
like environmental factors such as air temperature and wind velocity/direction, which can
significantly change evacuation plans during disasters, according to Nishino et al.’s [65]
multi-scenario city post-earthquake study involving fire spread evacuation. Environmental
contamination caused by fires, including air pollution and groundwater contamination, is
also emphasized in Alvarez et al.’s [66] study. The authors found that complexes consisting
of buildings with occupants can significantly contribute to higher levels of fire risk, but no
criteria were established regarding precise correlations among both hazards.

5.4. Weighting Analysis of Fire Risk Impact Subfactors

From the results of Figure 4 above, the five biggest fire risks that affect the Hex-
inwu Building Complex are D5—fire rescue capability (8.7%), A2—initial firefighting
capability (8.2%), C3—fire resistance level of building materials (7.8%), B2—firefighting
facilities (6.9%), and C1—fire load (5.7%). The most important factor for reducing the
damage caused by a building fire is the fire rescue capability of urban management,
which can greatly reduce the risk of such a disaster if it is properly handled immedi-
ately at its onset. Reports from China’s statistical data from 1997 to 2017 showed that
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the total number of fires and losses throughout China decreased overall; one of the
contributing factors was cities developing and improving their rescue capabilities. All
fires start as small sparks or hidden dangers; if the initial fire forms before help arrives
and professional firefighters do not come to contain it, then the native inhabitant’s
abilities to contain the spread of said fire are crucial. Second, building materials with
higher ratings in terms of their degree of resistance against flames have an incredibly
important role in preventing these fires from spreading. Such measurements are based
on a graded scale determined by combustion properties and exhaust threshold limits
for all components used in construction [67]. The bearing structure in the Hexinwu
Building Complex is mainly made out of wood, which is far more flammable compared
to reinforced concrete structures in larger buildings, making it considerably harder to
reduce its risk of catching fire; therefore, it is essential when preserving this ancient
tangible cultural heritage site that not only is research regarding traditional tourism
culture performed correctly but also that proper coating and wrapping is applied on all
major structures using flameproof materials to keep fires from spreading further should
they occur [68].
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5.5. Hexinwu Building Complex Fire Risk Situation

The composite average derived from the data in Figure 4 and the expert scoring can
be used to calculate the fire risk score for the new sub-indicator (shown as dots in Figure 5).
The total score resulting from all these scores is 5.797. According to Table 3, it can be
concluded that the safety level of the Hexinwu Building Complex is Level 4, signifying
that it is relatively dangerous. This corresponds to the preliminary determination made
by the expert group. Therefore, measures must be taken to ensure fire safety protection
for the cultural sustainability of this architectural heritage. The area is in a relatively
remote, mostly rural location, making it difficult to achieve timely fire rescue capabilities.
Furthermore, buildings here typically feature brick–timber materials, which are prone
to catching fire. Most of these buildings are also in disrepair, and due to villagers’ lack
of awareness regarding fire safety, unsafe practices such as improper use of electricity,
smoking, playing with fire, and lightning strikes during dry winter months, all contribute
significantly to the risk of a potential fire accident.
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Figure 5. Fire risk score for the He Xin Estate sub-index.

From Figure 5, it is clear that the greatest current danger is the ability to fight initial
fires (A3), the fire resistance of building materials (C3), fire rescue capacity (D5), building
fire load (C1), and the electricity situation of residents (A1). This danger is mainly caused by
the architectural features and the environment of the Hexinwu Building Complex and most
ancient vernacular residences in ancient villages. These vernacular residences are often
located in remote areas, leading to delayed response times for fire rescues. In addition to
limited awareness of fire safety and nonstandard use of electricity, these buildings are highly
flammable and densely packed, making them much more susceptible to fires compared to
high-rise buildings. Therefore, for the conservation of ancient villages, it is necessary to use
new materials to establish adequate fireproof layers, improve the fire resistance rating of
buildings, and implement cost-effective automatic fire protection facilities. For example,
automatic fire alarms, fire extinguishing systems, and electrical monitoring can reduce
the risk of heritage loss. The use of technologies such as the Internet of Things, artificial
intelligence, and information from cell phone apps can enhance the firewall protection of
heritage buildings.

6. Conclusions

This study conducted a fire risk assessment based on FAHP and EWM for the Hex-
inwu Building Complex in Guangdong province, which has heritage value. Combining the
results of the entropy and fuzzy evaluation methods leads to a comprehensive assessment
of fire risk in ancient buildings. This comprehensive assessment provides a more com-
prehensive and objective risk assessment that considers both quantitative and qualitative
factors, as well as their relative importance. The simultaneous use of these two methods
helps to synthesize multiple factors to provide a more comprehensive assessment of the fire
risk of ancient buildings and to provide more accurate decision support. The methodology
can also be adapted and customized to suit specific ancient building situations and different
contexts and needs.

In an effort to reduce the subjectivity of the evaluation, a qualitative and quantitative
safety level evaluation was undertaken, along with identifying important fire risk factors.
Through fieldwork, expert interviews, and analysis of the actual situation of ancient villages,
a framework consisting of 20 sub-indicators was identified for four evaluation systems
based on human factors, facility factors, environmental factors, and social management
factors from the viewpoint of operability and comprehensiveness. The results of the study
provide a basic approach for reducing and controlling building fires in ancient villages.

Ancient village buildings have important historical and cultural values as cultural
heritage, and there is a trade-off between fire risk and cultural values in fire assessment.
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Combining the fuzzy evaluation method and the EWM in assessing fire risk in ancient vil-
lage buildings brings advantages such as comprehensive assessment, improved objectivity,
handling uncertainty, adaptability to complex situations, and methodological rigor. The
approach serves as a good demonstration of how to balance the preservation of cultural
heritage while effectively assessing and reducing fire risk.

This study reveals the holistic fire hazards of architecturally preserved heritage villages.
The proportion of human causes in ancient villages is as high as 29% relative to the fire risk
factors in high-rise residential and commercial plazas. This provides insights for improving
the assessment framework of fire risk in ancient village buildings and further research
on potential fire hazards in ancient residences, as well as providing policymakers with
references for effective management of fires in the Nanyue ancient road complex.

We have not taken into account the overall layout characteristics of the Hakka archi-
tectural complexes and anthropological factors, as well as the consideration of local climate
and wind conditions for the evaluation model. Additionally, the evaluation was conducted
from a static perspective without incorporating dynamic data, which lacks a long-term
perspective. In the future, the utilization of three-dimensional scanning and point cloud
modeling may provide more detailed information to assist in risk assessment.

Author Contributions: Conceptualization, G.L. (Guokai Li), H.Y. and A.G.; Formal analysis, Y.S.,
G.L. (Guiye Lin) and G.X.; Funding acquisition, H.Y.; Investigation, G.L. (Guiye Lin); Methodology,
G.L. (Guokai Li) and G.X.; Supervision, A.G.; Validation, G.L. (Guokai Li); Writing—original draft,
G.L. (Guokai Li); Writing—review and editing, H.Y., Y.S. and A.G. All authors have read and agreed
to the published version of the manuscript.

Funding: The study was supported by The National Social Science Fund of China (Grant Number:
20BGL187).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study can be found in Appendix A of the article.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this research.

Appendix A

Table A1. Expert scoring table of triangular fuzzy numbers for the four system indicators.

A B C D
A 1.00 1.00 1.00 1.00 1.50 2.00 0.50 1.00 1.50 0.50 1.00 1.50
B 0.50 0.67 1.00 1.00 1.00 1.00 0.67 1.00 2.00 0.50 0.67 1.00
C 0.67 1.00 2.00 0.50 1.00 1.50 1.00 1.00 1.00 0.67 1.00 2.00
D 0.67 1.00 2.00 1.00 1.50 2.00 0.50 1.00 1.50 1.00 1.00 1.00

A B C D
A 1.00 1.00 1.00 1.00 1.50 2.00 1.00 1.50 2.00 0.50 1.00 1.50
B 0.50 0.67 1.00 1.00 1.00 1.00 0.50 0.67 1.00 0.50 0.67 1.00
C 0.50 0.67 1.00 1.00 1.50 2.00 1.00 1.00 1.00 0.50 0.67 1.00
D 0.67 1.00 2.00 1.00 1.50 2.00 1.00 1.50 2.00 1.00 1.00 1.00

A B C D
A 1.00 1.00 1.00 1.50 2.00 2.50 2.50 3.00 3.50 1.00 1.50 2.00
B 0.40 0.50 0.67 1.00 1.00 1.00 0.50 0.67 1.00 0.33 0.40 0.50
C 0.33 0.40 0.50 1.00 1.50 2.00 1.00 1.00 1.00 0.50 0.67 1.00
D 0.50 0.67 1.00 2.00 2.50 3.00 1.00 1.50 2.00 1.00 1.00 1.00
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Table A2. Expert scoring table of triangular fuzzy numbers of sub-indicators A1–A5.

A1 A2 A3 A4 A5
A1 1.000 1.000 1.000 0.400 0.500 0.667 0.286 0.333 0.400 0.400 0.500 0.667 0.400 0.500 0.667
A2 1.500 2.000 2.500 1.000 1.000 1.000 0.400 0.500 0.667 0.500 0.667 1.000 0.500 1.000 1.500
A3 2.500 3.000 3.500 1.500 2.000 2.500 1.000 1.000 1.000 1.500 2.000 2.500 2.000 2.500 3.000
A4 1.500 2.000 2.500 1.000 1.500 2.000 0.400 0.500 0.667 1.000 1.000 1.000 0.500 1.000 1.500
A5 1.500 2.000 2.500 0.667 1.000 2.000 0.333 0.400 0.500 0.667 1.000 2.000 1.000 1.000 1.000

A1 A2 A3 A4 A5
A1 1.000 1.000 1.000 0.500 0.667 1.000 0.333 0.400 0.500 0.333 0.400 0.500 0.400 0.500 0.667
A2 1.000 1.500 2.000 1.000 1.000 1.000 0.500 0.667 1.000 0.667 1.000 2.000 0.500 1.000 1.500
A3 2.000 2.500 3.000 1.000 1.500 2.000 1.000 1.000 1.000 1.000 1.500 2.000 1.500 2.000 2.500
A4 2.000 2.500 3.000 0.500 1.000 1.500 0.500 0.667 1.000 1.000 1.000 1.000 1.000 1.500 2.000
A5 1.500 2.000 2.500 0.500 0.667 1.000 0.400 0.500 0.667 0.500 0.667 1.000 1.000 1.000 1.000

A1 A2 A3 A4 A5
A1 1.000 1.000 1.000 0.333 0.400 0.500 0.333 0.400 0.500 0.400 0.500 0.667 0.500 0.667 1.000
A2 2.000 2.500 3.000 1.000 1.000 1.000 0.667 1.000 2.000 0.500 0.667 1.000 1.000 1.500 2.000
A3 2.000 2.500 3.000 0.500 1.000 1.500 1.000 1.000 1.000 2.000 2.500 3.000 1.500 2.000 2.500
A4 1.500 2.000 2.500 1.000 1.500 2.000 0.333 0.400 0.500 1.000 1.000 1.000 0.500 1.000 1.500
A5 1.000 1.500 2.000 0.500 0.667 1.000 0.400 0.500 0.667 0.667 1.000 2.000 1.000 1.000 1.000

Table A3. Table of calculated A1–A5 integrated triangular fuzzy numbers.

A1 A2 A3 A4 A5
A1 1.000 1.000 1.000 0.333 0.511 1.000 0.286 0.376 0.500 0.333 0.464 0.667 0.400 0.550 1.000
A2 1.000 1.957 3.000 1.000 1.000 1.000 0.400 0.693 2.000 0.500 0.763 2.000 0.500 1.145 2.000
A3 2.000 2.657 3.500 0.500 1.442 2.500 1.000 1.000 1.000 1.000 1.957 3.000 1.500 2.154 3.000
A4 1.500 2.154 3.000 0.500 1.310 2.000 0.333 0.511 1.000 1.000 1.000 1.000 0.500 1.145 2.000
A5 1.000 1.817 2.500 0.500 0.763 2.000 0.333 0.464 0.667 0.500 0.874 2.000 1.000 1.000 1.000

Table A4. Defuzzification of the resulting matrix for A1-A5.

U1= [1.000 0.589 0.385 0.482 0.625
1.979 1.000 0.947 1.007 1.198
2.704 1.471 1.000 1.979 2.202
2.202 1.280 0.589 1.000 1.198
1.784 1.007 0.482 1.062 1.000]

Calculation results: Ymax = 5.372, CI = 0.0926, CR = 0.0831 < 0.1.

Table A5. TFN values and Weight for A1–A5.

S1 S2 S3 S4 S5

TFN (0.053, 0.101,
0.220)

(0.077, 0.194,
0.529)

(0.135, 0.321,
0.687)

0.086, 0.213,
0.476)

(0.075, 0.171,
0.432)

S1 S2 S3 S4 S5

TFN (0.053, 0.101,
0.220)

(0.077, 0.194,
0.529)

(0.135, 0.321,
0.687)

0.086, 0.213,
0.476)

(0.075, 0.171,
0.432)

Sub-
Indicators A1 A2 A3 A4 A5

W 0.081 0.218 0.289 0.220 0.192
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Table A6. Expert scoring table of triangular fuzzy numbers of sub-indicators B1–B5.

B1 B2 B3 B4 B5
B1 1.000 1.000 1.000 0.400 0.500 0.667 0.667 1.000 2.000 0.500 1.000 1.500 0.400 0.500 0.667
B2 1.500 2.000 2.500 1.000 1.000 1.000 0.500 1.000 1.500 2.500 3.000 3.500 1.500 2.000 2.500
B3 0.500 1.000 1.500 0.667 1.000 2.000 1.000 1.000 1.000 2.500 3.000 3.500 2.500 3.000 3.500
B4 0.667 1.000 2.000 0.286 0.333 0.400 0.286 0.333 0.400 1.000 1.000 1.000 0.500 1.000 1.500
B5 1.500 2.000 2.500 0.400 0.500 0.667 0.286 0.333 0.400 0.667 1.000 2.000 1.000 1.000 1.000

B1 B2 B3 B4 B5
B1 1.000 1.000 1.000 0.500 0.667 1.000 0.500 0.667 1.000 1.000 1.500 2.000 0.500 0.667 1.000
B2 1.000 1.500 2.000 1.000 1.000 1.000 0.500 0.667 1.000 2.000 2.500 3.000 1.500 2.000 2.500
B3 1.000 1.500 2.000 1.000 1.500 2.000 1.000 1.000 1.000 2.500 3.000 3.500 2.500 3.000 3.500
B4 0.500 0.667 1.000 0.333 0.400 0.500 0.286 0.333 0.400 1.000 1.000 1.000 0.500 0.667 1.000
B5 1.000 1.500 2.000 0.400 0.500 0.667 0.286 0.333 0.400 1.000 1.500 2.000 1.000 1.000 1.000

B1 B2 B3 B4 B5
B1 1.000 1.000 1.000 0.400 0.500 0.667 0.500 0.667 1.000 1.000 1.500 2.000 0.400 0.500 0.667
B2 1.500 2.000 2.500 1.000 1.000 1.000 0.667 1.000 2.000 1.000 1.500 2.000 2.000 2.500 3.000
B3 1.000 1.500 2.000 1.000 1.500 2.000 1.000 1.000 1.000 2.000 2.500 3.000 1.500 2.000 2.500
B4 0.500 0.667 1.000 0.500 0.667 1.000 0.333 0.400 0.500 1.000 1.000 1.000 0.333 0.400 0.500
B5 1.500 2.000 2.500 0.333 0.400 0.500 0.400 0.500 0.667 1.500 2.000 2.500 1.000 1.000 1.000

Table A7. Table of calculated B1–B5 integrated triangular fuzzy numbers.

B1 B2 B3 B4 B5
B1 1.000 1.000 1.000 0.400 0.550 1.000 0.500 0.763 2.000 0.500 1.310 2.000 0.400 0.550 1.000
B2 1.000 1.817 2.500 1.000 1.000 1.000 0.500 0.874 2.000 1.000 2.241 3.500 1.500 2.154 3.000
B3 0.500 1.310 2.000 0.667 1.310 2.000 1.000 1.000 1.000 2.000 2.823 3.500 1.500 2.621 3.500
B4 0.500 0.763 2.000 0.286 0.446 1.000 0.286 0.354 0.500 1.000 1.000 1.000 0.333 0.644 1.500
B5 1.000 1.817 2.500 0.333 0.464 0.667 0.286 0.382 0.667 0.667 1.442 2.500 1.000 1.000 1.000

Table A8. Defuzzification of the resulting matrix for B1–B5.

U2= [1.000 0.625 1.007 1.280 0.625
1.784 1.000 1.062 2.246 2.202
1.280 1.322 1.000 2.787 2.561
1.007 0.545 0.374 1.000 0.780
1.784 0.482 0.429 1.513 1.000]

Calculation results: Ymax = 5.425, CI = 0.1062, CI = 0.0948 < 0.1.

Table A9. TFN values and Weight for B1–B5.

S1 S2 S3 S4 S5

TFN (0.063, 0.141,
0.365)

(0.113, 0.273,
0.626)

(0.128, 0.306,
0.626)

(0.054, 0.108,
0.313)

(0.074, 0.172,
0.383)

Sub-
Indicators B1 B2 B3 B4 B5

W 0.161 0.256 0.273 0.132 0.179
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Table A10. Expert scoring table of triangular fuzzy numbers of sub-indicators C1–C5.

C1 C2 C3 C4 C5
C1 1.000 1.000 1.000 0.500 1.000 1.500 0.500 1.000 1.500 1.500 2.000 2.500 2.000 2.500 3.000
C2 0.667 1.000 2.000 1.000 1.000 1.000 0.500 0.667 1.000 0.500 1.000 1.500 1.500 2.000 2.500
C3 0.667 1.000 2.000 1.000 1.500 2.000 1.000 1.000 1.000 2.000 2.500 3.000 2.500 3.000 3.500
C4 0.400 0.500 0.667 0.667 1.000 2.000 0.333 0.400 0.500 1.000 1.000 1.000 1.500 2.000 2.500
C5 0.333 0.400 0.500 0.400 0.500 0.667 0.286 0.333 0.400 0.400 0.500 0.667 1.000 1.000 1.000

C1 C2 C3 C4 C5
C1 1.000 1.000 1.000 0.500 1.000 1.500 0.500 1.000 1.500 1.500 2.000 2.500 2.000 2.500 3.000
C2 0.667 1.000 2.000 1.000 1.000 1.000 0.500 0.667 1.000 0.500 1.000 1.500 1.500 2.000 2.500
C3 0.667 1.000 2.000 1.000 1.500 2.000 1.000 1.000 1.000 2.000 2.500 3.000 2.500 3.000 3.500
C4 0.400 0.500 0.667 0.667 1.000 2.000 0.333 0.400 0.500 1.000 1.000 1.000 1.500 2.000 2.500
C5 0.333 0.400 0.500 0.400 0.500 0.667 0.286 0.333 0.400 0.400 0.500 0.667 1.000 1.000 1.000

C1 C2 C3 C4 C5
C1 1.000 1.000 1.000 1.500 2.000 2.500 0.500 0.667 1.000 1.000 1.500 2.000 2.500 3.000 3.500
C2 0.400 0.500 0.667 1.000 1.000 1.000 0.333 0.400 0.500 0.500 1.000 1.500 2.000 2.500 3.000
C3 1.000 1.500 2.000 2.000 2.500 3.000 1.000 1.000 1.000 1.500 2.000 2.500 2.000 2.500 3.000
C4 0.500 0.667 1.000 0.667 1.000 2.000 0.400 0.500 0.667 1.000 1.000 1.000 2.000 2.500 3.000
C5 0.286 0.333 0.400 0.333 0.400 0.500 0.333 0.400 0.500 0.333 0.400 0.500 1.000 1.000 1.000

Table A11. Table of calculated C1–C5 integrated triangular fuzzy numbers.

C1 C2 C3 C4 C5
C1 1.000 1.000 1.000 0.500 1.260 2.500 0.500 0.874 1.500 1.000 1.817 2.500 2.000 2.657 3.500
C2 0.400 0.794 2.000 1.000 1.000 1.000 0.333 0.562 1.000 0.500 1.000 1.500 1.500 2.154 3.000
C3 0.667 1.145 2.000 1.000 1.778 3.000 1.000 1.000 1.000 1.500 2.321 3.000 2.000 2.823 3.500
C4 0.400 0.550 1.000 0.667 1.000 2.000 0.333 0.431 0.667 1.000 1.000 1.000 1.500 2.154 3.000
C5 0.286 0.376 0.500 0.333 0.464 0.667 0.286 0.354 0.500 0.333 0.464 0.667 1.000 1.000 1.000

Table A12. Defuzzification of the resulting matrix for C1–C5.

U3= [1.000 1.380 0.937 1.784 2.704
0.997 1.000 0.614 1.000 2.202
1.239 1.889 1.000 2.286 2.787
0.625 1.167 0.466 1.000 2.202
0.385 0.482 0.374 0.482 1.000]

Calculation results: Ymax = 5.2784, CI = 0.0696, CI = 0.0621 < 0.1.

Table A13. TFN values and Weight for C1–C5.

S1 S2 S3 S4 S5

TFN (0.116, 0.254,
0.523)

(0.087, 0.184,
0.404)

(0.143, 0.302,
0.594)

(0.091, 0.171,
0.364)

(0.052, 0.089,
0.158)

Sub-
Indicators C1 C2 C3 C4 C5

W 0.271 0.210 0.306 0.192 0.020
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Table A14. Expert scoring table of triangular fuzzy numbers of sub-indicators D1–D5.

D1 D2 D3 D4 D5
D1 1.000 1.000 1.000 0.667 1.000 2.000 0.500 0.667 1.000 1.000 1.500 2.000 0.400 0.500 0.667
D2 0.500 1.000 1.500 1.000 1.000 1.000 0.667 1.000 2.000 1.500 2.000 2.500 0.400 0.500 0.667
D3 1.000 1.500 2.000 0.500 1.000 1.500 1.000 1.000 1.000 2.000 2.500 3.000 0.500 0.667 1.000
D4 0.500 0.667 1.000 0.400 0.500 0.667 0.333 0.400 0.500 1.000 1.000 1.000 0.333 0.400 0.500
D5 1.500 2.000 2.500 1.500 2.000 2.500 1.000 1.500 2.000 2.000 2.500 3.000 1.000 1.000 1.000

D1 D2 D3 D4 D5
D1 1.000 1.000 1.000 0.667 1.000 2.000 0.500 0.667 1.000 1.500 2.000 2.500 0.333 0.400 0.500
D2 0.500 1.000 1.500 1.000 1.000 1.000 0.667 1.000 2.000 1.500 2.000 2.500 0.333 0.400 0.500
D3 1.000 1.500 2.000 0.500 1.000 1.500 1.000 1.000 1.000 2.000 2.500 3.000 0.400 0.500 0.667
D4 0.400 0.500 0.667 0.400 0.500 0.667 0.333 0.400 0.500 1.000 1.000 1.000 0.333 0.400 0.500
D5 2.000 2.500 3.000 2.000 2.500 3.000 1.500 2.000 2.500 2.000 2.500 3.000 1.000 1.000 1.000

D1 D2 D3 D4 D5
D1 1.000 1.000 1.000 0.500 0.667 1.000 0.400 0.500 0.667 2.000 2.500 3.000 0.286 0.333 0.400
D2 1.000 1.500 2.000 1.000 1.000 1.000 0.400 0.500 0.667 2.000 2.500 3.000 2.000 2.500 3.000
D3 1.500 2.000 2.500 1.500 2.000 2.500 1.000 1.000 1.000 1.500 2.000 2.500 0.333 0.400 0.500
D4 0.333 0.400 0.500 0.333 0.400 0.500 0.400 0.500 0.667 1.000 1.000 1.000 0.286 0.333 0.400
D5 2.000 2.500 3.000 2.500 3.000 3.500 2.000 2.500 3.000 2.500 3.000 3.500 1.000 1.000 1.000

Table A15. Table of calculated D1–D5 integrated triangular fuzzy numbers.

D1 D2 D3 D4 D5
D1 1.000 1.000 1.000 0.500 0.874 2.000 0.400 0.606 1.000 1.000 1.957 3.000 0.286 0.405 0.667
D2 0.500 1.145 2.000 1.000 1.000 1.000 0.400 0.794 2.000 1.500 2.154 3.000 0.333 0.794 3.000
D3 1.000 1.651 2.500 0.500 1.260 2.500 1.000 1.000 1.000 1.500 2.321 3.000 0.333 0.511 1.000
D4 0.333 0.511 1.000 0.333 0.464 0.667 0.333 0.431 0.667 1.000 1.000 1.000 0.286 0.376 0.500
D5 1.500 2.321 3.000 1.500 2.466 3.500 1.000 1.957 3.000 2.000 2.657 3.500 1.000 1.000 1.000

Table A16. Defuzzification of the resulting matrix for D1–D5.

U4= [1.000 1.062 0.653 1.979 0.441
1.198 1.000 0.997 2.202 1.230
1.701 1.380 1.000 2.286 0.589
0.589 0.482 0.366 1.000 0.385
1.986 2.183 1.679 2.504 1.000]

Calculation results: Ymax = 5.4352, CI = 0.1088, CI = 0.0971 < 0.1

Table A17. TFN values and Weight for D1–D5.

S1 S2 S3 S4 S5

TFN (0.069, 0.158,
0.373)

(0.080, 0.192,
0.536)

(0.093, 0.220,
0.487)

(0.049, 0.091,
0.187)

(0.151, 0.339,
0.682)

Sub-
Indicators D1 D2 D3 D4 D5

W 0.176 0.230 0.235 0.040 0.319
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Table A18. Value of sub-factors evaluation based on Security classification.

Sub-Factors Expert 1 Expert 2 Expert 3 Expert 4 Expert 5 Average
Score Weight

A1 6.5 6.0 5.5 7.0 7.0 6.4 0.0422
A2 5.0 4.5 4.0 5.5 3.5 4.5 0.0466
A3 7.0 7.0 7.5 6.5 6.5 6.9 0.0806
A4 6.0 4.5 5.5 6.0 5.5 5.5 0.0344
A5 5.0 4.5 6.0 6.0 5.5 5.4 0.0422
B1 3.5 3.0 3.0 3.5 2.5 3.1 0.0396
B2 5.0 4.0 4.5 3.5 3.5 4.1 0.0846
B3 5.5 6.0 5.0 7.0 5.5 5.8 0.0561
B4 7.0 7.5 7.0 6.0 7.0 6.9 0.0340
B5 6.5 6.0 6.5 7.0 7.0 6.6 0.0396
C1 6.0 5.5 6.0 6.5 7.0 6.2 0.0470
C2 7.0 6.5 7.0 6.0 7.0 6.7 0.0364
C3 6.5 6.0 6.5 7.0 6.0 6.4 0.0806
C4 7.0 6.5 8.0 7.5 8.0 7.4 0.0422
C5 3.0 2.5 3.0 3.0 3.5 3.0 0.0392
D1 7.0 6.5 7.0 5.5 6.0 6.4 0.0422
D2 7.0 6.5 6.0 7.0 6.5 6.6 0.0396
D3 5.0 5.5 7.0 6.5 7.0 6.2 0.0457
D4 7.0 5.5 6.5 7.0 6.5 6.5 0.0344
D5 6.0 4.5 5.0 4.0 4.0 4.7 0.0925
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