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Abstract: Historic sites are important components of every city's cultural history because they preserve rich
historical knowledge and distinctive values passed down from previous generations to the present. Due to the
progress of urbanization and modernization, many historic sites face pressure from damage and
transformation. In this paper, a method for assessing cultural heritage damage was developed to measure the
extent of spatial damage in historic sites. Using sample data obtained in Xiyang, Qixian, and Xiaoyi, all historic
cities in Shanxi Province, Mainland China, and combined weights were estimated using the Delphi technique
and the CRITIC weight method. Following this, the Spatial Damage Degree Model (SDDM) based on K-means
cluster analysis and K-nearest neighbor (KNN) classification was developed. The findings show that the model
efficiently solves the problem of assessing spatial damage levels in historic sites. Through multiple linear
regression analysis, it was shown that the damage to historic sites was predominantly caused by three factors:
natural erosion, construction damage, and planning and policy. SDDM was used to calculate the spatial
damage levels of historic sites, allowing conservators to fully comprehend the features and concerns related to
historic sites. As a result, more scientific and rational preservation approaches may be developed, improving
the efficiency of historic site restoration and conservation and encouraging the sustainable development of
urban and rural heritage.

Keywords: historic sites; spatial damage degree; K-means clustering; K nearest neighbor classification; Damage
factors

1. Introduction

By acting as a driving force, urban cultural heritage promotes sustainable urban development
[1], and historic sites are equally important components of urban cultural heritage. Renovating
historic sites throughout the urbanization process improves the livability and character of cities.
Conservation, according to the International Council on Monuments and Sites (ICOMOS), entails
developing a location to maintain its "cultural significance" [2]. However, improper protection might
result in structural damage within urban historic sites while adaptively utilizing them. Assessing the
extent of spatial damage in historic places and putting accurate conservation measures in place is
critical for ensuring the long-term development of urban cultural resources.

Historic sites are not just individual structures but also urban and rural landscapes where a
distinct culture, major development, and historical events may be uncovered [3]. The notion of
historic sites was developed based on this assumption. From the Venice Charter of 1964 to the
Washington Charter of 1987, the definition of historic sites grew from "the area surrounding a historic
building" to "the large and small areas of historical significance in a town, including the old center of
the town and other areas of historical interest" [3, 4]. Monuments cannot be divorced from the history
they have borne witness to and the environment in which they were conceived or constructed,
making research on historic sites highly significant.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Spatial damage degree pertains to the level or extent of damage to the spatial elements within
historic sites, encompassing the comprehensive evaluation of damage to buildings, streets, urban
fabric, historical environmental elements, and more. When looking at worldwide or global research
on this topic, the major focus has been on damage assessment, damage detection technologies, and
damage factors affecting historical structures, relics, old city walls, and other cultural treasures.
However, there has been little research on the harm to bigger regions, such as historic sites and
historic metropolitan centers. Most historic sites study seeks to identify difficulties and provide
solutions, but there are no quantitative approaches or indices for assessing the geographical damage
degree of historic sites.

Several elements have a role in this. For starters, the study of historic sites encompasses a wide
range of disciplines, including architecture, urban planning, sociology, economics, and others,
making it more complicated than examining individual monuments. Second, because monuments
are physical, it is simpler to detect, measure, document, and monitor their damage. Historic sites, on
the other hand, are more abstract, involving spatial architecture, environmental factors, and historical
evolution, making it impossible to define and estimate their worth and amount of damage.

There is considerable international research on cultural heritage. Earlier research on the
assessment of damage to cultural heritage mainly focused on the post-disaster assessment, mostly
after natural disasters [5, 6], fires [7], and wars [8-10]. This is mainly done by recording the degree
and spread of damage to heritage in detail and establishing archives or databases [9, 11, 12]. In terms
of the recognition of damaged heritage, the recognition method has changed from the traditional on-
site visual inspection method to intelligent recognition methods such as remote sensing image
technology [13, 14], UAV technology [15], automatic image processing technology [16] and
photogrammetry [17].

In recent years, many scholars have explored the methods of cultural heritage damage
assessment [18] and applied them to heritage protection. Zhang (2021) improved the artificial
intelligence algorithm to build the CHDA application [19], which accurately locates the damaged
areas of cultural heritage by exploring image data posted on social media during disaster events.
Tejedor et al. (2022) analyzed the degree of damage to cultural heritage through non-destructive
testing (NDT) technology [20-24]. P. Jouan (2019) improved the HBIM model and applied the digital
twin (DT) principle to predict threats to heritage integrity through the analysis and simulation of data
collected by field sensors and to support site managers in the preventive protection of their assets.
Many scholars have proposed to draw the risk map of cultural heritage through WebGlIS [25, 26] and
apply it to the management, monitoring and prediction of cultural heritage. Agapiou (2016) obtained
data from remote sensing images, used AHP analysis and cluster analysis to classify more than 150
protected monuments and sites in Paphos, Cyprus, and analyzed the possible natural and man-made
threats to them [27].

While research on quantitative assessment methods for cultural heritage damage is emerging,
there is limited literature on measurement methods for assessing the extent of damage in the
comprehensive context of historic sites. Ultimately, only the calculation and monitoring of the
damage degree of cultural heritage cannot provide a sustainable cultural impetus for the sustainable
development of urban heritage, and it needs to be extended to the completely historic sites with
protection value. Because the cultural elements of historic sites are mainly composed of various types
of cultural heritage, the damage factors are more complicated. Therefore, on this basis, this paper
draws on previous studies on the assessment of cultural heritage damage, learns assessment methods
and ideas, and constructs the spatial damage degree model (SDDM) of historic sites. The model uses
a comprehensive evaluation method, cluster analysis, machine learning and multiple linear
regression analysis to comprehensively consider the cultural spatial value and damage factors of
historic sites; and to a certain extent solve the problems of difficult data acquisition and complicated
analysis methods due to the large content of historic sites.

The primary contribution of this study is to broaden the assessment of historical heritage
damage from the previous focus on individual buildings to a comprehensive examination of
buildings, streets, fabrics, and historical environmental elements within historic sites. This culminates
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in the establishment of the Spatial Damage Degree Model (SDDM) for historic sites. This was done
by learning the previous research methods and ideas to select the methods suitable for establishing
the model in this study. The paper mainly focuses on the following issues:

1. To explore the method of establishing the index system of measuring the spatial damage degree
of historic sites;

2. To classify the degree of damage of historic sites units of the three research areas based on K-
means clustering analysis;

3. Training and testing the clustering results based on the K-nearest neighbor (KNN) classifier;

4.  Using multiple linear regression equations to analyze the damage factors of historic sites.

2. Materials and Methods
2.1. Data Sources and Study Area

2.1.1. Data Sources

The data collected from the three sample areas in this study is the basis for calculating the spatial
damage degree. To ensure data accuracy, scientific validation, and comprehensive coverage, building
contour data and road data from the OSM map were combined with field investigations, drone
recordings, and the Baidu Street View map (2019). This facilitated investigations and statistical
analyses of relevant indicators, including buildings, courtyards, and streets within the plots. Google
Maps aided in the study of the spatial evolution process of buildings, streets and fabrics within the
plots over the past ten years [14], and the quantitative value of the dynamic index of block damage
degree was extracted. The data source is shown in Table 1. Seventy sets of data samples were collected
in the three research areas for this study.

Table 1. Data sources.

Data Name Data type Data sources
Google Satellite Maps Tif Google Earth
Osm Building Outline Data Osm https://www.openstreetmap.org/
Osm Road Data Osm https://www.openstreetmap.org/
Baidu Streetscape Map Map https://map.baidu.com/
CAD topographic map Dwg Local Housing and Urban-Rural
Development Bureau
Third National Land Survey Data  shapefile Local Housing and Urban-Rural
Development Bureau
Aerial view of the site Jpg On-site research (UAV)

2.1.2. Study Area

Three locations were strategically selected for this study. They were Xiyang Ancient City, Xiaoyi
ancient City, and Qixian ancient City all in the Shanxi Province. The bases or criteria for their selection
are their inherent richness in cultural history and heritage both tangible and intangible. They also
include data samples such as buildings, streets, courtyards etc. of different levels of damage degree,
which are vital for this study. The location of the research areas is shown in Figure 1.
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Figure 1. Location analysis diagram.

2.2. Research Methods

To establish the SDDM in this study, data mining and analysis were applied to calculate the
spatial damage degree of historic sites in Xiyang Ancient City, Xiaoyi Ancient City and Qixian
Ancient City. This model can be used in the future to predict the spatial damage degree of other
historic sites.

The research method mainly consists of six steps, which are as follows:

Constructing an indicator system for measuring spatial damage degree;

Determining the indicator weights;

Calculating the comprehensive evaluation value;

Classifying the damage degree of samples in the research areas through K-means clustering
analysis;

Verifying clustering results using the K-nearest neighbor classifier;

6. Using multiple linear regression equations to analyze the damage factors of historic sites.

L e

o

2.1.1. Step 1: Construction of spatial damage index system

The authenticity and integrity of the historical and cultural space and heritage of a site is what
qualifies it to be a historic one. Therefore, it is based on the level of damage to the attributes (integrity
and authenticity) of the site that the spatial damage was evaluated. In the process of establishing the
indicator system, reference was made to the index system of historic sites from value , the five
elements of urban design in the Image of the City [28] and the protection content of historic sites in
the Washington Charter [4]. After taking into consideration the reasons for the damage to historic
sites and adding a time dimension, the index system of quantifying the spatial damage degree of
historic sites was comprehensively constructed.

Generally speaking, the indicators can be divided into two aspects. One is the static indicators
extracted from the ontology attributes and representational values of sites, including historical
buildings, courtyards, streets and enclosing boundaries. The second is the dynamic index extracted
from the perspective of spatial-temporal development, including the fabric evolution after the
development and evolution of spatial elements such as buildings and streets.

2.2.2. Step 2: Determine the weight of indicators

This step combined two methods (subjective and objective weights) to make it professional to
some extent. The Delphi method and a small group decision-making technique were used in the
subjective empowerment, and then a questionnaire survey and interviews were conducted among
professionals in other to modify the index system. The objective weighting method used the CRITIC
weight method, and assigned weights according to the comparison intensity and conflict of
evaluation index values [29]. Finally, the weights obtained by the two methods were synthesized to
get the final weight of each index.
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1. Delphi Method

Delphi is an advisory decision-making technology summarized and proposed by the RAND
Corporation in 1964 [30]. Its core objective or framework is to solicit the opinions of experts through
several rounds of anonymous correspondence, to find the optimal or satisfactory solution for the
group. The questionnaire designed in this study is a 5-point attitude scale, and the higher the score,
the more positive the attitude toward the importance of this indicator.

2. CRITIC weight method

CRITIC (Criteria Importance Through Inter-criteria Correlation) weighting method is a kind of
objective empowerment method. It uses a sequence of each value in the standard deviation and
coefficient of correlation to determine the index weight [29]. However, in this method, the
independence of the data and the preferences of the professional evaluators cannot be reflected in the
weights. Therefore, the Delphi method was selected to modify the CRITIC weight method in the
index weight determination method.

3.  Multiplicative synthesis

This method multiplied the weights of an indicator obtained by the Delphi method and the
CRITIC weight method and then obtained the combined weights w; according to formula 1.

w=]T s T s O

Note: 6/ is the product of the weight W, obtained by the Delphi method and the weight 0;
obtained by the CRITIC weight method, and g is the number of indicators.

2.2.3. Step 3: Calculating comprehensive evaluation valueQ;

Q; (formula 2) was used to calculate the comprehensive evaluation value based on the weight
of the quantitative results of historic sites’ spatial damage. Q; is the basis for subsequent K-means
clustering analysis and the establishment of KNN prediction correction models.

Q; = Z?_l Wi " Xjj 2)

Note: Q; is the comprehensive evaluation value, w; is the combined weight value, x;; is the

ij
standardized values of various indicators, and n is the number of samples.

2.2.4. Step 4: Classifying the damage degree of samples in the research areas through K-means
clustering analysis

The comprehensive evaluation value of each index of each plot on the historic sites obtained
through the first three steps is the basic data set for the analysis of the fourth step. Cluster analysis is
a method to study individuals according to their characteristics, to classify similar things [31]. The
principle is to locate the statistical centroid and group the points closest to a particular centroid (the
eigenvector of the unit), which identifies the least square error between the point and the centroid
[32]. In this way, the data points within each cluster have relatively similar properties, while the
clusters exhibit different characteristics. Due to the randomness of the initial clustering center, the
algorithm needed to be iterated until the optimal classification under this operation was generated.
The K-means iterative process is as follows:

First, a data matrix was established, and data is randomly was selected as the initial clustering
center (C1s Cps ..o Cp);

Secondly, the cluster number K value was selected according to the elbow rule(Appendix A),
and the K value was set as 5 in this study. Then the Euclidean distance algorithm was used to
randomly assign each point to the nearest cluster. Finally, each initial cluster center was re-calculated
based on the data divided into clusters to generate a new cluster center ¢, (formula 3).
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where N, means that there are N,, data in the cluster center c,, Q,, means the uTH data in the
cluster center c,, and the iteration continues until it meets the termination condition that the sum of
squared errors A (formula 4) converges [33]. Then we can get the final clustering center c¢;, ¢, ...

’ Cp.

2.2.5. Step 5: Veritying clustering results using K-nearest neighbor (KNN) classifier

The results obtained from the fourth step of clustering analysis are classified into 1-5 levels based
on the degree of spatial damage in historical areas, from low to high. The higher the level, the greater
the degree of spatial damage. Then K-nearest neighbor (KNN) classifier was used to simulate and
verify the classified data. K-nearest neighbor (KNN) classifier is one of the commonly used classifiers
in supervised learning [34]. Its principle is to classify the observations as the one with the highest
proportion among the K closest observations. In the KNN algorithm, there are three commonly used
distances, namely Euclidean distance [35], Manhattan distance [36] and Minkowski distance [37].
Euclidean distance was adopted in this study. Let x; be an input sample with p features, n is the total
number of input samples, and p is the total number of features, then the Euclidean distance between
x; and x; is:

d(x,x) = /(i1 — %)% + (Kiz — x32)2 + oo+ (g — x3)%i=1,2,...01=1,2,..,n (5)

The K-nearest neighbor (KNN) classifier divided the sample data into training data sets and test
data sets, using class labels after the previous clustering algorithm, and is a "supervised" classification
method. In the training process, the real category of each training sample is used to train the classifier,
while in the testing process, the classifier is used to predict the category of each test sample [34]. The
performance and accuracy of the KNN classifier depend on the choice of K value and the distance
measure applied. In this study, the cross-validation method [34] was adopted to select the optimal K
value.

2.2.6. Step 6: Researching method of damage factors of historic sites: multiple linear regression
analysis

Multiple linear regression analysis is a statistical analysis method used to determine the
interdependent quantitative relationship between two or more variables. Its core is to use multiple
independent variables to jointly predict or estimate the trend of dependent variables [38]. Therefore,
to clarify the damage factors and study the influence of the various factors on the spatial damage
degree of historic sites, a multiple linear regression model was selected to analyze the influencing
factors. The model equation is as follows (formula 6):

Y =PBo+ BiXy + BoXo o+ X + € (6)

where, y is the dependent variable, representing the degree of spatial damage in historic sites; X+
X,~ ...~ X, is a series of factors affecting the spatial damage degree of historic sites; Sy~ f1~ B2~
...~ Py is the regression coefficient, ¢ is the error term.
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3. Results
3.1. Index System and Weight

3.1.1. Index system

According to the relevant content of the Washington Charter on the protection of historical sites;
determining indicators for evaluating the degree of spatial damage in historical sites. A total of 11
indicators were identified in this study. The data of 7 indicators which include building roof damage
degree, building dimension contradiction rate, damage degree of courtyard form, street scale damage
degree, street continuity, enclosing boundary survivability and fabric evolution degree, were
obtained from Google Maps. The data for the two indicators of building structural damage degree
and building function change rate mainly came from field investigation. The two index data of
building feature damage degree and street coordination were obtained from the comprehensive
evaluation of the Baidu Street View map, UAV and field investigation. Moreover, the data acquisition
of building feature damage degree and street coordination mainly relied on the observation method.

The specific indicator data organization table is shown in Appendix C, and the definition and
calculation of indicators are shown in Appendix B.

3.1.2. Weight Determination

Table 2 shows the combined weights of each index. From the table, the synthesis method uses
the Delphi method to modify the weight from the CRITIC method to get a more realistic weight.
Building feature is an index that can most directly reflect the damage situation in the evaluation
system because its weight is the largest, 0.308. Courtyard form and street coordination follow in the
second and third positions with weights of 0.222 and 0.186, respectively. The enclosed boundary
mainly exists around the historic sites. At present, there are few relics of the ancient city walls, moats,
and other surrounding boundaries, so their weight is also relatively large. The building function does
not directly relate to the spatial damage of historic sites, so the weight is the smallest.

Table 2. Combined weight result.

Index name Delphi method CRITIC Multlpllca‘t ron
synthesis

Building roof damage degree 0.064 0.089 0.050

Building feature damage degree 0.205 0.170 0.308

Building function change rate 0.048 0.021 0.009

Building dimension contradiction 0.072 0.029 0.018
rate

Building structural damage 0.062 0.008 0.016

degree

Damage degree of courtyard 0119 0211 0222
form

Street scale damage degree 0.050 0.055 0.024

Street coordination 0.108 0.194 0.186

Street continuity 0.073 0.022 0.014

Enclosing boundary survivability 0.091 0.137 0.111

Fabric evolution degree 0.108 0.044 0.042

3.2. Results of Cluster Analysis

According to the comprehensive evaluation value Q;, the collected sample plots were divided
into five clusters. Due to the randomness of the initial statistical centroid in clustering analysis,
multiple analyses were conducted and validated by KNN classifiers, resulting in the highest accuracy
set of classifications for constructing the SDDM. The process was finalized when there was no change
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in the cluster center or only a small change; the maximum absolute coordinate change of any centers
are 0.000. It took six iterations to get the optimum result. The study included 70 sets of historic site
data graded from one to five representing damage degrees from low to high. The segregations were
made up of 22 sections in the first degree of damage, 26 sections in the second degree of damage, 14
sections in the third degree of damage, 7 sections in the fourth degree of damage, and 1 section in the
fifth degree of damage. The clustering results are shown in Figure 2.

Damage degree | ¢ Damage degreell Damage degreelll /. Damage degreelV #Damage degree V

Figure 2. Damage degree clustering classification diagram.

In general, the distribution of spatial damage degree of the plots in the historic sites are as
follows: low degree of damage in the middle and high degree of damage in the surrounding areas;
thus in a circular pattern, it increases outwards. In other words, the core spatial of the historic sites
are less damaged, and various types of heritage are well preserved. The extent of damage to the
boundary of historical areas is relatively high, and there are many demolitions. There is a significant
difference in volume and style between newly built buildings and historical buildings.

In detail, the northern part of Xiyang Ancient City has a high degree of damage with one plot
with a grade-5 damage degree. The main feature is that over 90% of the historical buildings in the
plot have been demolished, and the scale and structure of the newly built buildings have undergone
significant changes. The existing architectural style is seriously inconsistent with the historical
architectural style.

There are other two damaged plots with grade 4 in the ancient city of Xiyang, mainly located in
the north. There are 5 plots with grade-4 damage degree in the ancient city of Qixian, which are
distributed across the northern and southern border areas. The plots with grade-4 damage degrees
are characterized by the demolition of more than 60% of historical buildings, great damage to the
fabric and a considerable number of modern-style buildings. Although several historical buildings
have been preserved to a certain extent, the building quality is poor and with a general appearance,
the street coordination degree and continuity are low, and the building function has changed greatly.

There is a grade-3 damaged plot located in the northwest corner of the ancient city of Xiyang.
There are 13 plots with grade-3 damage degree in the Xiaoyi Ancient City, located at the northern
and southern edges of the ancient city and in the middle of the western side. The main manifestation
of the third level of damage is that the fabric of the land is still the same, the degree of damage to the
courtyard structure is small, and the building dimension is the same as that of ancient buildings.
Modern-style buildings account for a large proportion of the total building area, while historical
buildings with poor appearance account for 30% -60% of the total area. Largely, the plots with a third
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level of damage consist of renovated individual residences, and the building function is mainly
residential. The buildings are of good quality but poor appearance with low coordination between
streets and alleys.

There are 8 grade-2 damaged plots in the Xiyang Ancient City, accounting for 60% of the total
plots, and they are located in the middle and south of the ancient city. There are 12 grade-2 damaged
plots in Xiaoyi Ancient City, mainly in the east and north of the third-level damaged plots. There are
6 second-level damage plots in the Qixian ancient city, mainly in the four corners of the ancient city.
The plots with second-degree damage have the fabric and style same as the historical ones, and the
form of the courtyards is well preserved, but 20%-30% of the building volume and function have
changed and with poor features. The overall style of the grade-2 damaged plots is more coordinated,
the street continuity is higher, and the building scale is appropriate. Although a few modern-style
buildings may have a certain damage to the integrity and authenticity.

There is 1 grade-1 damaged plot in Xiyang Ancient City, 10 grade-1 damaged plots in Xiaoyi
Ancient City, and 11 grade-1 damaged plots in Qixian Ancient City, all of which are located in the
center of the ancient cities. The sites with grade-1 damage degree are mainly characterized by intact
building fabric preservation, appropriate scale, buildings with poor style accounting for less than
20% of the total construction area, well-coordinated overall style, and well-preserved courtyard form.
Although the overall damage degree is small, the building components such as doors and Windows,
interior decoration, etc. are not fully protected, which is the key content to be protected and improved
in the future.

In general, the ancient city of Qixian has the best preservation degree and the least damage
degree, while the ancient city of Xiyang has the greatest damage degree. The damage degree
classification of the three historic sites in this study area is relatively concentrated, as shown in Figure
3.

ri,

: | Damage Dgree | Damage|
DamageDgree |1 [ Damage!
Damage Dgreelll

a.Xiyang Ancient b.Xiaoyi Ancient City c.Qixian Ancient City
City

Figure 3. Classification results of spatial damage degree of historic sites.

3.3. KNN Verification Analysis Results

Through the K-nearest neighbor (KNN) classifier, the data was divided into a 70% training set
and a 30% validation set, and the model evaluation results were obtained. Table 3 shows the
prediction evaluation indicators of the training set and testing set, and measures the prediction effect
of K-nearest neighbor (KNN) through quantitative indicators. Among them, the hyper parameters
can be adjusted continuously through the evaluation index of the cross-validation set, and a reliable
and stable model can be obtained.
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Table 3. KNN accuracy testing results.

Accuracy rate Recall rate Precision rate F1
Training set 0.939 0.939 0.925 0.93
Testing set 0.81 0.81 0.695 0.738

Note: Accuracy is the proportion of the predicted correct samples in the total samples; The recall rate is the
proportion of predicted positive samples in the results of actual positive samples; The accuracy rate is the
proportion of predicted positive samples that are positive samples; F1 is the harmonic average of accuracy rate
and recall rate.

Per the results in Table 3, the proportion of the predicted correct samples accounted for 81% of
the total samples. For the results of the actual positive samples, the proportion of predicted positive
samples, thus, the recall rate was 81%, the accuracy rate was 69.5%, and the harmonic average of the
accuracy rate and the recall rate was 73.8%. In the future, the results obtained by the K-nearest
neighbor (KNN) classifier can be used as a reference to accurately protect small plots in historic sites.

3.4. Linear Regression Analysis Results

In the regression analysis, the index established in Step 1 is divided into four dimensions:
building component, feature and form, building land use and building fabric. According to the
analysis, the significance of multiple linear regression is 0.000, indicating that there is a significant
linear relationship between the model and the spatial damage degree of historic sites, which is
conducive to further research on the damage factors of historic sites. According to the significance
results, the influence degree of each variable in descending order is as follows:

Enclosing boundary survivability (Xs)

Street coordination (X5)

Building feature (X3)

Street continuity (Xi1)

Fabric evolution (Xo)

Building function (X7)

Building roof (X1)

Building structure (X2)

Courtyard form (Xs)

Street scale (Xio0)

Building dimension (Xe).

The significance of enclosing boundary survivability (Xs), street coordination (Xs) and building
feature (Xs) are all less than 0.05, indicating that these three indexes have the greatest impact on the
damage of historic sites. The significance of the five indexes of street continuity (X11), fabric evolution
(X9), building function (Xr), building roof (X1) and building structure (X2) are all less than 0.5,
indicating that the damage to the historic sites is not significant, but has a certain explanatory role.
The three factors of courtyard form (Xs), street scale (Xw) and building dimension (Xe) are not
significant.

Table 4. Regression coefficient table of influencing factors of spatial damage degree of historic sites.

Variable class Independent variable Standardization significance VIF
coefficient

Building component Building roof X1 0.114 0.296 3.595
Building structure Xz 0.222 0.331 15.696

Building feature X3 -0.334 0.048 8.399

Feature and form Courtyard form X4 -0.076 0.543 4.750
Street coordination Xs -0.378 0.001 3.782
Building dimension Xe -0.028 0.903 16.624

Building land use Building functions X» -0.097 0.286 2.492
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Enclosing boundary 0.728 0.000 1.443
survivability Xs
Fabric evolution Xo -0.093 0.278 2.235
Building fabric Street scale Xio 0.028 0.684 1.443
Street continuity Xu 0.144 0.181 3.469

Note: VIF (variance inflation factor) is used to measure the covariance of the independent variable. The larger
the value, the more serious the covariance is. The standardized coefficient is the coefficient obtained after
standardizing the data.

4. Discussion
4.1. Application and Deficiency of SDDM

4.1.1. Application of SDDM

Through field investigation and map observation of Xiyang, Xiaoyi and Qixian ancient cities, the
basic data sample required for the establishment of the comprehensive model (SDDM) has been
obtained. Matlab can be used to write the instruction codes for all kinds of data under the established
index system, including various index algorithms, weight calculation and clustering algorithms. By
collecting the data in Appendix C and following the calculation method in Appendix B, other historic
sites can use SDDM to determine the level of damage to the target plot, thus developing targeted
update and renovation strategies. Below are some of the applications of the SDDM.

1. Conservation Planning: SDDM can more comprehensively assess the extent of spatial damage
in historic sites. The introduction of this comprehensive protection concept will help the
protectors grasp the characteristics and problems of the historic sites more comprehensively. By
analyzing the degree of damage to different historic sites, we can understand the impact of
different decisions on historical heritage and choose the most appropriate scheme.

2. Repair Guidance: SDDM can be used to prioritize and scope repair works. By assessing the
extent of spatial damage in historic sites, it is possible to determine which parts need to be
prioritized for repairs, as well as the extent and method of restoration. This helps ensure the
effectiveness and sustainability of the restoration work.

4.1.2. Shortcomings and Improvement Direction of SDDM

1. The objectivity of data collection needs to be strengthened.

The spatial damage degree model (SDDM) of historic sites lacks quantitative data support.
Because some indexes such as the damage degree of building features and the coordination degree
of streets are determined by subjective evaluation. There is some subjectivity and uncertainty in the
practical application process. To improve the reliability and scientific proof of the model, it is
necessary to establish a set of systematic data acquisition and analysis methods to obtain more
accurate and objective damage-evaluation standards.

2. Maintenance and repair should be taken into account.

The spatial damage degree model (SDDM) of historic sites does not consider their maintenance
and restoration. The extent of damage to historic sites is not only related to their past damage but
also to their maintenance and restoration. Therefore, it is necessary to introduce the maintenance and
restoration of historic sites as evaluation indicators and combine the heritage assessment method
(HIA) [39] to evaluate the damage degree of historic sites more comprehensively.

3. The information and database of the system need to be sorted out.

The spatial damage degree model (SDDM) of historic sites lacks a comprehensive reference
database in practical application. The evaluation of the damage degree of historic sites is a
complicated process therefore needs lots of reference data to support it. However, the accuracy of the
evaluation results is limited by the lack of detailed reference data in the current model of historic site
damage degree. Therefore, one of the directions of improvement is to establish a comprehensive
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reference database and collect and collate the relevant information of historic sites, to provide for the
use of evaluation models.

4.2. Study on the Influencing Factors of Spatial Damage in Historic Sites

The evolution of historical and cultural spatial forms is the result of several subjective and
objective factors. In different periods, various dynamic factors have different effects on historical and
cultural spatial forms.

4.2.1. Natural erosion

Natural erosion is one of the important reasons for the damage to cultural elements in historic
sites. Natural erosion includes natural disasters, environmental pollution and time erosion.

Natural disasters such as strong winds and heavy rains may cause the shingles or the connecting
parts of the roof of the building to fall off, reducing the waterproof performance of the roof, and
resulting in water leakage. Earthquakes can cause instantaneous damage to building structures.
Environmental pollution will directly damage the material structure of cultural heritage. In the urban
environment, air pollutants will react with the surface of the building, causing stone and metal
corrosion, so that the appearance and structure of the buildings are damaged[40]. With the passage
of time and environmental pollution, building materials will age and corrode [41]. Weeds on the roof
of a building are the main cause of structural damage to the roof.

The results show that the plots with the highest degree of roof damage in Xiyang Ancient City
account for 15% of the total roofs, 80% of which are destroyed by weeds. The plots with the highest
degree of roof damage in Xiaoyi Ancient City account for 25% of the total roof damage, of which 60%
is caused by natural erosion and 40% by human factors. The plots with the highest degree of roof
damage in the ancient city of Qixian account for 13% of the total roof damage, 90% of which is caused
by natural factors.

4.2.2. Construction damage

Aspects of human development deemed positive and progressive—construction, cultivation,
and expansion—equally threaten the longevity and security of cultural heritage [42]. For example, in
the process of urban renewal, large-scale demolition, reconstruction, and renovation of historic sites
have been carried out to enhance the city's image and economic efficiency. To increase the utilization
rate and development potential of land in the land development market, the historical buildings with
old-fashioned uses that do not meet the needs of modern society were demolished and reconstructed
to improve the plot area ratio. This led to the emergence of modern buildings in the originally
continuous streets, changed the architectural function and style, and destroyed the integrity and
continuity of the historic sites. To meet the traffic needs and economic interests, many streets in
historic sites, such as the main streets of the ancient city of Xiyang were rebuilt into wide straight
streets or shopping centers, resulting in the disappearance of the original zigzag fabric and the streets
became monotonous.

Furthermore, In the process of urbanization, the population increases dramatically, requiring
the development of new land, and the construction of new buildings and infrastructure, which often
leads to the destruction of the fabric of historic sites. The original historical buildings on the northeast
side of Xiyang Ancient City were demolished and replaced by high-rise residential buildings. The
old and new buildings were not in harmony, and the fabric and style of the ancient city were seriously
separated. A large number of historical buildings have also been demolished in the northwest corner
of the ancient city of Qixian, and the continuity of the whole plot has been seriously damaged. Due
to the improper measures in the protection planning of Xiaoyi Ancient City, the original buildings
with better features in the western district of the county government were demolished and rebuilt,
which failed to continue the fabric of the ancient city. As shown in Figure 4.
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Figure 4. Building fabric damage analysis diagram.

4.2.3. Planning and Policy

Imperfect policies and regulations are also one of the main reasons for the damage to historic
sites. Large-scale urban renewal or reconstruction under the guidance of policy will cause serious
damage to the style and fabric of historic sites. The large number of tourists brought by the
development of tourism has also put pressure on the protection of the environment and buildings in
historic sites. In addition, if the punishment for illegal construction is insufficient or the regulatory
authorities are ineffective, historic sites will also suffer irreversible damage, including the destruction
of the original pattern and changes in the historical environment. The prominent characteristics of
this type of damage are (1) Significant changes in the fabric of historic sites; (2) Severe damage to the
reconstruction of buildings along the street; (3) Part of the plots are demolished for public space.

5. Conclusions

The study established a comprehensive model (SDDM) for measuring the spatial damage degree
of historic sites through the Delphi method, CRITIC weight method, K-means clustering analysis,
and K-nearest neighbor (KNN) classification method. Multiple linear regression analysis was used to
study the factors of spatial damage in historic sites. The main conclusions are as follows:

1. The establishment of a spatial damage degree model (SDDM) of historic sites is an innovation
to the traditional conservation work. The model can not only accurately assess the spatial
damage degree of historic sites and formulate accurate protection strategies, but also fill the
blank in the field of quantifying the spatial damage degree of historic sites.
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2. Inthestudy area, the spatial damage degree tended to be higher around and lower in the middle.
The core areas of the three research regions are mostly first-degree damaged plots, and a few are
second-degree damaged plots. Most of the four and five-degree damaged plots are around the
boundaries. The third-degree damaged plots are located outside the first and second-degree
damaged plots. In terms of the number of plots in damage degrees, degree level five (5) is the
least, followed by degree level four (4). Degree levels three (3) and two (2) followed in that order
with degree level one (1) being the most.

3. The coupling interaction of multiple factors such as natural erosion, construction damage,
planning and policy affects the spatial damage degree of historic sites. Natural erosion mainly
includes natural disasters, environmental pollution, and time erosion, and its damage to historic
sites is objective. The damage of construction is mainly caused by the residents' lack of
consciousness and improper urban renewal, which is subjective. Improper planning and lack of
policies have a great impact on the spatial damage of historic sites, which determines the
compliance and legitimacy of historic site protection, and is the main direction to be improved
in the future.

4. In the future, the spatial damage degree model (SDDM) of historic sites can be introduced into
urban physical examination assessment and urban renewal. It can be used to formulate rational
conservation strategies, prioritize urban renewal, and monitor restoration effects.
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Appendix A

Elbow Rule is a method used to help select the optimal number of clusters in cluster analysis,
determined by plotting the sum of squares of error (SSE) corresponding to the different number of
clusters. After obtaining the inflection point range by elbow rule, KNN is used to calculate the
accuracy of model training under each K value. Finally, it is verified that the accuracy is the highest
when K value is 5.

Appendix B
Calculation method and connotation of indicators.
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Appendix C

Data collection sample table.
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