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Abstract

The study of the distribution pattern of fire risk in ancient buildings can provide a starting point for emergency measures to be taken in case of
possible fires. Based on the fire characteristics, system complexity, and geographic information attributes of large palace ancient building
complexes, this paper adopts a fuzzy comprehensive evaluation method combining fuzzy mathematics and analytic hierarchy process to
construct a fire risk evaluation system for ancient buildings, which includes six criteria and 28 indicators such as the value index, and the fire
likelihood. For the evaluation method of this system, the expert scoring and Analytic Hierarchy Process are used to determine the weights of
various indicators. Then, the multiple rounds of expert analysis with a review of relative literature, the membership degree of each indicator is
analyzed one-by-one, and the final risk model, and risk factor are determined. By combining MHMapGlIS technology, this comprehensive
evaluation method was applied as an example to the Imperial Palace (large Ming and Qing ancient architectural buildings) in Beijing (China) for
grid and visual analysis, and the rationality of the results were verified. The evaluation results can intuitively and reasonably show the distribution
of fire risk, indicating that the constructed evaluation system and its model method display a certain of feasibility.
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Introduction

Due to the unique construction age, structure, and materials
of large Ming and Qing ancient architectural buildings, they
have a high fire incidence rate. A large number of fires have
previously occurred in Chinese cultural relics and ancient build-
ings, and the extremely valuable ancient buildings once burned
in a fire, are a significant loss of human cultural heritage. There-
fore, it is necessary to conduct a fire risk assessment on ancient
buildings.

The Fire Command Center is the fire and emergency
command department of the cultural heritage unit of the
ancient building clusters responsible for the operation and
planning of fire safety actions. It is a process of comprehensive
thinking on a series of issues such as emergency deployment of
ancient building clusters fires based on the comprehensive
analysis and judgment of fire risk and hazards, and forming a
judgment concept. Fire risk assessment is an important compo-
nent of the fire emergency command center, and the evalua-
tion criteria directly affect the effectiveness of fire and firefight-
ing command in ancient building clusters. In future fire drills,
only by strengthening and enhancing the 'evaluation' ability
can we stand invincible. Therefore, analyzing and evaluating
the factors related to fire hazards in ancient architectural clus-
ters are of great significance.

The assessment of fire hazards is a reflection of the scientific
calculation ability of various factors, so the comprehensive
impact of hierarchy and fuzziness must be considered in fire
hazard risk assessment. Based on constructing a fire risk assess-
ment index system for the ancient buildings, this article
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establishes a fire hazard assessment model, and then combines
the fuzzy comprehensive evaluation method to evaluate large
Ming and Qing ancient buildings clusters.

The common fire risk assessment is divided into qualitative
assessment, semi-quantitative assessment, and quantitative
assessment according to the indicator processing method.
Currently, semi-quantitative assessment methods are mostly
used for risk assessment of ancient buildings, which use multi-
ple risk assessment tools and comprehensively considers the
impact of multiple factors. Lil'! synthesized a comprehensive
fire science, safety science, fuzzy mathematics, fire safety, the
fire risk and other disciplines and set up the Anhui Ancient
Building Fire Protection System, which evaluated Anhui ancient
building fire safety protection work integration. Wei et al.2
applied the entropy method mutation theory to a typical
wooden structure complex in the South China, to track and
evaluate the risk of fire development. Based on the factors of
the fire spread and development, they had established a fire
risk evaluation index system for the wooden structure complex
from the safety management, the surrounding environment,
the wooden fire resistance facilities, the electrical fire protec-
tion, and the complex fire protection mechanism, which
possess five second-level indicators and 15 three-level
indicators!. Yan & WanB! used a combination of Analytic Hier-
archy Process (AHP) and Principal Component Analysis (PCA) to
assign weights for comprehensive evaluation and analysis. The
evaluation results showed that fire protection management
capability, fire handling capability, and fire extinguishing
equipment were the most weighted disaster-causing factors,
but the number of evaluation indicators was slightly
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insufficient. Xiel! conducted a comprehensive evaluation
analysis using Analytic Hierarchy Process and Fuzzy Compre-
hensive Evaluation Method. The evaluation results showed that
the top three disaster-causing factors with the highest weight
were electricity management, the temporary evacuation
routes, and fireproof water supply systems. This method was
applied to guide the rectification of fire hazards, the safety risk
results before and after the rectification were compared, and
the comparison results showed that the safety situation had
significantly improved. Yan et al.l’l used the Pressure-Status-
Response (PSR) model to build an evaluation framework and
determined the weights of each indicator through expert scor-
ing and the Analytic Hierarchy Process. Cai et al.l[% proposed the
Particle Swarm Optimization (PSO) optimization method based
on the Analytic Hierarchy Process, using particle iteration to
solve the judgment matrix. The accuracy of the results before
and after optimization were compared and analyzed, which
showed that the weight calculation of the optimized indicator
system was more accurate, and then preventive suggestions
were proposed for factors with larger weights. Ju et al.”] estab-
lished a Forest Evaluation Model using the Analytic Hierarchy
Process (AHP), validated the effectiveness and scientificity of
the results using the historical disaster data, and graded the
membership degrees of each indicator. However, owing to the
dynamic characteristics of forests, this method lacks data
dynamization and the automatic integration of evaluation.

Zhang et al.®l improved Gustav's method from the short-
comings of considering single factors and the high overlap of
factor weights. They combined expert scoring and Analytic
Hierarchy Process to construct a fire risk assessment model. The
suggestions such as adding evacuation routes and strengthen-
ing fire equipment had been proposed from the evaluation
results.

Principles for constructing an evaluation index system:

(1) Comprehensiveness. Starting from the requirements of
fire preparedness, comprehensively consider various factors
that affect fire risk hazards, and conduct a comprehensive eval-
uation of the entire spectrum of large Ming and Qing ancient
architectural clusters as much as possible.

(2) Scientificity. The indicators for risk warning analysis of
ancient building fires should distinguish between primary and
secondary factors, so that the indicator system is relatively
simple and does not affect the overall evaluation.

(3) Independence. Each evaluation indicator should main-
tain relative independence and each indicator should be able
to independently reflect the overall ability without any mutual
inclusion.

(4) Objectivity. When determining evaluation indicators, the
influence of subjective factors should be removed, and the
meaning of the indicators should be as clear as possible, which
can truly represent the essence of fire planning ability.

Taking the large Ming and Qing ancient architectural build-
ings as the research object, this article focuses on their diverse
functions and structural forms, a risk assessment system is
constructed by combining fuzzy mathematics methods and
analytic hierarchy process, six criteria layers and 28 indicators
were determined through the expert scoring and the Analytic
Hierarchy Process. Various indicator data were fuzzified to
determine the final risk model and propose prevention sugges-
tions for high-risk areas, which provides a reasonable decision-
making reference for scientific prevention. By combining
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MHMapGlIS visualization technology, this evaluation method
was developed into a software program for the online spatial
analysis, achieving real-time online evaluation®.

Fire risk assessment methods

The fuzzy comprehensive evaluation method!"%' is a com-
prehensive evaluation method based on fuzzy mathematics.
The biggest feature of this evaluation method is that it can
convert qualitative evaluation indicators into quantitative eva-
luation indicators on the fuzzy mathematics theory. This article
combines the fuzzy mathematics method with the Analytic
Hierarchy Process, fully combining the advantages of AHP in
easily solving multi-level and multi-objective problems and the
ability of fuzzy mathematics to better solve fuzzy and difficult
to quantify problems. At the same time, it also avoids the short-
comings of AHP, such as strong subjectivity. It has the charac-
teristics of clear results and strong systematicity, making it
more suitable for multi-objective decision-making and solving
various uncertain problems.

The large Ming and Qing ancient architectural buildings have
a high system complexity and a large amount of analysis work,
therefore the Analytic Hierarchy Process (AHP) was adopted.
However, for the evaluation indicators of fire risk, some are
quantitative objective data, while others are qualitative textual
descriptions, requiring a method to transform qualitative indi-
cators into quantitative indicators. Moreover, the risk level of
fire is also a fuzzy concept, and there is no clear boundary
between safety and danger. Therefore, a fuzzy comprehensive
evaluation method combining fuzzy mathematics and AHP was
adopted. The index system after the fuzzification treatment had
better adaptability to the risk assessment of the entire region
and its constituent individuals.

Construction of fire risk assessment index
systems for ancient buildings

Selection of evaluation indicators

The Analytic Hierarchy Process (AHP) structure consists of
three layers: target layer (A), criterion layer (B), and indicator
layer (C). The target layer is the risk analysis of large palace fires.
The selection of the criterion layer and indicator layer should
ensure the fairness, objectivity, and operability of the indicator
system, and follow the principles of hierarchical integrity, quali-
tative representativeness, feasibility and availability, and objec-
tive quantification.

Considering that most ancient buildings in China occupy a
large area were relatively old and had a strong historical
element, six levels were selected based on the actual situation,
including the value index, the possibility of fire occurrence, the
fire spread speed, the rescue speed index, the fire perception
ability, and the evacuation speed index. The value index
included the quantity and value of antiquities. Most ancient
buildings in China were made of brick and wood structures,
which have low fire resistance levels and high fire loads. There-
fore, the possibility of fire occurrence needs to include a series
of factors such as the building materials, the fire resistance
levels, the building structures, and the wire distribution that
might cause fires.

The factors that trigger fires in ancient buildings are the rapid
spread of fires and the poor sensitivity of fire detectors. On the
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one hand, there is a lack of corresponding flame retardant
treatment and there are flammable materials such as the
curtain fabrics and wood inside the building, which could cause
fires to spread rapidly, on the other hand, the number of fire
detectors are limited, their distribution is incomplete, and a few
traditional fire detectors are not sufficient to cope with com-
plex environments. Therefore, in the criterion layer of fire
spread speed and perception ability index, a series of indica-
tors such as the building flame retardant grade, the quantity of
cotton and linen products, the temperature and humidity need
to be included. In addition, the rescue and evacuation work in
the event of a fire can not be ignored. Some large ancient archi-
tectural buildings are also important tourist attractions with
high pedestrian traffic, which makes rescue and evacuation
work difficult. Therefore, in the rescue and evacuation speed
index criterion layer, the relevant indicators such as the number
of firefighters, the building area, and fire accessibility needs to
be included!2l.

Referring to the relevant literature, the Delphi method was
used to organize the fire risk indicator system to further refine
the risk indicators!'3-16], That involves organizing, summarizing,
and adding up the opinions of various experts, and then anony-
mously providing feedback on the indicators to the experts for
a second round of consultation. Based on the final opinions, the
indicator system was revised and improved. The final fire risk
indicator system is shown in Table 1.

Constructing a judgment matrix

By comparing two elements at a certain level, the judgment
matrix for that level was obtained['4. Since the fact that there
were only two indicators in the value index and the fire percep-
tion ability index in the criterion layer of Table 1, the weights
could be simply determined to be 0.5 each. The other four crite-
rion layers mutually compared and judged the two indicators
using a 1-9 scale, calculating the judgment matrix, and finally
obtaining the corresponding weights of each indicator in each
layer. Due to the large number of indicators selected in the
indicator layer, a relatively simple criterion layer was chosen as
an example for taking the calculation, the judgment matrix
obtained through expert scoring and reference to the litera-
ture is shown in Table 2.

Consistency check

Taking the judgment matrix of the criterion layer regarding A
from Table 2 as an example, the hierarchical single rank was
calculated and the consistency test was performed. The steps
were as follows:

Table 1. Hierarchy model.
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(1) The judgment matrix A is represented in the following
column form, with:

1 12 2 2 12 2

2 1 2 3 2 3

1212 01 2 13 2
A= 1/2 1/3 1/2 1 1/2 1/2 M

2 12 3 2 1 2

1/3 1/3 2 2 1/2 1

(2) The weight vector of judgment matrix A was calculated
using the geometric average method, giving Eqn (2):

0.16
1 0.30
B ] 012

n ] 0.09
" 0.21
k=1 0.12

In the formula: a; represents the elements in the i-th row and
j-th column of matrix A.

(3) Perform the consistency examination on the judgment
matrix, determine the maximum eigenvalue of the judgment
matrix, calculate its consistency index Cl and consistency ratio
CR, and obtain:

@

Amax = i M (3)

nw;
i=1 !

In the formula: w is the weight vector matrix obtained from
Eqn (2), where n is the number of indicators.

[ 0.16+0.30/2+0.12%2+0.09 %2 +0.21/2+0.12%2
0.16%2+0.30+0.12%2+0.09%3 +0.21 %2 +0.12%3
U < | 0-16/2+0.30/2+0.12+0.09+2+021/3+0.12+2
=1 0.16/2+0.30/3+0.12/2+0.09+0.21/2+0.12/2
0.16%2+0.30/2+0.12%3+0.09 %2 +0.21 +0.12%2
| 0.16/3+0.30/3+0.12%2+0.09%2+0.21/2+0.12
[ 1.08
1.91
| os4
=1 050
1.22
| 0.80
1(1.08 191 084 050 122 0.80
dpax ===+ —=2+—=+—+——+—]=636
610.16 7030 "0.12 7 0.09 " 021 T 0.12
cr = Amamn _636=6_ 000 (4)

n—1 6-1
At this point, when n = 6, looking up the table and obtaining
the random consistency index Rl = 1.24, the consistency ratio
CRis:

Target layer A Criterion layer B

Indicator layer C

Fire risk Value index B1 Number of cultural Antiques C11
warning Probability of fire occurrence B2 Building materials C21
analysis Wire distribution C24

Fire spread speed B3

Wind C37
Rescue speed index B4

Fire accessibility C44
Fire perception ability B5
Evacuation speed index B6 Building area C61

Number of staff C64

Building materials C31
Degree of building openness C34

Number of firefighters C41

Number of fire detectors C51

Cultural Antiques value C12
Fire resistance rating C22
Natural and coal gas C25
Building layers C32

Building age C23
Temperature C26
Flame retardant level C33

Quantity of cotton and linen  Plant density C36

yarn C35

Emergency equipment C42 Water system distance C43
Road traffic density C45

Number of fire alarms C52

Tourist density C62 Road accessibility C63

Building height C65 Number of road exits C66
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Table 2. Criterion layer's judgment matrix about A.

A B1 B2 B3 B4 B5 B6
B1 1 1/2 2 2 1/2 2
B2 2 1 2 3 2 3
B3 1/2 1/2 1 2 1/3 2
B4 1/2 1/3 1/2 1 1/2 1/2
B5 2 1/2 2 1 2
B6 1/3 1/3 2 2 1/2 1

Cl Apax —N 0.072
E = —Rl*(n—]) = m =0.0581<0.1

Therefore, this plan meets the requirements of consistency
testing.

For the weight calculation of indicator layer C with respect to
criterion layer B (Eqn (2)), the weights of indicator layer C were
normalized. For example, the weight of building materials is
0.1164, the fire resistance rating is 0.1352, the building age is
0.0541, the wire distribution is 0.2822, the natural and coal gas
is 0.3337, the temperature 0.0784 in the proportion of weight
to the likelihood of fire occurrence. The above criterion layer
calculation can be used as an example, and relevant software
such as Matlab used for the calculation. The CR values all meet
the consistency examination. The weights of each indicator are
shown in Table 3.

CR= ®)

Fuzzy comprehensive evaluation

Membership degree

Since this risk indicator system consists of two different
components, qualitative and quantitative, specific quantifica-
tion could not be achieved. Therefore, it was necessary to map
indicator characteristics to the same numerical range for subse-
guent weight processing. The fire risk indicator system for this
fire adopts the unit system, which means that based on the
given data, a decimal value of 0-1 is obtained after data
processing. The higher the value, the higher the corresponding
index. For example, when calculating the value index, the
higher the value obtained, the higher the comprehensive value
of the cultural antiquities. After multiple rounds of expert
discussions and considering that the standards for various
types of data were different from the relevant literaturel’>17],
this article adopted the method of determining the member-
ship degree of each type of data one by one, and the member-
ship degree of each type of data was as follows:

Table 3. Weights of various indicators.

Fuzzy comprehensive evaluation, fire risk, ancient buildings

Value index

According to the statistics of the Ministry of Culture and
Tourism, there were about 5,800 museums in China, with a total
collection of 46.65 million pieces. Therefore, for the evaluation
of the number of cultural relics, the average value is taken as
the standard, which is 8043 pieces. If it exceeds three times this
standard, the quantity index is considered 0.8, and if it is less
than 1/8 of this value, the quantity index is considered 0.2.

The value of cultural antiquities: if the Chinese National
second-level cultural antiquity value is generally above CNY¥
10,000 Yuan, the second-level cultural antiquity value is taken
as the average. If it is above CNY¥ 50,000, it is recorded as 0.8,
and if it is below CNY¥ 20,0000, it is recorded as 0.2.

Possibility of fire occurrence

Building materials: include wood, steel, marble, etc. Record
wood as 0.8, steel and marble as 0.2, and if there is no input,
record the mean as 0.5.

Fire resistance rating: the higher the fire resistance rating, the
lower the possibility of fire occurrence. If the fire resistance
rating is 5, it is recorded as 0.2, if the fire resistance rating is 4, it
is recorded as 0.3, and if the fire resistance rating is 3, it is
recorded as 0.5. If the fire resistance rating is 2, it is recorded as
0.7, and if the fire resistance rating is 1, it is recorded as 0.8.

Building age: the older the building, the greater the likeli-
hood of a fire occurring. Taking general buildings as an exam-
ple, according to China National Standards, the service life is
estimated to be between 50 to 100 years. If the age is less than
20, it is recorded as 0.2. If it is greater than 20 and less than 80,
it is recorded as the corresponding age value divided by 100. If
it is greater than 80, it is recorded as 0.8.

Wire distribution: the denser the distribution of electric wires,
the greater the likelihood of a fire occurring. A wire density, 4 or
less per cubic meter is considered low density; 4—-8 pieces
(inclusive) are of medium density, and more than 8 are con-
sidered high density. The medium density is denoted as 0.5,
sparsity is denoted as 0.2, and high density is denoted as 0.8.

Natural gas and coal gas are flammable materials, and the
more frequently they are used, the greater the likelihood of fire
occurrence. They can be scored based on the number of uses,
with y = 5x/100 and a maximum of 1.

Temperature: the higher the temperature, the greater the
possibility of a fire. To quantify this risk, temperatures are
recorded on a scale where 40 °C and above are assigned a value
of 0.8, indicating the highest risk. As the temperature
decreases, the risk is reduced, with 30 °C and above recorded as
0.5, 20 °C and above as 0.3, and temperatures below 20 °C as
0.2, representing the lowest risk on this scale.

Target layer Criterion layer

Indicator layer

Fire r!sk Value index 0.16 Number of cultural antiques 0.5 Cultural antiques value 0.5
warning Probability of fire occurrence  Building materials 0.1164 Fire resistance rating 0.1352 Building age 0.0541
analysis 0.30 Wwire distribution 0.2822 Natural and coal gas 0.3337 Temperature 0.0784
Fire spread Building materials 0.0581 Building layers 0.0441 Flame retardant level 0.1002
speed 0.12 Degree of building openness Quantity of cotton and linen Plant density 0.2843
0.0923 yarn 0.2843
Wind 0.1367
Rescue speed Number of firefighters 0.1831 Emergency equipment 0.0895  Water system distance 0.1594
index 0.09 Fire accessibility 0.3264 Road traffic density 0.2416
Fire perception ability 0.21 Number of fire detectors 0.5 Number of fire alarms 0.5
Evacuation speed index 0.12 Building area 0.0851 Tourist density 0.2941 Road accessibility 0.1518
Number of staff 0.1419 Building height 0.1125 Number of road exits 0.2146
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Fire spread speed

Building materials: include wood, steel, and marble, with a
ratio of 0.8 for wood and 0.2 for steel and marble.

Building layers: the higher the number of layers in a building
(e.g., towers), the higher the fire spread index. It is recorded as
0.2 for layers 1-3, 0.4 for layers 4-6, 0.6 for layers 7-9, and 0.8
for layers greater than 9.

Flame retardant level of a building: The higher the flame
retardant level, the slower the fire spread. According to the
flame retardant level 1-5, it is recorded as 0.8, 0.6, 0.4, 0.2, 0 in
order.

Degree of building openness: the higher the degree of build-
ing openness, the greater the spread index, which is recorded
as 0.8, 0.5, and 0.2 in descending order of openness.

Quantity of cotton and linen yarn products: the more cotton
and linen yarn products there are, the greater the spread index.
The initial value is 50 pieces, and the impact on the possibility
of fire is 0.2. For every ten more pieces, the degree of impact
increases by 0.1, with a maximum of 1.

Plant density: the plant density is high, with a shading ratio
of over 95%—-100% for plants (over 1 m high) under sunlight,
the medium density ranging from 50% to 95%, low density
below 20%. The higher the plant density, the slower the fire
spread. The high plant surface density is recorded as 0.2, the
medium plant density is recorded as 0.5, and the low density is
recorded as 0.8.

Wind speed: The wind speed increases the air in the combus-
tion zone, it brings a large amount of oxygen, which is the main
driving force for combustion, that the flame changes after
being blown by the wind, not only increases the flame length
but also intensifies radiation and convective heat transfer,
which makes the fire burn more vigorously. At a wind speed of
35 m/s, the percentage of fire spread in each part of the
perimeter of the fire scene to the total perimeter is 50% for the
downwind fire head, 40% for the side, and 10% for the upwind
fire head. When there is no wind, the percentage is: 25% for the
downwind fire, 50% for the side, and 25% for the upwind fire. If
the wind speed level is x, then y = 0.2x (take 100 wheny > 1).

Rescue speed index

Number of firefighters: the more firefighters there are, the
faster the rescue speed. During general firefighting, eight fire-
fighters are deployed per 100 m2. It is recorded that there are
eight firefighters per 100 m2, which is 0.2. For every additional
person, 0.2 are added, and the maximum limit is 1.

Road traffic density: The higher the traffic density, the lower
the rescue index tends to be. For the purpose of calculating the
rescue index, the number of people per 10 m2 is evaluated as
follows: if there is one person or fewer, it is counted as 1; if
there are two people, it is counted as 0.8; and if there are three
people, it is counted as 0.5.

Water system distance: the farther away the water system is,
the faster the fire spreads. When the water source is within 150
m of the site, a fire truck should be used to occupy the water
source and directly connect the water gun to extinguish the
fire; Within 150—1,500 m from the site, fire trucks should be
used to supply water through relay formation; if the distance
from the site exceeds 1,500 m, a fire truck water supply forma-
tion should be used to transport water for supply. When the
distance between water systems is less than 150 m, it is
recorded as 0.9. When the distance between water systems is
between 150—-1,500 m, it is recorded as 0.5. When the distance
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between water systems is greater than 1,500 m, it is recorded
as 0.1.

Amount of emergency equipment: according to rules of the
relevant departments in China, there should be one set of
emergency equipment per 50 m2. When the number of emer-
gency equipment contained within each 50 m? is less than 0.5
set, it is recorded as 0.2. When it is between 0.5 and 1.5 set, it is
recorded as 0.5. When it is greater than 1.5 set, it is recorded
as 0.8.

Fire accessibility: the higher the fire accessibility, the higher
the rescue index, which can be recorded as 0.8, 0.6, and 0.3
according to the high, medium, and low levels of accessibility.
Fire perception ability index

Number of fire detectors: generally speaking, the sensing
range of a fire detector is 80 m2. So there should be at least one
fire detector per 80 m2. When there is one fire detector per
80 m?, it is set to 0.4. If there is one more detector, it increases
by 0.4, and if there is one less detector, it decreases by 0.4. The
ceiling is setto 1.

Number of automatic fire alarms: the sensing range of a
general photoelectric fire automatic alarm is 60 m2 So there
should be at least one automatic fire alarm per 60 m2. When the
number of automatic fire alarms per 60 m2 is set to 1, it is 0.4. If
there is one more alarm, it increases by 0.4, and if there is one
less alarm, it decreases by 0.4. The maximum limit is 1.

Evacuation speed index

Building area: the larger the building area, the greater the fire
spread index. The general scale of large-scale buildings should
be between 20,000 m2 and 50,000 m2. When the building area
is less than 20,000 m2, it is recorded as 0.2. When it is between
20,000 m2 and 50,000 m?, it is recorded as 0.5. When the build-
ing area is greater than 50,000 m?, it is recorded as 0.8.

Number of staff: the number of staff for each attraction
should be 2-5. When the number of staff is less than 2, it is
recorded as 0.2. When the number of staff is 2—5, it is recorded
as 0.5. If it is greater than 5, it is recorded as 0.7.

Tourist density: according to the per capita spatial carrying
capacity index of the core scenic area (for example, the Palace
Museum), the tourist density is 0.8—3 m?2 per person. When the
tourist density is less than 0.8 m?2 per person, it is recorded as
0.8. When the tourist density is 0.8—3 m?2 per person, it is
recorded as 0.5. When the tourist density is greater than 3 m?
per person, it is recorded as 0.2.

Number of building layers: the number of layers in a build-
ing is recorded as 0.8 for a single-story building, 0.6 for multi-
ple layers, 0.4 for a high-rise building, and 0.3 for a basement.

Degree of road accessibility: it is recorded as 1.0 when there
are four directions, 0.9 when there are three directions, 0.7
when there are two directions, and 0.4 when there is one
direction.

Number of road exits: the number of road exits for each
attraction should be 2—4. On average, when the number of
exits for each attraction is less than 2, it is recorded as 0.2; when
the number is 2—4, it is recorded as 0.5; and when the number
of exits are greater than 4, it is recorded as 0.8.

Final risk model

Fuzzy evaluation requires first-level fuzzy evaluation and
second level fuzzy evaluation on the indicator layer and crite-
rion layer, respectively.

The first level fuzzy evaluation adopts Eqn (6):
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T2

Bi = Wei XR;i = (Weil, Weizs **+ 5 Weig) X

Ti6
=(Bi1, Bia, -+, Big) (6)

In the formula: B; is the fuzzy evaluation of the i-th criterion
layer; W,; is the weight set of the i-th criterion layer correspond-
ing to the indicator layer; R; is the fuzzy data corresponding to
the region of the i-th criterion layer; W, is the weight value
corresponding to the m-th indicator in the i-th criterion layer;
I'im is the fuzzy value corresponding to the m-th indicator in the
i-th criterion layer; B;, is the computational first-level fuzzy
result corresponding to the m-th indicator of the i-th criterion
layer.

The second level fuzzy evaluation adopts Eqn (7):

Wei X R,
Wea2 X Ry

S =Wp XB=(wp1, Wpa, "+, Wpg) X . =(81, 82+, S¢)
WC5><R(,

@

In the formula: S is the overall fuzzy evaluation of the ancient
building in that area; W, is the weight set of the criterion layer
for the target layer; B is a first-level fuzzy evaluation; wg; is the
weight of the i-th criterion layer; W,;is the set of corresponding
indicator weights in the i-layer criterion layer; R; is the fuzzy
data corresponding to the region of the i-th criterion layer; S; is
the fuzzy calculation result of the i-th criterion layer.

After calculating the weights of the above indicators and
conducting fuzzy comprehensive evaluation, the final risk
model can be determined by Eqn (8):

6
S risk = Z Si (8)
i=1

Among them, S, represents the final risk factor; S;is the
fuzzy calculation result of the i-th criterion layer in the second
level fuzzy evaluation.

Instance applications

MHMapGlS technology

MHMapGlIS is a universal geographic information system
software suitable for spatial information analysis and process-
ing, similar to MapGIS softwarel'8l, Its main functions are to
collect, store, and analyze various geographic spatial informa-
tion data, it can maintain high accuracy in editing and process-
ing complex terrain, and also provide a comprehensive geo-
graphic spatial information platform for managing and query-
ing spatial data.

In fire risk analysis, the development tool VS2022, C#
language and MHMapGIS module are closely combined for
secondary developmentl’d. At the same time, the software
integration technology is used to integrate the .DLL interface
into the software, integrating various functions such as data
collection, positioning, management, and analysis. It is a soft-
ware platform suitable for multiple working conditions. In addi-
tion, MHMapGIS has a powerful GDB database system and
multifunctional structural modules, including a layer manage-
ment module that adds spatial features and graphic attributes
such as drawing points, lines, and areas; the data management
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module for selecting, locating, and modifying graphic data; the
fuzzy query, precise query of spatial object height, and other
attributes, spatial analysis module for analyzing the range and
intensity of disaster impact, and so on.

Grid and visual validation

Taking the Palace Museum (large Ming and Qing ancient
architectural buildings) as an example, plan and organize the
required tourist flow, palace data, fire accessibility, and other
related characteristic information of the large palace buildings.
Using the fuzzy results obtained from the Analytic Hierarchy
Process and Fuzzy Comprehensive Evaluation Method, the writ-
ten Ci# language code is integrated into the MHMapGIS soft-
ware platform using extensions such as GDAL library, GEOS
library, PROJ library, etc.

Based on the study by Li"'%, a grid-based algorithm was inde-
pendently developed for this palace buildings, which mainly
includes three parts: boundary generation, grid partitioning,
and risk factor calculation. The main functions are imple-
mented with .DLL dynamic libraries and software. The main
purpose of generating boundary function is to generate the
geographical boundary of the architectural complex based on
the given building;

The grid division part divides The Palace Museum area into
seven major areas with the data such as building density,
number of streets, and historical disasters, and further subdi-
vides the detailed grid. The risk factor calculation section
includes the fuzzy comprehensive evaluation method in the fire
risk indicator system. The fuzzy comprehensive evaluation is
applied to each detailed grid to obtain fuzzy results. The soft-
ware's built-in rendering function is used to render the overall
area into a fire risk level distribution map. According to the clas-
sification criteria, a fire risk classification chart is obtained, as
shown in Table 4:

Figures 1 to 4 show the results obtained using the software.
The hazard levels (0, 40%] represent low, (40%, 60%] medium,
(60%, 80%] higher, and (80%, 100%] high using the different
colors of green, blue, pink, and red. The areas with higher fire
risks are mostly distributed in Area 3: on the one hand, the
building density in this area is high, the streets are narrow, and
the pedestrian flow is relatively concentrated; on the other
hand, there are a large number of cultural antiques stored in
this area, which are of great value. It is recommended to
increase the number of fire detectors and layout, arrange the
staff or take diversion measures, and also focus on rescue and
evacuation. In the open areas of Zone 0 and Zone 1, the fire risk
is relatively low. Area 2 is located in the main gate fortress, the
personnel are more dense and the stampede risk is high in the
actual situation. However, there are still shortcomings such as
the coarse indicator data and sparse grids, resulting in a less
detailed risk distribution. In the future, the number of grids can
be increased and the indicators can be refined to display the
fire risk distribution more clearly in detail. Considering the real-
time nature of software and risk factors, the fire warning
measures should focus more on areas with obvious and regular
red characteristics. In terms of comprehensive evaluation, the

Table 4. Riskinterval table.

Hazard levels Low Medium Higher High
Distribution (0,40%] (40%, 60%] (60%, 80%] (80%, 100%]
Colour Green Blue Pink Red
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Fig. 1 Generate boundary map.

Fig.3 Grid plot diagram.

fire risk distribution of the building is more intuitive and
reasonable by analyzing the historical disaster data of the
contracted type of building.

Conclusions

This article uses a fuzzy comprehensive evaluation method
that combines fuzzy mathematics and an analytic hierarchy
process to study the fire risk of large Ming and Qing ancient
architectural buildings. Firstly, the analytic hierarchy process is
used to calculate the weights of each indicator. Then, the data
of each indicator is blurred to obtain the final risk factors of the
model. Finally, the MHMapGIS software is used for secondary
development to apply this method to a certain instance, i.e. the
Palace Museum. After gridding and vectorizing the relevant
data, it is visualized. From the results, the overall distribution of
fire risks in the region is intuitive and reasonable, and relevant
prevention suggestions are proposed for the areas with higher
risks. On the grid deployment, the function had been
addressed through code implementation and algorithm opti-
mization. Overall, this study provides feasible ideas and refer-
ences for the prevention and emergency measures from the
large-scale palace fire risk assessment.
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