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Abstract

The Historic Urban Landscape (HUL) approach provides a vital and extensive framework
for heritage conservation. However, local practices often struggle to spatially translate
qualitative assessments into quantitative controls at the urban block level, the most effective
basic scale for administrative implementation, thereby limiting effective responses to
the Management of Change. By integrating HUL with the theory of Dynamic Integrity,
this study constructs a multi-dimensional evaluation index system and proposes a HUL
evaluation method based on Character-Based Zoning. Taking the 125 urban block units
of the historic urban area of Jingdezhen as a case study, this research integrates historical
mapping, GIS spatial analysis, and Co-occurrence Network Analysis to reveal the internal
structural logic of the heritage system. The study finds that the HUL of Jingdezhen is a
multi-nodal dynamic system driven by four core elements: ritual beliefs, administrative
management, production activities, and commercial guilds. Critically, modern visual
intrusions severely impact the core heritage components within this system, specifically the
Dubang and ritual culture. Based on the three dimensions of Heritage Richness, Landscape
Sensitivity and Value Centrality, the study systematically identifies a total of 11 types of
urban block units within the plots that characterize distinct historic landscape features and
transformation patterns. This research not only deepens the localized application of HUL
theory but also provides a scientific basis and methodological support for the Management
of Change and periodic assessment in dynamic heritage environments.

Keywords: historic urban landscape; change management; dynamic integrity geographic
information systems (GIS); character-based zoning

1. Introduction

Against the backdrop of rapid global urbanization and the growing tension between
heritage conservation and urban development [1], the management of the Historic Urban
Landscape (HUL) has increasingly drawn attention in both the discipline and practice of
urban heritage conservation [2-4]. The HUL approach conceptualizes the city as a dynamic
system of historical layering, rather than merely a static collection of discrete heritage
elements, thus serving as a key tool to guide the planning and management of heritage sites
and historic cities [5-8]. It emphasizes the systemic interrelationships among economic,
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social, environmental, and cultural factors, as well as the complex framework within which
conservation policies are situated [9].

Extensive research and successful applications of the HUL approach have been docu-
mented globally, ranging from the Recovery of the Historic Centers in Italy [10], to heritage
management practices in regions such as Afghanistan and Iran [1,11,12]. However, these
cases also reveal a persistent gap between the HUL framework and its application in
urban management practice, indicating that the operationalization of the HUL approach
remains limited [11].

In China, the HUL approach has also made steady progress, particularly in studies
focusing on urban morphological evolution, historical stratification analysis, and landscape
gene identification. Huang Yuhao et al. combined urban morphology and HGIS to quantify
the periodic evolutionary mechanisms of Kaifeng’s boundaries, street networks, and func-
tions from the Northern Song to the Republican era [13]. Applying a stratified conservation
approach, Dang Anrong et al. traced the spatio-temporal evolution of historic districts to
distill landscape change patterns across stages of formation, development, maturity, de-
cline, and revival [14]. Sun Jianqgiao applied biological gene theory to deconstruct Harbin’s
landscape into explicit (e.g., texture) and implicit (e.g., culture) genes, constructing a genetic
map to reveal mechanisms of heredity and variation in environmental adaptation [15].
Nevertheless, the HUL approach still exhibits practical limitations in current historic urban
practices. Existing studies tend to emphasize landscape interpretation but rarely trans-
late historical stratification theory into actionable spatial management tools. As a result,
planning practice often lacks targeted strategies to support fine-grained conservation,
particularly at the block-unit scale.

These limitations are particularly evident in complex historic areas characterized by
long-term stratification and diverse heritage elements. The Jingdezhen Historic District, a
heritage site of significant recent attention characterized by intricate production networks
and dynamic social life, serves as an exemplary case for exploring this issue [16]. Encom-
passing 300 hectares and diverse landscape typologies, the district embodies a historical
stratification spanning multiple eras. Its rich temporal stratification and complex heritage
structure underscore the limitations of static conservation methodologies. Traditional
buffer zone approaches tend to obscure the hierarchical relationships of heritage elements
and sever the connection between the heritage site and the broader urban context, thereby
constraining the dynamic integrity of the heritage. Furthermore, within the practice of
administrative control, the block unit serves as the most effective fundamental scale for
government-led conservation implementation [17,18]. Consequently, bridging the HUL
framework with unit-based management approaches remains a critical challenge to be
addressed in historic districts such as Jingdezhen.

Therefore, to bridge the gap between the HUL theory and practical implementation,
this study develops a quantitative analytical framework. The framework integrates his-
torical layering analysis, multidimensional assessment indicators, heritage co-occurrence
networks, and block-scale character-based zoning. Using the historic urban landscape of
Jingdezhen as a case study, the research translates qualitative heritage characteristics into
actionable character management units. By combining quantitative spatial analysis with
fine-grained unit management, the proposed framework provides precise and replicable
spatial management tools for heritage conservation and urban planning.

1.1. Theoretical Framework: From Static Preservation to Dynamic Integrity

Since the adoption of the UNESCO Recommendation on the Historic Urban Landscape
in 2011, the HUL approach has emerged as a pivotal paradigm in the field of international
heritage conservation [7,19]. Rather than viewing heritage as isolated monuments or
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static elements, the HUL approach emphasizes the city as a dynamic system. Thus, HUL
strategies need balance historical continuity and dynamic urban growth [20].

However, with the growing adoption of the HUL approach, scholars have argued that
its emphasis on the “management of change” challenges the traditional understanding of
heritage integrity [21]. The Operational Guidelines for the Implementation of the World
Heritage Convention define integrity primarily through the lens of physical wholeness and
intactness [22]. While valid for monuments and archaeological sites, this approach proves
inadequate for living historic cities with ongoing socio-functional changes.

In response, recent research introduces the concept of dynamic integrity. It defines
a heritage system’s capacity to sustain its essential traits and structural relations amidst
change [23,24]. From this perspective, conservation need not freeze all physical elements
in a static state. Rather, it must sustain the key structural patterns, cultural significance,
and landscape features that define the historic urban area’s identity [25]. This theoret-
ical perspective is particularly applicable to cities like Jingdezhen. Here, centuries of
ceramic production and urban transformation have shaped a complex, ever-evolving
historical landscape.

To quantitatively assess this evolution, this study translates the theory of HUL and
dynamic integrity into an indicator system. It interprets this system through two comple-
mentary dimensions: Structural Continuity and Visual Consistency. Structural Continuity
denotes the endurance of a historic urban area’s foundational heritage framework. It
integrates social structures reflecting local governance with physical typologies such as
natural elements, infrastructure, and land use. Together, these elements foster adaptability,
diversity, and resilience across the urban landscape [19]. Visual Consistency refers to the
compatibility of the historic fabric with contemporary interventions [26]. Together, these
dimensions reflect the internal organizational logic of the heritage system and its external
spatial expression within the urban environment. Integrating these metrics, the frame-
work operationalizes HUL and dynamic integrity into a spatially explicit and quantifiable
analytical system for historic urban landscapes.

1.2. Research Aim

Building upon these theoretical foundations, this study introduces the concept of HUL
and Dynamic Integrity to construct a quantitative assessment framework towards character
zoning (Figure 1). Unlike previous studies that predominantly focus on the retrospective
description of historical evolution, this research aims to address the critical challenge of
prospective management and control. The specific research objectives are as follows:

1.  To unravel the historical stratification and evolution of HUL: This objective involves a
systematic examination of the spatio-temporal evolutionary trajectory of the Jingdezhen
historic urban area, it aims to identify the specific stratification characteristics and
evolutionary patterns distinct to various historical periods, thereby establishing a robust
historical data foundation for the subsequent quantitative analysis.

2. To establish a quantitative index system: This objective involves integrating the
theory of Dynamic Integrity into the HUL assessment framework to develop a multi-
dimensional indicator system. It aims to facilitate a scientifically rigorous visual
representation and quantitative interpretation of the complex HUL system.

3. To reveal the internal structural logic of the heritage system: By employing Co-
occurrence Network Analysis, this study provides a methodological pathway to
conduct an in-depth analysis of the mechanisms of association between diverse
heritage elements. The goal is to synthesize their inherent structural characteristics
and the underlying organizational patterns of the urban system.
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4. To implement Character-Based Zoning and derive management strategies. Adopting

the urban block as the fundamental spatial unit, this study conducts HUL character
zoning based on the quantitative assessment results of Heritage Richness, Landscape
Sensitivity, and Value Centrality. Consequently, it derives targeted planning strategies
and conservation schemes specific to each identified character zone.

HUL & Dynamic Integrity Theory
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Figure 1. Research framework.

2. Materials and Methods
2.1. Study Area

This study defines a clear spatio-temporal framework to capture the complete evolu-
tionary trajectory of Jingdezhen'’s porcelain industry-driven urban morphology. Temporally,
the study spans from 1402 to 1960, a period marked by the establishment of the Ming im-
perial kilns and the institutionalization of the imperial porcelain production system in
Jingdezhen, culminating in the basic formation of the ceramic industrial system of the
People’s Republic of China. Spatially, the study area covers approximately 326.81 hectares
(Figure 2), bounded by the Chang River to the west, Wulong Mountain to the east, Guanyin
Pavilion to the north, and Xiaogangzui to the south. This area encompasses the core zones
of porcelain production, trade, and daily life, which together constitute an integrated
historic urban landscape.

As a long-established urban core, this area exhibits a high degree of functional het-
erogeneity and spatial interweaving, shaped by centuries of artisanal production. The
area records a stratified historical sequence extending from the Five Dynasties period
to the present, with three principal subareas, namely Guanyin Pavilion, Zhushan, and
Luomagiao, preserving layered deposits of kiln remains. This spatial structure is nei-
ther uniform nor linear but highly complex: commercial prosperity fostered specialized
divisions of labor, while sustained migration since the early Qing dynasty gave rise to
diverse guild organizations [27]. Moreover, within the dense urban fabric, the coexistence
of local Daoist beliefs, kiln god worship, and introduced religions (Christianity and Islam)
generated a rich socio-cultural network, contributing to the exceptional complexity and
richness of the landscape.
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Figure 2. The location of the study area.

Notably, the industrial transformation of the mid-twentieth century represents another
critical layer of dynamic integrity. In the early 1950s, porcelain production underwent
gradual industrialization, with new factories constructed directly over historic kilns and
workshops. Representative examples include the Jianguo Porcelain Factory, located adja-
cent to the Imperial Kiln site, and the Hongguang Porcelain Factory, established within
the Luomagiao kiln area. Although distinct from pre-industrial attributes, these facilities
demonstrate the continued evolution of urban functions. They testify to the enduring
influence of traditional production practices on modern industrial development and form
an organic component of Jingdezhen’s broader ceramic landscape.

2.2. Data Collection

Compared to traditional methods, we need to identify and document all historical
landscapes as comprehensively as possible. Historical archives make visible contributions
to the reinterpretation of landscapes, since ancient maps, paintings, literature and images
depict them in textual and metaphorical forms [5,28-30]. These sources offer new ways
of narrating the history of landscapes, presenting visual stories and perspectives, both
official and unofficial [31-34]. In this study, a historical map translation approach was
applied, integrating administrative maps, paintings, gazetteer records, and other historical
documents with archaeological data and field surveys (Table 1) and (Figure 3). This enabled
the construction of temporal slices to analyze the historic landscape of Jingdezhen. Each
source was critically examined for discrepancies and complementarities. Maps of the same
period, for instance, often differ according to purpose. Incomplete or biased records were
cross-checked with multiple references, focusing on the earliest sources as a methodological
principle for reliability. In addition, attention was paid to the political, cultural, and
ideological dimensions embedded in historical maps.
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Table 1. Detailed inventory of historical data sources, integrating textual records and visual archives.

Type

Name

Author or Publisher

Data Source

Local administrative
maps

Jingdezhen Map, Fuliang County
Gazetteer (Qing Dynasty, 1682)
Jingdezhen Map, Jingdezhen
Ceramics Records
(Qing Dynasty, 1815)
Jingdezhen Map, Complete Map
of Jiangxi Province
(Qing Dynasty, 1909)
Complete Map of Jingdezhen,
Jiangxi (ROC 1, 1930)
Jiangxi Province 1:50,000
Topographic Map (ROC, 1939)

Author unknown

Author unknown

Author unknown

Fu Liang County,
Fourth Section

Jiangxi Land Survey Bureau

Jingdezhen Municipal Library
National Library of China

Beijing Normal University
Library

National Library of China

Library of Congress

Modern and contemporary
spatial and topographic data

Jingdezhen Topographic Map

Author unknown

Jingdezhen Municipal Library

(PRC, 1970)
Jingdezhen CORONA The National
Satellite Imagery Reconnaissance USGS EarthExplorer
(PRC 2, 1972) Office
Current Status Map of
Conservation and Utilization of . - .
Jingdezhen Old Town Author unknown Jingdezhen Municipal Library
(PRC, 2002)
Aerial Orthophoto of [ingdezhen . S
Old Town (PRC, 2023) Acquired by the authors Authors’ field survey

Paintings of the Porcelain
Production Process

Author unknown

Hong Kong
Maritime Museum

(Qing Dynasty, 1900)
o o Taoye Scroll e . Hong Kong
Historical paintings (Qing Dynasty, 1900) Jean-Denis Attiret Maritime Museum
Ceramics Illustrated Album Tane Yin National Palace Museum,
(Qing Dynasty, 1800) & 1ng Taipei
Scroll of Hedong and Hexi in .
Jingdezhen (ROC, 1930) Cheng Yan Anhui Museum
J ansxt Provincial Ga;f:ettfzer Wang Zongmu National Library of China
(Ming Dynasty, Wanli reign)
Local gazetteers ) .
Fuliang County Gazetteer (Qing Wang Jianyuan Jingdezhen Municipal Librar
Dynasty, Kangxi 21st year) gJlany & wmetp y
Jingdezhen Ceramics Records . . .
(Qing Dynasty) Lan Pu Jingdezhen Municipal Library
General Survey of Jingdezhen . . Chinese Academy of
Ceramics (ROC, 1934) Li Haoting Sciences Library
Other historical Jiangxi Provincial Yearbook Jiangxi Provincial . o
documents (ROC, 1936) Government Statistics Office Wuhan University Library

Toponymic Gazetteer of
Jingdezhen (PRC, 1988)

Chronicles of Major Events in
Jingdezhen (PRC, 1977)

Jingdezhen
Municipal Toponymy
Committee

Author unknown

Jingdezhen Municipal Library

Jingdezhen Municipal Library

1 ROC = Republic of China. 2 PRC = People’s Republic of China.
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Figure 3. Overview of muti-source visual data: from historical archives to current site surveys.

2.3. Methodology
2.3.1. Historical Data Translation and Spatio-Temporal Mapping

(1) Definition of Temporal Slices

To systematically describe the evolution of Jingdezhen’s HUL, it is first necessary to
apply temporal slicing to multi-modal historical data sources. The delineation of historical
phases is strictly based on the structural evolution of heritage elements and key turning
points in urban morphology. Accordingly, the city’s development is categorized into five
distinct morphological stages, namely:

Period I: Consolidation

Spanning from Ming Hongwu to the Qing Qianlong reign (1402-1795), this era of
consolidation was defined by strong imperial authority that centralized porcelain produc-
tion within the Imperial Kiln system. The historic urban area consequently maintained a
relatively stable configuration, largely shaped by natural topography and ceramic manu-
facturing activities.

Period II: Expansion

During the expansion phase from 1796 to 1850 (Qing Jiaqing to Daoguang), the decline
in official kilns coincided with the growth of private workshops, maritime trade and
missionary activity. Intensified migration fostered socio-spatial organizations and religious
diversity, broadening the composition of the urban landscape.

Period III: Decline and Transition

The period from 1851 to 1921 (late Qing, Xianfeng to Xuantong) was marked by
decline and transition. Rebellions and political instability disrupted porcelain production,
suspending imperial kilns, and severely reducing private ones. Military installations and
related features became more prominent within the urban fabric.

Period IV: Hybridization

From 1921 to 1949 (the Republican era), a hybrid landscape emerged. Despite the fact
that the porcelain industry is weakened by warlord conflicts, wartime destruction, and
economic decline, the introduction of western technologies and new infrastructure, along
with the influx of diverse social groups, led to the coexistence of traditional and modern,
Chinese and Western elements.

Period V: Modernization

During the early years of the PRC (1949-1962), a drive for modernization saw historic
kilns reorganized into state-run porcelain factories, embedding industrial modernity in the
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old town. The road networks and urban facilities were restructured, reshaping the spatial

framework of the historic core of Jingdezhen.

(2) Translation Process from Historical Information to GIS Data

Based on the defined temporal slices, a GIS-Based Mapping method was applied to

convert qualitative historical information into quantitative spatial data (Figure 4).
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Figure 4. The process of historical data translation and spatial reconstruction based on multi-source

archives. The top-right inset details the structure of the GIS spatial layer dataset construction.

e  Source Compilation: Historical maps and textual descriptions were selected as primary
sources for each period. Additionally, high-resolution aerial imagery from 2023 served
as the base map for georeferencing. The CGCS2000 coordinate system was applied as
the spatial reference.

e  Spatial Georeferencing: Eight landmarks and road intersections were selected as

ground control points (GCPs). Using the georeferencing tool in GIS, these points were
matched between the early-modern maps and the 2023 aerial imagery. This process
continued until the layers were accurately aligned (Table 2). Based on the continuity
of historic urban fabric, core street networks, natural water systems, and key heritage
elements remain spatially stable. Consequently, these georeferenced early-modern
surveys serve as reliable spatial references. They enable the precise tracking and
localization of ancient heritage sites, overcoming the inherent limitations of traditional
maps in georeferencing. Vectorization and Reconstruction: Heritage elements iden-
tified from ancient historical records and maps were systematically converted into
vector data. To ensure spatial accuracy, these ancient heritage points underwent a
rigorous multi-source calibration process to align with modern geographic coordinates.
Specifically, spatial information from historic maps was cross-validated with textual

https://doi.org/10.3390/1land 15040615


https://doi.org/10.3390/land15040615

Land 2026, 15, 615

9 of 26

records (e.g., local gazetteers) and oral histories. This integration enabled the precise
geolocalization of heritage elements.

e Database Construction: Finally, a diachronic geospatial database was established,
stacking these five temporal layers to support the subsequent evaluation of heritage
richness and dynamic integrity.

Table 2. Eight precise reference coordinates.

No. Reference Coordinate Longitude Latitude
1 Guanyin Pavilion 117.2009412 29.32342219
2 Catholic Church 117.1984744 29.30500188
3 Hunan Guild Hall 117.1986458 29.29454394
4 Longzhu Pavilion 117.2010228 29.29861477
5 Fengcheng Guild Hall 117.201152 29.29688214
6 Siwang Temple 117.1986458 29.29454394
7 Memorial Temple of the Master 117.1995779 29.29257877
8 Thousand-Buddha Pavilion 117.2010808 29.2882392

2.3.2. Construction of Quantitative Evaluation Indices

This study systematically compiles the entire historical landscape of Jingdezhen into a
dynamic framework to analyze the continuity and integrity of its urban landscape (Table 3).
In this framework, structural integrity refers to both the typologies of heritage elements and
the social structures that embody the genius loci. In Jingdezhen, these structures evolved
from lineage, territorial, and occupational networks into the Bang guild system and the
local gentry system, which together organized production and sustained resilience. Visual
integrity, in turn, refers to the spatial distribution and continuity of built heritage assets,
while also accounting for transformations introduced by the modern landscape, such as
modern buildings and transportation infrastructure.

Table 3. Quantitative Evaluation Index System.

Level 1 . Level 3 .

(Core Dimension) Level 2 Weight (Sub-Indicators) Weight

Natural Landscape Elements (A011) 0.0670

Land-Use Patches (A012) 0.0620

Production Elements (A013) 0.0685

Ritual & Religious Elements (A014) 0.0676

Element Typology 0.5260 Administrative Elements (A015) 0.0690

(AO01) ’ Educational Elements (A016) 0.0590

Structural Continuity (A) Dock & Transportation Facilities 0.0676
(Focus: Historical (A017) ’

Socio-Spatial Systems) Military Defense Facilities 0.0643
(A018) '

Dubang (A021) 0.0652

Hubang (A022) 0.0652

Social Structure (A02) 0.2604 Zabang (A023) 0.0652

Social Hierarchy (Historical Local 0.0648

Gentry System) (A024)
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Table 3. Cont.
Level 1 . Level 3 .

(Core Dimension) Level 2 Weight (Sub-Indicators) Weight
Built Heritage Assets . N s

Visual Consistency (B) (BO1) 0.0714 Listed Historic Buildings (B011) 0.0714

(FOCES: Physmal g’ullt Modern Landscape Modern Buildings (B021) 0.0736

nvironmen -
(B02) 0.1422 Modern Transportation 0.0686

Infrastructure (B022)

Data for element typologies and social structures were drawn from historical archives,
while information on tangible remains and modern interventions was derived from the
Third Cultural Relics Census, municipal records, and open-source geo-spatial datasets.

In calculating the eight sub-indicators under element typologies (A01), This research
adopts the Historic Land Use Assessment (HLA) methodology [35-37]. Its core theory
posits that Heritage Period Value (HPV) diminishes gradually across successive dynasties.
Historic Layer Depth (HLD) serves as the primary metric for measuring the depth of
historical accumulation. HPV is the fundamental numerical variable used to calculate HLD.
The formula is as follows: ,

HLD =) HPV(i) (1)
i=1

HLD = Historical Layering Depth, HPV = Historical Period Value, Z = Total Historical Layers,
i = Historical Period. (Period I = 5, Period II = 4, Period Il = 3, Period IV = 2, Period V = 1).

To integrate these measures into a comprehensive evaluation framework, the Fuzzy
Analytic Hierarchy Process (FAHP) was subsequently used to assign weights to the in-
dicator layers. Developed from the traditional Analytic Hierarchy Process (AHP) and
incorporating fuzzy set theory [38,39], FAHP provides a robust multi-criteria decision-
making approach well suited for evaluating complex heritage systems. In this study,
weights were derived by constructing reciprocal judgment matrices, calculating normalized
weights, and performing consistency checks through eigenvalue matrices, is provided in
Appendix A (Tables Al and A2).

To ensure the robustness and transparency of the evaluation model, an expert panel
of five specialists was established. This panel was tasked with prioritizing the selected
indicators. The expert panel comprised five diverse specialists. It included two professors
of urban planning and morphology, and a senior researcher in GIS and spatial analysis.
The group also featured a senior architect in historic building conservation and a senior
practitioner from the local heritage management department. All selected experts hold
doctoral degrees or senior professional titles. They possess over ten years of research or
practical experience in fields directly related to urban heritage. This procedure established
the relative importance of each sub-indicator within the overall framework. Based on their
pairwise comparisons, the weights of the sub-indicators were calculated using the Fuzzy
Analytic Hierarchy Process (FAHP) in the SPSSAU platform (Version 24.0). The consistency
ratio (CR) of the judgment matrix was 0.0415, which is below the acceptable threshold,
indicating that the consistency test was satisfied. This procedure established the relative
importance of each sub-indicator within the overall framework.

In this study, block units were adopted as the operational scale for analysis. Based on
existing Jingdezhen road data, a road network system was first constructed, and the road
spaces within the study area were subsequently removed. Drawing on the block divisions
recorded on the 1950 historical map, the smaller parcels were then eliminated, producing
an independent parcel layer data set (Figure 5).
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Figure 5. Block-scale units mapped from OSM and historical maps.

To analyze the spatial distribution of heritage indicators, we applied Kernel Density
Estimation (KDE). KDE is grounded in the first law of geography, which posits that lo-
cations closer to a core element exert stronger influence. This method highlights spatial
heterogeneity and the distance decay effect of the central intensity, thus enabling fine-
grained visualization of diffusion patterns. It has been widely used in studies of urban
facility services, transportation risks, and commercial clustering. The general formula is
the following [40-43].

f(x) = 2 %K(%) @
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x—x, 3 (x — x;)?
) = 2 - ®

In this formula, K denotes the kernel function, and & represents the search radius

K(

(bandwidth), that is, the spatial extent of the surface around the point x, which determines
the smoothness of the kernel density surface; n indicates the number of feature points
within the search bandwidth around x.

All relevant data were imported into the ArcGIS platform (version 10.8.2), where
kernel density analysis converted vector point data into raster surfaces to visualize
spatial clustering.

Bandwidth selection in Kernel Density Estimation (KDE) depends on geographical
characteristics and the research scale [44,45]. This study employs KDE at the block scale.
Based on the average area of blocks within the study site, the mean influence radius for
heritage elements is determined to be approximately 200 m. This value serves as the
reference for the optimal bandwidth.

Finally, the relative contribution ratio of each indicator within the block unit is calcu-
lated based on its assigned weight. This ratio serves as the quantitative basis for character-
based zoning. The formula is as follows:

WiXdi

= XA 100% 4)
L2 (W x d))

i

In this formula, F;, W, d; represent the contribution ratio, weight, and sum of kernel
density for the ith indicator, respectively.

This metric provides the quantitative basis for delineating heritage character areas
according to the following classification criteria. The threshold values are adapted from the
parameter settings commonly used in urban functional zone identification based on POI
density analysis [46]:

e Single-Character Zone: A unit is defined as a single-character zone if the relative
contribution of a specific category F; is >50%, indicating a dominant heritage attribute.

e  Dual-Character Zone: A unit is designated as a dual-character zone if no single
category reaches 50%, but exactly two categories exhibit contribution ratios ranging
between 20% and 50%.

e  Mixed-Character Zone: A unit is classified as a mixed-character zone if no single
category exceeds 50%, and three or more categories exhibit contribution ratios > 20%.

e Null Zone: A unit is categorized as a null zone if the kernel density for all heritage
categories is zero (F; = 0).

2.3.3. Co-Occurrence Network Analysis Model

This study employs co-occurrence network analysis to elucidate the underlying func-
tional associations and intrinsic structural logic among heritage elements in Jingdezhen [47].
The specific methodological steps are outlined as follows:

First, the 15 evaluation indicators characterizing plot features were defined as the
network nodes. Second, edges were established based on the principle of spatial proximity.
When two or more dominant elements meeting this threshold co-occurred within the same
spatial unit (i.e., the block-scale unit), a co-occurrence relationship was identified, thereby
forming a connecting edge.

To quantitatively analyze the structure of the heritage system, this study selected the
following key network metrics: (1) Degree Centrality. Used to measure the centrality of
specific heritage types within the network. A higher degree indicates stronger connectivity
with other elements and a dominant position within the heritage system. (2) Weighted
Degree. Incorporates edge weights to further assess the intensity of associations between
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elements. Finally, the Gephi software (version 0.10.1) platform was employed to visualize
the network structure.

2.3.4. Character-Based Zoning and Classification Method

To enable refined classification and differentiated strategies, this study proposes a
three-tier hierarchical screening framework corresponding to heritage richness, landscape
sensitivity, and value centrality. Heritage Richness measures the diversity of heritage
resource types, reflecting the material basis of historical stratification. Value Centrality eval-
uates the structural importance of heritage elements within the urban system. Landscape
Sensitivity assesses the visual vulnerability and carrying capacity of the historic fabric
when exposed to modern interventions, particularly in relation to building height, volume,
and spatial compatibility. The framework proceeds as follows (Table 4):

Table 4. Character Unit Classification Framework.

. Classification . Classification . .
Tier Dimension Indicator/Method Criteria/Thresholds Planning Implication
Single-Character Unit
(One dominant element
with >50%) Identifies the primary
. . . Relative Dual-Character heritage attributes to
Tier 1 Heritage Richness Contribution Ratio F;  (Exactly two elements with determine the thematic
20% < F; < 50%) focus of conservation.
Mixed-Character
(Three or more elements
with F; > 20%)
Low-Sensitivity
(B02 elements are non Determines the strictness of
Tier 2 Modern Landscape dominant features) development control and
et Indicator (B02) High-Sensitivity morphological integration
(B02 elements are dominant guidelines.
features)
Centrality
(Dual and mixed units with
ke}_’ hent?grf P 2:1.? mn :i? Identifies core cultural
! . Co-occurrence co-ocetrrence Netwo nodes within complex
Tier 3 Value Centrality Generality

mixed areas to prioritize
key heritage elements.

Network Analysis (Dual and mixed units

without key heritage pairs
in the co-occurrence
network)

Tier 1: Classification by Heritage Richness. Units are categorized by the count of
significant characters: single-character (one), dual-character (two), and mixed-character
(three or more).

Tier 2: Classification by Landscape Sensitivity. Units are classified as high or low
sensitivity based on modern landscape indicators (B02), highlighting areas requiring careful
integration of historic and modern elements.

Tier 3: Classification by Value Centrality. Co-occurrence analysis is applied to dual
and mixed units to identify key heritage pairs.

This mechanism systematically distinguishes character units, providing an evidence-
based foundation for prioritized conservation interventions.
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3. Results
3.1. Historical Stratification and Evolution of HUL

In Jingdezhen, heritage values have crystallized through the temporal stratification
of diverse elements across successive periods, reflecting an evolutionary continuity that
sustains their cultural significance [48-50]. The spatial configuration serves as a physical
manifestation of these values (Figure 6). By integrating these historical layers (Periods
I-V), this study constructs a multi-dimensional layering model, providing a comprehensive
framework to decode Jingdezhen’s historic urban landscape and offering methodological
guidance for the conservation of its living historic quarters.
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Figure 6. Types and spatial distribution of heritage elements in Jingdezhen'’s historic urban area
across different periods.
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Historical period number

Spatial analysis reveals that the extent of heritage elements remained remarkably
stable, circumscribed within the boundaries of the “Taoyang Thirteen Li". However, the
spatial foci shifted significantly over time. Heritage density along the riverfront peaked
during Periods III-1V, reflecting the logistic prosperity and river-dependent trade of the
era, before declining in Period V. This shift coincided with increased activity in the eastern
hillsides, likely driven by modern road and railway development that diminished the
functional centrality of the Changjiang River as the primary logistics channel.

Visualization results (Figure 7) indicate that the abundance and diversity of heritage
elements followed a unimodal trend, peaking in Period IV before declining. This highlights
the historical variability of heritage elements alongside their enduring spatial stability.
Period IV represented the zenith of structural complexity, exhibiting a landscape hierarchy
markedly more intricate than other periods.
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Historic landscape elements

Figure 7. Statistical analysis of different period layers.

Furthermore, the HUL of Jingdezhen exhibits a palimpsest character, where successive
historical layers overlap and intersect. Within this process, certain features experienced
renaming or functional transformation, reflecting the temporal disconnect between the
persistence of material fabric and the evolving cultural meanings. In parallel, the study
identified event-based cultural landscapes, such as elements that appeared in Period III
but disappeared by Period IV or V. These patterns illustrate the temporal and spatial
mobility of heritage, whereby material landscapes may migrate or vanish, yet cultural
continuity is maintained through narrative fluidity and collective memory. Together,
these dynamics demonstrate how social change and historical events actively shaped the
continuity, transformation, and resilience of the historical area of Jingdezhen.

3.2. Quantitative Index System Integrating Dynamic Integrity

Drawing on the Dynamic Integrity framework, this study employed KDE in ArcGIS to
visualize the spatial clustering and morphological characteristics of 15 heritage indicators
(Figure 8). The resulting density surfaces characterize the spatial distribution and cluster-
ing patterns across the historic urban area, revealing a pronounced spatial heterogeneity.
Among all indicators, ritual and belief and production elements constitute the predominant
spatial footprint, covering the most extensive area. This pattern suggests that Jingdezhen
historically functioned as an integrated industrial-ritual landscape, where production
activities and belief-related spaces were spatially intertwined rather than segregated.
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Figure 8. GIS-based spatial distribution of the 15 evaluation indicators. At the spatial level, this

analysis visually demonstrates the distribution of diverse elements within Jingdezhen’s heritage

system. It also highlights the visual threats posed by modern landscapes to these historic structures.
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Urban defense elements exhibit a clear polycentric clustering pattern. These structural
nodes aggregate primarily at strategic northern and southern gateways alongside key transport
intersections. Together, they form a robust peripheral defensive ring. This spatial configuration
defines the historical urban boundary and solidifies the settlement’s nodal framework.

Social elements manifest strict spatial stratification based on guild affiliations. The
Huibang guild shows a high density spatial coupling with the upstream and midstream
riverfront interface. This layout directly correlates with the historical inflow routes for raw
materials. The Zabang guild clusters strictly in the downstream sectors. This spatial posi-
tioning corresponds to the outbound logistics network. The Dubang guild exhibits a hybrid
spatial topology. It overlaps with both Huibang and Zabang in riverine zones. Furthermore,
it penetrates the higher elevation hinterlands in the eastern and southern peripheries. This
functional zoning illustrates a highly specialized spatial division of porcelain labor.

In the contemporary landscape, modern building clusters show a clear expansion
tendency toward the southeastern edge. Meanwhile, modern road networks show a
high degree of overlap with historical streets, indicating a strong path dependency in the
evolution of the urban spatial structure.

3.3. Internal Structural Logic of the Heritage System

Gephi was used to visualize the co-occurrence network of heritage character elements
(Figure 9), aiming to uncover the underlying logic and structure of the heritage system and
its vulnerability to modern visual threats in Jingdezhen.
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Figure 9. The co-occurrence network of heritage character elements. Node numbers correspond to
the indicator codes (e.g., A014: Ritual & Religious Elements, A015: Administrative Elements, and
A021: Dubang). The size and color intensity of the nodes reflect their structural centrality within
the network. The thickness and numerical values of the edges indicate the correlation strength
between element pairs. This co-occurrence network visually reveals the structure and hierarchy of
Jingdezhen'’s heritage network, as well as its structural vulnerability under the impact of modern
visual threats (e.g., B021).
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The network topology is anchored by four dominant hubs that exert a profound influ-
ence on the overall system: Ritual and Belief (A014), Administration (A015), Production
(A013), and the Dubang Guild (A021). These nodes exhibit significantly higher degree
centrality and connectivity than other elements, crystallizing a core heritage structure that
seamlessly integrates industrial production with the spiritual and administrative dimen-
sions of daily life. This concentration of connectivity suggests that these four elements are
the primary drivers maintaining the system’s structural stability.

The analysis further identifies a profound overlap between historical and modern
landscapes, manifesting as high-frequency co-occurrence pairs. Results indicate that nodes
representing modern visual threats, such as modern buildings (B021), exhibit strong con-
nectivity with core heritage elements (A014, A021). Similar strong links are observed with
the peripheral Huizhou Guild (A022). This indicates that modern visual elements are
deeply integrated within the core nodes of the heritage network. This spatial pattern is
not limited to the periphery. Specifically, notable conflict pairs involve Ritual and Belief
versus Modern Buildings (A014-B021). Similar tensions exist between Dubang Guilds
and both modern buildings and transportation infrastructure (A021-B021; A021-B022).
These element pairs represent the critical interfaces of landscape evolution; as such, they
constitute the primary focus for the Management of Change and should be prioritized in
future adaptive conservation and planning strategies. These conflict pairs function as key
interfaces between heritage preservation and contemporary development [51]. These sites
constitute the primary focus of “Managing Change” within the HUL framework. They
must be prioritized in future adaptive conservation and zoning strategies.

3.4. Character-Based Zoning and Management Strategies

We applied the established three tier hierarchical screening framework. This frame-
work evaluates heritage richness, landscape sensitivity, and value centrality. Based on
this logic, we classified all 125 spatial units into 10 distinct character types. The specific
screening criteria included the quantity of dominant elements, the presence of modern ele-
ments (B021, B022), and the co-occurrence of core heritage elements (A013, A014, A015, and
AQ021). Subsequently, we mapped the spatial distribution of these resulting character units
(Figure 10). The results reveal a clear morphological structure characterized by “large-scale
agglomeration, scattered core nodes, and gradient diffusion”.

First, heritage richness exhibits a pronounced pattern of centripetal enrichment. The
zoning results reveal that the area spanning from Block X3 to Z17 aggregates the vast
majority of Dual- and Mixed-Character units. These units constitute the heritage core
zone characterized by the highest value density within the historic urban area. In contrast,
Single-Character units are predominantly clustered in the peripheral zones, forming a
gradient structure that diminishes from the core toward the margins.

Second, landscape sensitivity exhibits a strong southeastern agglomeration trend.
High-sensitivity units are non-uniformly distributed, showing a significant concentration
within the southeastern sector of the urban area. This spatial pattern highly coincides with
the vector of modern urban expansion, identifying the southeastern peripheral zone as the
most acute interface of conflict between historic character and modern landscape.

Notably, the M-H-C units were identified as the most critical category for management
intervention. These units are primarily concentrated in the southern portion of the heritage
core. Characterized by the juxtaposition of high historical stratification value and high risk
of modern interference, they constitute a high-risk, high-value zone within the heritage
system. Consequently, they represent priority targets for the implementation of stricter
morphological controls and adaptive conservation strategies.
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Figure 10. Spatial Visualization of Character Zoning and Representative Character Units.
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Furthermore, this study compared its zoning results with the historical urban construc-
tion control zone defined in the Jingdezhen City Master Plan (2009-2030), alongside the
heritage core and buffer zone boundaries designated in official documents. The findings re-
veal two key points. First, the spatial extent of our identified core dual- and mixed-character
units is largely consistent with the core zone. However, our analysis also uncovers several
units (Units X41—47 and Z29-31) that demonstrate equal importance but remain excluded
from the official core zone. Second, it is worth noting that traditional buffer zones are typi-
cally delineated as large, homogeneous areas. This conventional approach often obscures
internal spatial variations. In contrast, our model precisely identifies several high-value yet
highly threatened areas (Units Y22, Z4, 726, Z7, and Z30) situated between the buffer zone
and the heritage core. This finding highlights the necessity of our proposed framework for
identifying potentially highly sensitive zones overlooked by official planning. Ultimately,
it provides clear directions for future fine-grained zoning management.

4. Discussion
4.1. Jingdezhen’s Dynamic Integrity: Patterns and Implications

Based on the preceding analysis of heritage character zoning and the co-occurrence
network, this study elucidates the structural logic and evolutionary implications of dynamic
integrity within the historic urban area of Jingdezhen.

The analysis reveals that the heritage system is characterized by complex combina-
torial patterns dominated by specific core elements. Belief and ritual practices (A014)
operate as a pivotal nexus of social and spatial life, attaining the highest connectivity in the
parcel network and highlighting their essential role in maintaining cultural continuity and
regulating social order. The pronounced interconnections between administrative elements
(A015) and belief (A014), production (A013), transportation (A017) and Huizhou guild
networks (A022) demonstrate that administrative governance not only exerted a leading
influence on ceramic production and trade logistics, but also operated as a core governance
node ensuring the cohesion and functionality of the broader heritage system.

The Dubang (A021), functioning as a localized guild organization, served not merely as
a principal support for kiln production but also as a cornerstone of the resilient production
system and social network through its synergistic ties with other guilds (A022, A023).
However, the analysis highlights a critical vulnerability: amidst rapid modernization,
heritage attributes associated with the Dubang have faced the most severe impact. This
trajectory reveals the fragility of traditional ceramic production elements, encompassing
community bonds, craftsmanship, spatial patterns, and architectural traditions, when
subjected to the pressures of urban transformation.

Spatially, the heritage network manifests a distinct morphological pattern characterized
by “core agglomeration, multi-nodal dispersion, and gradient diffusion”. This configuration
not only reflects the high concentration of ceramic production and social activities in the central
zones but also illustrates the systemic diversity and richness driven by peripheral elements.
Broadly, this underscores the hierarchical spatial organization and relational networks that
have crystallized within the Jingdezhen heritage system throughout its historical evolution.

A notable revelation from the quantitative analysis is that the Imperial Kiln Factory,
traditionally viewed as the apex of the official kiln system, does not emerge as the solitary core
heritage unit in the results. This phenomenon can be attributed to two primary factors. First,
the singular official production system experienced a rapid decline following the end of the
Qing dynasty, leading to a disruption in temporal continuity [52]. Second, and more critically,
the “official-supervised, folk-operated” mechanism (guan du min ban) meant that the official
kiln network was never confined to the factory walls. Instead, it formed an organic whole
integrated with surrounding folk kilns, transport docks, and industry-related temples [53].
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Consequently, the spatial distribution results indicate that a dense concentration of
core heritage character units is clustered around the Imperial Kiln Factory rather than
solely within it. This suggests that the broader cultural and social ecosystem fostered by
the official kiln system constitutes a more significant structural foundation for heritage
value than the Imperial Kiln Factory site alone. This finding expands the interpretive scope
beyond previous conservation approaches, which often defined boundaries based primarily
on the physical site of the Imperial Kiln Factory, pointing instead toward a more holistic,

network-based understanding of the site’s significance.

4.2. Strategies for Heritage Conservation and Planning

This study proposes a hierarchical and differentiated framework for heritage conser-

vation and governance (Figure 11).
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Figure 11. Classification results of character units and key governance strategies. Character units are
categorized into ten types: S-L, S-H, D-L-G, D-L-C, D-H-G, D-H-C, M-L-G, M-L-C, M-H-G, and M-H-C.
Here, S = single-character unit, D = dual-character unit, M = mixed-character unit; L = low-sensitivity
landscape, H = high-sensitivity landscape; G = generality, and C = centrality. Corresponding development
and governance strategies are proposed for each category.
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Specifically, regarding Heritage Richness, strategies for Single-Character Units (pre-
dominantly identified in the Unit X30) should prioritize the in situ preservation of core
elements—such as the natural landscapes of Wulong Mountain and Foyin Lake—to safe-
guard their physical integrity and historical continuity. Conversely, Dual- and Multi-
Character Units (primarily concentrated in the town center, such as Unit X22), our analysis
reveals a critical spatial overlap of diverse heritage components, including the Imperial
Kiln site, official administrative institutions, and the natural mountainous topography. Past
planning frameworks have largely overlooked both the structural interdependencies and
the equal heritage significance of these overlapping elements. Recognizing and preserving
this complex integration is now paramount, and future governance must emphasize this
holistic approach to prevent the fragmentation of the heritage network.

Secondly, mapped landscape sensitivity directly dictates intervention intensity. in
terms of landscape sensitivity, Low-sensitivity units, which our spatial analysis reveals to
have maintained high structural integrity (such as X44) should undergo strict protection
and controlled restoration, prioritizing the maintenance of authenticity and integrity, while
adopting an anchor-based renewal strategy that allows incremental updates or functional
replacement of non-core elements under the premise of preserving key structural compo-
nents. In contrast, high-sensitivity units—such as Unit Z10, which occupies the critical
spatial interface between the historic core and the new urban development zone—require
prioritized intervention. In these boundary areas, specific fabric repair and morphology
guidance are essential to mitigate external developmental pressures. For example, local
kiln brick masonry can be incorporated into the primary street-facing facades of modern
buildings to ensure visual and textural continuity with the historic environment [54,55].
For the identified M-H-C units—specifically Unit Z7, which represents the most vulnerable
yet valuable area—the highest level of governance is required. Our analysis indicates
that this unit suffers from the encroachment of modern residential developments, internal
community hollowing-out, and the widespread abandonment of historical structures, par-
ticularly the traditional Dubang kiln houses (Duchang guild workshops) which currently
lack maintenance and management. To address these specific vulnerabilities, targeted
adaptive reuse and spatial integration strategies must be employed to promote community
integration and social recognition, thereby repairing the historical fabric fragmented by
excessive development [56].

Thirdly, regarding Value Centrality, conservation strategies must transcend the static
protection of solitary buildings to prioritize the resilience of relational networks. High-
centrality units (such as Units X23, X32, X33, and X34), acting as pivotal nodes within the
interconnected network of official kiln production, folk living, and local belief systems,
necessitate a holistic approach. This approach must safeguard their functional connectivity
and socio-spatial ties with surrounding artisan workshops and the developed Taoyangli
tourism district. To achieve sustainable adaptive reuse, management strategies should
strongly encourage multi-stakeholder participation in curating thematic exhibitions of the
historical assets within these zones. By transforming these pivotal nodes into collaborative
cultural showcases, they can maintain their active role in bridging traditional production
with contemporary community vitality. Conversely, for units exhibiting lower centrality,
interventions must focus on adaptive reuse of historical buildings. By fostering new
functional linkages—such as introducing small-scale retail shops, cafes, bookstores, and
boutique artisan workshops—these peripheral units can attract foot traffic and reinforce
the overall socio-economic vitality of the historic district.

Finally, from the perspective of visual integrity, the proliferation of high-rise buildings
since the late twentieth century has fragmented the landscape, causing even irrecoverable
losses in the traditional character of high-value streetscapes [57]. In this context, digital

https://doi.org/10.3390/1land 15040615


https://doi.org/10.3390/land15040615

Land 2026, 15, 615

23 of 26

reconstruction has become an important means to compensate for these losses. Immersive
technologies such as virtual reality (VR) and augmented reality (AR) can recreate vanished
historical scenes and preserve them within digital spaces [58,59]. Furthermore, integrating
virtual landscapes with physical spaces—by embedding digital display nodes in historical
sites, redevelopment areas, or cultural tourism routes—can establish a ‘virtual-real” dual
narrative within the urban environment. This approach not only aids in restoring the
holistic perception of the heritage environment but also offers new mediums and methods
for mediating between contemporary landscapes and historical memory:.

4.3. Implications and Limitations of the Zoning Framework

Although the zoning framework proposed in this study is based on the Jingdezhen case,
the overarching model demonstrates strong transferability. It is equally applicable to regions
characterized by multiple historical layers and a rich diversity of heritage elements. However,
when applied across different geographical contexts, the specific evaluation indicators must
be tailored to the unique heritage values and local contexts of the target area.

Nevertheless, this study is subject to several limitations. First, the quantitative frame-
work relies heavily on the accessibility and classification accuracy of heritage datasets, yet
the degree of data standardization often varies significantly across different cities. Second,
owing to constraints in data acquisition, the current indicator system does not yet incorpo-
rate dimensions such as residents’ perceptions of place and dynamic socioeconomic data.
These limitations highlight critical avenues for future research, where the zoning model
can be further refined through the integration of multi-source data.

5. Conclusions

Using the historic urban area of Jingdezhen as a case study, this research establishes a
novel framework for heritage character-based zoning. Compared with traditional static
buffer-zone approaches, the proposed framework provides a more refined and operational
spatial management strategy.

Notably, building upon existing zoning frameworks (i.e., construction control zones,
buffer zones, and core heritage areas), this study adopts the block as the basic unit to enable
more refined identification of historic urban landscape elements, visualization of heritage
co-occurrence networks, and character-based zoning and management. At the same time,
the study highlights the critical tension between heritage conservation and modern urban
growth. It further delineates conflict boundaries and identifies key conflict elements,
particularly kiln-related guild heritage features and high-rise buildings. These conflict
interfaces represent priority areas for managing change and should be given particular
attention in future adaptive conservation and spatial planning strategies.

In conclusion, this framework provides a scientific basis for the precise management
of change and establishes a physical data foundation for the subsequent integration of
resident perception research. It also offers methodological transferability for other historic
cities facing the complexities of heritage-led urban regeneration.
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Appendix A

Table Al. FAHP Fuzzy Complementary Matrix R (Single Expert Assessment).

A011 A012 A013 A014 A015 A016 A017 A018 A021 A022 A023 A024 B011 B021 B022

A011 0.5 0.5 0.5 0.4 0.5 0.7 0.5 0.5 0.5 0.5 0.5 0.5 0.4 0.5 0.5
A012 0.5 0.5 0.4 0.5 0.5 0.6 0.4 0.4 0.5 0.5 0.5 0.6 0.5 0.5 0.5
A013 0.5 0.6 0.5 0.5 0.5 0.6 0.5 0.5 0.6 0.6 0.6 0.6 0.5 0.5 0.5
A014 0.6 0.5 0.5 0.5 0.5 0.6 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
A015 0.6 0.5 0.5 0.5 0.5 0.6 0.5 0.5 0.6 0.6 0.6 0.6 0.5 0.5 0.5
A016 0.3 0.4 0.4 0.4 0.4 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.3 0.4 0.4
A017 0.5 0.6 0.5 0.5 0.5 0.6 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
A018 0.5 0.6 0.5 0.5 0.5 0.6 0.5 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.4
A021 0.5 0.5 0.4 0.5 0.4 0.6 0.5 0.6 0.5 0.5 0.5 0.5 0.4 0.4 0.4
A022 0.5 0.5 0.4 0.5 0.4 0.6 0.5 0.6 0.5 0.5 0.5 0.5 0.4 0.4 0.4
A023 0.5 0.5 0.4 0.5 0.4 0.6 0.5 0.3 0.5 0.5 0.5 0.5 0.4 0.4 0.4
A024 0.5 0.4 0.4 0.5 0.4 0.6 0.5 0.6 0.5 0.5 0.5 0.5 0.4 0.4 0.4
B011 0.6 0.5 0.5 0.5 0.5 0.7 0.5 0.6 0.6 0.6 0.6 0.6 0.5 0.6 0.6
B021 0.5 0.5 0.5 0.5 0.5 0.6 0.5 0.6 0.6 0.6 0.6 0.6 0.4 0.5 0.6
B022 0.5 0.5 0.5 0.5 0.5 0.6 0.5 0.6 0.6 0.6 0.6 0.6 0.4 0.4 0.5

The FAHP scale indicates relative importance. (1) Values range from 0.1 to 1.0, with larger numbers reflecting
greater importance. (2) Main diagonal elements are 0.5, indicating equal self-importance. (3) Symmetrical elements
sum to 1 (e.g., if Indicator 1 vs. 2is 0.7, then Indicator 2 vs. 1 is 0.3).

Table A2. Characteristic Matrix E (Aggregated Results of Five Experts).

A011 A012 A013 A014 A015 A016 A017 A018 A021 A022 A023 A024 B011 B021 Bo022

A011 0.5 0.5018 0.4895 0.4965 0.4912 0.5303 0.4965 0.5091 0.5054 0.5054 0.5054 0.5072 0.4828 0.4895 0.4930
A012 04982 0.5 0.4877 0.4947 0.4894 0.5285 0.4947 0.5073 0.5036 0.5036 0.5036 0.5055 0.4810 0.4877 0.4912
A013 05105 05123 0.5 0.5069 0.5017 0.5407 0.5069 0.5196 0.5159 0.5159 0.5159 0.5177 0.4932 0.5000 0.5034
A014 05035 0.5053 04931 0.5 0.4948 0.5338 0.5000 0.5126 0.5090 0.5090 0.5090 0.5108 0.4863 0.4931 0.4965
A015 0.5088 0.5106 0.4983 0.5052 0.5 0.5390 0.5052 0.5179 0.5142 0.5142 0.5142 0.5160 0.4915 0.4983 0.5017
A016 04697 0.4715 04593 04662 04610 0.5 0.4662 0.4788 0.4751 0.4751 0.4751 04769 0.4526 0.4593 0.4627
A017 0.5035 0.5053 0.4931 0.5000 0.4948 0.5338 0.5 0.5126 0.5090 0.5090 0.5090 0.5108 0.4863 0.4931 0.4965
A018 04909 0.4927 0.4804 04874 0.4821 0.5212 04874 0.5 0.4963 0.4963 0.4963 0.4982 0.4737 0.4804 0.4839
A021 04946 0.4964 04841 0.4910 04858 0.5249 0.4910 0.5037 0.5 0.5000 0.5000 0.5018 0.4774 0.4841 0.4875
A022 (04946 0.4964 0.4841 0.4910 0.4858 0.5249 0.4910 0.5037 0.5000 0.5 0.5000 0.5018 0.4774 0.4841 0.4875
A023 04946 04964 0.4841 0.4910 04858 0.5249 0.4910 0.5037 0.5000 0.5000 0.5 0.5018 0.4774 0.4841 0.4875
A024 04928 0.4945 0.4823 04892 0.4840 0.5231 0.4892 0.5018 0.4982 0.4982 0.4982 0.5 0.4755 0.4823 0.4857
Bo11 0.5172 0.5190 0.5068 0.5137 0.5085 0.5474 0.5137 0.5263 0.5226 0.5226 0.5226 0.5245 0.5 0.5068 0.5102
B021 0.5105 0.5123 0.5000 0.5069 0.5017 0.5407 0.5069 0.5196 0.5159 0.5159 0.5159 0.5177 0.4932 0.5 0.5034
B022 0.5070 0.5088 0.4966 0.5035 0.4983 0.5373 0.5035 0.5161 0.5125 0.5125 0.5125 0.5143 0.4898 0.4966 0.5

This table presents the fuzzy complementary matrix results for the FAHP. The matrix elements are calculated using
the formula W; = W;/(W; + W;) x W;, W; and W; denote the weights of the ith and jth indicators, respectively.
The main diagonal elements of this matrix are strictly 0.5.
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