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Preface

The landscape, once a passive canvas shaped solely by nature, has for centuries been a dynamic

interplay between humanity and the environment. Today, this conversation is undergoing a radical

transformation. With the advent of advanced technologies, landscape architecture is no longer

confined to the realm of esthetic and functional design; it has become a dynamic discipline at

the forefront of innovation, sustainability, and human well-being. This Special Issue represents

innovative, experimental, and compelling research from leading experts and offers a glimpse into this

exciting new frontier. By showcasing the latest advancements in technology and their application

to landscape design, evaluation, and management, these articles illuminate a path toward a future

where landscapes are not merely crafted but meticulously engineered for optimal human and

ecological benefit.

This collection of research delves into the heart of a rapidly evolving field, where the boundaries

between art, science, and technology are increasingly blurred. The articles presented here offer a

comprehensive overview of the latest trends, challenges, and opportunities in landscape architecture,

demonstrating how technological innovation can be harnessed to create more sustainable, resilient,

and equitable environments.

Part 1: The Dawning of Technological Landscape Architecture (TLA)

The opening article by Shen, Padua, and Kirkwood delves into the burgeoning field of TLA.

They trace its evolution from its 19th-century roots to its present-day integration with sophisticated

digital tools. The authors highlight a critical gap in the current literature—a lack of a comprehensive

understanding of TLA’s impact on core domains and research themes within landscape architecture.

Their study explores how TLA is influencing the generation of new knowledge and its potential

to reshape design and sustainability practices. They emphasize the need to differentiate TLA from

generic digital tools and identify emerging specializations within this exciting field.

Part 2: Revolutionizing Design Practices with Cutting-Edge Technologies

The subsequent articles showcase the transformative potential of TLA in design workflows.

Chen et al. introduce a novel system utilizing Generative Adversarial Networks (GANs) to rapidly

convert black-and-white sketches into color renderings for park design. This innovative approach

streamlines the iteration process, allowing designers to explore a wider range of possibilities and

expedite project development.

Part 3: Optimizing Landscapes for User Experience and Public Health

Public spaces play a vital role in fostering healthy communities. Chen et al. investigate the

influence of park pathway features on walking and running activities. Their research, based on

extensive field observations, identifies key factors that influence activity density and intensity. This

knowledge empowers landscape architects to design parks that promote physical well-being and

encourage active lifestyles.

He et al. delve deeper into the realm of urban planning, exploring the impact of multimodal

access on property values and land economies. Their research utilizes advanced spatial analysis

techniques to illuminate the complex interplay between metro accessibility and urban development.

This knowledge empowers policymakers to develop targeted land-use strategies that promote

sustainable urban growth.

Zeng et al. propose a groundbreaking method for evaluating public spaces using big data.

ix



Their approach analyzes visitor reviews on travel websites, enabling a data-driven assessment of

functionality, design, and landscape elements. This methodology provides valuable insights for

optimizing public spaces and ensuring they cater to the needs of diverse user groups.

Hou et al. address the critical issue of green space inequality within urban areas. Their study,

employing advanced data collection techniques such as drone imagery, assesses the accessibility of

different types of UGSs, encompassing factors related to physical activity. This nuanced analysis

reveals disparities in UGS provision and highlights the need for planning strategies that promote

equitable access to green spaces for all community members.

This Special Issue extends beyond technical advancements, exploring the social and cultural

dimensions of landscape architecture. Ding et al. employ content mining techniques to compare

tourist perceptions with official promotional materials of two ancient canal towns. Their findings

reveal a significant disconnect between how tourists experience these spaces and how they are

presented in promotional narratives. This knowledge underscores the importance of engaging diverse

user groups in the design and development of public spaces.

Wang et al. assess public satisfaction with China’s innovative ”sponge city” initiative—a

stormwater management program that prioritizes natural solutions. Their research highlights the

importance of social perception and public engagement in the success of environmental projects. By

understanding these factors, policymakers can develop strategies that foster long-term community

buy-in and ensure the sustainability of urban development initiatives.

Part 4: Redefining Public Space Evaluation and Fostering Inclusive Management

The final two articles address the crucial role of landscape architecture in safeguarding ecological

integrity in a rapidly urbanizing world. Zheng et al. utilize GIS and Machine Learning to model the

impact of urbanization on bobcat habitats. Their research identifies key factors influencing habitat

suitability and outlines conservation strategies such as wildlife corridors and strategic fencing to

mitigate road-related threats. This study offers valuable insights for landscape architects and urban

planners seeking to integrate wildlife conservation into urban design projects.

Qiu et al. explore the concept of ”professional knowledge abstraction” within landscape

architecture. They argue that rigorous knowledge acquisition and dissemination are crucial for the

continued evolution and sustainability of the profession. Their research highlights the need for

landscape architects to embrace higher-level, research-based knowledge and integrate it into design

practices.

The articles within this Special Issue collectively paint a compelling portrait of a discipline in

flux. By embracing the power of technology, landscape architecture is poised to address some of

the most pressing challenges of our time, from climate change and urbanization to public health

and social equity. The research presented here offers a roadmap for practitioners, policymakers, and

researchers seeking to harness the full potential of this dynamic field.

As we look to the future, it is imperative that we continue to invest in research and development,

fostering interdisciplinary collaboration and cultivating a new generation of landscape architects

equipped with the skills and knowledge to shape a sustainable and resilient world. This Special

Issue serves as a catalyst for innovation, inspiring us to think beyond traditional boundaries and

explore uncharted territories in the pursuit of a more harmonious relationship between humans and

the natural world.

Xiwei Shen, Mary G. Padua, Bo Zhang, Niall Kirkwood, Yang Song, and Rosalea Monacella

Editors
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* Correspondence: xiwei.shen@unlv.edu

Abstract: The role of technology in landscape architecture (TLA) has significantly evolved since the
19th century, increasingly integrating with digital tools and technologies in the 21st century. Despite its
growing importance, there is a notable deficiency in the scholarly literature regarding the progression
of TLA trends and their interplay with the core domains and research themes within landscape
research. The influence of TLA on landscape research remains ambiguous, especially concerning
its ability to generate new knowledge and impact design and sustainability practices. Furthermore,
there is a critical need to delineate how TLA differs from allied general digital technology tools and
to identify specific specializations that are emerging within the TLA field. To explore the above
gaps, this study utilized a mixed methods approach involving secondary data from peer-reviewed
publications, primary data from the archival research of winning projects, and expert interviews
based on the two major research types of “Research through Design (RTD)” and “Research for Design
(RFD)” to explore the TLA’s contribution. This research is significant as it: (1) identified the trend
of TLA; (2) conceptualized the TLA, and (3) identified its role in relation to the core domains and
research themes of landscape research.

Keywords: technology in landscape architecture; theory-building; digital tools and technology; core
domains; trends and theme

1. Introduction

Landscape architecture, recognized as an interdisciplinary field, continuously expands
its boundaries to incorporate related disciplines like ecology, geology, and architecture [1–3].
Despite this broad scope, the discipline has yet to clearly define its core technologies. Since
the late 20th century, numerous scholars in landscape architecture have highlighted dig-
ital tools and technologies as pivotal for conducting landscape research [4,5]. However,
this perspective is not universally accepted among scholars from allied disciplines. This
research aims to bridge these differing views by exploring the relationship between applied
digital tools and technologies and the core domains of landscape architecture. It will inves-
tigate research themes, analyze trends, and classify outcomes to establish a foundational
understanding of the conceptualization of technology in landscape architecture. This study
is intended to be a benchmark in landscape research, contributing to the development of a
grounded theory and refining the definition of the discipline for the 21st century.

1.1. Trends of Technology in Landscape Research since the Late 20th Century

In the late 20th and 21st centuries, the emergence of technology in landscape research
was dominated by the application of digital tools and technology (DTT) [6–11]. Digital tools
and technology within landscape architecture research have been observed within topics
or specializations such as visualization, geodesign, big data/data analytics, green-blue
infrastructure, techniques, and research instruments, among others [12]. This suggests

Land 2024, 13, 630. https://doi.org/10.3390/land13050630 https://www.mdpi.com/journal/land1
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that digital tools and technology have been assisting in expanding the scope of research
within the landscape discipline. In this context, digital tools and technology appear to act
as a medium and a path to explore the emergence of technology in landscape architecture
(TLA). According to several studies on research trends and the theoretical development of
the landscape architecture discipline, computers and other types of technological hardware
(3D printers, robotics) and software (rendering and 2D representational programs (such as
Adobe Suites) ArcGIS Pro, and satellite mapping, among others) have evolved in landscape
research as digital tools and technologies, and as a major topic and category for TLA in the
21st century [6–11,13–18].

To be specific, Powers and Walker [6] highlighted the integration of construction
technologies, with a particular focus on performance and materials. Also, the sophisticated
use of materials, operational methodologies, and system construction have been identified
by Margolis and Robinson [13]. Techniques and the utilization of Geographic Information
Systems (GIS) for computer graphics and visualization have been discussed by Gobster
et al. [7]. Steinitz [19], in particular, concentrated on the technique aspect, and on enhancing
GIS’s capabilities in relation to landscape research. Also, a notable trend in the literature is
the pivot towards digital software and technologies, with a particular focus on advanced
techniques, as indicated by authors such as Amoroso [20,21], Amoroso and Hargreaves [22],
and Cushing and Renata [8]. Meijering et al. [9] continued this trend, reinforcing the
importance of digital software and technologies in shaping the field. There is a growing
emphasis on computational design, artificial intelligence, and machine learning among
numerous scholars [14–16,23,24], who have collectively underlined the convergence of
representation, modeling, animation, responsive environments, data sensing, and the use
of artificial intelligence in landscape research. Vicenzotti et al. [10], on the other hand, shed
light on the relevance of construction technologies alongside the selection of planting and
materials, whereas Langley et al. [17] concentrated on digital software. Newman et al. [11]
broadened the scope by integrating tools for virtual reality and geodesign, applying them
to applications such as visualization and social media, which opened up new avenues for
data analytics and evaluation research within landscape architecture.

The above literature indicates a close relationship between digital tools, technology
and TLA. Thus, it represents a breakthrough in exploring the trends, conceptualization,
and roles of TLA in landscape research in the 21st century.

1.2. Role of Technology and Core Domains for Landscape Research since the Late 20th Century

To continue, understanding the role of digital tools and technology necessitates an
analysis of the core body of knowledge of landscape architecture so as to help reach the
goal of this research. This knowledge core has been defined in terms of “domains”, “core
domains”, or in terms of categories and emerging topics of knowledge within the landscape
architecture discipline. Key scholarly works have explored the landscape core domains
and are summarized chronologically. The Landscape Architecture Body of Knowledge
Study Report [25] was a foundational report based on survey research designed to answer
questions about the landscape profession’s core competencies and the fundamental body of
knowledge expected of all graduates of accredited landscape architecture programs. Other
studies examine current landscape core domains, and involve analyses of the content of
the primary peer-reviewed landscape journals and expert interviews [6–11,17]. Analyzing
the above literature, nine landscape core domains were formulated and ranked. They
are Landscape Planning and Ecology (C1), Human and Environment Relationships (C2),
History, Culture and Theory (C3), Design Education and Pedagogy (C4), Sustainability (C5),
Urban Design (C6), Landscape Performance (C7), Landscape Design and Implementation
(C8), and Digital Tools and Technology (C9). The formulation of these nine domains, noted
below, was achieved through an analysis of the number of times or frequency at which a
particular core domain was indicated, as below (Figure 1).
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Figure 1. Nine primarily considered core domains in landscape research.

Figure 1 identifies digital tools and technology as a core domain, supporting the initial
claim that landscape architecture scholars consider digital tools and technology essential for
research in the field. However, Figure 1 does not adequately discuss the core technologies
specific to landscape research, leading to potential confusion between digital tools and
TLA. It is worth questioning whether these concepts are conflated by scholars or if TLA
has been insufficiently defined. Previous studies [6,11] have noted similar concerns.

1.3. TLA from Digital Tools and Technology and Priorities Research Approaches

Carl Steinitz emphasizes the importance of digital tools and technology in exploring
various subjects such as climate, geology, hydrology, ecology, and perception. He highlights
its role in generating new research outcomes, which he categorizes as aspects of TLA [26].
Frayling [27] notes two priority research approaches within landscape architecture that
contribute to generating it: (1) Research through Design (RTD) and (2) Research for Design
(RFD). RTD refers to researchers who generate new technology by understanding the
current state and then suggesting an improved future state in the form of a design [28]. RFD
is another research approach that landscape scholars utilize to generate new technology
within the landscape discipline. It refers to scholarly research that informs design as a way
to improve the quality of the designed artifact and to increase its reliability. The designer
then translates such knowledge to substantiate the design, with examples illustrated by
Deming and Swaffield [29] (pp. 90–100). In Frayling’s words [27], this “gathering of
reference materials” culminates as a product. The major sources for RTD are professional
projects, and the major sources for RFD are based on scientific research from disciplines
related to the field of landscape architecture. However, works from both RTD and RFD
are rarely discussed in terms of their contributions to new knowledge in 21st century TLA,
trends and themes of landscape architecture research, or ways these emergent technology-
based strategies could be framed now, or applied in the future [30,31].

The literature discussed above indicates that TLA has not been investigated meaning-
fully. This suggests a gap that has been exasperated by rapid changes and innovations in
technology, particularly as regards the common deployment of personal computers and
the use of computer workstations among landscape practitioners and researchers. This
research also suggests that digital tools and technology, landscape core domains, and trends
and themes in landscape architecture research appear to be interconnected. Yet, few studies
have examined the phenomenon of TLA, its related specializations, and the ways that
digital tools cross and intersect the various landscape core domains.

1.4. Research Goals and Questions

Between Sections 1.1 and 1.3, the text identifies three significant gaps that obscure the
role of TLA in landscape research:

• The ambiguous relationship between digital tools and technology and TLA;
• The unclear identification of TLA within the core domain of landscape architecture;

3
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• The lack of conceptualization and categorization for TLA.

To fill the above gaps, understanding the shift in the relationship among TLA, land-
scape core domains, digital tools and technology and research themes helps us to better
explore the role of TLA. Hence, the research will focus on the following research questions:

• RQ1—How can the relationship between TLA, the core domains of landscape architec-
ture, digital tools and technology, and research themes be interpreted?

• RQ2—How should TLA be conceptualized based on these explored relationships?

This work is instrumental in laying the foundation for defining core domains and
related emerging topics. It also establishes a theoretical framework for investigating TLA,
along with potential correlations or interrelationships among the emerging topics within
these core domains of the landscape discipline. The intent of this research is to bridge this
knowledge gap by systematically exploring the role of TLA in the 21st century. Based on
the findings from the literature review, the research questions have been refined into a
series of primary and secondary questions that reflect these identified gaps.

2. Methodology

Figure 2 provides an overview of the mixed methods (both for data collection and
data analysis) utilized for this exploratory study. Secondary data were drawn from the
major landscape architecture peer-reviewed publications from certain periods that have yet
to be analyzed. Primary data were drawn from archival research on projects that received
awards from ASLA from 2005 to 2021, as well as expert interviews. This research also
incorporated grounded theory, whereby content analysis of the primary data generated
from responses to the semi-structured interviews of “experts” (practitioners and scholars)
helped determine patterns, categories, and codes.

Figure 2. Analytical framework.
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2.1. Data Collection
2.1.1. Stage One: Secondary Research

The initial phase of data collection focused on secondary research, specifically tailored
towards RFD within the realm of landscape architecture. This comprehensive review
targeted peer-reviewed literature from a select set of journals between 2011 and 2021,
including the Journal of Digital Landscape Architecture, Landscape Research, Landscape
Journal, Landscape Review, Journal of Landscape Architecture, and Landscape Research
Record. The primary goal was to unearth and analyze studies specifically addressing the
integration and application of digital tools and technology within RFD. This methodical
scrutiny was designed to collate data on the research objectives, methodologies, tools
utilized, and the significant outcomes from each study, providing a solid foundation for
understanding how digital tools and technology contribute to and enhance the design
process in landscape architecture.

2.1.2. Stage Two: Archival Research

The second data collection stage involved primary data drawn from archival research
and the ASLA archive of award-winning annual projects. As stated earlier, Zimmerman and
Forlizzi [28] noted that the major source of RTD is derived from design research projects.
Primary data were collected through a systematic review of the ASLA archive of award-
winning projects by professionals and students in the “Research” and “Communication”
categories from 2005 to 2021. These two categories represent RTD’s standard of excellence.
Key data were drawn from the project statement, narrative, and captions from award-
winning presentation boards and images.

2.1.3. Stage Three: Expert Interviews

The third stage of data collection consisted of expert interviews. Primary data were
gathered from the responses to semi-structured (open-ended) survey questions. This inter-
view process consisted of a one-on-one dialogue between the researcher and participant,
guided by a flexible interview protocol that was supplemented with follow-up questions,
probes, and interactive discussions. This complied with social science interview standards
and allowed the researcher to collect open-ended data from the interviewees’ responses in
order to explore their thoughts, feelings, and beliefs about a particular topic [32]. These
responses provided primary data. To achieve reliability and validity in the data, the experts
represented a range of ages, genders, and geographic regions. All invited experts had
been scholars and design practitioners for at least ten years. Audio recordings of the
expert interviews allowed for effective and fluid communication; the recordings were later
transcribed. According to Creswell [33], 15–20 experts represents an appropriate sample
population for expert interviews. Thus, 18 experts served as the target number for this
study. For the semi-structured interviews with open-ended questions, the protocol and
procedure began by describing the context of the research and then asking the fundamental
questions as follows:

1. What are your thoughts on conceptualizing TLA in the 21st century?
2. What are your thoughts on the relationships between TLA and landscape core domains?
3. What are your thoughts on the relationships of research themes and associated topics

with TLA?
4. What are the differences between digital tools and technology and TLA?
5. What methods of inquiry do you apply in your research, and what is the meaning of

TLA to your research?

2.2. Data Analysis
2.2.1. Data from Secondary Research

Content analysis and descriptive analytics were applied to the data gathered in the
first stage of Secondary Research. The major components considered for analysis included
landscape core domains, research topics, methods of inquiry, research strategies, digital
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tools and technology, and TLA specializations. Table 1 illustrates how the data from
secondary research were sorted and organized for the analysis. The reference number,
notably, represents the nine landscape core domains summarized in Figure 1, Section 1.2.
Appendix A shows the full list of datasets [34].

Table 1. Data collection sample.

Reference Number C1

Article Title Digital Age for Observations: The Use of GIS for
Analyzing Observations and Behavior Mapping

Core Domain Landscape design and implementation

Research Topic Landscape assessment

Method of Inquiry Secondary research—RFD

Digital Tools and Technology Incorporated GIS

TLA Specializations A tool for observing the water experiences of
children (TOWEC)

To further illustrate the Table 1, the data from secondary research were sorted, and
the majority claimed Research for Design (RFD) as their dominant “Method of Inquiry”.
In addition, based on the data analysis strategies in grounded theory, content analysis
comprised two steps to classify the data taken from the “Abstract”, “Research Method”, and
“Conclusions” of each sample to “Digital Tools and Technology Incorporated”, “Research
Topic” and “TLA Specializations”. The categories in the “Core Domain” were drawn from
Figure 1. After the data were converted from samples to Table 1, descriptive analytics was
applied to identify and determine specializations, trends, and themes related to digital
tools and technology and landscape core domains.

2.2.2. Data from Archival Research

Data gathered in this second stage of archival research and reviews of ASLA Award-
winning projects utilized content analysis and descriptive analytics. In this archival review,
the content analysis involved extracting keywords from the “Project Statement”, “Method”,
and “Conclusions” for each ASLA Award-winning project, which were then categorized
by applying the same data classification method as used in Stage Two in Section 2.1.1
to landscape core domains, research themes, and associated topics and digital tools and
technology (Table 1). Descriptive analytics helped with pattern recognition and with
determining themes and trends in relation to digital tools and technology, landscape core
domains, and landscape research topics.

2.2.3. Data from Expert Interviews

The content analysis of the responses to the expert interviews (primary data) was
performed via descriptive analytics. Similar to the two datasets from the secondary research
(select literature) and archival research of ASLA Award-winning projects, the objective was
to discover the relationship between digital tools and technology, specializations, trends
and themes, and landscape core domains for TLA in the 21st century. The data from expert
interviews were sorted into two groups based on their major research approaches (RTD
or RFD). This assisted with the subsequent analytical and synthetic stages, which will be
discussed later.

3. Results

A total of 298 peer-reviewed articles were reviewed for the secondary research phase
and represent RFD. A total of 42 ASLA Award-winning projects from the “Research”
and “Communication” categories were reviewed during the archival research phase and
represent RTD. Eighteen experts were interviewed for the Expert Interview phase. The
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data from the Expert Interviews were classified as either RTD or RFD according to each
interviewee’s expertise.

3.1. Findings from Secondary Research (RFD)
3.1.1. RFD Trends of the Landscape Core Domains Intersecting with TLA

This section discusses the analysis of landscape core domains intersecting with TLA
in Secondary Research. It examines trends based on patterns of annual changes and the
frequency of TLA-related research intersecting with each core domain (Figure 3). This
research explored the TLA in the 21st century based on research incorporating digital tools
and technology, meaning that digital tools and technology was not considered with the
other landscape core domains. Thus, they were excluded from this analysis. The findings
indicate a trend for research based on RFD emerging for TLA, intersecting with “Landscape
Performance” and “Landscape Planning and Ecology” from 2013 to 2018. From 2018 to 2021,
TLA’s intersection with “Landscape Planning and Ecology”, “Human and Environment
Relationships”, and “Sustainability” appeared to increase more rapidly than in the other
landscape core domains.

Figure 3. Secondary research—finding: yearly annual change of intersected landscape core domains
with TLA (2013–2021).

3.1.2. RFD Trends of the Research Themes Intersecting with TLA

Based on the analysis of data collected through secondary research, 14 themes were
identified, referring to the 2022 CELA research tracks [12], and organized according to the
landscape core domains. The frequency of research themes emerging in the database is
shown in Table 2. As noted in Figure 1, nine core domains were utilized for this study:
Human and Environment Relationships (HER); History, Culture and Theory (HCT); Design
Education and Pedagogy (DEP); Landscape Planning and Ecology (LPE); Urban Design
(UD); Sustainability; Landscape Performance (LP); Landscape Design and Implementation
(LDI), and Digital Tools and Technology (DTT).
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Table 2. Secondary Research—Analysis and Frequency: Research Themes for TLA.

Research Themes Freq. LPE HCT HER UD SS DEP LDI LP

1 Environmental Monitor and Assessment 112 x x x x x

2 Coastal Resilience, Hazard and Water Management 91 x x x x

3 Urban Public Space Design and Management 85 x x x x x x

4 Ecology Restoration Enhancement 72 x x x x x

5 Construction Materials and Infrastructure 51 x x x x x

6 Climate Change and Adaptive Design 51 x x x x x x

7 Human Behavior and Environment. 44 x x x x

8 Community Engagement and Participatory 32 x x x x x

9 LA Education Strategies 28 x x x x x x

10 LA Research and Experiments 28 x x x x x

11 Visual Communication 17 x x x

12 Social Equity and Landscape Identity 14 x x x x

13 Historical Preservation and Management 11 x x x x x

14 Wildlife Habitat and Biodiversity 10 x x x x

To explore the trends of these research themes, this research examined the yearly
patterns of their frequency (Figure 4).

 
Figure 4. Secondary research—findings: yearly patterns of research themes (2013–2021).

The findings indicate that, in the five years from 2013 to 2018, “Environmental Monitor
and Assessment”, “Urban Public Space Design and Management” and “Coastal Resilience,
Hazard, and Water Management” were the three dominant research themes. However,
from 2018 to 2021, “Ecological Restoration and Enhancement” and “Climate Change and
Adaptive Design” appear to have increased more rapidly than the other research themes.
In the analysis of the dominant research themes of the topics, it appears that studies based
on RFD shifted their themes from “Environmental Monitor and Assessment” and “Coastal
Resilience, Hazard, and Water Management” to “Ecological Restoration and Enhancement”
and “Climate Change and Adaptive Design”.
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3.1.3. RFD Categories and Trends of Digital Tools and Technology Intersecting with TLA

Based on the analysis of the data derived from Secondary Research, nine categories
of digital tools and technology have been identified and ranked by their frequency of
application in the literature (Table 3).

Table 3. Secondary research—findings: categories of digital tools and technology for TLA.

Research Themes Freq. LPE HCT HER UD SS DEP LDI LP

1 Geographic Information System (GIS) 151 x x x x x x x x

2 Parametric and Computational Algorithms 62 x x x x x x x x

3 3D Modeling 60 x x x x x x x x

4 Photography-Based Digital Visualization 47 x x x x x x x x

5 Statistical Modelling 41 x x x

6 Virtual Reality 30 x x x x x x

7 Remote Sensing 29 x x x x x x x x

8 Mobile Technologies 23 x x x x x x

9 Computational Analysis and Evaluation 21 x x x x

10 Social Media Data Mining Processes 19 x x x x x x x

11 Global Positioning System (GPS) 16 x x x x x x x x

12 Unmanned Aerial Vehicles 16 x x x x x x x

13 Web-Based Interactive Map 15 x x x x x x x

14 Augmented Reality 14 x x x x x x x

15 Crowdsourcing 14 x x x x

16 Physical Sensors 12 x x x x x x

17 Gaming Engine 11 x x x x x x

18 3D Point Cloud 11 x x x x x x

19 Building Information Modeling (BIM) 11 x x

20 Topology Evaluation 11 x x x x

21 Web-based App 10 x x x

22 Open Source and Programming 9 x x x x x

23 Video, Audio and Visual Technology 8 x x x x

24 Planning Support System 5 x x x x x

25 Artificial Intelligence 5 x x x x x

26 Tangible User Interface (UI) 4 x x x

27 Computational Fluid Dynamics (CFD) 4 x x x x

28 Robotic Processes 4 x x

29 Digital Twin 4 x x

30 Agent-Based Modeling 3 x x x

31 Digital Surface Models (DSM) 3 x x x

32 Fractal Dimension 3 x x

33 Image Segmentation 3 x x

34 Decision Support System (DSS) 2 x x

35 Emotion-Detection Software 2 x
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To determine trends, the annual changes in frequency for each category of digital tools
and technology were analyzed (Figure 5).

Figure 5. Secondary research—findings: annual change for categories of digital tools and technology
(2013–2021).

From 2013 to 2018, the frequency of GIS and “Digital Simulation” increased and
appeared to dominate the category of digital tools and technology. However, after 2018,
the trend for research based on RFD appeared to incorporate more “Remote Control
Technology” and “Interactive Technology”. This suggests a change in digital tools and
technology for TLA.

The specific modes of implementation of different types of digital technologies in the
eight landscape core domains (except DTT) are illustrated in Figure 6.

Figure 6. Archival research—finding: annual change of intersected landscape core domains with
TLA for the professional projects (2005–2021).
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According to the analysis of 298 peer-reviewed articles from Secondary Research, TLA
was mentioned in 195 articles. Based on the analysis and findings, discoveries of dominant
themes and emerging specializations were made. These are summarized in Table 4.

Table 4. Secondary research—summary of findings.

Trends 2013–2018 2018–2021

Dominant Landscape
Core Domains

• Landscape Planning and Ecology
• Landscape Performance

• Landscape Planning and Ecology
• Sustainability
• Human and Environment Relationships

Dominant Research
Themes

• Environmental Monitor and Assessment
• Coastal Resilience, Hazard and Water Management
• Urban Public Space Design and Management

• Ecological Restoration and Enhancement
• Climate Change and Adaptive Design

Categories of DTT • Geographic Information System (GIS)
• Digital Simulation

• Remote Control Technology
• Interactive Technology

3.2. Fidnings from Archival Research (RTD)

Data analysis strategies in Secondary Research were applied in the second stage of
data collection for archival research. As noted earlier, archival research was analyzed using
the RTD approach. In total, 18 student awards and 26 professional awards were selected
for analysis in this research.

3.2.1. RTD Trends of the Landscape Core Domains Intersecting with TLA

This section discusses the analysis of landscape core domains intersecting with TLA
in archival research. It examines trends based on patterns of annual changes and frequency
of TLA-related research intersecting with each core domain. The findings indicate a trend
for research (both professional and student projects) based on the RTD approach that
emerged for TLA, where it intersected with “Landscape Design and Implementation” and
“Landscape Planning and Ecology” from 2005 to 2021 (Figures 6 and 7). These two core
domains increased more rapidly than the others.

Figure 7. Archival research—finding: annual change of landscape core domains intersecting with
TLA for the student projects (2005–2021).
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3.2.2. RTD Trends of the Research Themes Intersecting with TLA

Based on the analysis of the data generated through archival research, 12 research
themes were sorted into the landscape core domains according to the CELA tack [12]. This
involved frequency analyses of the archival database (Table 5).

To determine trends in professional projects, the frequency analysis found that “Visual
Communication” and “Urban Public Space Design and Management” were two of the
dominant research themes from 2005 to 2018. “Coastal Resilience, Hazard and Water Man-
agement” and “Climate Change and Adaptive Design” emerged as two of the dominant
research themes in terms of frequency from 2018 to 2021 (Figure 8).

Figure 8. Archival research—findings: yearly patterns of research themes in the professional projects
(2005–2021).

To determine trends in student projects, we found through frequency analysis that
“Visual Communication” and “Urban Public Space Design and Management” were two
of the dominant research themes from 2005 to 2018. “Coastal Resilience, Hazard and
Water Management”, “Ecological Restoration and Enhancement” and “Climate Change
and Adaptive Design” emerged as three of the dominant research themes in terms of
frequency from 2018 to 2021 (Figure 9).
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Table 5. Archival research—analysis and frequency: research themes.

Research Themes Freq. LPE HCT HER UD SS DEP LDI LP

1 Construction Materials and Infrastructure 30 x x x x x

2 Coastal Resilience, Hazard and Water Management 25 x x x x

3 Visual Communication 18 x x x

4 Urban Public Space Design and Management 18 x x x x

5 Environmental Monitor and Assessment 15 x x x x x

6 Human Behavior and Environment 14 x x x x

7 Community Engagement and Participatory 12 x x x x

8 Ecology Restoration Enhancement 10 x x x

9 Climate Change and Adaptive Design 10 x x x x x

10 LA Research and Experiments 8 x x x

11 Wildlife Habitat and Biodiversity 8 x x

12 Historical Preservation and Management 5 x x

Figure 9. Archival research—findings: yearly patterns of research themes in the student projects
(2005–2021).

3.2.3. RTD Categories and Trends of Digital Tools and Technology Intersecting with TLA

Based on the analysis of the primary data generated through Archival Research, seven
categories were identified according to the CELA research track in 2022 [12] (Table 6).
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Table 6. Archival research—findings: categories of digital tools and technology for TLA.

Research Themes Freq. LPE HCT HER UD SS DEP LDI LP

1 Geographic Information System (GIS) 151 x x x x x x

2 3D Modelling 60 x x

3 Photography-Based Digital Visualization 47 x x x x x x

4 Statistical Modeling 41 x x x x

5 Remote Sensing 29 x

6 Virtual Reality 24 x

7 Mobile Technologies 23 x

8 Computational Analysis and Evaluation 21 x x x x

9 Global Positioning System (GPS), Google Earth 16 x x

10 Web-based Interactive Map 15 x x x

11 Crowdsourcing 14 x

12 Video, Audio and Visual Technology 12 x x x

13 Physical Sensors 12 x x

14 Web-based App 10 x x x

15 Social Media Data Mining Processes 10 x x

16 Parametric and Computational Algorithms 5 x

From 2005 to 2018, the frequencies of the “GIS” and “Digital Representation” cate-
gories of digital tools and technology appeared to dominate both student and professional
projects. From 2018 to 2021, the frequencies of the “Interactive Technology” and “Digital
Simulation” categories appeared to dominate both the student and professional projects
(Figures 10 and 11).

Figure 10. Archival research—findings: annual change for categories of digital tools and technology
for the professional projects (2005–2021).
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Figure 11. Archival research—findings: annual change for categories of digital tools and technology
for the student projects (2005–2021).

According to the analysis, 43 projects (18 student awards and 25 professional awards)
appear to represent TLA knowledge. Based on the above analysis, the findings are summa-
rized below (Table 7).

Table 7. Archival research—summary of findings.

Trends 2005–2018 2018–2021

Dominant landscape core domains
(student and professional projects) • Landscape Design and Implementation and Landscape Planning and Ecology

Dominant research themes (student
and professional projects)

• Visual Communication
• Urban Public Space Design and

Management

• Coastal Resilience, Hazard and Water
Management

• Climate Change and Adaptive Design
• Ecological Restoration and Enhancement

(trend for student projects only)

3.3. Findings from Expert Interviews

Among the 18 experts, 11 stated their research was significantly based on the RFD,
while the remaining 7 described their work as significantly based on RTD. This research was
categorized into two groups (Group A—RFD and Group B—RTD) and utilized axial codes.

3.3.1. Expert Interviews Trends of the Landscape Core Domains Intersecting with TLA

Finding 1: Research themes intersected across different landscape core domains. In
the code analysis, Group A and Group B experts pointed out different core domains
incorporating similar research themes and topics. Their intersection provides ways to
understand the trends for TLA.

Finding 2: TLA should be considered one of the landscape core domains. In the
analysis of responses from both Group A and Group B, TLA should be considered one
of the landscape core domains. In the responses, “Technology” was shown to be integral
to the landscape architecture discipline. For example, experts noted that technology in
architecture refers to fields like structure engineering, plumbing design, and mechanical
engineering. These were the exclusive technologies for architecture. However, landscape
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architecture appears to offer no definition of its exclusive core technology. The concept
of TLA has the potential to determine the technology used exclusively in the landscape
architecture discipline. Hence, there is a need to designate TLA as one of the core domains
and expand upon landscape architectural knowledge.

3.3.2. Expert Interviews—Trends of the Research Themes Intersecting with TLA

“Climate Change and Mitigation” was a trend in the research based on both RFD and
RTD, and contributed to TLA. The experts from both Group A and Group B indicated a
trend whereby current research based on the RFD and RTD approaches was focused on
environmental issues such as climate actions, sustainability, and ecological planning. The
responses noted that landscape discipline was helping to realize a carbon-neutral future
in the built environment. For example, the practitioners planned and designed dense,
walkable communities that reduced emissions from transportation and sprawl.

For site-scale research based on RTD, the experts’ responses indicated landscape
architecture’s contribution to the built environment regarding energy and carbon efficien-
cies with strategies such as green roofs, water-efficient design, and the use of sustainable
materials and construction practices. For regional-scale research based on RFD, the land-
scape experts discussed defense and expanded their knowledge on carbon-sequestering
landscapes such as forests, wetlands, and grasslands, which help to draw down atmo-
spheric carbon dioxide. These can be interpreted as community-oriented strategies whereby
communities are enabled to better adapt to climate change and improve their resilience.

3.3.3. Expert Interviews—Categories and Trends of Digital Tools and Technology to TLA

Finding 1: Clarification between digital tools and technology and TLA. In the code
analysis, both Group A and Group B responded that digital tools and technology and TLA
were different. The experts’ responses indicated that digital tools and technology evolved in
three stages. In the first stage, digital tools and technology was a digital simulation toolkit
focused on visual communication, such as Adobe products and AutoCAD by Autodesk.
In the second stage, digital tools and technology represented a digital analytics tool that
focused on simulation and modeling research, such as GIS, Landscape Information Model
(LIM), Building Information Model (BIM), Stormwater Management Model (SWMM),
and Grasshopper. These tools also inform data-driven landscape design. The third stage
comprised a digital data communication toolkit used to request data or to send a result
of the action back to the user, such as Augmented Reality (AR), Virtual Reality (VR), and
An Unmanned Vehicle (UAV). In addition, the experts identified that all of this technology
was from other disciplines, not landscape architecture. These digital tools and technologies
were described as tools that helped research and could be interpreted as contributions to
TLA, like the Land F/X software program. The technical product may be a digital-based
application, a method or a process. It appears that landscape research lacks the use of
21st-century technology. This may imply a “blurring” of the core of landscape and its
boundary with allied disciplines. The evolution of digital tools and technology appears to
have expanded the TLA. Some digital-based TLA appears to be a part of digital tools and
technology. However, digital tools and technology from other disciplines are not defined
as TLA.

Finding 2: The trend of incorporating “Interactive Technology” based on RTD and
RFD contributes to TLA. The codes in the analysis indicate the experts’ responses to applied
RTD and RFD, representing a growing preference for “Interactive Technology” such as AR,
VR, and wearable devices in landscape research. The analysis of the experts’ responses
illustrates that digital analog software such as GIS, Grasshopper, and Rhino were the
dominant forms of technology utilized in landscape research 8–10 years ago. Within the
last 5–8 years, the experts’ responses indicate that more scholars tend to use interactive
equipment to explore the human perception of the built environment. For example, one
expert cited a study that generated a framework to use spontaneous invasive plants in
reconstructing the landscape of contaminated local sites through the use of interactive
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equipment and analyses of the plants’ ecological performance. Table 8 summaries the
findings and compare the differences between RFD approach and RTD approach.

Table 8. Expert interviews—summary of findings.

RFD Approach RTD Approach

Relationship between Research Themes
and Associated Topics with TLA

Finding 1: Climate change and mitigation are trends in research based on both RFD
and RTD, and contribute to TLA.

Relationship Between Landscape Core
Domains and TLA

Finding 1: Research themes intersected different landscape core domains.

Finding 2: TLA should be considered as one of landscape core domains.

Relationship Between Digital Tools and
Technology and TLA

Finding 1: Clarification between digital tools and technology and TLA.

Finding 2: There is a trend of using “Interactive Technology” based on RTD and RFD
approaches to contribute to TLA.

4. Discussion

This chapter involves interpreting the result of findings discussed in Sections 3.1–3.3,
which concerned the (1) relationship between TLA, the core domains of landscape architec-
ture, digital tools and technology, and research themes, and the (2) conceptualization of
TLA in the 21st century.

4.1. Relationship between TLA, the Core Domains of Landscape Architecture, Digital Tools and
Technology, and Research Themes
4.1.1. Interrelationship of Landscape Core Domains within the Context of TLA

One key finding of the analysis of the interviewees’ responses indicates that TLA
should be considered as its own landscape core domain. The experts stated that TLA
supports the development of other core domains. Additionally, digital tools and technology
have been designated as a landscape core domain. However, digital tools and technology
from other disciplines (DTT-od) should not be considered part of the landscape core domain.
The analysis of the interviewees’ responses indicates that digital tools and technology can
be considered one of the landscape core domains. This analysis indicates the experts’
preference for TLA, essentially disregarding DTT-od and promoting TLA as its replacement.
This signifies a growing recognition that existing, externally developed technologies may
not fully address the unique challenges and opportunities faced by landscape professionals.
By fostering a deeper understanding of technological capabilities, landscape professionals
can seamlessly integrate technology into the design process, leading to groundbreaking
solutions. Examples include designing smart green spaces that dynamically adapt to
environmental conditions or utilizing virtual reality to create immersive experiences within
planned environments. The landscape architecture field grapples with issues such as
climate change, urbanization, and resource scarcity. A TLA focus could equip professionals
with the tools to tackle these challenges head-on. For instance, developing bioremediation
techniques or designing sustainable infrastructure solutions might necessitate expertise in
specific technological areas.

In addition, to interpret the shift in the intersection of TLA with other landscape
core domains, the research findings illustrate the impacts of Research for Development
(RFD) and Research through Design (RTD) on TLA over different periods. From 2013 to
2018, RFD helped TLA gain prominence through its integration with “Landscape Ecology
and Planning” and “Landscape Performance”, highlighting a focus on ecological systems
and the effectiveness of landscape interventions. The trend shifted from 2018 to 2021,
with TLA increasingly intersecting with “Sustainability”, reflecting a global shift towards
sustainable development practices. Simultaneously, from 2005 to 2021, RTD influenced
TLA predominantly in “Landscape Design and Implementation” and “Landscape Planning
and Ecology”, indicating a strong emphasis on practical, ecologically informed landscape
solutions. The shift in research focus over time reflects broader trends in landscape archi-
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tecture towards more sustainable and ecologically integrated practices. The prominence
of ecology and sustainability in recent years highlights the profession’s response to global
environmental challenges, such as climate change and biodiversity loss, emphasizing the
role of landscape architects in creating resilient and sustainable environments.

4.1.2. Interrelationship of Research Themes within the Context of TLA

To interpret the findings from the research across three different datasets—secondary
research, archival research, and expert interviews—a structured approach can be helpful.
Both Research through Design (RTD) and Research from Design (RFD) have significantly
contributed to the growth of TLA across multiple themes. Prior to 2018, RTD was primarily
influential in themes like “Visual Communication” and “Urban Public Space Design and
Management”, while RFD was dominant in “Environmental Monitoring and Assessment”,
“Coastal Resilience, Hazard and Water Management”, and “Urban Public Space Design
and Management”. From 2018 to 2021, both RTD and RFD played dominant roles in
“Ecological Restoration and Enhancement” and “Climate Change and Adaptive Design”.
The emergence of “climate actions” as a research trend since 2018 indicates a shared
direction in both RTD and RFD approaches, emphasizing their importance in addressing
contemporary issues like climate change.

A key difference observed is that RTD, unlike RFD, continued to strongly influence
the theme of “Coastal Resilience, Hazard and Water Management” even after 2018. RTD-
based research tends to focus more on practical applications that expand knowledge
in TLA through solutions like green roofs and walls, which are direct interventions for
climate mitigation and habitat creation. In contrast, RFD-based research has expanded
the knowledge base by developing ecological strategies, urban forestry policies, wetlands
management, and human-centered design approaches, suggesting a more policy- and
strategy-oriented approach compared to the more direct design interventions of RTD.

The findings suggest that RTD is more closely aligned with direct design and physical
interventions in landscape architecture, contributing both aesthetically and functionally
to urban and environmental challenges. RFD, however, leans towards a broader strategic
and policy-making role, influencing landscape architecture through research that informs
guidelines, policies, and broader management strategies. The convergence of RTD and
RFD in newer research themes like “Ecological Restoration and Enhancement” and “Cli-
mate Change and Adaptive Design” post-2018 reflects a collaborative and integrated
approach towards solving modern challenges through both design and strategic research.
The insights from expert interviews indicate a recognition and validation of these varied
approaches, emphasizing the need for a diverse yet cohesive research strategy within
TLA to effectively address emerging global concerns such as climate change. This ex-
poses a knowledge gap—traditional experience may not suffice. These topics necessitate
a more comprehensive TLA. Ecological strategies require environmental modeling exper-
tise. Urban forestry/wetland policies demand knowledge of urban planning frameworks.
Human-centered design necessitates a familiarity with UX research. A broader TLA inter-
pretation is needed, encompassing skills like parametric design software, 3D modeling, and
UX research, alongside traditional design. This shift brings opportunities and challenges.
Landscape architecture can become key in environmental issues and human well-being
design. However, overcoming resource limitations and refining the definition of TLA are
crucial for the successful navigation of this paradigm shift.

4.1.3. Interrelationship of Digital Tools and Technology within the Context of TLA

The differentiation between digital tools and technology and TLA is pivotal for ad-
vancing the field. Digital tools and technology encompass a wide array, such as Geographic
Information Systems (GIS), Digital Simulation, Interactive Technology, and Remote Control
Technology. The application of these tools has evolved significantly, marking the transition
from simple visualization to complex interactive design processes.

Evolution of digital tools and technology in landscape architecture:
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1. Visualization and communication—Initially, digital tools and technology were used
primarily for digital simulations that focused on visualizing and communicating
landscape designs;

2. Modeling and simulation—Over time, digital tools and technology expanded to in-
clude sophisticated modeling and simulation tools, enhancing data-driven design pro-
cesses;

3. Interactivity and data generation—The latest developments in digital tools and tech-
nology incorporate interactive technologies such as AR, VR, and UAVs. These tools
are pivotal for generating new data and fostering original research, representing a
shift towards dynamic, user-centric design experiences.

TLA, in contrast, refers to the application of these digital tools within landscape ar-
chitecture, aiming to foster innovative design practices and research methodologies. TLA
encompasses a methodological and conceptual shift towards technology-driven design
and research, transforming traditional landscape architecture practices. The evolving role
of digital tools and technology in landscape architecture signifies a significant shift. Once
primarily a tool for visual communication, digital tools and technology is expanding its
functionalities to encompass simulation, modeling research, data-driven design, and inter-
active data exploration via AR/VR/UAV technologies. This empowers landscape architects
to not only analyze data, but also generate their own through these interactive toolkits, fos-
tering a deeper understanding of design challenges and contributing to the growing body of
knowledge in TLA. Furthermore, digital tools and technological transformation open doors
for collaboration with other disciplines, and potentially lead to more user-centric design
outcomes. However, this evolution also necessitates the development of new skillsets in
data analysis, as well as modeling techniques, and interactive technologies for landscape
architects. In general, the field needs to be aware that digital tools and technology, as well
as TLA, may generate unsolved conceptual and value conflicts, which need to be resolved
in a timely fashion in the process.

To further interpret the trends of intersection of digital tools and technology with TLA
within landscape research, the findings indicate that research using the Research through
Design (RTD) approach identified Geographic Information Systems (GIS) and Digital
Representation as the primary digital tools used until 2018. After this, there was a noticeable
shift towards employing Digital Simulation and Interactive Technology. Similarly, the
research based on Research for Design (RFD) findings confirmed a strong emphasis on
GIS and Digital Simulation from 2013 to 2018. Post-2018, there was a significant increase
in the use of “Remote Control Technology” and “Interactive Technology”, indicating a
trend towards more advanced digital tools and highlighting the ongoing development of
knowledge within TLA.

4.2. Conceptualizations of TLA in the 21st Century

The expert interviews reveal a need to clarify, define and potentially categorize TLA.
This next section suggests ways to clarify TLA. Based on the analysis of the three datasets,
TLA is framed in terms of categories and specializations. As an interpretive approach, sev-
eral terminologies were used to understand TLA. Through analysis of three datasets, several
specializations emerged: “Method”, “Approach”, “Guideline”, “Strategy”, “Framework”,
and “Software”. However, most of these terms appeared to yield similar interpretations,
and were difficult to distinguish. This necessitates future analysis and a deeper understand-
ing, which can be achieved by reviewing the literature and the experts’ responses.

According to the code analysis of interviewees’ responses, “Method” is a particular
design or research process. In other words, it is the way in which something is done. In this
sense, it is similar to “Approach”, which is the way something is proposed. “Approaches”
have to be decided before selecting the “Method”. “Approaches” and “Methods” are ap-
proaches that deal with general philosophies of implementation [35]. However, a “Method”
practically implements an “Approach”.
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In the code analysis of interviewees’ responses, instructional TLA is included, which
includes “Guideline” and “Strategy”. “Strategy” refers to a plan of action designed to
achieve an aim [36]. Based on that, a “Guideline” establishes the LA design and research cri-
teria. It could be a new standard, metric, or principle that could affect design considerations
that designers apply with discretion.

The code analysis from interviewees’ responses shows that TLA is expected to be
a technical product/application. The responses note that it could be the “Framework”
of the application and the “Software”. Pragmatically, a “Framework” is a platform for
developing specific software and applications. It supports logical, functional, computa-
tional, interaction, and application aspects [37]. “Software” is a set of instructions, data, or
programs based on the implementation of a “Framework”, and used to operate computers
and execute specific tasks [38].

Based on the analysis of the above terms, this research has identified three specializa-
tions of TLA:

• Instruction (Strategy and Guideline);
• Process (Approach and Method);
• Application (Framework and Software).

To explain the three categories, “Process” describes “what” is done, and “Instruction”
describes “how” it is done [39]. “Application” is a digital program that computers can use
directly. Figure 12 illustrates their relationships.

 
Figure 12. Relationships of categories and specializations of TLA in the 21st century.

In addition, according to the analysis of the data generated from Archival Research
and Secondary Research, this research found that both RTD and RFD contribute to “Ap-
proach” and “Method” as two dominant specializations of TLA. In addition, these two
specializations of TLA appeared to increase more rapidly than others based on the patterns
of annual change and frequency prior to 2018. From 2018 to 2021, both the patterns of
annual change and frequency and the analysis of codes based on interviewees’ responses
indicated a trend towards utilizing TLA as an “Application”. Overall, the analysis of the
experts’ responses indicates that scholars became increasingly aware that TLA had the
potential to become a technical product for future landscape research. Figure 13 indicates
the structure of TLA in the 21st century.

Figure 13. Structure of TLA in the 21st century.
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4.3. Impact on Future Landscape Research

The proposed conceptualization could potentially impact on three future key areas of
landscape architecture: “Digital Practice”, “Design Computation”, and “Design Representation”.

(1) Digital Practice—It is crucial to integrate TLA as a data source and communication
medium. However, the research suggests that TLA’s impact on the design process
might be less significant in areas like sustainability and human–environment relation-
ships. Here, the focus should be on equipping students with a stronger understanding
of TLA terminology and mechanisms through relevant coursework. The core objective
should be expanding the scope of TLA knowledge. The scholarships should also
encourage leveraging TLA to generate practical knowledge for landscape practice;

(2) Design Computation—Design computation aims to optimize design efficiency and
accuracy through TLA. The research suggests that certain design tasks, especially
in landscape planning and ecology, and potentially in design and implementation,
could be automated with new software, platforms, and methods. The focus of TLA
education in this aspect should equip students with the necessary software and
platform proficiency;

(3) Design Representation—While the study found the limited integration of TLA in
RTD and RFD, the value of TLA in communicating final design solutions to an
audience with various backgrounds is undeniable. The integration process is likely
smoother, as it requires fewer theoretical debates than other areas. Therefore, we
should enhance the training on visual representation, integrating TLA across diverse
landscape architecture courses.

5. Conclusions

The objective of this study is to examine the roles and conceptual frameworks within
landscape research, interpreting trends and relationships across landscape core domains,
research themes, digital tools and technologies and TLA. This exploration was conducted
through Archival Research, Secondary Analysis, and expert interviews. The findings reveal
that digital tools and technology categories have transitioned from simple digital simula-
tions to complex interactive technologies that have played a crucial role in environmental
design and planning over recent years. This shift is marked by the increased utilization
of Geographic Information Systems (GIS), Digital Simulation, and newer technologies
such as Remote Control and Interactive Technologies, which are now pivotal in fostering
innovative, data-driven design solutions. Further, TLA has emerged as a pivotal domain
within landscape research, markedly enhancing traditional practices and spearheading the
development of sophisticated methodologies by integrating digital tools and technologies.
Notably, there is a pronounced trend towards utilizing digital tools and technology in
aspects ranging from communication and visualization to interactive technology. This
integration substantially intersects with key research themes, such as landscape planning,
ecology, and sustainable urban design—all vital for tackling issues like ecological resilience,
climate change and enhanced human–environment interactions.

The relationship between digital tools and technology categories and TLA within
landscape architecture reveals a dynamic and evolving connection. Digital tools and
technology have been instrumental in expanding the research and practical capabilities
of landscape architecture, pushing the field towards more data-driven and interactive
approaches, and enabling landscape architects to undertake complex planning and design
tasks with greater precision and effectiveness. On the other hand, TLA represents a
broader conceptualization of technology within landscape architecture, embodying the
integration of digital tools into the core practices of the field. It suggests a shift towards
a more integrated approach, whereby technology is not just a tool but a fundamental
aspect of landscape architectural practice. TLA includes the application of digital tools
and technology in specific projects and the broader methodological shifts these tools
enable, such as improved environmental modeling, user interaction through immersive
technologies, and enhanced data analysis capabilities.
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Furthermore, the study underscores the significance of categorization and special-
ization within TLA, delineating three main areas: “Instruction” (encompassing strategies
and guidelines), “Process” (covering approaches and methods), and “Application” (involv-
ing frameworks and software). The research identifies two major research types—RTD
and RFD—that leverage digital tools and technologies, intersecting with various research
themes linked to different core domains to effectively cultivate TLA.

6. Limitation

In the data collection process, particularly during the archival research phase, while
ASLA provides a comprehensive collection of award-winning projects with detailed de-
scriptions that facilitate thorough analysis, it predominantly reflects trends and practices
within the United States. Recognizing the need for a more diverse understanding of land-
scape architecture practices globally, other significant sources were considered, including
awards from the International Federation of Landscape Architects (IFLA) and the European
Foundation for Landscape Architecture (EFLA). However, these additional sources often
lacked sufficient project descriptions, which are crucial for an in-depth analysis. The limited
availability of detailed project information from these international sources constrained the
ability to incorporate a wider perspective into our research. Consequently, while this study
continues to rely on the ASLA Awards to yield a substantive dataset, we acknowledge
this reliance as a limitation. This restriction highlights the challenge of accessing detailed,
comparable data across different global landscape architecture awards, and underscores
the necessity for future research to explore more varied sources, potentially encouraging in-
ternational bodies to standardize the documentation of award-winning projects to support
academic investigation.
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Appendix A. Datasets of Secondary Research and Archival Research

Due to the length of Appendix A, we have uploaded it to the google sheet. The
link is: https://docs.google.com/spreadsheets/d/14ddDEtjNZ7lHwzbx_G_sVEhgsmhJK6
dekoyhtgDfuRs/edit?usp=sharing (accessed on 1 May 2023)

Secondary Research:

* A = Journal of Digital Landscape Architecture; B = Journal of Landscape Architec-
ture; C = Landscape Research Record; D = Landscape Research; E = Landscape Review;
F = Landscape Journal.

Archival Research:

G = ASLA Professional Award-Winning Projects; H = ASLA Student Award-Winning
Projects.

* Red text refers to the articles or projects that do not generate specific TLA knowledge.

References

1. Newton, N.T. Design on the Land: The Development of Landscape Architecture, 1st ed.; Belknap Press (An Imprint of Harvard
University Press): Cambridge, MA, USA, 1971.

2. Beardsley, J. A Word for Landscape Architecture. Harvard Design Magazine. Available online: https://www.harvarddesignmagazine.
org/articles/a-word-for-landscape-architecture/ (accessed on 5 April 2024).

22



Land 2024, 13, 630

3. Kempenaar, A.; Brink, A. van den. Regional Designing: A Strategic Design Approach in Landscape Architecture. Des. Stud. 2018,
54, 80–95. [CrossRef]

4. Weilacher, U. Syntax of Landscape: The Landscape Architecture of Peter Latz and Partners. In Syntax of Landscape; Birkhäuser:
Basel, Switzerland, 2007. [CrossRef]

5. Senbel, M.; Girling, C.; White, J.; Kellett, R.; Chan, P.F. Precedents Reconceived: Urban Design Learning Catalysed through Data
Rich 3-D Digital Models. Des. Stud. 2013, 34, 74–92. [CrossRef]

6. Powers, M.; Walker, J. Twenty-Five Years of Landscape Journal: An Analysis of Authorship and Article Content. Landsc. J. 2009,
28, 96–110. [CrossRef]

7. Gobster, P.; Nassauer, J.; Nadenicek, D. Landscape Journal and Scholarship in Landscape Architecture: The Next 25 Years. Landsc.
J. 2010, 29, 52–70. [CrossRef]

8. Cushing, D.F.; Renata, A. Themes in Landscape Architecture Publishing: Past Trends, Future Needs. Landsc. J. 2015, 34, 15–36.
[CrossRef]

9. Meijering, J.V.; Tobi, H.; van den Brink, A.; Morris, F.A.; Bruns, D. Exploring Research Priorities in Landscape Architecture: An
International Delphi Study. Landsc. Urban Plan. 2015, 137, 85–94. [CrossRef]

10. Vicenzotti, V.; Jorgensen, A.; Qvistrom, M.; Swaffield, S. Forty Years of Landscape Research. Landsc. Res. 2016, 41, 388–407.
[CrossRef]

11. Newman, G.; Li, D.; Tao, Z.; Zhu, R. Recent Trends in LA-Based Research: A Topic Analysis of CELA Abstract Content. Landsc. J.
2021, 39, 51–73. [CrossRef]

12. 2022 Conference Tracks. CELA (Council of Educators in Landscape Architecture). Available online: https://thecela.org/
conference-tracks/ (accessed on 6 April 2024).

13. Margolis, L.; Robinson, A. Living Systems: Innovative Materials and Technologies for Landscape Architecture, 1st ed.; Birkhäuser
Architecture: Basel, Switzerland; Boston, MA, USA, 2007.

14. Cantrell, B.; Michaels, W. Digital Drawing for Landscape Architecture: Contemporary Techniques and Tools for Digital Representation in
Site Design, 1st ed.; Wiley: Hoboken, NJ, USA, 2010.

15. Cantrell, B.; Yates, N. Modeling the Environment: Techniques and Tools for the 3D Illustration of Dynamic Landscapes, 1st ed.; Wiley:
Hoboken, NJ, USA, 2012.

16. Cantrell, B.E.; Holzman, J. Responsive Landscapes: Strategies for Responsive Technologies in Landscape Architecture, 1st ed.; Routledge:
New York, NY, USA, 2015.

17. Langley, W.; Corry, R.; Brown, R. Core Knowledge Domains of Landscape Architecture. Landsc. J. 2018, 37, 9–21. [CrossRef]
18. Nitavska, N.; Mengots, A. Digital Tools in Landscape Architecture. Landsc. Archit. Art 2018, 11, 42–50. [CrossRef]
19. Steinitz, C. A Framework for Geodesign: Changing Geography by Design; Esri: Redlands, CA, USA, 2012.
20. Amoroso, N. (Ed.) Representing Landscapes: A Visual Collection of Landscape Architectural Drawings, 1st ed.; Routledge: London, UK;

New York, NY, USA, 2012.
21. Amoroso, N. (Ed.) Representing Landscapes: Digital, 1st ed.; Routledge: Abingdon, VA, USA, 2015.
22. Amoroso, N.H. Digital Landscape Architecture Now; Thames & Hudson: London, UK, 2012.
23. Cantrell, B.; Mekies, A. (Eds.) Codify: Parametric and Computational Design in Landscape Architecture, 1st ed.; Routledge: London,

UK; New York, NY, USA, 2018.
24. Cantrell, B.; Zhang, Z.; Liu, X. Artificial Intelligence and Machine Learning in Landscape Architecture. In The Routledge Companion

to Artificial Intelligence in Architecture; Routledge: New York, NY, USA, 2021.
25. American Society of Landscape Architects. Landscape Architecture Body of Knowledge Study Report. Available online:

https://www.asla.org/search.aspx?q=Landscape%20Architecture%20Body%20of%20Knowledge%20Study%20Report (accessed
on 6 April 2024).

26. Steinitz, C. On Landscape Architecture Education and Professional Practice and Their Future Challenges. Land 2020, 9, 228.
[CrossRef]

27. Frayling, C. Research in Art and Design (Royal College of Art Research Papers, Volume 1, Number 1, April 1993). Available
online: https://researchonline.rca.ac.uk/384/ (accessed on 6 April 2024).

28. Zimmerman, J.; Forlizzi, J. Research Through Design in HCI. In Ways of Knowing in HCI; Olson, J.S., Kellogg, W.A., Eds.; Springer:
New York, NY, USA, 2014; pp. 167–189. [CrossRef]

29. Deming, M.E.; Swaffield, S. Landscape Architectural Research: Inquiry, Strategy, Design; John Wiley & Sons: Hoboken, NJ, USA, 2011.
30. Matthews, B.; Doherty, S.; Johnston, J.; Foth, M. The Publics of Design: Challenges for Design Research and Practice. Des. Stud.

2022, 80, 101106. [CrossRef]
31. Shen, X. Identifying the Role of Technology within the Discipline of 21st Century Landscape Architecture. Des. J. 2023, 26,

351–361. [CrossRef]
32. McGowan, M.L.; Prows, C.A.; DeJonckheere, M.; Brinkman, W.B.; Vaughn, L.; Myers, M.F. Adolescent and Parental Attitudes

about Return of Genomic Research Results: Focus Group Findings Regarding Decisional Preferences. J. Empir. Res. Hum. Res.
Ethics 2018, 13, 371–382. [CrossRef] [PubMed]

33. Creswell, J.W. Research Design: Qualitative, Quantitative, and Mixed Methods Approaches, 3rd ed.; Sage Publications, Inc.: Thousand
Oaks, CA, USA, 2009; pp. xxix, 260.

23



Land 2024, 13, 630

34. Shen, X.; Kong, J.; Padua, M.G.; Kirkwood, N. 21st Century Technology in Landscape Architecture and Its Significance within the
Discipline of Landscape Architecture. Chin. Landsc. Archit. 2023, 39, 34.

35. Nilsen, P. Making Sense of Implementation Theories, Models and Frameworks. Implement. Sci. 2015, 10, 53–79. [CrossRef]
[PubMed]

36. Whalley, J. A Plan of Action Designed to Achieve a Long-Term Goal or Overall Aim.|LinkedIn. Available online: https://www.
linkedin.com/pulse/plan-action-designed-achieve-long-term-goal-overall-aim-john-whalley/ (accessed on 6 April 2024).

37. Horváth, I. Connectors of Smart Design and Smart Systems. AI EDAM 2021, 35, 132–150. [CrossRef]
38. Rosencrance, L. What Is Software? Definition, Types and Examples. App Architecture. Available online: https://www.techtarget.

com/searchapparchitecture/definition/software (accessed on 6 April 2024).
39. Walliss, J.; Rahmann, H. Landscape Architecture and Digital Technologies: Re-Conceptualising Design and Making; Routledge: London,

UK, 2016. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

24



Citation: Chen, R.; Zhao, J.; Yao, X.;

He, Y.; Li, Y.; Lian, Z.; Han, Z.; Yi, X.;

Li, H. Enhancing Urban Landscape

Design: A GAN-Based Approach for

Rapid Color Rendering of Park

Sketches. Land 2024, 13, 254. https://

doi.org/10.3390/land13020254

Academic Editor: Eckart Lange

Received: 13 December 2023

Revised: 9 February 2024

Accepted: 10 February 2024

Published: 18 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

Enhancing Urban Landscape Design: A GAN-Based Approach
for Rapid Color Rendering of Park Sketches

Ran Chen 1, Jing Zhao 1,*, Xueqi Yao 1, Yueheng He 1, Yuting Li 1, Zeke Lian 2, Zhengqi Han 1, Xingjian Yi 1

and Haoran Li 3

1 School of Landscape Architecture, Beijing Forestry University, Beijing 100083, China;
chenran705367787@bjfu.edu.cn (R.C.); yxq18210187099@bjfu.edu.cn (X.Y.); candyhyh808@bjfu.edu.cn (Y.H.);
liyuting1625571259@bjfu.edu.cn (Y.L.); zenkii@bjfu.edu.cn (Z.H.); yixingjian0906@bjfu.edu.cn (X.Y.)

2 Ningbo City College of Vocational Technology, Ningbo 315100, China; lianzeke@nbcc.edu.cn
3 China United Network Communications Group Co., Beijing 100031, China; lihr21@chinaunicom.cn
* Correspondence: zhaojing@bjfu.edu.cn; Tel.: +1-3811-993-788

Abstract: In urban ecological development, the effective planning and design of living spaces are
crucial. Traditional color plan rendering methods, mainly using generative adversarial networks
(GANs), rely heavily on edge extraction. This often leads to the loss of important details from
hand-drawn drafts, significantly affecting the portrayal of the designer’s key concepts. This issue is
especially critical in complex park planning. To address this, our study introduces a system based on
conditional GANs. This system rapidly converts black-and-white park sketches into comprehensive
color designs. We also employ a data augmentation strategy to enhance the quality of the output.
The research reveals: (1) Our model efficiently produces designs suitable for industrial applications.
(2) The GAN-based data augmentation improves the data volume, leading to enhanced rendering
effects. (3) Our unique approach of direct rendering from sketches offers a novel method in urban
planning and design. This study aims to enhance the rendering aspect of an intelligent workflow
for landscape design. More efficient rendering techniques will reduce the iteration time of early
design solutions and promote the iterative speed of designers’ thinking, thus improving the speed
and efficiency of the whole design process.

Keywords: hand-drawn sketch; image color rendering; generative adversarial networks; data
augmentation; landscape design

1. Introduction

The construction of urban living environments is a crucial aspect of realizing urban
ecological civilization. It directly impacts residents’ quality of life and the sustainable
development of cities. Park green spaces, as essential elements for enhancing the ecological
environment and city image, are among the city’s most vital resources. In the planning
process of urban green spaces, designers integrate various design concepts, such as site
space layout, landscape nodes, and road traffic, into hand-drawn plans. These plans directly
express the designer’s thoughts, and the rendered colorful plans illustrate the design effect.
This process aids communication with multiple parties and enhances the design’s quality
and level. However, the current workflow from the research stage to the color flat drawing
stage is often time-consuming. Therefore, improving the efficiency of plan rendering is a
significant challenge in the current design process and the primary motivation and goal of
this study.

To address this challenge, we explored the usefulness of our study based on traditional
landscape design methods and their inherent challenges. In the traditional landscape design
process, designers typically go through stages like site analysis, concept development,
design evolution, and drawing production to complete a project [1,2]. Initially, designers
conceive the spatial arrangement of landscape elements based on the site conditions and
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client requirements. They often sketch designs by hand, as it better captures smooth curves.
Eventually, these sketches are turned into colored flat plans using computer software to
present to clients. Since clients usually lack professional knowledge, designers need to use
these colored plans to explain the overall design. The process requires repeating these steps
in communication with clients. The step from sketch to colored plan is time-consuming,
posing a major challenge. Therefore, our study aims to integrate intelligent tools into
the traditional process, enhancing the efficiency of sketch rendering and accelerating the
process of design thinking and scheme iteration.

In recent years, generating images with appropriate colors and textures based on
sketches has become a research hotspot. The advancement of machine learning has greatly
facilitated designers. With the evolution of artificial intelligence, many painting tasks are
now accomplished using deep-learning technology. Generative adversarial networks, an
innovative architecture, have found widespread application. However, landscape design
drawings often struggle to render satisfactory results due to the irregularity of elements,
intricate details, and limited available corresponding data. Currently, designers still need
to manually complete it through software such as Photoshop, relying on their perception of
color matching and the coordination of different detail textures. If deep learning can assist
designers in quickly completing the design, it will significantly improve design efficiency
and generate more application value. However, the drawing of landscape design diagrams
makes it difficult to render better results due to defects such as the weak regularity of
elements, complexity of details, and less corresponding data available. Currently, designers
are still required to complete the design manually through Photoshop and other software
based on the perception of color matching and the coordination of different details and
textures. If deep learning can assist designers to quickly complete the design, the design
efficiency will be greatly improved and generate more application value.

To address these issues, this study proposes an automatic plan rendering system
based on generative adversarial networks, combining the features of machine learning
and landscape planning and design. We use hand-drawn line-draft plans and color plan
design drawings for training. Compared to the edge extraction commonly used in other
studies, hand-drawn line-draft maps are more likely to reflect the actual semantic structure
of images, conform to the aesthetics and habits of designers, and facilitate us in screening
out the generation algorithm most suitable for the actual design process. After selecting
the appropriate algorithm, we built a data enhancement module to optimize the rendering
system. The main contributions of this paper are as follows: (1) Based on Pix2pix and
CycleGAN, we built a fully automated park plan rendering system and screened out
algorithms suitable for the design process. (2) By employing data augmentation models,
we were able to expand our small sample size and optimize the training process. (3) We
analyzed the differences and similarities in the results generated by various algorithms
and sample data volumes. (4) We utilized a novel approach to visualize urban park green
spaces, using hand-drawn line drafts as experimental data. (5) Our proposed automated
rendering system enhanced the speed and quality of sketch rendering in landscape design.
Integrating this system into the design development and drawing production stages of
traditional landscape design processes can improve the overall design efficiency.

The remainder of this paper is organized as follows: Section 2 provides a review of the
related literature. Section 3 presents our proposed architecture and training methodologies.
Section 4 details the experiments conducted and their respective results. Section 5 discusses
the related research. Finally, Section 6 elaborates on the results and potential future work.

2. Related Work

Our work is primarily related to two research areas: image coloring and conditional
generative adversarial networks. This section provides a comprehensive review of the
pertinent literature in these fields.
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2.1. Image Coloring

Image coloring, a technique that infuses grayscale or sketch images with color and
texture, holds significant value in the realm of nonphotorealistic rendering [3,4]. However,
image coloring presents an ill-posed problem due to the potential for one image to cor-
respond to multiple color schemes. Consequently, conditional information is required to
generate vivid and reasonable results. The earliest image coloring methods were grounded
in CG methods, employing physical simulation or programming to emulate effects such as
watercolor and oil painting, or utilizing feature lines for line rendering. For instance, Chu
and Tai leveraged GPU computations to generate watercolor effects [5]. While this method
can yield realistic outcomes, it is computationally expensive, complex in design, and chal-
lenging to adapt to varying styles and scenes. Traditional methods, such as LazyBrush [6],
can only manage simple shape line drafts, and issues like unnatural colors or vacancies arise
when dealing with complex patterns. Over the past decade, deep-learning methods have
been employed for image coloring tasks. Researchers like Deshpande utilized variational
autoencoders (VAEs) to learn the low-dimensional embedding of the color domain [7],
thereby constructing a conditional model for generating diversified coloring results. Con-
versely, researchers like Mouzon integrated variational methods with convolutional neural
networks (CNNs) to design a fully automatic image coloring framework [8].

With the advancement of deep learning, researchers have begun to employ generative
adversarial networks (GANs) for image coloring across various fields, yielding notable
results. In the realm of portrait synthesis, Fang and colleagues concentrated on synthesizing
critical identity markers such as eyes and noses [9]. They utilized CycleGAN to generate
high-resolution images, transitioning from sketches to facial photos. Simultaneously, in
the medical sector, Long and others proposed an enhanced CycleGAN that incorporated
perceptual loss [10]. This successfully facilitated the interactive translation of echocardio-
grams and enabled arbitrary conversions between sketch images and ultrasound images.
Subsequently, GAN-based coloring methods were applied to painting tasks. For instance,
Peng and others employed the CE-CycleGAN framework to process edge contours and
transform landscape photos into Chinese landscape painting styles [11]. Sun and others
developed a system capable of fitting edges based on semantic label maps [12], generating
exquisite paintings of a specific type. Ren and others used a superpixel segmentation
algorithm to optimize the coloring scheme of anime line drafts, addressing issues such as
color diffusion and color loss [13]. Wang and others proposed a Thangka color simulation
algorithm (SMAC-CGAN), which restored the actual colors of Tibetan paintings based
on line drafts, resolving the halo problem [14]. Additionally, GAN technology has been
applied to complete the automatic generation process from line sketches to color pictures
based on nonspatially corresponding data. For example, Chen and others constructed
the SketchyGAN to transform rough sketches of 50 categories, including various animals
and daily necessities, into near-real color pictures [15]. Moreover, using similar images as
virtual references, Wang and others [16], as well as Lee and others [17], have successfully
completed the color transfer of the same type of sketch. This demonstrates the potential of
these techniques in various applications.

Existing methods primarily focus on the coloring of grayscale painting images or line
drawings, with less emphasis on the rendering of design drawings. In the landscape archi-
tecture domain, rendering design sketches involves transforming hand-drawn sketches
into images with color, texture, and shadow effects to enhance the expressiveness and
appeal of the design. This differs significantly from standard line-drawing coloring, as the
lines and colors in design drawings carry landscape element information. These elements
not only reflect the designer’s creativity and thought process but also the functionality and
form of the design. Therefore, rendering landscape design sketches requires a comprehen-
sive consideration of the design’s semantics, style, and rules, rather than merely coloring
the lines.

In various design fields, researchers utilize different algorithms for rendering design
sketches. A common approach is based on generative adversarial networks (GAN), lever-
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aging deep learning to automatically learn design features from data and generate realistic
images. In architecture, GAN methods have been used for rendering architectural effect
and layout drawings. Qian et al. [18] proposed a GAN-based method to render sparse
architectural sketches into textured effect drawings. Concurrently, their team also pre-
sented a generation process from user-preferred geometric shapes to sketches to high-rise
architectural renderings [19]. However, when generating architectural images, the GAN
model tended to distort the surface instead of maintaining the original linear structure. To
address this issue, Zhao and others combined the Y-shaped GAN and denoising diffusion
implicit models [20]. For rendering flat layouts within given boundaries, the system pro-
posed by Wu and others can automatically and efficiently generate residential layout floor
plans [21]. Building upon this, Huang Weixin [22] and colleagues used the GAN variant
model Pix2pixHD to generate house-type diagrams based on room layouts. On a larger
scale, Yang Liu [23] similarly utilized this approach to generate apartment floor plans based
on function partitioning diagrams of youth apartments.

In the field of landscape architecture, GAN methods have also been applied to render
design line drawings. Zhou et al. [24] used CycleGAN to render different types of plots
in parks from color block diagrams to textured color maps, but faced issues with detail
recognition, monotonous planar colors, and poor transitions. Our study attempts to
compare different algorithms to determine which is more suitable for rendering landscape
design drawings. We employed two distinct GAN models, namely, CycleGAN and Pix2pix,
chosen for their respective advantages and applicable scenarios. CycleGAN is suitable for
situations without paired data, while Pix2pix handles cases with paired data.

Regarding data selection, current image coloring tasks based on deep learning primar-
ily obtain line-sketch datasets through edge extraction. Some researchers use the Canny
algorithm to extract edges from real images to complete the coloring task. For instance,
Zou and others used traditional image processing technology, Canny edge detection, to
extract the line sketches of the Forbidden City patterns [25]. They completed the color
restoration of the details of the Forbidden City murals. In terms of design, Sun and others
also used the same method to extract the edge contours of billboards and icons for color-
ing [26]. In painting, because the line sketches obtained by the Canny algorithm cannot
meet professional requirements, Aizawa and others used a model specifically based on the
extraction of painting image line structure “LineDistiller” to build a dataset [27]. However,
the XDoG algorithm used by Golyadkin and Makarov in comic coloring research could
generate images with more visual appeal compared to it, which is more suitable for artistic
line coloring [28]. Similarly, Zhao and others used this algorithm to obtain edge data for
architectural sketch coloring [20]. When Li and others did the rendering of interior effect
line drafts [29], some data were extracted by the Canny algorithm, and other data were
nonmatching line drafts. Most researchers choose to obtain line-draft sketches by applying
algorithms to images for the edge extraction in coloring tasks, and fewer researchers use
corresponding hand-drawn sketches with more details. However, in the coloring of plan
design drawings, hand-drawn line sketches have richer structures and light and shadow
effects than computer-generated edge contour images, which can better express design
effects. We choose hand-drawn line-draft sketches as the original data from the actual
design process.

2.2. Conditional Generative Adversarial Networks
2.2.1. GAN Generation

Generative adversarial networks (GANs), proposed by Goodfellow [30] in 2014, rep-
resent a neural network framework grounded in game theory. This framework is unique
in its inclusion of two competing subnetworks: the generator and the discriminator. The
generator’s role is to create virtual data that appears real from random noise, while the
discriminator is tasked with discerning the authenticity of the input data. During the train-
ing process, these two subnetworks operate in an adversarial manner, striving for a Nash
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equilibrium. Consequently, the generator can produce virtual data capable of deceiving the
discriminator.

2.2.2. Pix2pix and CycleGAN

Currently, the application of generative adversarial networks (GANs) in landscape
design generation remains somewhat uninterpretable. This paper primarily focuses on
Pix2pix and CycleGAN to construct a more scientific and controllable plan rendering
design. Pix2pix, through its label set, can control the generation results, making it widely
applicable in layout scheme design generation. For instance, contour images have been used
as labels to generate robust arrangements for residential areas [31]. Additionally, related
design indicators have been introduced to control the generation of urban land distribution
schematic diagrams [32]. However, while Pix2pix is a supervised learning model that
supports conditional control, it lacks the ability to explain the extraction of hidden features.
On the other hand, CycleGAN, an unsupervised learning model, emphasizes adversarial
training and cycle consistency loss. It can autonomously extract and explain implicit
features. It has been extensively used in image style transfer, image super-resolution, image
translation, and other fields. Chen et al. [33] in their research developed a park layout
generation system using CycleGAN technology. The system primarily renders color block
layouts, but it does not address the rendering of hand-drawn line design drawings, a
common aspect in practical engineering design. In rendering color block layouts, the focus
is on the overall visual effect of color and spatial element arrangements. However, the
rendering of hand-drawn line drawings presents a more complex challenge, requiring the
precise expression of line texture and detailed color nuances. Moreover, sketch rendering
plays a crucial role in the design process of landscape architects, needing to reflect not just
the precision of computer vision but also to aid designers in expressing their creative ideas.
In light of these considerations, this study compared the Pix2Pix and CycleGAN algorithms
and established an automated hand-drawn line-drawing rendering system based on GANs
aimed at better addressing these challenges.

3. Methodology

3.1. Analytical Framework

Figure 1 presents the comprehensive research framework for the line-sketch rendering
design scheme generation system proposed in this paper.

During the dataset construction phase, the quality and quantity of the dataset signif-
icantly influence the design learning of the algorithm. Given the challenge of obtaining
paired park plan layout and design scheme data, we enhanced the black-and-white line-
sketch data using CycleGAN. This enhancement expanded the original 652 pairs of park
data to a dataset of 1699 pairs, thereby constructing a more diverse and accurate database
for subsequent generation experiments.

In the model construction phase, we employed two neural networks, Pix2pix and Cy-
cleGAN, for image generation. The corresponding sketch and design scheme datasets were
simultaneously input into the neural network for initial training of the small-sample data
rendering system. However, the output results were suboptimal, leading us to add a data
enhancement module based on CycleGAN. Consequently, we constructed an optimized
plan rendering system using the expanded large-sample data.

During the application phase, the black-and-white line sketch is input into the model.
The algorithm then automatically generates a rendering design scheme of the corresponding
style within seconds.
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Figure 1. This is the process of building a line-sketch rendering system.

The following sections will provide a detailed discussion of each step.

3.2. Data Collection and Preparation

Due to the difficulty in discerning image details in large-scale design plans, this
experiment uses park green space plans as its subject. Since publicly available data on
green space design are limited, we collected various types of public training data from
design websites and other channels. After initial screening and processing, these were
used as our training dataset. The aim of our experiment is to improve the rendering
efficiency in landscape design workflows. Therefore, we chose black-and-white hand-
drawn sketches, commonly used in design, as our input data instead of colored images.
Ultimately, we gathered 152 pairs of black-and-white hand-drawn sketches and design
plans as training samples and standardized the dataset into 512 × 512 pixel jpg images.
Part of our experimental data is shown in Figure 2.

3.3. Sketch Rendering Model

Our approach employs Pix2pix and CycleGAN to establish an automated plan ren-
dering system. These are prevalent techniques in style transfer-related research, yet they
exhibit substantial differences in their learning methodologies.

3.3.1. Supervised Learning Based on Pix2pix: Working Principle and Process

Pix2pix is developed on the foundation of conditional generative adversarial networks
(CGANs). It treats the input image as a condition, learns the mapping relationship between
the input and output images, and consequently generates the results [34].
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Figure 2. These are the representative examples of hand-drawn sketches and corresponding design
drawings dataset: (a) park sketch dataset; (b) corresponding design dataset.

The fundamental structure of the Pix2pix algorithm, as depicted in Figure 3, comprises
two components: the generator (G) and the discriminator (D). The generator employs the
U-net framework for feature extraction and upsampling. The discriminator, on the other
hand, utilizes PatchGAN to discern whether the local details in the generated scheme
closely resemble reality.

Figure 3. This is the workflow of Pix2pix.

3.3.2. Supervised Learning Working Principle and Process Based on CycleGAN

CycleGAN, a type of generative adversarial network (GAN), is utilized for unsuper-
vised image generation. Unlike Pix2pix, CycleGAN does not necessitate paired data input
to learn the mapping relationship from one image domain to another [35].

The framework of the CycleGAN algorithm, as illustrated in Figure 4, comprises
two generators, Generator A and Generator B, and Discriminator B. The entire process
encompasses two discrimination stages: (1) Ascertain the correlation between the result
and input through Generator A and Generator B. (2) Compare the discriminator with
the real reference scheme to judge whether the generated style is a design scheme or a
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hand-drawn line draft. In the first stage, the park line-draft plan is input into Generator
A to obtain Result A (real image to fake image). Subsequently, Generator B generates the
park line-draft scheme Result B (fake image to fake image) in reverse according to Result
A. Through continuous iteration, the calculation error between the original line-draft plan
and Result B is reduced, enabling the model to learn the implicit features in the image and
generate the most realistic result. In the second stage, Result A is input into Discriminator
B. After comparing it with the real design scheme, it is determined whether the output
design scheme A is real or fake.

Figure 4. This is the workflow of CycleGAN.

3.4. Training

The entire training process, as depicted in Figure 5, comprises three stages: pretraining,
data augmentation, and optimization training.

Figure 5. This is the framework for the optimized sketch rendering system, including the process
from pretraining to data augmentation.

During the pretraining stage, the Pix2pix and CycleGAN algorithms are employed to
train the hand-drawn sketch data, each with an equal sample size. The data are processed
separately according to the format required by the different algorithms, leading to the
initial construction of two small-sample line-draft plan rendering generation systems.

In the data augmentation stage, this study intends to use the CycleGAN algorithm as
the foundation. It acquires 348 pairs of line-draft sketches and design drawings from vari-
ous channels to construct a data augmentation system. Once the data augmentation system
is established, we input 1047 design drawings, which lack corresponding line sketches, into
the system and obtain 1047 black-and-white line sketches. These algorithmically generated
black-and-white line sketches closely resemble human hand-drawn levels in terms of light
and dark relationships, line strokes, and other aspects.
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Finally, our data are augmented from the original 652 pairs of black-and-white line
sketches and design scheme data to 1699 pairs of data samples. By retraining CycleGAN
with the augmented dataset, we obtain the optimized design sketch rendering genera-
tion system.

3.5. Testing

To compare the efficiency of the generation systems built using different algorithms
and varying sizes of data samples, this study selected five black-and-white line drafts as
the test set. In the testing section, selected samples were inputted into the variously trained
stages of CycleGAN and Pix2pix models, yielding post-test images.

From a landscape design perspective, the criteria for selecting test samples primarily
included: (1) Park scale sufficient to clearly observe landscape elements such as paving
and roads; (2) Rich and diverse vegetation planting methods in the samples; (3) The
overall design encompassing a variety of spatial relationships. These were used to test the
rendering systems and data enhancement models at each stage, as illustrated in Figure 6.

Figure 6. These are five representative hand-drawn sketches for testing.

The experimental samples selected are primarily categorized into medium-scale (sam-
ples a, b, c) and small-scale park line drafts (samples d, e), each exhibiting distinct charac-
teristics. Planting: samples c and e primarily consist of point-shaped trees, while sample a
involves a large cloud tree. The remaining samples comprise a mixed planting of cloud
trees and point-shaped trees. Roads and Paving: samples a, b, and c all possess clear main
ring roads and branch road structures, exhibiting pronounced spatial opening and closing
characteristics. Conversely, samples d and e combine large-area paving and roads. Other
Layout Elements: all five samples include lawns of varying areas. Apart from sample d,
the rest of the samples contain water bodies.

4. Results and Analysis

To evaluate the performance of our developed model, we grouped and compared the
test results of five samples. We assessed these results from a landscape design perspective
using the following criteria: (1) Whether the color at the edges of the line drawings is clear;
(2) Whether details like pavements, roads, and nodes are complete; (3) Whether the colors
of trees, lawns, etc., are reasonable and diverse; (4) Whether the overall style is aesthetically
pleasing and diverse.

This section primarily analyzes the results of two sets of comparative experiments. The
first is a comparison of the small-sample rendering systems of the Pix2pix model and the
CycleGAN model. The second is a comparison of the rendering systems of three different
data volumes of the CycleGAN model.

4.1. Algorithm Comparison Evaluation

In the two small-sample line-draft plane rendering generation experiments, the Pix2pix
algorithm and the CycleGAN algorithm exhibited a significant difference in the rendering
results, as shown in Figure 7. The experimental results of line-draft rendering indicate that
both algorithms have a certain degree of confusion in color expression, and the generated
results are not accurate enough. However, the quality of the results generated by the
CycleGAN model is significantly superior to that of the Pix2pix model.
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Figure 7. This is the comparison of the results generated by Pix2pix and CycleGAN.

In the small-sample test results of CycleGAN, it can be observed that this model can
achieve different brightness and changes in the rendering processing of plants (such as
samples a, b, c). Simultaneously, it has a certain distinction in the color of paving, water
bodies, and lawns (such as samples b, d, e). However, it also has certain shortcomings:
(1) It cannot clearly render the color of the water body (such as samples a, b, e). (2) Some
trees appear inappropriately blue or purple (such as samples c and d). (3) The boundary
color of some roads is blurred (such as samples a, b, c).

In contrast to CycleGAN, the rendering images generated by Pix2pix lack details and
real textures, the colors are relatively uneven, and the possibility of blurring is much greater.
These problems are because supervised learning needs to use a one-to-one dataset to let
the computer learn the transformation logic in it. However, there is a certain gap between
the hand-drawn line draft and the design drawing which cannot be completely aligned.
Pix2pix makes it difficult to understand the connection between the two, and the results
generated are of poor quality.

In the research of style transfer in the field of architectural design, related technologies,
such as Pix2pix and CycleGAN, have become mainstream. However, few studies have
compared and evaluated the results of the two algorithms in the field. Through the
experiments and analysis of this study, the results of CycleGAN in line-draft rendering
image generation are more stable and accurate than Pix2pix.

4.2. Data Volume Expansion Comparison Evaluation

Although our research indicates that CycleGAN’s line-draft rendering is superior to
Pix2pix, the generated results still exhibit issues, such as insufficient accuracy and a lack
of diversity. Therefore, this study compared the rendering performance of the CycleGAN
model under different sample volumes, as depicted in Figure 8. In these test results, models
of three different sample sizes reflect differentiated style results.
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Figure 8. This is the comparison of results generated by the model before and after data augmentation.

In the flat rendering experiments of line drafts with two small samples, the Pix2pix
algorithm and CycleGAN algorithm demonstrated significant differences in the rendering
results. As seen in the comparison from Figure 8, in the landscape sketch rendering
models trained with a dataset of 152 pairs, both algorithms exhibited some confusion in
color representation and lacked precision in the generated results. However, CycleGAN
showed markedly better performance than Pix2pix in terms of color accuracy and richness.
Nonetheless, the CycleGAN model still made errors in judging certain detailed elements.
The specific details are as follows:

Compared with the small-sample CycleGAN model mentioned earlier, the test results
of the data expansion model have the following advantages: (1) It can better distinguish
the color of road elements and their boundaries. (2) The expression of tree colors is more
accurate, showing different brightness and saturation of green. However, it also has
certain disadvantages: (1) Some cloud trees and point-shaped trees show mode collapse
in rendering (such as samples a, d, e). (2) It is unable to render the color of water body
elements accurately.

Moreover, our optimized system can more accurately and beautifully express render-
ing results for line drafts of different scales and has a certain style, mainly manifested as:
(1) The rendering of the road structure is clear, primarily light gray. (2) The treatment of
trees is shown as greens of different brightness, saturation, and transparency, and some
lawns have a uniform gradient effect (such as samples a, c, e). (3) There is a certain dis-
tinction for the water body, and the rendering effect is significantly higher than the small
sample, showing a blue–gray color (such as samples a and b). (4) The overall rendering
effect shows a unique style of unified tone.

The comparison in Figure 8 shows that models trained with three different sizes of
data samples exhibit varied stylistic results. The small-sample CycleGAN model trained
with 152 data pairs showed diverse colors but some areas had colors inconsistent with
reality. In contrast, the enhanced CycleGAN model trained with 348 data pairs had a fresher
tone and a distinct style. Therefore, we trained an optimized model with 1047 data pairs for
comparison. The results indicate that as the training data volume increases, the generated
style leans towards a fresher color palette, with more accurate distinctions between roads
and lawns, making this style more applicable in practical use. However, the model’s ability
to distinguish water bodies still needs further enhancement.
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The main defects of this model are: (1) The clarity of the water body rendering color is
insufficient. (2) The diversity of expressions for paving, nodes, etc., needs to be improved.

Following a comparative analysis, it has been observed that our generation results
have significantly improved in several aspects after the data enhancement: (1) For identical
plant elements, different brightness, saturation, and green textures can be generated in
various positions rather than generating plants of different colors. (2) The interference of
noise to the algorithm is relatively reduced, enabling it to accurately identify paving, water
bodies, roads, etc., and distinguish color elements. (3) The rendering effect is more accurate
and exhibits a certain style.

The experiment demonstrates that this study effectively expands the experimental sam-
ples using data enhancement methods, optimizes the model training effect, and generates
more realistic and aesthetically pleasing park plan design drawings.

5. Discussion

This paper proposes a line-sketch rendering park design system based on Pix2pix and
CycleGAN algorithms, which realizes the conversion from black-and-white flat line-sketch
drawings to color texture rendering drawings. By utilizing a pretrained model to augment
limited sample data, this approach overcomes the constraints of sparse and low-quality
data in this field. It involves training an optimized model to enhance the accuracy and
variety of generated images, thereby establishing an automated plan rendering system.
Additionally, this research has advanced the evolution of human–computer collaborative
design workflows within the landscape industry.

In related tasks, such as image coloring and style transfer, the GAN has been widely
used and has in-depth research in the coloring of comic sketches and the transformation
of different styles of art paintings [36,37]. In the design plan of the construction field, the
related research was first implemented in the interior layout design [22]. At the same
time, some researchers chose the object of multiple square enclosures composed of space
in the Chinese Jiangnan Garden for generation rendering [38]. However, this series of
plan rendering research focuses more on the functional area distribution of regular shapes
and rarely uses natural shape plan sketches as objects. The field of park green space
design, characterized by images rich in complex semantic content, presents a challenge
for computers in interpreting the meaning of diverse lines. As a result, a comprehensive
research paradigm for this domain has not yet been fully developed.

This study’s proposed model enhances the rendering efficiency and can generate
images with rich color features. It is capable, to a certain extent, of accurately differentiating
various elements in park designs, leading to the production of effective design drawings.
Diverging from the traditional approach of coloring based on the image block function
and adding details and texture, our model discerns coloring rules from a multitude of
hand-drawing design schemes. It extracts the interplay of the texture, shape, color tone,
and placement of landscape elements. Consequently, the model can flexibly render plans
based on input parameters, enabling the swift generation of results.

Most of the previous related research evaluated the effect of model-generated images
from the perspective of computer science. In the research of using line drafts to generate
Chinese paintings, Lin and others used the SR method to evaluate the noise of the generated
images [39]. In the restoration of Thangka art, Li and others tested the FID distance between
the generated image and the actual image and measured the effect of the generation through
accuracy [40]. However, this study emphasizes the practicality of the results generated in
the related design industry rather than simply conforming to the accuracy of the computer
vision field. The results of our model are fresh in color and simple and atmospheric in the
picture. This style is expressed as a low-saturation color in computer vision. However,
in the actual design workflow, it can better help designers express their thinking and is
more suitable for use as actual effect drawings. This study aims to facilitate effective
communication between design teams and stakeholders by improving the rendering speed
and quality of design drawings. The design process is a collaborative effort requiring
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feedback, and by accelerating rendering, we enable designers to present and share ideas
more quickly. This speeds up feedback and iteration, enhancing the efficiency of the design
process. Faster communication and iteration contribute to better quality and innovation in
urban landscape design.

Our research has made progress in rendering design drawings, but it has limitations.
The overall rendering effect depends on the quality of the drawings; rough or blurry
drawings can lead to distorted results. Our method has yet to adapt to different design
styles and aesthetics. Specific limitations include: (1) It is mainly used for small- to medium-
scale parks, and may not be accurate for larger landscape designs. (2) It is unable to finely
control data postenhancement. Future research could improve in several areas: First,
vectorizing hand-drawn sketches to improve the rendering quality and adapt to different
design stages and styles. Second, targeting landscape elements in design drawings for
specific generation and optimization to enhance the accuracy and intelligence. Third,
enhancing model interactivity, integrating with the designer’s operational workflow for real-
time rendering, quick design adjustments, and improved communication and experience.

While our results indicate that conditional generative adversarial networks are ef-
fective in rendering design sketches, this research has certain limitations: (1) The design
schemes selected are primarily for small- and medium-sized parks, which may limit the
model’s ability to generate local nodes in larger-scale park designs accurately. (2) The
enhancement of the algorithm does not allow for detailed constraints of the data. In fu-
ture work, we aim to explore ways to refine the data enhancement methods and improve
the algorithm. Our goal is to achieve multiscale plan rendering, thereby enhancing the
rendering efficiency and diversifying styles. (3) Our algorithm exhibits limitations in gener-
ating vegetation, particularly in the crucial aspect of color diversity. This limitation is not
just a technical issue, but also reflects the algorithm’s inadequacy in understanding and
reproducing the true richness and variety of colors in natural vegetation. Specifically, for
vegetation colors other than green, our algorithm fails to capture the subtle nuances and
diversity of plant colors found in nature. This issue touches on the profound challenge of
bridging algorithmic design with the accurate representation of natural colors, necessitating
a better balance between the development of algorithms and a deeper understanding of
design theory.

6. Conclusions

This paper introduces a method leveraging generative adversarial networks (GANs)
designed to rapidly produce rendered drawings from line-drawing plan designs. This
method aids designers in swiftly conceptualizing design scenes. The research investigates
the influence of the volume and quality of design data, as well as the impact of different
algorithms on the generation results driven by algorithmic processes. Additionally, it
involves the development of corresponding auxiliary design tools for evaluation.

This paper makes the following two breakthroughs:
Firstly, it addresses the critical challenge of data scarcity in this field. In response, the

study introduces a data augmentation model based on generative adversarial networks
(GANs) that effectively expands the range of small-sample hand-drawn line-sketch plan
drawings.

Secondly, the prevalent color rendering techniques, which primarily depend on edge
extraction, risk omitting crucial details in hand-drawn sketches. This loss is particularly
evident in the design’s structure and texture, significantly hindering designers’ capacity
to convey their fundamental concepts. To solve these problems, this study has developed
a model for rendering directly against hand-drawn line drawings. The model aims to
improve work efficiency and generate high-quality color-flat drawings that can be applied
in industrial environments.

The experimental results demonstrate the main contributions of this study: (1) The
development of a model based on Pix2pix and CycleGAN for rapidly generating diverse
and rich design schemes from black-and-white hand-drawn sketches, significantly enhanc-
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ing work efficiency. (2) The validation of the scheme’s rationality and accuracy through
objective evaluation, confirming its applicability in actual design processes and fostering
the integration of artificial intelligence technology with landscape design. (3) Empirical evi-
dence from data volume comparison underscores the importance of data augmentation in
improving the model quality, leading to the creation of an optimized model with expanded
data. (4) The use of hand-drawn sketches as experimental data aligns more closely with the
practical application in landscape design processes. This study stands out for its emphasis
on practical applications, in contrast to earlier research that mainly followed a computer
science research paradigm with a sole focus on image accuracy. It primarily evaluates the
generated results from a designer’s viewpoint, highlighting its relevance to real-world
scenarios. The results generated by the algorithm are expressed as low saturation in color
saturation. However, in the actual design workflow, this artistic expression style is more
conducive to the expression of designers’ thinking and is more suitable for use as actual
effect drawings. In the field of landscape design, this study enhances the rendering speed
and quality of designs, improving collaboration and communication between designers and
clients. While hand-drawn line drafts are indeed the primary embodiment of a designer’s
conceptualization in the tangible realm, the application of color plays a pivotal role in
visual communication. For instance, in the realm of botanical landscaping, while line drafts
delineate the hierarchical structure among plants, it is the application of color that critically
conveys the harmony of the planting scheme. Similarly, in landscape design illustrations,
line drafts establish the relational dynamics among design elements; however, the infusion
of color, although not altering the design itself, significantly aids in the accentuation of
design areas and focal points, thereby holding substantial value for both the designers and
evaluators of multifaceted design proposals.

This research aims to enhance the rendering segment within the intelligent workflow of
landscape design. The implementation of more efficient rendering technologies is expected
to accelerate the iterative thinking process of designers and enable the vivid presentation of
preliminary designs to stakeholders. By reducing the time spent on early design iterations,
the overall speed and efficiency of the design process can be significantly improved.

This research initiates an inquiry into the intelligent rendering processes within land-
scape design. Addressing the challenges encountered in this study, future investigations
will delve into specific areas, such as applying constrained color rendering to plant-specific
projects and developing renderings in a variety of stylistic floor plans. These topics will
direct our forthcoming research efforts, indicating a commitment to advancing the field of
landscape design through the integration of innovative rendering techniques. To be more
specific, in our future work, we plan to broaden the scope of our design schemes, incorpo-
rating the rendering of large-scale urban park line drawings. We will focus on controlling
the details of pavements, buildings, and trees to ensure that the local colors in the output
results are layered and the textures are richer. Additionally, the model will be fine-tuned
to better adapt to various depths in plan sketch inputs, thereby enhancing its efficiency in
providing inspiration for designers. We also intend to update related technical methods to
achieve superior outcomes. Unlike previous research, this technological process is designed
to integrate seamlessly with actual projects, assisting designers in rapidly developing ideas
and providing timely feedback to users. This approach is likely to influence the operational
modes and personnel composition of some companies. Many related factors arising from
this new mode remain to be explored and discussed in future research.
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Abstract: Walking and running activities (W&RAs), encompassing strolling, slow walking, brisk
walking, jogging, and running, hold significant importance as popular forms of exercise within urban
parks. Recognized for their efficacy in promoting public health and preventing chronic diseases,
understanding the nuanced impact of pathway features on W&RAs is crucial for advancing health-
centric urban park planning. Based on extensive, high-frequency field observation data, we utilize
multiple OLS regression models and univariate OLS regression models to investigate the relationship
between urban park pathway features and variations in W&RAs, specifically examining activity
density and intensity. Subsequently, we propose corresponding pathway optimization strategies.
Our findings highlight the primary determinants, with vegetation coverage ratio, path type, and
security facility density influencing activity density; and control value, time required to reach the
nearest entrance, and pavement type influencing activity intensity. Significantly, increased vegetation
coverage enhances density, while interconnected spaces and improved accessibility elevate intensity.
In conclusion, our study delineates key features that merit prioritization, specifies their optimal
ranges and proposes optimization design strategies for urban park pathways. By shedding light on
these considerations, our research contributes valuable insights to the realm of health-oriented urban
park planning and design.

Keywords: urban park; walking and running activities; field observation; activity density; activity
intensity

1. Introduction

The World Health Organization (WHO) released the “Global Report on Urban Health”
in 2016, indicating that chronic diseases constitute a primary health concern for contempo-
rary urban areas. These conditions contribute to approximately 63% of the total mortality
rate [1]. In contemporary society, numerous chronic diseases such as obesity and cardiovas-
cular disorders pose a significant threat to human well-being and health. An increasing
body of research indicates a close association between the occurrence of chronic diseases and
the lack of physical activity(PA), as well as reduced exposure to natural environments [2,3].

Since the 1990s, rapid urbanization in China has led to a substantial increase in the
urban population, posing increasingly severe challenges to urban environments and public
health. The prevalence of chronic diseases, including obesity and cardiovascular disorders,
has surged among urban residents [4]. In recent years, as living standards have improved,
there has been a growing emphasis on both physical and mental health as a focal point of
public concern. Initiatives such as “Healthy China”, “Park Cities”, and “National Fitness”,
coupled with a burgeoning body of public health research, underscore that engaging in
physical activity (PA) is recognized as a crucial pathway to enhance public health [5–7].
Engaging in PA has become a pivotal response to national health initiatives, contributing
significantly to the enhancement of public health. Among various activities, walking and
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running activities (W&RAs) have become popular and accessible forms of exercise due
to their practicality, broad appeal, and ease of participation. Simultaneously, they stand
out as common activities within urban parks and are closely linked to the improvement of
health [8]. Research suggests that engaging in moderate-intensity brisk walking activities,
accumulating 8–9 MET hours per week, can significantly improve cardiorespiratory health
in healthy adults [9].

W&RAs typically take place within various pathways in urban parks. Pathways,
proven to be significant park features in numerous studies, are closely associated with
promoting park visitation and levels of PA [10–12]. Previous studies have indicated
a correlation between various factors and W&RAs, including accessibility [13,14], spatial
topology [15,16], spatial form [17–19], facilities [20,21], natural elements [22–26], aesthetic
perception [27,28], and safety perception [29–31]. For instance, a study from Shanghai
examined two large urban forest parks and explored the relationship between walking
behavior and pathway topology by measuring variables such as integration, control value,
and connectivity. It found that pathways with shorter average distances to park gates
and more topologically accessible pathways were more preferred by visitors [32]. Another
study from Chile explored the relationship between spatial place features of urban park
pathways and walking behavior within the park. The study measured variables such as
pathway width, pavement type, and vegetation coverage, and collected data on walking
behavior. The findings revealed that factors such as increased vegetation, connectivity to
activity areas, tranquility along pathways, and the presence of benches along the pathway
significantly influenced the promotion of walking activities within the park. [33]. Addition-
ally, a study from Harbin measured variables such as green view ratio and sky view ratio,
exploring the association between aesthetic perception of park pathway spaces and W&RAs.
It found that open skies and higher green view ratios significantly increased the intensity
of these activities [27]. Furthermore, a literature review compared qualitative studies with
previous quantitative research and emphasized the importance of park attributes reflecting
spatial safety perception, such as the quantity of streetlights and safety facilities, in encour-
aging park use [34]. Based on the review of past research, we categorized these indicators
into three dimensions: organizational relationships between spaces, place features within
spaces, and subjective perception of spaces. The organizational dimension includes spatial
accessibility and spatial topology, the place dimension includes spatial form, facilities,
natural elements, and the perception dimension includes safety and aesthetics.

However, most previous studies have tended to focus on specific features influencing
W&RAs, lacking a systematic discussion of multiple factors. For example, an Australian
study explored the relative importance of micro-place features of urban park pathways
in promoting walking among the elderly, finding that pathway slope, shaded trees, and
pavement type played crucial roles in walking choices for the elderly [35]. However, this
study only focused on place features within spaces and did not investigate the impact of or-
ganizational relationships between spaces and spatial perception on W&RAs. Therefore, we
incorporate features from all three dimensions into regression models to comprehensively
examine the influence of pathway features on W&RAs.

Activity density and activity intensity are two essential aspects used to measure
different facets of W&RAs [27,33], reflecting the quantity and intensity of these activities,
respectively. We hypothesize that various pathway features may influence different aspects
of W&RAs, with certain features promoting more widespread and intense occurrences of
these activities, while others may have the opposite effect. Identifying these key features is
crucial for a comprehensive understanding of the impact of pathway features on W&RAs
and providing better guidance for the planning and design of urban park pathways.
Therefore, in this study, we concurrently examine both aspects, with activity density
as the population density engaging in W&RAs within a sampling area in a day (daily
W&RA density). Activity intensity is measured as the metabolic equivalent of tasks (METs)
expended per capita in a day due to W&RAs (daily per capita W&RA METs), providing
a holistic observation of the impact of pathway features on W&RAs.
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Our study focuses on the pathway spaces within Xu Jiahui Park, Fu Xing Park, and
Lujiazui Center Green in Shanghai as illustrative examples. Utilizing long-term, high-
frequency field observation data, we constructed multiple OLS regression models and
univariate OLS regression models for daily W&RA density and daily per capita W&RA
METs. The models aimed to identify significant urban park pathway features influencing
the density and intensity of W&RAs, as well as determining their optimal value ranges.
The study addresses the following three research questions:

(1) Is there a significant correlation between urban park pathway features and the level
of W&RAs?

(2) What are the significant urban park pathway features that influence the density and
intensity of W&RAs?

(3) How do the effects and optimal value ranges of urban park pathway features differ
concerning the density and intensity of W&RAs?

This study aims to systematically explore the relationship between urban park path-
way features and the density and intensity of W&RAs from a micro-scale perspective. The
study quantifies the impact of urban park pathway features on the density and intensity of
W&RAs. Corresponding pathway optimization design strategies are proposed based on
the quantitative results. The findings are anticipated to provide scientific support for the
optimization design of urban park spaces with a focus on public health. This, in turn, aims
to offer insights for urban park planning and design, contributing to the enhancement of
public health.

2. Methodology

Figure 1 provides an illustrative overview of the research workflow. Based on the three
research questions proposed, we selected 16 pathway plots from three parks as observation
objects according to pre-survey and collected W&RA data and pathway feature data. We
then tested the correlation between pathway features and W&RAs, then selected indicators
with significant correlations for regression model construction. We first built a multiple
linear regression model to observe the overall impact of pathway features on W&RAs.
Subsequently, we constructed univariate regression models to determine the optimal range
of each pathway feature in promoting W&RAs. This serves as the basis for proposing
corresponding strategies for the optimization design of urban park pathway spaces to
promote W&RAs.

Figure 1. Workflow for the research.

2.1. Selection of Sample Parks and Plots

For this study, three urban parks located within the inner ring of Shanghai, character-
ized by substantial foot traffic and suitability for various physical activities, were chosen
as sample parks: Xu Jiahui Park, Fu Xing Park, and Lujiazui Center Green. Following
a preliminary investigation, a total of 5, 5, and 6 pathways conducive to W&RAs, respec-
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tively, were selected from these three parks for data collection and analysis (Figure 2).
Selection criteria comprised the following:

(1) Plots should constitute a continuous part of the internal park pathway system.
(2) Plots should exhibit a smooth and continuous linear form.
(3) Plots should be devoid of outdoor elements like steps or stairs that could hinder

W&RAs.
(4) The length of the plots should exceed 50 m.
(5) Plots should be uniformly distributed throughout the sample parks.

 

Figure 2. Park locations and spatial distribution of plots. (a) Park locations. (b) Distribution of plots
in Xu Jiahui Park. (c) Distribution of plots in Fu Xing Park. (d) Distribution of plots in Lujiazui
Center Green.

2.2. Selection of Pathway Features and Data Collection

PA is not only a physiological behavior but also a complex perceptual one. The will-
ingness to engage in PA is influenced both directly by spatial environmental elements and
indirectly by certain micro-space elements impacting subjective perception [36]. Integrating
subjective perception factors with objective factors in green open spaces can overcome the
limitations of describing PA from a single perspective. Therefore, building on relevant
previous studies and incorporating on-site survey data, we selected indicators proven
to be correlated with W&RAs in past research for regression model construction. These
indicators were categorized into three aspects: spatial organization features, spatial place
features, and spatial perception features. This categorization aimed to clearly demonstrate
the ways of different indicators’ influences and simultaneously examine the impact of
features at different levels of urban park pathways on W&RAs (Table 1).
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Within the realm of spatial organization features, indicators like integration value,
choice value, and control value draw upon the principles of spatial syntax theory. This
theory quantifies and elucidates spatial structures, aiming to explore the correlation be-
tween spatial organization features and human society [37]. Established methods and
indicators for urban-scale application have evolved within the framework of spatial syntax
theory. Research indicates its adaptability to the exploration of the relationship between
small-scale open spaces and physical activity [16], with specific applications in investigat-
ing the interplay between park pathway spatial composition and walking behavior [38].
Hence, we strategically employ this theory to delve into the spatial topology of urban
park pathways. Utilizing DepthmapX v0.8.0 software to abstract the spatial composition
of the park through the depiction of its axial map, we acquire essential indicators such
as integration, choice value, and control value. Spatial perception features, including sky
view ratio and green view ratio, are determined by invoking the GluonCV model, a deep
learning toolkit in computer vision. This involves conducting image semantic segmentation
on plot photos and calculating the proportion of pertinent features in the images. The
remaining indicators are sourced through meticulous on-site surveys (Figure 3).

 

Figure 3. Example of data collection for pathway features of plots: (a) Xu Jiahui Park No.5 Plot;
(b) Fu Xing Park No.1 Plot; (c) Lujiazui Center Green No.2 Plot.

2.3. Data Collection of W&RAs and Calculation of Activity Levels
2.3.1. Data Collection of W&RAs

Our study conducted a total of 12 sets of on-site observations over 24 days from
January 2021 to December 2021 to collect data on W&RAs within the three mentioned parks.
Based on preliminary investigations, we selected 5, 5, and 6 plots in Xu Jiahui Park, Fu Xing
Park, and Lujiazui Center Green, respectively, as the observation targets. Field observations
were carried out on two clear days each month (including one weekday and one weekend
day) for each park. The method employed for data collection primarily involved behavioral
annotation, and the data collected included the types of W&RAs within each plot and the
number of individuals engaging in each activity. The data collection periods were divided
into five time slots: 6:00–8:00, 8:00–10:00, 11:00–13:00, 14:00–16:00, and 18:00–20:00. Single
observations lasting 8 min were conducted during each time slot for each plot, aiming to
comprehensively capture the real occurrences of W&RAs throughout the day. After a year
of data collection, a total of 49,726 valid observation samples were collected. Participants
were categorized into five activity types based on their different speeds: slow walking,
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strolling, brisk walking, jogging, and running. Specifically, slow walking refers to activities
with an average speed of 4.0 km per hour, strolling at 4.5 km per hour, brisk walking at
5.6 km per hour, jogging at 7.0 km per hour, and running at 7.8 km per hour.

2.3.2. Calculation of W&RA Density and Intensity

Due to variations in plot size and notable differences in the number of participants
within each plot, we employ the metrics of daily W&RA density and daily per capita
W&RA METs to mitigate the impact of plot size and participant count on the assessment
of W&RAs.

The formula for calculating daily W&RA density is as follows:

Daily W&RA density (persons/m2) = Daily W&RA participants (persons)/Plot area (m2) (1)

The formula for calculating daily per capita W&RA METs is as follows:

Daily per capita W&RA METs (METs/person) = Cumulative daily W&RA METs (METs)/Daily W&RA
participants (persons)

(2)

Due to the challenge of real-time monitoring of the metabolic equivalents expended by
all participants, we referenced the 2011 edition of the “Compendium of Physical Activities”
(CPA) [39], which provides graded assessments of energy expenditure and intensity for
physical activities. This classification was applied to the five types of activities involved in
this study—strolling, slow walking, brisk walking, jogging, and running—to determine
the corresponding metabolic equivalent values (Table 2). The cumulative daily W&RA
METs are the product sum of the metabolic equivalents expended for different types of
W&RAs and the corresponding total daily activity participants. The calculation formula is
as follows:

Cumulative daily W&RA METs (METs) = 3.0 (METs) × Daily slow walking participants (persons) + 3.5
(METs) × Daily strolling participants (persons) + 4.3 (METs) × Daily brisk walking participants (persons)
+ 7.0 (METs) × Daily jogging participants (persons) + 8.0 (METs) × Daily running participants (persons)

(3)

Table 2. Energy expenditure of walking and running activities in urban parks.

Activities METs Intensity

Slow walking 3
Moderate intensity (3 ≤ METs < 6)Strolling 3.5

Brisk walking 4.3
Jogging 7 High intensity (≥6METs)
Running 8

2.4. Statistical Analysis Methods

We employed the ordinary least squares (OLS) model to investigate the overall impact
of urban park pathway features on the density and intensity of W&RAs. The strength of
this model lies in its simplicity, ease of interpretation, and ability to quantify the influence
of each pathway feature on W&RAs. It helps establish a clear and interpretable relationship
between pathway features and W&RAs, providing a concise analysis of how pathway
features impact W&RAs. Prior to constructing regression models, a correlation analysis
was conducted to examine the relationships between independent and dependent variables,
with non-significant factors being excluded. The filtered results were then incorporated into
the regression models, where pathway features served as independent variables, and daily
W&RA density and daily per capita W&RA METs as dependent variables. Multiple linear
regression models were established for each, and standardized coefficients were computed
to assess the relative importance of each pathway feature on daily W&RA density and daily
per capita W&RA METs (refer to Section 3.1 below). All independent variables passed the
covariance test, with VIF values below 7.5.
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To further understand the optimal ranges of pathway features promoting W&RA
density and intensity, univariate linear regression models were constructed. Nine contin-
uous variables from the pathway features were selected as independent variables, while
daily W&RA density and daily per capita W&RA METs served as dependent variables.
This facilitated the observation of the impact variations and optimal ranges of individual
pathway features on W&RA density and intensity (refer to Section 3.2 below). Statistical
significance for all models was set at p < 0.05. The entire analysis was conducted using
SPSS 26.0.

3. Results

3.1. Analysis of the Impact of Pathway Features

We employed Pearson’s correlation analysis, independent sample t-tests, and ANOVA
analysis to identify pathway features significantly correlated with daily W&RA density as
well as daily per capita W&RA METs, as shown in Tables 3 and 4. Features with significant
correlations (p < 0.05) were selected to construct models for daily W&RA density and daily
per capita W&RA METs.

Table 3. Pearson’s correlation analysis of urban park pathway features with daily W&RA density
and daily per capita W&RA METs.

Daily W&RA Density Daily per Capita W&RA METs

Pearson’s
Correlation

Sig.
(Two-Tailed)

Pearson’s
Correlation

Sig.
(Two-Tailed)

Integration value 0.154 ** 0.002 0.227 ** 0
Choice value −0.371 ** 0 0.08 0.116
Control value −0.019 0.714 0.518 ** 0

Time required to reach the nearest entrance 0.017 0.735 -0.410 ** 0
Path width −0.347 ** 0 −0.09 0.077

Path length-to-width ratio 0.262 ** 0 0.114 * 0.026
Vegetation coverage ratio 0.362 ** 0 −0.04 0.437

Density of seating −0.138 ** 0.007 −0.151 ** 0.003
Sky view ratio 0.254 ** 0 −0.249 ** 0

Green view ratio −0.176 ** 0.001 0.029 0.566
Density of streetlights 0.348 ** 0 −0.140 ** 0.006

Density of security facilities 0.334 ** 0 0.191 ** 0

Note: * Significant at the 0.05 level (two-tailed); ** Significant at the 0.01 level (two-tailed).

Table 4. Independent sample t-test and ANOVA of urban park pathway features with daily W&RA
density and daily per capita W&RA METs.

Testing
Method

Testing Variables Pathway Features t F Df Sig.

Independent
samples t-test

Daily W&RA density

Path type (straight) −5.659 - 203.496 0.000
Path type (curved) - - - -

Water proximity
(non-waterside) −3.469 - 87.209 0.001

Water proximity (waterside) - - - -

Daily per capita W&RA METs

Path type (straight) 3.471 - 371.103 0.001
Path type (curved) - - - -

Water proximity
(non-waterside) 5.049 - 248.369 0.000

Water proximity (waterside) - - - -

ANOVA
Daily W&RA density Vegetation structure - 6.354 2 0.002

Pavement type - 0.127 4 0.972

Daily per capita W&RA METs Vegetation structure - 27.849 2 0.000
Pavement type - 34.921 4 0.000
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3.1.1. Results of the Daily W&RA Density Model

Thirteen pathway features with significant correlations (p < 0.05) were selected to
construct the model for daily W&RA density. Due to the presence of multicollinearity
among some features, we examined the correlation coefficients between each pair of
independent variables and removed features with severe multicollinearity to avoid their
impact on the model results. The final model incorporated 12 pathway features with a VIF
< 7.5 and adjusted R2 = 0.430. The specific results are presented in Table 5. The density
of security facilities, the density of streetlights, integration value, path type, vegetation
coverage ratio, and sky view ratio all exhibited a positive impact on daily W&RA density.
Notably, the vegetation coverage ratio emerged as the most influential positive factor,
while the positive impact of the sky view ratio was relatively weaker. Vegetation structure
had a negative impact on daily W&RA density. Additionally, choice value, density of
seating, green view ratio, waterfront proximity, and path width did not demonstrate
statistical significance.

3.1.2. Results of the Daily per Capita W&RA METs Model

The final model for daily per capita W&RA METs incorporated 11 pathway features
with a VIF < 7.5 and adjusted R2 = 0.589. The detailed results are presented in Table 6.
Control value, the density of security facilities, and pavement type exhibited positive effects
on daily per capita W&RA METs. Control value emerged as the most influential positive
factor, while the density of security facilities showed a relatively weaker positive impact.
Five features, namely time required to reach the nearest entrance, path length-to-width ratio,
sky view ratio, density of seating, and path type, demonstrated negative effects on daily
per capita W&RA METs. The negative impact of time required to reach the nearest entrance
was the strongest, while the negative impact of path type was the weakest. Additionally,
the density of streetlights, waterfront proximity, and vegetation structure did not exhibit
statistical significance.

3.2. Analysis of the Optimal Range of Pathway Features

The above regression models explored the pathway features influencing the density
and intensity of W&RAs, along with their variations in impact strength. To further identify
the optimal range of pathway features significantly affecting W&RA density and intensity,
we established univariate OLS regression models for the nine continuous variable features
that demonstrated significance (Table 7). The optimal range of each feature was observed
through scatter plots (Figure 4).

3.2.1. Results of the Univariate OLS Regression Models for Spatial Organization Features

The model results (Figure 4a) indicate a weak positive correlation between integration
value and daily W&RA density. Daily W&RA density shows a slow increase with the
improvement of integration value.

Control value demonstrates an overall positive correlation with daily per capita W&RA
METs. When the control value ranges from 0 to 1.3, daily per capita W&RA METs increase
with the rise of the control value. As the control value ranges from 1.3 to 2.5, daily per
capita W&RA METs exhibit an extremely gradual decline with the increase of the control
value. When the control value exceeds 2.5, daily per capita W&RA METs rapidly increase
with the ascent of the control value.

Time required to reach the nearest entrance is negatively correlated with overall daily
per capita W&RA METs. When the time required to reach the nearest entrance remains
between 0 and 100 s, the daily per capita W&RA METs decrease with the increase in the
time required. When the time required to reach the nearest entrance exceeds 100 s, daily
per capita W&RA METs remain relatively constant.
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Figure 4. Scatter plots for each pathway feature. (a) Scatter plots of spatial organization features.
(b) Scatter plots of spatial place features. (c) Scatter plots of spatial perception features.
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3.2.2. Results of the Univariate OLS Regression Models for Spatial Place Features

Vegetation coverage ratio demonstrates a positive correlation with daily W&RA den-
sity. Within different ranges of values, the impact of vegetation coverage ratio on daily
W&RA density varies. When the vegetation coverage ratio is <0.75, the increase in daily
W&RA density is relatively slow. However, when the vegetation coverage ratio exceeds
0.75, the daily W&RA density shows a relatively rapid increase.

Path length-to-width ratio is negatively correlated with overall daily per capita W&RA
METs. When the path length-to-width ratio is less than 10, the daily per capita W&RA METs
decrease with the increase in the path length-to-width ratio. When the path length-to-width
ratio is between 10 and 35, the daily per capita W&RA METs increase with the rise in path
length-to-width ratio, reaching its peak at a ratio of 35. For ratios greater than 35, the daily
per capita W&RA METs rapidly decrease with an increase in path length-to-width ratio.

Density of seating is negatively correlated with overall daily per capita W&RA METs.
When the density of seating is less than 0.01 per square meter, daily per capita W&RA METs
increase with the rise in the density of seating, reaching its peak at a density of 0.01 per
square meter. When the density of seating ranges from 0.01 per square meter to 0.045 per
square meter, daily per capita W&RA METs decrease with the increase in seating density,
reaching a minimum at a density of 0.045 per square meter (Figure 4b).

3.2.3. Results of the Univariate OLS Regression Models for Spatial Perception Features

Density of streetlights is positively correlated with overall daily W&RA density. When
the density of streetlights is less than 0.01 per square meter, the daily W&RA density exhibits
a gradual decline with increasing streetlight density. With streetlight density ranging from
0.01 to 0.035 per square meter, daily W&RA density gradually increases, reaching its peak at
a density of 0.035 per square meter. However, when the streetlight density exceeds 0.035 per
square meter, daily W&RA density declines again with an increase in streetlight density.

Density of security facilities significantly influences both daily W&RA density and
daily per capita W&RA METs. The impact of security facility density on daily W&RA
density is generally positive. When the density of security facilities is less than 0.005 per
square meter, daily W&RA density experiences an extremely slow decline with an increase
in the density of security facilities. However, when the density of security facilities exceeds
0.005 per square meter, the daily W&RA density rapidly increases. On the other hand, the
density of security facilities has an overall negative correlation with the daily per capita
W&RA METs. When the density of security facilities is less than 0.01 per square meter, the
daily per capita W&RA METs increase with rising safety facility density, reaching its peak
at a density of 0.01 per square meter. Conversely, when the density of security facilities
exceeds 0.01 per square meter, daily per capita W&RA METs decrease with an increase in
safety facility density.

Sky view ratio also significantly influences both daily W&RA density and daily per
capita W&RA METs. There is a positive overall correlation trend between the sky view
ratio and daily W&RA density. When the sky view ratio is less than 0.025, daily W&RA
density decreases with an increase in the sky view ratio. However, when the sky view ratio
is between 0.025 and 0.125, the daily W&RA density rapidly increases with an increase in
the sky view ratio. The sky view ratio has a weak negative correlation with the daily per
capita W&RA METs. When the sky view ratio is less than 0.05, daily per capita W&RA
METs show a gradual decline with increasing sky view ratio. When the sky view ratio
exceeds 0.05, the daily per capita W&RA METs remain relatively stable with an increase in
the sky view ratio (Figure 4c).

4. Discussion

Figure 5 provides an illustrative overview of the discussion structure. We first dis-
cussed the differential impact of factors influencing daily W&RA density and daily per
capita W&RA METs, comparing and contrasting their effects. Through this comparative
discussion, we identified the most crucial influencing factors. Utilizing scatter plot results,
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we further explored the optimal ranges for these key factors in promoting W&RAs. Based
on these findings, we ultimately proposed pathway optimization strategies to enhance
W&RAs, aiming to provide insights for health-oriented urban park planning and design.

Figure 5. Discussion Summary Flowchart.

4.1. Factors Influencing Daily W&RA Density

Regarding the factors influencing daily W&RA density, pathway features significantly
affecting the density are arranged in descending order based on their impact. These features
include vegetation coverage ratio (Beta = 0.413), path type (Beta = 0.232), density of security
facilities (Beta = 0.210), integration value (Beta = 0.205), density of streetlights (Beta = 0.195),
sky view ratio (Beta = 0.154), and vegetation structure (Beta = −0.136). Among these,
vegetation coverage ratio, path type, density of security facilities, integration value, density
of streetlights, and sky view ratio demonstrate a positive impact on daily W&RA density.
Higher vegetation coverage indicates a greener space, and existing research suggests
that green spaces can alleviate stress, soothe emotions, and motivate people to engage
in W&RAs [40]. Furthermore, the occurrence of W&RAs is associated with the quality
of vegetation. Spaces with higher-quality vegetation promote the occurrence of W&RAs
more effectively [22], indicating a close relationship between the quantity and quality of
vegetation and W&RAs. To encourage the occurrence of W&RAs, attention should be paid
not only to increasing vegetation coverage but also to vegetation selection, combination, and
daily maintenance to enhance the quality of green spaces. Daily W&RA density is positively
influenced by path type, suggesting that curved paths are more likely to attract W&RAs.
This is because the observed W&RAs in our study mainly involve moderate-intensity
activities such as strolling and slow walking, with the primary purpose of relaxation.
Compared to high-intensity activities such as jogging and running, which focus more on
exercise and fitness, these moderate-intensity activities prioritize the landscape and touring
experience during the activity. Curved paths offer more varied scenic changes on both sides
than straight paths, creating a richer visual experience for participants [41]. Both the density
of security facilities and the density of streetlights have a positive impact on daily W&RA
density, indicating that spaces with sufficient security facilities and good lighting are more
likely to attract W&RA participants. Adequate lighting and well-equipped security facilities
reduce potential safety risks during activities, boost the psychological sense of security
for participants, and stimulate the willingness to engage in W&RAs [20]. Further studies
indicate that W&RAs are more likely to occur in spaces with multiple lighting sources and
diverse colors [42]. Integration value also has a positive impact on daily W&RA density.
Higher integration value indicates better accessibility [15], a prerequisite for attracting
participants to enter the space [43]. Additionally, the sky view ratio positively influences
daily W&RA density. A larger visible sky range increases the quantity of W&RAs, and
as the distance of W&RAs increases, the influence of a large visible sky range on daily
W&RA density becomes stronger. This is because an open sky can help individuals alleviate
psychological and physical stress, thereby improving quality of life [44].

Vegetation structure exhibits a negative impact on daily W&RA density, indicating
that a complex vegetation structure is unfavorable for the occurrence of W&RAs. A possible
explanation is that a complex vegetation structure may create a spatial environment with
high canopy closure, obstructing lines of sight during activities [45]. Such spaces are
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associated with higher crime rates [46], compromising the safety of visitors. Conversely,
a simple vegetation structure is more likely to attract W&RAs, such as open lawns and
tree-lined squares. This is because open spaces provide clear lines of sight, accommodating
a greater number of activities, and thereby enhancing the willingness of individuals to
engage in W&RAs [33].

In addition, choice value, density of seating, green view ratio, water proximity, and
path width did not exhibit significance in influencing daily W&RA density. The regression
results for green view ratio, water proximity, and path width differed from expectations.
Vegetation, as a critical natural element in parks, is generally believed to enhance people’s
willingness to engage in PA [23–26]. In our study, green view ratio did not significantly
affect daily W&RA density. However, the correlation analysis revealed a negative correla-
tion between green view ratio and daily W&RA density, possibly due to the high levels
of green view ratio in the plots (≥45%). An excessively high green view ratio may lead to
a sense of insecurity among visitors [47], hindering the occurrence of W&RAs. Moreover,
the green view ratio shows significant seasonal variations, and its impact on W&RAs
may fluctuate. Studies in different regions [27,47] suggest that the impact of the green
view ratio can be either positive or negative, influenced primarily by climate and seasonal
changes. Water proximity is generally believed to attract more activities [26], but it did
not significantly affect daily W&RA density in our study. The reason for this result may
be that the water bodies selected in our study are relatively small and often appear in
the form of artificial water features such as fountains and cascades, lacking significant
appeal for W&RAs. Another explanation could be the abundant water resources in the
Shanghai region, where the differences in water features among parks are not pronounced.
In regions with scarce water resources, water features tend to have a stronger attraction
for visitors [48]. Path width did not significantly affect daily W&RA density in our study.
Previous research has indicated a significant positive influence of path width on W&RAs,
with studies demonstrating a noticeable relationship between path width and the quantity
of W&RAs typically involving differences of 5 m or more [49]. The selected width range for
path segments in our study was 2.0–5.0 m, suggesting that subtle differences in path width
are unlikely to impact the occurrence of W&RAs. Further research is needed to explore the
path width intervals that result in significant differences in W&RA density.

4.2. Factors Influencing Daily per Capita W&RA METs

In terms of factors influencing daily per capita W&RA METs, the significant path-
way features are arranged in descending order based on their impact. They are control
value (Beta = 0.533), time required to reach the nearest entrance (Beta = −0.290), pavement
type (Beta = 0.247), density of security facilities (Beta = 0.239), path length–width ratio
(Beta = −0.196), density of seating (Beta = −0.174), sky view ratio (Beta = −0.168), and
path type (Beta = −0.107). Among these, three features—control value, pavement type, and
density of security facilities—demonstrate a positive impact on daily per capita W&RA
METs. A higher control value indicates greater spatial importance, a central position within
the spatial system, and closer connections with the surrounding space. Consequently, it
is more likely to enhance the intensity of W&RAs [15]. The regression results for pave-
ment type indicate that asphalt-paved paths contribute to higher daily per capita W&RA
METs, suggesting that asphalt paving is more conducive to elevating the level of W&RAs
compared to other paving materials. This finding aligns with previous research; Deleen
et al. and Ettema emphasized the role of the “comfort” of path surfaces in influencing
the frequency of running and the attractiveness of routes [17,18]. Similarly, the density of
security facilities exhibits a significant positive impact, indicating that an ample provision
of security facilities promotes higher levels of W&RAs. Security facilities create a secure,
clean, and well-maintained environment, providing individuals with a sense of psychologi-
cal security and are considered essential for an ideal running space [17]. In a Danish study,
33.4% of respondents believed that security facilities such as signs and traffic lights play
a role in promoting W&RAs levels [21], supporting the conclusions drawn in our study.
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Five pathway features, including time required to reach the nearest entrance, path
length–width ratio, density of seating, sky view ratio, and path type, exhibit a negative
impact. This suggests that the mentioned park features are not conducive to high-intensity
W&RAs. The negative impact of the time required to reach the nearest entrance implies that
high-intensity W&RAs tend to occur near the park entrance. High-intensity W&RAs, char-
acterized by continuity, require spaces with clear pathways and minimal disturbances [50].
Our observations reveal that dedicated running tracks are typically situated along the
periphery of parks. This layout is designed to minimize interference from other activities
within the park on running exercises. The significant negative impact of path length–width
ratio on daily per capita W&RA METs concurs with the findings of Hou [51]. Long and
narrow paths contribute to a monotonous exercise experience, reducing the appeal and
diversity of activities. In contrast, spacious paths provide more activity space, lower safety
risks, and are more conducive to high-intensity activities [19]. The negative impact of the
density of seating on daily per capita W&RA METs suggests that an abundance of seating
decreases the intensity of W&RAs in the space. This is because seating, benches, and similar
resting facilities offer visitors more opportunities to pause and engage in diverse activities,
such as sitting, chatting, or playing instruments, maintaining the intensity of W&RAs at
a lower level [25]. The unexpected negative impact of the sky view ratio contradicts prior
research that demonstrated a positive association between the sky view ratio and PA levels
as well as mental well-being [44]. Paths with higher intensity activities often have a greater
sky view ratio, providing both a spacious exercise experience and increased sunlight for
improved microclimates [27]. The differences between our study and previous conclusions
may be influenced by vegetation and climatic conditions. For instance, in colder climates,
open environments are believed to promote W&RAs [52], while in hotter regions, unshaded
environments are less conducive to such activities [53]. The negative impact of path type
implies that straight paths enhance the intensity of W&RAs. This is because when running
along a curved path, individuals tend to lean towards the center of the curve, requiring
additional centripetal force. At the same metabolic energy expenditure level, running speed
on curved paths is significantly lower than on straight paths [54]. Straight paths not only
minimize energy consumption but also provide clear directional guidance, making them
more attractive for high-intensity W&RAs.

Additionally, density of streetlights, water proximity, and vegetation structure did
not exhibit significance regarding daily per capita W&RA METs. The impact of streetlight
density on daily per capita W&RA METs did not reach statistical significance. Through
on-site observations, we noted that high-intensity W&RAs such as jogging and running
often occurred between 14:00 and 16:00. Perception of lighting among park visitors may
be influenced by the time of day, potentially contributing to the non-significant regression
results. The effects of vegetation structure and water proximity were also found to be non-
significant. This could be attributed to the regulation of vegetation’s impact on W&RAs
by factors such as seasonal changes and climatic conditions [27]. Despite the belief that
abundant vegetation and water features may enhance people’s willingness to engage in
activities [55], they do not appear to significantly influence the intensity of W&RAs.

4.3. Comparison of Factors Influencing Daily W&RA Density and Daily per Capita W&RA METs

Upon examination of the standardized coefficients of the influencing factors in the
regression model, it is evident that, overall, daily W&RA density is primarily influenced
by natural elements and safety perception features. Spatial safety is a prerequisite for
visitors engaging in activities within a space [29]. Lower spatial safety, such as insufficient
security facilities, can heighten people’s alertness and potentially pose risks to users,
thereby reducing the willingness of individuals to participate in W&RAs [56]. Additionally,
aesthetically pleasing natural elements have been proven to have a positive correlation with
W&RAs. The larger the proportion of natural elements, the higher users rate their aesthetic
appeal, facilitating the occurrence of W&RAs [28]. In contrast, daily per capita W&RA
METs are more significantly influenced by spatial topology, spatial form, and facilities. In
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other words, spatial organizational relationships and spatial place features dominate the
intensity of W&RAs within the space. It is evident that spatial safety and beautiful natural
scenery are crucial for enhancing visitors’ willingness to engage in W&RAs. To increase
the intensity of such activities, there is a need for greater attention to spatial organization,
spatial form optimization, and the configuration of functional facilities.

Among the significant influencing factors, we observed that three pathway features,
namely path type, sky view ratio, and density of security facilities, simultaneously exert sig-
nificant effects on both daily W&RA density and daily per capita W&RA METs. Specifically,
path type and sky view ratio exhibit a significant positive influence on daily W&RA density.
However, they manifest a significantly negative impact on daily per capita W&RA METs,
indicating that a winding road and expansive skies promote the quantity of W&RAs while
maintaining the intensity of W&RAs at a lower level. This is conducive to accommodating
activities with a larger number of participants and lower intensity, such as strolling and
slow walking. Therefore, in the spatial design of urban park paths, emphasis should be
placed on creating winding paths and open scenic views. The density of security facilities
shows a significant positive impact on both daily W&RA density and daily per capita
W&RA METs. This implies that an ample provision of security facilities not only attracts
more W&RA participants but also enhances the intensity of these activities. Once again,
this reaffirms that spatial safety is a prerequisite for visitors engaging in activities within
a space [29]. Regardless of the design of paths, safety should be a primary consideration.
Specifically, crime-related safety can be enhanced by increasing the number of cameras and
reducing visual blind spots created by tall trees [30]. Environmental safety can be ensured
through the configuration of security facilities such as traffic lights and signs, as well as
amenities like paved surfaces, handrails, and fences [31].

4.4. Optimal Range of Factors Influencing Daily W&RA Density and Daily per Capita W&RA METs

Our study discusses the differences in the impact of various pathway features on the
density and intensity of W&RAs at a global level. Building upon this, the study further
constructs univariate OLS regression models to explore the optimal range of each pathway
feature. The results reveal that the trends and intensities of the effects of these features on
the density and intensity of W&RAs in univariate OLS regression models are consistent
with the global model results. However, factors such as control value, path length-to-width
ratio, density of seating, density of streetlights, density of security facilities, and sky view
ratio do not exhibit a linear impact on the density and intensity of W&RAs. Instead, they
show specific positive and negative impact intervals.

The control value exhibits a basic positive correlation with daily per capita W&RA
METs. Since there is only one survey plot where the control value exceeds 2.5, the model
results can only reflect the trend of daily per capita W&RA METs when the control value
is within a range from 0 to 3.0. The positive impact interval is from 0 to 1.3, and the
negative impact interval is from 1.3 to 2.5. A higher spatial control value implies a greater
influence of that space on adjacent areas, designating it as a primary space within the spatial
system [15]. The model results indicate that both excessively high and low spatial control
values are unfavorable for enhancing the intensity of W&RAs. Therefore, we infer that
spaces with high levels of W&RA intensity are more likely to occur in sub-central spaces
within the spatial system, where spaces with a moderate number of adjacent spaces. Taking
the example of an urban park in a high-density urban area of 7–10 hectares, conducive to
high-intensity W&RAs, its suitable control value is around 1.3.

Path length-to-width ratio exhibits a predominantly negative correlation with daily
per capita W&RA METs. Since there is only one survey plot where the path length-to-width
ratio is less than 10, the model results can only reflect the trend of daily per capita W&RA
METs when the ratio ranges from 10 to 50. The positive impact interval is from 10 to
35, and the negative impact interval is from 35 to 50. The model results indicate that
when path length-to-width ratio is maintained within the 10–35 range, the intensity of
W&RAs within the space can be sustained at a higher level. Additionally, when the path
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length-to-width ratio reaches around 35, the intensity of W&RAs within the space can
reach its highest level, further promoting activities such as jogging and running. However,
when path length-to-width ratio exceeds 35, daily per capita W&RA METs within the
space rapidly decline, hindering the enhancement of activity intensity. This result provides
an appropriate path length-to-width ratio conducive to increasing W&RA intensity. For
example, for a 5 m-wide path, its length should ideally not exceed 175 m to avoid causing
a fatiguing exercise experience.

Density of seating demonstrates a primarily negative correlation with daily per capita
W&RA METs. Since there is only one survey plot where the seat density exceeds 0.03 per
square meter, the model results can only reflect the trend of daily per capita W&RA METs
when seat density is less than or equal to 0.03 per square meter. The positive impact
interval is from 0.00 to 0.01 per square meter, and the negative impact interval is from
0.01 to 0.03 per square meter. The model results indicate that a lower density of seating in
the space is more conducive to enhancing W&RA intensity. For example, for an urban park
in a high-density urban area covering 7–10 hectares, the suitable seating density for spaces
promoting high-intensity W&RAs is approximately 0.01 per square meter.

Density of streetlights exhibits a primarily positive correlation with daily W&RA
density. The model results reflect the trend of daily W&RA density when streetlight density
is in the range of 0.00–0.04 per square meter. The positive impact interval is from 0.010 to
0.035 per square meter, while the negative impact interval is 0.00–0.01 per square meter
and 0.035–0.040 per square meter. The model results indicate that insufficient or excessive
streetlight density reduces willingness to engage in W&RAs. The presence of a moderate
number of streetlights in a space is more conducive to the occurrence of W&RAs. Taking
an urban park in a high-density urban area covering 7–10 hectares as an example, the
suitable streetlight density for spaces promoting the quantity of W&RAs is approximately
0.035 per square meter.

Both density of security facilities and sky view ratio have simultaneous effects on daily
W&RA density as well as daily per capita W&RA METs. The density of security facilities is
generally positively correlated with daily W&RA density and negatively correlated with
daily per capita W&RA METs. The model results reflect the trends of daily W&RA density
and daily per capita W&RA METs when the density of security facilities is in the range of
0.00–0.02 per square meter. The results indicate that when the density of security facilities
is in the range of 0.010–0.013 per square meter, both W&RA density and intensity can
reach higher levels. Within this range, it is possible to increase the quantity of W&RAs
on the basis of a relatively small impact on W&RA intensity. Taking an urban park in
a high-density urban area covering 7–10 hectares as an example, maintaining the density of
security facilities within the range of 0.010–0.013 per square meter can promote the quantity
of W&RAs while maintaining W&RA intensity at a higher level.

Sky view ratio is generally positively correlated with daily W&RA density and neg-
atively correlated with daily per capita W&RA METs. As the overall level of sky view
ratio in the surveyed plots is relatively low, the model results can only reflect the trends
of daily W&RA density and daily per capita W&RA METs when the sky view ratio is low
(0.000–0.125). The results indicate that when the sky view ratio is in the range of 0.035–0.125,
both the quantity and intensity of W&RAs can reach higher levels, allowing for a rapid
increase in W&RAs quantity with a relatively small impact on W&RA intensity. Using
an urban park in a high-density urban area covering 7–10 hectares as an example, main-
taining the sky view ratio within the range of 0.035–0.125 can simultaneously promote the
number and intensity of W&RAs. However, further exploration is needed to understand
the impact of high levels of sky view ratio on W&RA density and intensity.

Our study, through the construction of univariate OLS regression models and the
analysis of scatter plots, explores the optimal range of various pathway features for the
density and intensity of W&RAs. The optimal ranges for the mentioned features can
serve as references for the spatial design of urban parks in high-density urban areas in
Asia. However, due to the limitations of the surveyed parks and plots, these optimal
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ranges may not be applicable to other countries or regions. In the future, it is essential
to strengthen cross-regional comparative studies on urban park pathway features under
different climatic conditions.

4.5. Pathway Optimization Strategies

Under the premise of ensuring the multi-functional use of urban parks, optimization
and enhancement strategies are proposed for pathway spaces oriented towards W&RAs.
Based on quantitative analysis clues, selected pathway plots within the park are used
for design optimization demonstrations. By setting specific pathway plots the plot to be
optimized and reference pathway plots, optimization strategies are proposed through the
comparison of key pathway features.

4.5.1. Pathway Optimization Strategies to Promote W&RA Density

Based on the discussion of pathway features that significantly impact daily W&RA
density and their optimal ranges, selected plots within the same park with significant dif-
ferences in W&RA density are chosen for optimization and transformation demonstrations.
Using plot 4 in Xujiahui Park as the plot to be optimized and plot 5 as the reference plot,
optimization strategies are proposed to promote W&RA density without changing their
location conditions and morphological features. These strategies include increasing spatial
openness, providing appropriate lighting and safety facilities and simplifying vegetation
structure to create visually clear and aesthetically appealing pathway spaces, attracting
more W&RA participants (Table 8).

Table 8. Comparison of key indicators between Plot 4 and Plot 5 in Xujiahui Park.

Plot to be optimized

 
Plot 4 in Xujiahui Park

(Length: 75 m. Width: 2 m. Area: 120 m2)

Reference plot

 
Plot 5 in Xujiahui Park

(Length: 75 m. Width: 3 m. Area: 120 m2)

Plot to Be Optimized Reference Plot

Plot 4 Plot 5
Daily W&RA density (people/square meter) 0.42 1.12

Comparison of Key Indicators

Vegetation coverage ratio 0.9 0.9
Path type straight curved

Density of security facilities * 0 0.017
Integration value 1.38 1.39

Density of streetlights(units/square meter) * 0.025 0.033
Sky view ratio * 0.006 0.129

Vegetation structure * triple-layer structure double-layer structure

Note: * Indicates the main adjusted indicators.
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(1) Increase spatial openness to create an open activity field of vision

This is mainly achieved through adjustments in roadside trees, selecting combinations
of deciduous and evergreen trees with higher branching points to create as open a top
boundary surface as possible. Based on quantitative analysis results, it is recommended
that the sky view ratio be maintained within the range of 3.5–12.5% in Xujiahui Park sample
4 to ensure clear visibility for people engaged in W&RA activities. Simultaneously, enhance
pruning and management of plants to avoid excessive growth of roadside trees leading to
excessively low sky view ratio.

(2) Equip lighting and safety facilities to ensure activity safety

Combine appropriate lighting and safety facilities along the pathway border. Based on
quantitative analysis results, we recommend adding 1 group of streetlights and 2 groups of
safety facilities in Xujiahui Park sample 4, maintaining the streetlight density and safety
facility density at 0.035/m2 and 0.013/m2, respectively, to ensure sufficient lighting and
safety for the pathway. Additionally, attention should be paid to the choice of light source
color and brightness, using a mix of warm and cool light colors and increasing lighting
brightness to promote W&RAs [20].

(3) Simplify vegetation structure to enhance visual connections

Based on quantitative analysis results, we suggest appropriately reducing the pro-
portion of shrub greenery and increasing the area of lawns and ground cover in Xujiahui
Park sample 4. This creates a double-layered vegetation structure dominated by trees and
ground cover, forming a more open facade space to strengthen visual connections with
other spaces and improve pathway accessibility.

4.5.2. Pathway Optimization Strategies to Promote W&RA Intensity

Based on the discussion of pathway features and optimal ranges that significantly
impact daily per capita W&RA METs, we selected plots from the same park with significant
differences in W&RA intensity for optimization and transformation demonstrations. Using
Lujiazui Central Green Plot 5 as the plot to be optimized and Lujiazui Central Green Plot
2 as the reference plot, we proposed strategies to enhance the intensity of W&RAs on the
pathway without changing their location conditions and morphological characteristics.
The strategies include enhancing the ground pavement for W&RAs, adjusting the ratio
of safety facilities and seats, increasing visual length of pathways, and providing ample
tree shade, creating a pathway space with some shelter and conducive to high-intensity
W&RAs (Table 9).

(1) Enhancing the Ground Pavement for W&RAs

Based on quantitative analysis results, we recommend replacing the brick pavement
with asphalt pavement in Lujiazui Central Green Plot 5. Simultaneously, with the use
of spray-painted mile markers and a sports guidance system on the ground pavement,
distances between different points in the park and information on energy consumption
during activities are visualized. This encourages users to engage in W&RAs, providing
a better exercise experience.

(2) Adjusting the Ratio of Safety Facilities and Seats to Minimize Disturbance

Appropriately reduce the number of existing seats and add a suitable number of safety
facilities along the pathway, such as monitoring devices and railings, to enhance the safety
of W&RAs. Based on quantitative analysis results, we recommend reducing the number
of seats in Lujiazui Central Green Plot 5 to three groups and adding two groups of safety
facilities, maintaining seat density and safety facility density at 0.01 per square meter. This
reduces interference with high-intensity W&RAs while enhancing safety.
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(3) Increasing Visual Length and Tree Shade for Pathways, Creating a Positive Activity
Experience

Achieve this by adding plants along the pathway to partially obstruct the line of
sight, reducing the visible range of the pathway. This creates a visual illusion of a long
and narrow pathway, reducing sky view ratio and causing a visual illusion of continuous
movement space for high-intensity walkers and runners. Based on quantitative analysis
results, we recommend maintaining a length-to-width ratio of around 35:1 for the pathway
in Lujiazui Central Green Plot 5. This involves planting a row of tall deciduous trees along
the pathway, 2 m away from the pathway centerline in the direction of pathway travel. This
enhances the length-to-width ratio without affecting the multi-purpose use of the pathway.
It is important to choose tree species with a small trunk diameter, high branching points,
dense foliage, and a large crown, providing more tree shade while minimizing occupation
of the pathway ground space.

Table 9. Comparison of key indicators between Plot 2 and Plot 5 in Lujiazui Center Green.

Plot to be optimized

 
Lujiazui Central Green Plot 5

(Length: 60 m. Width: 4.5 m. Area: 300 m2)

Reference plot

 
Lujiazui Central Green Plot 2

(Length: 70 m. Width: 2 m. Area: 180 m2)

Plot to Be
Optimized

Reference Plot

Plot 5 Plot 2
Daily per capita W&RA METs (METs/people) 3.53 4.52

Comparison of Key Indicators

Control value 1.01 1.08
Time required to reach the nearest entrance (s) 55 5

Pavement type * Brick paving Asphalt paving
Density of security facilities(units/square meter) * 0.003 0.012

Path length-to-width ratio * 13.3 35
Density of seating (units/square meter) * 0.014 0.008

Sky view ratio * 0.124 0.051
Path type curved curved

Note: * Indicates the main adjusted indicators.

4.6. Research Contributions and Limitations

Our study makes significant contributions on three fronts. Firstly, it conducted year-
long field observations for data collection, thereby mitigating errors stemming from vari-
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ables such as climate, seasons, day–night cycles, weekdays, and weekends. The extensive
dataset facilitated a thorough exploration of the influence of urban park pathway features
on W&RAs, incorporating both objective and subjective aspects associated with spatial
organization, place, and perception. Secondly, the study delves into the impact of urban
park pathway features on W&RAs from a micro-perspective, identifying optimal ranges of
pathway features with a focus on promoting health. This addresses a gap in prior research
that often lacked a nuanced examination of specific physical activity types and internal
features of green open spaces. Lastly, the study concurrently investigates the effects of
urban park pathway features on both the density and intensity of W&RAs, striving for
a more comprehensive understanding of how these features shape such activities and
avoiding potential discrepancies arising from a singular focus.

Nevertheless, the study is subject to certain limitations. Firstly, its cross-sectional
design constrains the establishment of causal relationships. Secondly, the study exclusively
examines the overall impact of urban park pathway features on the density and intensity
of W&RAs at a global level. In reality, variations in the temporal and spatial utilization
of pathways within urban parks exist. Subsequent research is imperative to categorize
different types of pathways within urban parks, discerning differences in influencing
factors across various spatial types. Thirdly, the study is confined to three urban parks
in Shanghai, and variations in park construction, living habits, and other factors across
different regions and countries may yield disparate results. Therefore, the findings of our
study may not be universally applicable, and future research should amplify cross-regional
comparative studies on park spaces.

5. Conclusions

This study focused on pathways within three urban parks in Shanghai, utilizing math-
ematical models to investigate the influence of urban park pathway features on the density
and intensity of W&RAs and proposing specific pathway optimization strategies. The
research aimed to establish optimal ranges for various pathway features and to elucidate
the underlying mechanisms through which these features impact W&RAs. The findings
contribute quantifiable insights to inform the construction of high-quality urban park path-
ways. The study discerned that daily W&RA density is predominantly shaped by natural
elements and safety perception features, while daily per capita W&RA METs are chiefly
influenced by spatial topology, spatial form, and facilities. Noteworthy factors attracting
higher W&RAs participation encompass abundant vegetation cover, curved paths, suffi-
cient security facilities and lighting, good accessibility, open skies, and simple vegetation
structures. Conversely, elements enhancing the intensity of W&RAs include connectivity
to the surroundings, asphalt pavement, ample security facilities, proximity to entrances,
spacious paths, a limited number of seats, less open skies, and straight paths. Therefore,
prioritizing these influential factors in the design of urban park pathways is crucial for
fostering W&RAs, promoting public health, and creating versatile exercise environments
that cater to diverse citizen needs. The study’s conclusions provide valuable insights and
foundational guidance for the design and development of urban park spaces in densely
populated Asian cities, ultimately contributing to the enhancement of public health.
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Abstract: This study explores the impact of accessibility on property pricing and land economies by
advanced spatial analysis techniques, focusing on Shanghai as a representative metropolis. Despite
the impact of metro systems on residential property values, which has been frequently assessed, a
research gap exists in understanding this phenomenon in Asian, particularly Chinese, urban contexts.
Addressing this gap is crucial for shaping effective urban land use policy and improving the land
economy rationally in China and similar settings facing urban challenges. To assess the impact
of metro station accessibility on property prices in Shanghai, with extensive rail transit, and to
deeply explore the overall impact of land value varieties driven by metro on urban development,
we conducted a comprehensive analysis, with discussion about future aspirations for land planning
and management along with landscape and facility design, and measures to improve land economy.
The procedures involved creating neighborhood centroids to represent accessibility and using the
Euclidean distance analysis to determine the shortest paths to metro stations. Our evaluation
incorporated a hedonic pricing model, considering variables like neighborhood characteristics,
housing attributes, and socio-economic factors. Advanced spatial analysis encompassing Ordinary
Least Squares (OLS) regression and XGBoost analysis were employed to explore spatial effects,
and Geographically Weighted Regression (GWR) helped examine spatial patterns and address
autocorrelation challenges. Results revealed a negative association between distance to metro station
and property prices, indicating a non-linear and spatially clustered relationship and heterogeneous
spatial pattern. We dissected the non-linear results in detail, which complemented the conclusion in
existing research. This study provides valuable insights into the dynamic interplay between metro
accessibility and housing market behaviors in a significant Asian urban context, offering targeted
suggestions for urban planners and governors to decide on more reasonable land use planning and
management strategies, along with landscape and infrastructure design, to promote not only the
healthy growth of the real estate market but also the sustainable urban development in China and
similar regions.

Keywords: land economic; land management; property price; accessibility; hedonic model; spatial
analysis techniques; Shanghai

1. Introduction

Urban rail transit, encompassing metro and train, stands out as a vital mode of public
transportation due to its high speed, efficiency, and safety advantages, garnering greater
scholarly attention compared to other investigated transport modes [1,2]. Metro commuting
efficiently accommodates more passengers than motor vehicles, mitigating urban traffic
congestion caused by sprawl and rapid development. This fosters an efficient lifestyle,
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enabling increased social engagement and easier employment access [3]. However, whether
the rail transit system has a favorable influence on residential property prices has not yet
been drawn to an exact conclusion by prior studies. Comprehending this influence is
crucial for the development of land and social economies, as it can inform decisions related
to urban land planning and management.

To date, the research on the relationship between rail transit accessibility and real
estate value has shown mixed results in the literature, ranging from positive to negligible
or negative effects [4]. Gatzlaff and Smith (1993) claimed that the disparity in the results of
the empirical studies can be attributed to local factors in each city [5]. Among the studies,
North America and Europe have received the most attention. In contrast, limited studies
focused on developing countries because of transport investment constraints and the lack
of available and reliable data [6]. Many researchers found that metro accessibility had a
profitable impact on property value. Bajic (1983) surveyed Toronto and found that the
establishment of the subway boosted the average home market value by $2237 [7]. Benjamin
and Sirmans (1996) evaluated the impact of the proximity to Buffalo, NY, on residential
property values. Houses within a quarter-mile radius received a premium of 2–5% of
the median for urban homes [8]. Dorantes, Paez and Vassallo (2011) assessed the impact
of proximity to metro stations in Madrid, Spain, showing that metro accessibility had a
positive impact on property value and was more pronounced at sale [9]. Mayor et al. (2012)
found that in Dublin, a prominent increase showed in prices when the property was near
rapid transit DART or light rail Luas [10]. However, some studies found that the effect
was not significant. Gatzlaff and Smith (1993) examined the impact of the development
of the Miami metro system on the property value near its station location, indicating
that the rail system had little effect on residential value [5]. Moreover, Vessali (1996)
suggested that while accessibility brought an increment to average residential property
value, several complementary factors, such as supportive local land use policies and
existing high-density demand development, needed to be considered [11]. Others came
to the opposite conclusion. They claimed that proximity to metro stations had a negative
impact [12,13].

Discussions based on the Western context may not completely fit Asian cities with
high development density and high metro usage rates, where more diverse results may
arise. In recent years, some relevant studies have covered prime metropolitan areas in
Asia, aiming at providing practical insights for decision-making process of urban land
planning and management in the specific context of Asia, to better meet the demands
of urban development and contribute to land and socio-economic growth. Bae et al.
(2003) investigated the effects of the opening of the new metro line in Seoul on nearby
property values and claimed that metro station accessibility had a statistically significant
impact on residential prices, consistent with the expected effects observed in previous
studies [14]. Chin et al. (2020) studied the same project in Seoul, saying that in some
blocks, the setting of the metro line was related to higher increases in apartments, but
in other neighborhoods, a reducing trend in price was shown [15]. However, Diao et al.
(2016) indicated negative external effects on property values due to railway noise based
on research in Singapore [16], while Anantsuksomsri and Tontisirin (2015) studied the
Bangkok metropolitan area and found that the closer distance to large traffic stops meant a
lower property value [17]. Some studies have been carried out in China. Zheng and Kahn
(2008) surveyed Beijing and claimed that public transport infrastructure, including the
metro, has been taken into account in property prices [18]. Li (2017) also examined Beijing
and concluded that consumers were willing to pay more to use rail transit in congested
areas [19]. Yang et al. (2020) documented that metro accessibility affected property prices in
a non-linear manner in Shenzhen [20]. Although Shanghai possesses a very well-developed
rail transit system, and its dependence on rail transit can be seen to a high extent, research
in Shanghai is still quite limited. One of the studies that analyzed the construction of Line
6 in Pudong District showed that the transportation improvement to the CBD employment
center brought about an appreciation of property prices in real estate along Line 6 [21]. The
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average appreciation was 3.75%, comparable to the data in a previous study in Toronto [7].
It also dissected that the most increases happened in remote suburbs and lower-income
communities. However, the study lacks the scale and validity to fully demonstrate how the
rail transit system performs in the Shanghai context. There is also research that is available
to control the specific characteristics related to real estate to better identify the value of
improved accessibility incorporated into property prices.

To fill the knowledge gaps indicated above, we applied a hedonic price model to
investigate the impact of metro accessibility on property prices in Urban Shanghai to obtain
a broad view and precise conclusion. We aim to offer a profound insight into metro system
planning and a reference for the exploitation of real estate and other types of land use
to facilitate balanced land and socio-economic development. By applying methods of
advanced spatial analysis consisting of Ordinary Least Squares (OLS) regression, XGBoost
analysis, and Geographically Weighted Regression (GWR), we approached to evaluate:
(1) the relationships between metro accessibility and property prices in Urban Shanghai,
and (2) the spatial variation of the influence.

2. Materials and Methods

2.1. Study Area

Shanghai is widely considered as a city with a single-center structure [22], and is
divided into three concentric rings according to the inner and outer rings, including the
inner city, expanded inner city and suburbs [23,24]. Our study area is the inner city,
popularly known as Urban Shanghai, including districts of Yangpu, Hongkou, Putuo,
Changning, Xuhui, Huangpu and Jing’an (see Figure 1). This is the core hinterland of
Shanghai, covering an area of 289.59 square kilometers, and is home to 6.88 million people.
The broad area and large population establish a solid foundation for investigation because
it can provide various samples for the real estate market. As a metropolitan area, Shanghai
has perfect facilities, well-developed industry and commerce, and a diverse cultural life,
all of which are factors that influence the trend of property prices. The rich construction
background and large database enable us to point to more accurate results and make
more reasonable suggestions for the future planning of facility construction and property
distribution in the city.

Figure 1. Study area. (a) Shanghai inner ring area. (b) The names and locations of districts within
Shanghai Inner Ring and Huangpu River. (c) The average property prices.

2.2. Data Sources

Table 1 presents a comprehensive overview of the data utilized in this project within
the Shanghai Inner Ring region, encompassing administrative boundary data, building
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data, property prices, metro station travel flow data, and Shanghai GDP data. All data
underwent processing within the WGS 1984 UTM Zone 51N coordinate system. The table
provides details on each data source, including the data name, year, resolution, usage, and
the corresponding source link.

Table 1. Data Sources.

Data Name Year Usage Data Source

Shanghai GDP 2019–2020 Calculating neighborhoods’
social-economic attributes

http://www.dsac.cn/DataProduct
(accessed on 12 November 2023)

Shanghai buildings 2020 Extracting building attributes https://www.amap.com/
(accessed on 12 November 2023)

Shanghai AOI—buildings, roads,
water systems, subways,
administrative divisions

2020 Dividing neighborhoods,
facilities and boundaries

https://www.amap.com/
(accessed on 12 November 2023)

Shanghai property price
transaction data 2019–2020 Calculating neighborhoods’

property prices
https://m.anjuke.com/bj/

(accessed on 12 November 2023)

2.3. Framework

Figure 2 depicts the research flow of this project, in which the chart on the left is the
ensemble of the database we needed, and the one on the right is a flow of processing and
analyzing data. First, to have an integrative simulation of property prices, the hedonic
model proposed by Rosen (1974) was used [25]. Facility data were extracted, and the
accessibility data were calculated based on neighborhood units within the boundary of
Shanghai’s inner ring to build up the hedonic model. Second, a series of correlation analyses
including typical linear model Ordinary Least Squares (OLS) and non-linear XGBoost were
performed, before which the Pearson correlation test and VIF were conducted to check
collinearity. To explore the spatial autocorrelation between variables and the influences
of hedonic attributes, we applied Geographically Weighed Regression with an advanced
step of checking Moran’s I. With these three models, we evaluated comprehensively the
relationship between accessibility to metro stations and property values.

Figure 2. Proposed Flowchart of This Research.
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2.4. Hedonic Model

The hedonic model has been applied in most previous studies to test the acquisition
of property values in housing studies. The earliest study, conducted by Dewees (1976),
analyzed the relationship between rail travel costs and residential property values [26].
The hedonic model claims that the cost of a specific property can be unveiled through a
set of implicit features. A fundamental assumption of the model is that the residential
market is determined by a series of choices made by consumers and producers under
market conditions [27], and the variations in real estate prices can be explained by the
buyer’s inclination to invest in various attributes that impact the property’s value. The
series of characteristics that affect the property price is composed of the housing structure
and the external environment. The property price hedonic model applied in this project is
expressed as the following Equation (1), which is the most commonly used specification in
hedonic property price models:

P = β0 + βH H + βN N + βSS + ε (1)

where P is a vector of property prices, H is a matrix of housing structural attributes, N is a
matrix of neighborhood attributes, and S is a matrix of socio-economic attributes. β0 is the
constant term vector, βH, βN as well as βS are matrices of the corresponding parameters,
and ε is a vector of error terms. In our Hedonic model, V (property price) was taken as
the dependent variable, and 12 implicit variables in total were employed, categorized
as I (housing structural attributes including number of floors and number of rooms), E1
(neighborhood attributes composed of accessibility from residential areas to metro stations,
schools, grocery stores, etc.), E2 (socio-economic attributes mainly with GDP data), were
taken as explanatory variables.

We used data for the Shanghai road network and points of interest (POI). POI includes
metro stations, schools, grocery stores, green spaces, restaurants, hospitals, and shopping
malls. To aggregate accessibility from residential areas to facilities, centroids for each
neighborhood were generated. To calculate the shortest paths, we used the Euclidean
distance which can provide a visual representation of accessibility and be easily computed
using geographic coordinates fitted in with many geographic information system (GIS)
tools and technologies:

dij =
√(

xi − xj
)2

+
(
yi − yj

)2 (2)

where: xi and yi = X and Y coordinates of point i with a plane projection. To gain a
comprehensive understanding of metro stations, apart from accessibility data, the study
delved into flow levels and the number of employees within a 10 min walking distance
of each station. These metrics were further categorized into low, medium, and high levels
based on their distribution, providing a nuanced perspective on the dynamics of metro
station utilization and surrounding employment concentrations.

2.5. Correlation Analysis

A set of three models was employed to assess the relation between neighborhoods’
shortest distance to metro stations and average property prices: (1) typical linear model
Ordinary Least Squares (OLS); (2) non-linear XGBoost which applies a tree-based algorithm
for predicting and interpreting data; (3) Geographical Weighed Regression where the spatial
autocorrelation between variables is considered.

2.5.1. Ordinary Least Squares (OLS)

The OLS method is the simplest and most applied method among common regression
models for analyzing the correlations between two or more variables. The theoretical basis
of OLS is that the model coefficients assume that the sample regression model is closest to
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the observed value, and the coefficients are constant relative to the location. OLS and the
coefficient estimation matrix are represented by Equation (3):

y = Xβ + ε (3)

where y is the dependent variable, X is the independent variable, ε is the deviation while
estimating the coefficients.

However, the drawback of this method in spatial modeling is that the value of the
dependent variable estimated by it has to serve the whole study area; and, in different parts
of the region, the value is estimated the same [28,29].

2.5.2. XGBoost

XGBoost is a tree-based boosting machine learning method which has been recently
adopted to explain the non-linear relationship between built environment features and
travel. Compared with other traditional models, XGBoost has the advantage of high speed
and precision, and it is not influenced by collinearity, which means we can contain all the
variables though some of them share high correlation [30,31]. The mathematics of XGBoost
can be simplified as follows [32]:

For a given dataset D = {(xi, yi)}, n instances and m features fit a function that can
best estimate the response variable ŷi based on explanatory variables xi. The prediction
waterlogging depth (ŷi) after K times iteration of sample i is calculated by (4):

ŷi =
K

∑
k=1

fk(xi) = yi
(K−1) + fk(xi) (4)

where K is the number of iterations and fk(xi) is the tree model after k-th iteration.
The objective function of XGBoost is written as (5) and (6):

L =
n

∑
i=1

l(yi, ŷi) +
K

∑
k=1

Ω( fk) (5)

Ω( f k) = γT +
1
2

λ|ω|2 (6)

where n is the amount of data to improve the k-th tree. l(yi, ŷi) is the training loss with
target yi and prediction ŷi. Training loss should be minimized by RMSE. T is the number of
leaves and |ω| is the weight of the leaf i. γ and λ are all hyperparameters.

The K-th base learner function is calculated by summing all weights of leaves (7)
and (8):

fk(xi) = η
T

∑
I=1

ωik I (7)

I = {i|q(xi) = j} (8)

ω ranges from 0 to 1, to control the learning rate of iteration to avoid over-fitting.
q(xi) reflects the specific leaf node. I is the sample set of j nodes. To interpret XGBoost,
we applied Shapely Additive Explanations (SHAP). SHAP is a Python package for model
interpretation. For each explanatory variable, this package returns a SHAP value, which
indicates each explanatory variable’s influence on the response variable, either intensity or
magnitude. The mathematics of SHAP value are as follows (9):

g
(
z′
)
= θ0 +

M

∑
j=1

θjz′j (9)

where g is each explanatory variable, M is the total amount of explanatory variables and θj
is feature j’s attribution.
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2.5.3. Geographically Weighted Regression (GWR)

Considering the difficulty of simultaneously analyzing all kinds of influence levels
and properly dealing with the autocorrelation between different factors, Geographically
Weighted Regression (GWR) was adopted to analyze its spatial pattern. This method was
first developed by Fotheringham, Charlton, and Brunsdon, professors at British Universities,
in 1970 [33]. The first contribution of GWR can be traced back to research in the field of
transportation by Du and Mulley (2006, 2007) to compare the impact of hedonic pricing
and local modeling methods on land value enhancement [34,35].

GWR is a method for modeling spatial heterogeneity to achieve higher accuracy in an-
alyzing location-affected correlations, which indicates that in each geographical coordinate,
the correlation between the dependent and independent variables is different according to
the variety of coefficients of the model on the point [33,36]. The coefficients of the model
can be estimated at any point in the place. Within this method, observations around points
in the place can be used to estimate the model coefficients at each point, while coefficients
with closer observations are given greater weight. It is worth noting that each coefficient of
GWR has a value with a sign. The GWR linear multivariate regression model is represented
by Equation (10):

yi(u) = β0i(u) + β1i(u)x1iβ2i(u)x2i + βmi(u)xmi (10)

where y is the vector of the observed value, x is the matrix of the independent variables
and β is the estimated coefficient vector.

Before delving into the correlation analysis, a pre-processing process was initiated.
This involved subjecting the dataset to scrutiny through both Pearson correlation and vari-
ance inflation factor (VIF) assessments, aimed at forestalling collinearity among explanatory
variables. The meticulous identification and mitigation of collinearity are essential steps in
preserving the integrity and interpretability of the subsequent analyses.

Furthermore, to enhance the robustness of the dataset, a stringent approach was
taken to address outliers. Employing z-scores with a threshold set at 3, outliers were
systematically identified and subsequently removed. This meticulous outlier removal
process contributes to the reliability of the subsequent statistical analyses by mitigating
the undue influence of extreme values. Additionally, addressing missing data is another
crucial facet of data preparation. The strategy employed involved filling in missing values
with the mean of each respective column, ensuring a balanced and representative dataset.

3. Result

3.1. Hedonic Model

At the core of this investigation lies the dependent variable, the average property
price around which an intricate web of explanatory variables revolves. The selection of
these variables was guided by the hedonic model, categorizing them into three overarching
themes: structural attributes, neighborhood attributes, and socio-economic attributes (see
Table 2).

To ensure a comprehensive analysis, data pertaining to the centroids of all neighbor-
hoods, totaling 4627, was meticulously gathered for examination, with structural housing
attributes, including the number of floors and number of rooms, as explanatory variables.
From Figure 3, both variables were relatively randomly distributed.
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Table 2. Statistics of explanatory variables.

Variable Name Description Mean Std. Dev. Data Type Unit

Structural
attributes Floor Average number of floors per

neighborhood 4 2 Continuous

Number of
rooms

Average number of rooms per
neighborhood 2 1 Continuous

Neighborhood
attributes

Distance to
restaurants

Shortest Euclidean distance
between each neighborhood

and restaurants
719.89 411.94 Continuous meter

Distance to
groceries

Shortest Euclidean distance
between each neighborhood

and groceries
707.32 408.88 Continuous meter

Distance to
schools

Shortest Euclidean distance
between each neighborhood

and schools
258.97 164.36 Continuous meter

Distance to
hospitals

Shortest Euclidean distance
between each neighborhood

and hospitals
514.03 290.34 Continuous meter

Distance to
greenery

Shortest Euclidean distance
between each neighborhood

and green space
452.62 254.16 Continuous meter

Distance to
shopping

centers

Shortest Euclidean distance
between each neighborhood

and shopping centers
1998.49 1020.38 Continuous meter

Flow level Average flow level on the day
of metro stations 3 1 Ordinal

Distance to
metro stations

Shortest Euclidean distance
between each neighborhood

and metro stations
575.91 318.43 Continuous meter

Number of
employments

Number of employment
points within walking distance

of each metro station
48.16 32.49 Continuous

Social-
economic
attributes

GDP Average GDP per
neighborhood 598,218.69 497,457.74 Continuous ¥

For neighborhood attributes, we calculated the Euclidean distances between facilities
(restaurants, grocery stores, schools, hospitals, greenery space, shopping centers, and metro
stations) and neighborhoods as accessibility input. Besides the accessibility data to obtain
details of metro stations, passenger flow levels and the number of employment centers
were calculated, as shown in Figure 4. From the maps, metro stations located in the center
of Shanghai’s Inner Ring region have higher passenger flow levels and a larger number of
available employment centers. Neighborhoods near these metro stations have relatively
shorter Euclidean distances to the stations.
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Figure 3. (a) Illustration of number of floors per neighborhood. (b) Illustration of number of rooms
per neighborhood.

Figure 4. (a) Number of available employment centers per metro station. (b) Example of shortest
distance to metro stations. (c) Passenger flow level per metro station.

In addition to the data related to accessibility and housing construction, to enhance the
model accuracy, we collected GDP data of each neighborhood as economic factors that have
the potential to influence the result. As shown in Figure 5, central areas along the Huangpu
River have the highest average GDP, and neighborhoods in the west are in relatively low
GDP areas within Shanghai’s Inner Ring region.
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Figure 5. Illustration of GDP per neighborhood.

3.2. Correlation Analysis

Through data-cleaning, a total of 4170 neighborhoods emerged as the refined dataset,
ready for a more nuanced and accurate exploration of the relationships between explanatory
variables and average property prices. Before doing correlation analysis, the Pearson
correlation test and VIF were conducted to check collinearity. Pearson results and VIF were
all below 0.7, indicating that no collinearity existed in the input dataset.

Moran’s I was checked before implementing the Geographically Weighted Regression
model (GWR). The result of 0.50 with a p-value less than 0.05 indicated that the residuals
were significantly clustered. The involvement of GWR could effectively solve this problem
and better explain the relation between our target variables.

3.2.1. OLS & XGBoost Model

Table 3 serves as a comprehensive repository delineating the myriad explanatory
variables employed in this research endeavor, accompanied by their corresponding metrics.
This tabular exposition offers a profound insight into the dynamics of average property
prices within the analytical frameworks of both Ordinary Least Squares (OLS) and XG-
Boost models.
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Table 3. Correlation Analysis Results.

Variables/Models OLS XGBoost

Coefficient p > |t| Feature Importance
Intercept 0.425 0.0 *** /

Structural attributes
floor −0.032 0.0 *** 0.090

Num_room 0.085 0.0 *** 0.060
Neighborhood attributes

dist_rest −0.067 0.0 *** 0.085
dist_grocery 0.045 0.0 *** 0.045
dist_school −0.027 0.009 ** 0.035

dist_hospital −0.017 0.08 ** 0.030
dist_greenery −0.014 0.138 0.022
dist_shopping −0.037 0.0 *** 0.112 *

Flow_level −0.0001 0.989 0.037
dist_metro −0.053 0.0 *** 0.053

num_employ 0.183 0.0 *** 0.307 ***
Social-economic attributes

GDP 0.099 0.0 *** 0.124 **
R2 (adj.) 0.242 0.520

Note: For OLS, significance level = 0.01: ***, 0.05: **, 0.1: *; For XGBoost, significance levels = highest feature
importance: ***, 2nd highest feature importance: **, 3rd highest feature importance: *.

In dissecting the results derived from the OLS analysis, a discernible and statistically
significant relationship was unearthed for most variables associated with average property
prices. An intriguing pattern emerged as variables representing the shortest distances,
apart from proximity to groceries, predominantly manifested negative impacts on property
prices. Noteworthy among the metro station features was the revelation that a number of
employees were within convenient walking distance.

Transitioning to the XGBoost model (see Figure 6), a distinct hierarchy of influential
features emerged. Foremost among them was the number of employees in the vicinity
of metro stations, followed closely by local GDP levels, and, subsequently, the distance
to shopping centers. Corresponding with the OLS findings, most variables regarding
the shortest distances showcased a positive influence on average property prices in the
XGBoost model. However, a salient departure from this trend was observed in the case of
the shortest distance to grocery stores.

A pivotal divergence between the two models lies in the higher R-squared value
associated with the XGBoost results. When employing the XGBoost model, the elevated R-
squared of 0.520 signifies a more nuanced and non-linear relationship between explanatory
variables and average property prices, compared to the R-squared of 0.242 derived from
OLS model. This underscores the superior capability of XGBoost in capturing intricate and
complex relationships within the dataset, which is in stark contrast to the inherently linear
nature of the OLS model. The XGBoost model’s capacity to discern subtle nuances and
non-linear patterns signifies a substantial advancement in predictive modeling, which can
better capture the intricate association between factors and prices.
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Figure 6. Correlation Matrix of explanatory variables.

3.2.2. GWR Analysis

After detecting the non-linear statistics, a Geographically Weighted Regression (GWR)
model was utilized to better examine the correlation between the proximity of neighbor-
hoods to metro stations and their average property prices. The model yielded an adjusted
R-squared of 0.623, indicating a superior explanatory power compared to other models, par-
ticularly when accounting for spatial disparities, which evidently revealed the non-linear
and spatially clustered relationship and heterogeneous spatial pattern.

In Figure 7, the coefficients for the shortest distance to metro stations in each neighbor-
hood are depicted, revealing evident spatial heterogeneity. Notably, neighborhoods in the
central areas along the Huangpu River, such as the Jing’an district and the Huangpu district,
exhibited positive coefficients, suggesting that, as the distance to metro stations increased,
average property prices also rose. Spatial clusters were demonstrated. Surprisingly, these
areas were usually surrounded by neighborhoods where closer proximity to metro stations
was associated with higher property prices. This trend represented a reduction in distance
to metro stations, corresponding to a significant increase in property prices. As one moves
farther away from the core area, the impact of the distance to metro stations on property
prices gradually stabilizes.

As shown in Figure 8, according to the coefficients of the distance to the metro in the
GWR analysis outcome, we divided the data into five categories. Then, we analyzed the
average values of the main factors that influence property prices the most on the basis
of the XGBoost model. Among the variables with negative interpretation, the average
distance to the metro is quite stable, which is about 505 to 550 m, but varies in the positive
interpretation from around 440 to 550 m. This means that to affect real estate value, various
factors are inseparably interconnected, such as the number of employees, the distance to a
shopping center and the GDP, each of which has a great effect on property prices.
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Figure 7. GWR regression coefficients of shortest distance to metro stations.

Figure 8. Distribution of coefficients average values of the main factors. (a) Shortest distance to metro
station based on GWR categories. (b) Number of employment based on GWR categories. (c) Shortest
distance to shopping center based on GWR categories. (d) GDP based on GWR categories.

4. Discussion

4.1. Overall Impact of Metro Accessibility on Property Prices: Non-Linear and Spatially
Heterogeneous

Our result showed that the accessibility to metro stations was positively related to
property prices, which was consistent with many previous studies [7,9,10,26]. Meanwhile,
the relationship between the variables displayed a non-linear pattern and showed a spatial
aggregation. The spatial autocorrelation had a certain impact on the property price. In the
central areas along the Huangpu River, such as the Jing’an district and the Hongkou district,
average property prices rose as the distance to metro stations increased. Conversely, in
the neighborhoods surrounding the central area, closer proximity to metro stations was
associated with higher property prices. On the other hand, in the districts farther away
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from the core area, the impact of distance to the metro station on property prices gradually
stabilized. Similarly, Bowes and Ihlanfeldt (2001) indicated in their study that the impact
of railway stations depended on their distance from the central business district [1]. We
also suggested the significance of service facilities in residential areas, as our findings
highlighted that accessibility to amenities like restaurants, shopping malls, and schools had
a positive impact on property values. A study conducted in Seoul by Bae, Jun and Park
(2003) found consistent results, indicating that individuals tended to reside in sub-center
areas characterized by a higher concentration of recreational and commercial services [14].

There may be several reasons to explain the results of our study. Proximity to metro
services has the potential to improve nearby property values, but metro accessibility alone
may be insufficient to bring about significant changes. Other factors, such as economic
stimulus, land use policy, and development subsidies should be taken into account when
evaluating the influences of metro services on property prices [5]. Accessibility to metro
stations also has some adverse effects on nearby communities. Therefore, the comprehen-
sive impacts may be mixed, and the trend in property prices ultimately depends on which
factor dominates.

In the central area along the Huangpu River, such as the Jing’an district and the
Huangpu district, the city density is relatively higher than that of the surrounding neigh-
borhoods. The bustling business and complex personnel, leading to noise, increased the
crime rate and visual intrusion [37], directly a reducing living comfort. When purchasing
properties, the downsides considered outweighed the advantages of convenience. As
mentioned before (see Figure 5), central areas along the Huangpu River have the highest
average GDP and there is an office building cluster in this district, where commuters living
nearby may choose to walk and ride bikes (shared or private) to avoid the metro crowds
during rush hours. However, in the areas surrounding the core, which is a little farther,
traffic is often very congested and blocked, and parking facilities are in short supply. To
avoid these two annoying troubles, people may take the metro as a more relaxing option. In
a study conducted by Li (2017), it was found that the intersection of multiple metro lines, as
well as the 30 min metro to work, results in an additional premium for property prices [19].
Additionally, the superior location of the central area along the Huangpu River, with a view
of the river and the convenience of refined facilities, leads to almost the highest property
price in the whole of Shanghai. People living in the central area are more likely to belong to
the high-income group, who are more inclined to choose more convenient and comfortable
private trip modes. Conversely, low-income groups are not affluent enough to afford cars
and taxis, and hence prefer public transport like the metro, and always tend to walk or cycle
to metro stations. Prior studies have also found that increased metro accessibility did not
help property price growth in affluent communities [1,38], but Nelson (1992) claimed this
improvement will accelerate the capitalization of low-income communities [39]. He tested
the impact of the Atlanta Metropolitan Regional Rapid Transit Authority (MARTA) in an
area of DeKalb County and found that the proximity to the metro is positively correlated
with the property value in lower-income neighborhoods, with the opposite occurring in
high-income areas. People in high-income areas (central areas) were less dependent on the
metro, and even public transportation, than people in lower-income areas. Similarly, He
(2020) proved that the property value premium due to rail accessibility was more significant
in the suburbs than in urban areas in Hong Kong [40].

Besides, according to previous research, metro proximity and other related attributes
have a different impact on property prices and rental prices [41]. Due to the expensive
living costs in the central core, more people who reside here simply choose to rent rather
than buy. A considerable amount of university students or new graduates may dwell
in the central area and choose off-campus housing for rent [42]. The monetary effect of
improved metro accessibility may somehow be reflected in rent rather than the selling
price [43]. Another possible reason is that the strengths of improving accessibility may lie
in accelerating the sale of homes rather than increasing their value [35].
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4.2. Limitations of Our Current Study

We employed three models to gain convincing conclusions and explained the non-
stationarity between metro accessibility and property value, i.e., the spatially existing
autocorrelation. Although many previous studies have discussed the correlation between
property prices and metro (rail transit) accessibility, most were concentrated in mature
Western economies, few in the context of developing countries, Asia, and China. Since
urban densities and population structures vary from country to country, we cannot fully
apply conclusions and suggestions in urban planning from Western country research.
Meanwhile, current research on the impact of the metro on the surrounding property
prices seems to focus on a certain rail line or discuss it in general (including intercity
high-speed rail, etc.). Therefore, we sought to fill these vacancies. The results of this study
can provide some ideas for the comprehensive evaluation of metro system construction,
including the manifestation of construction and operation costs in external real estate
benefits. During metro line planning, the station location can be reasonably arranged to
balance the discrepancy of property prices between different living areas of the city and
make the urban development of Shanghai more all-round. Exploring lessons from Shanghai
as a representative metropolis can offer meaningful insights not only for Chinese cities but
also for other fast-growing urban areas across the globe.

Nevertheless, there are several limitations. Since the property transaction data we
collected were based on records from different years, certain spatial and temporal variation
factors may not be considered in the model. Moreover, the diversification of property
prices in the economic environment, as well as market adjustments, might potentially
bias our research results. To obtain more precise results, spatio-temporal consistency and
longitudinal studies should be incorporated. We have applied a series of variables about
the external environment and housing structure in our study to help analyze the impact
of metro accessibility on property prices. Whereas in the housing structure, we simply
encompassed the number of floors and the number of rooms, attributes like building
typology, construction standards, structural technical condition and facility equipment
are also significant to real estate values. In addition, the area and age of the properties
that would contribute to the fluctuations in prices were neglected, especially in the context
of multiple administrative regions, where development initiated and peaked in different
periods in each area, greatly affecting the values of the real estate [44]. Properties that
were built in different eras were equipped with varying floor area ratios and green space
ratios in the residential region, which can also affect real estate prices. Moreover, there
may be some other potential covariates influencing the values such as the level of rail
service, network connectivity, service coverage, and station facilities [4]. In addition, as
mentioned above, many commuters choose to ride from home to the metro station. With
the development of the sharing economy, shared bikes may provide them with more
convenience, which may also increase the influence of metro accessibility on property
prices [45]. Moreover, when defining accessibility variables, we applied the Euclidean
distance which simply calculated the straight distance between starting and ending points.
The simple assessment of accessibility did not consider the practical state of the street and
walking path networks, so it is insufficient to reflect the fact of travel costs or barriers. For
further studies, accessibility measures with higher robustness and diversity are suggested.

4.3. Prospects for Future Study

Since we have discovered that spatial autocorrelation and heterogeneity can be ele-
ments that affected property values, in the future, the related factors can be fixed while
applying a statistic model. For instance, as the outcomes showed, the number of em-
ployees in the vicinity of metro stations and local GDP levels are two important factors
affecting the non-linear. The research in the next phase will be expected to involve or fix
more socio-economic factors comprising a matrix of the proportion of different race or
ethnic groups of people, the median household income and unemployment rate of the
census tract [27]. Moreover, apart from the existing characteristics popularly used, natural
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amenities, historical amenities and modern amenities can be supplemented. Among them,
natural amenities are always linked with forest coverage (NDVI), Slope, Index of NOX as
well as CO.

We hope that the outcomes of our research can provide a reference in the field of
property and rail transit, even in a broader scope of the whole urban land use planning
and management, as well as land and socio-economic development. In metropolia in
developing countries such as Shanghai, the optimization of urban planning and manage-
ment, including the reasonable land use, transport system and amenity setup, along with
emphasis on improving landscape design, is for the sake of promoting local economic
growth and improving the quality of residential life. To achieve these goals, attracting
real estate development investment is an effective approach [46–48]. In Shanghai, the
current urban center is over-concentrated [49]. The government needs to ensure more fairly
accessible facility services, address the issue of affordable housing, disperse the traffic flow,
and balance the regional development by establishing multiple employment centers and
more considerate land use planning and land management. Though we have reached the
conclusion of a positive relationship between metro accessibility and real estate values in
general, complying with the non-linear pattern, there is potential to explore more deeply,
such as the distance thresholds where metro accessibility has an impact on property values.
This can inform the land use decision-making of the transition zone between properties
and metro stations. In the future, when investigating and evaluating the construction
distribution and investment effect of rail transit systems or other infrastructure, we should
consider various aspects, not sticking to the results reflected in the real estate price. The
improvement of metro accessibility not only has direct influence on property prices, but
also a profound impact on urban land planning, design and management. Optimizing
the layout of the metro network needs to take into account future urban development
orientation to apply the optimal solution of land use, while the balance between the supply
and the demand of land should also be considered to avoid the unstable land economic
situation. Objectively, the high-efficient allocation of land, along with perpetual land man-
agement, the popularization of high-quality public transport systems and the improvement
of landscape and facility services, are of great significance to urban development, leading to
the agglomeration of high-level employment opportunities, growth of land economy, and
promotion of the overall development of cities [50]. Apart from emphasizing accessibility
to metro stations, future research can also incorporate additional accessibility to amenities
such as parks, grocery stores, and schools [51], while also accounting for negative forces
brought on by the proximity, such as vacant lands, crime rates, congestion, air contamina-
tion and noise pollution [1,52]. Not only the site selection of the metro stations but also the
surrounding land planning and its management, as well as maintenance, are important
factors affecting the property price. The measured planning of the land use around both
metro stations and real estate, such as commercial, education and public facilities, can have
a valid impact on land value and the property price level of the whole area.

5. Conclusions

The metro has great potential to enhance the value of residential property by improving
convenience and saving transportation budgets. However, whether the metro system has a
favorable effect on residential property prices has not reached a unified conclusion through
prior studies. Furthermore, Shanghai, as a typical example of a flourishing metropolis
in Asia, with a highly dependent and well-developed metro system, has great research
value, but few studies based on it have been conducted. To bridge gaps in knowledge, our
objective is to gain a comprehensive understanding of the relationship between property
prices and metro accessibility in Urban Shanghai and to further explore the spatial pattern
of this correlation, which is expected to offer insight into urban land use planning along
with land management, and suitable landscape and facility design.

We adopted the Euclidean distance between the metro station and the property to
measure metro accessibility. Then, we applied the hedonic model proposed by Rosen
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(1974) [25], using the Ordinary Least Squares (OLS) model and the XGBoost model, which
is a relatively new analytical method, to identify the statistical relationship between metro
accessibility and property prices. Considering the difficulty in simultaneously analyzing
the various levels of influence and correctly handling the autocorrelation between different
factors, the spatial pattern was analyzed by Geographically Weighted Regression (GWR).

Overall, our OLS and XGBoost results indicated that the distance to the metro station
was negatively associated with property prices. In other words, the value of land around
metro stations can be raised with the improvement of metro accessibility. This provides
great economic potential for land development and attracts investors and developers
to participate in the active development of urban land economy. Specifically, XGBoost
showed a higher r-square, indicating a non-linear association between the explanatory
variables and property prices. The GWR model examined the heterogeneous spatial pattern
between the proximity of properties and metro stations and their average property prices.
The outcomes of the model indicated that communities in the central area, such as the
Jing’an and Hongkou districts, exhibited positive coefficients, suggesting that average
property prices rose as the distance to the metro station increased. Conversely, in the
surrounding neighborhoods, closer proximity to metro stations meant higher property
prices. In addition, our results also indicated that the accessibility variable performance
had mainly positive effects, except for groceries, emphasizing the importance of service
facilities around residential areas in the formation of property prices. We recognized
the complex relationship between property prices and metro accessibility, and provided
a certain reference for the urban planning of Shanghai to promote the land and social
economies. In the future, more in-depth research is needed to fully understand this
correlation and to provide more specific guidance for future urban development regarding
land use planning and management with the consideration of land economic growth.
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Abstract: Based on big data, a new public space evaluation method is proposed. Using program-
ming technology to collect visitor reviews from the travel website TripAdvisor to build a database,
based on the data of 99,240 words in 1573 visitor reviews in 10 years, the connection between data
and reality is established through systematic data classification and visualization. Following an
assessment of the Kimbell Art Museum’s functionality, architectural design, and landscape design,
along with visitor feedback, a new evaluation methodology was formulated for application to public
buildings with landscapes. By utilizing the unique advantages of big data, it provides convenient
and efficient analysis methods for public spaces with similar data foundations and opens the way for
the optimization of the built environment in the information age.

Keywords: space evaluation method; big data mining; public architecture evaluation; Kimbell
Art Museum

1. Introduction

A knowledge base representing semantic relations between concepts in a network
is termed a semantic network or frame network [1]. The concept of “semantic networks”
in propositional calculus had its embryonic origins as early as 1956 (Richard H. Richens).
Rooted in Computational Linguistics, research emerged utilizing phrase-structure grammar
algorithms for sentence generation (Victor Yngve, 1960) [2]. Sheldon Klein and Robert F.
Simmons encapsulated it as “a method for controlling the sense of what was generated by
respecting the semantic dependencies of words as they occurred in the text”. Subsequently,
through practical research efforts led by numerous scholars, including M. Ross Quillian,
semantic network analysis gradually formalized its framework [3]. According to visual
analysis, semantic networks have the capacity to be automatically extracted from unstruc-
tured textual data, serving as a platform for visual text analysis. It also involved modeling
semantic relationships (Sowa, 1991) and visualizing patterns of labeled nodes and edges
(Di Battista, 1999) [1]. In recent years, this research has evolved towards social semantic
networks [4].

Currently, a single public building post-occupancy evaluation based on user reviews
is a scientific method [5–8]. Since the early 21st century, the development of big data
technology has promoted the gradual application of semantic network analysis in post-
occupancy evaluation, which has the advantages of sufficient data, rich diversity, and
spontaneity [9].

In the past 20 years, there have been more than one thousand articles on semantic
network analysis [10], but the focused fields are limited: in addition to technology research,
this method is mainly used in the landscape planning of scenic spots (accounting for
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24.6%) [11,12], whereas in the field of architectural science and engineering, related articles
only account for 1.18% [13,14], and the research usually stops at the data sorting level,
such as semantic classification and word frequency extraction, with no mature evaluation
system that can establish connections between the complex network semantic data and
actual usage based on a continuous logic [15,16]. This article summarizes a method of
identifying problems from data and converting them into design guidance, making the
structural evaluation open; therefore, the traditional top–bottom presupposition is replaced
by bottom–top spontaneity, making up for the shortcomings of traditional methods such as
lack of soft experience and visitors’ spontaneity. The method proposed in this article truly
based public building post-occupancy evaluation on the visitors’ experiences.

Python was adopted to acquire, filter, classify, and visualize the data [17]. By analyzing
the internal relation of the data, this article summarizes public building design guidance
based on semantic network analysis [18]. The classification, visualization, and analysis
approaches adopted are all original ones proposed by the study team, and they addressed
the issue of a lack of visitors’ soft experience analysis that haunts existing semantic analysis
methods and a scientific method of establishing analysis logic with big data semantic text
as the data source was proposed [19]. A pure visitor perspective was adopted to explore
architectural characteristics. The research subject can be built public buildings that have
been put into use for a certain period, available for public review and with good landscapes,
such as libraries, art galleries, etc. [20]. Urban scenic spots in major cities are predominantly
occupied by museum-type public buildings, making them prime candidates for researching
assessment methods, as indicated by evaluation rankings (Figure 1) [21].

Figure 1. Urban Scenic Spots Evaluation Ranking.

Evaluation systems based on computer technology have all developed from inde-
pendent case analysis to a standard system [9]. Under this background, this article takes
the Kimbell Art Museum in Fort Worth, Texas, USA as the subject, based on the reviews
gained through big data python, builds a network data and programming technology-
based evaluation system that uses semantic classification and word frequency extraction
as the basis for analysis to dig deep into the systematic spatial–temporal connection of
behavior, objects, and emotions inside the building. The Kimbell Art Museum was chosen
for study because of its distinctive blend of public functionality, curated indoor spaces, and
meticulously maintained outdoor landscapes [22]. Analyzing these elements enables the
assessment of how functional activities, indoor spaces, and outdoor environments influence
visitors in public buildings, leading to the development of a comprehensive evaluation
framework [23]. The richness of big data enables the study team to deeply explore the
correlation mechanism behind the use of buildings, therefore forming a semantic network
evaluation framework for public buildings and their landscapes, which can guide and
optimize the operation and design of the Kimbell Art Museum and similar buildings and
open up new development directions for such research.
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2. Materials and Methods

The method proposed in this study classified the effective data into three categories:
human emotions (emotion), human behavior (behavior) and objects in the building that
interact with people (object) and established a one-to-one corresponding relationship
between visitors’ reviews and the building. Following the Gephi network visualization logic
mechanism, basic data analysis (overall word frequency analysis), temporal correlation
analysis (analysis by month), spatial correlation analysis (spatial correlation analysis), and
correlation analysis with others (Gephi correlation mechanism analysis) were performed
on the three categories of reviews [24]. Data analysis covers the basic experience and
attention of visitors, the influence of time factors such as seasons on the evaluation and
landscape, and the overall relationship between the focus of the reviews in specific spaces
and emotion, behavior, and object [25]. The data analysis provided a thorough evaluation
of the building’s advantages, disadvantages, and future development trends, which is of
theoretical support for the selection of the building’s development focus, seasonal activity
planning, space quality improvement, and interaction detail improvement (Figure 2).

Figure 2. Research Framework.

2.1. Data Collection and Filtering

The data source of this method was the reviews published by visitors on a tourism
website after visiting the building. Four advantages that distinguish this method from
traditional data research have been given full play in this study (Table 1) [26]:

1. Large amount of data: 1573 reviews were collected with a total of 99,240 words;
2. Data accumulation: the data covers a period of 9 years from January 2011 to Decem-

ber 2019;
3. Diversified data: In addition to the overall visiting experience reviews, single-data

content also includes tour time, ratings, and user information;
4. Data spontaneity: the content is not guided by questionnaire questions or interviews,

so it can provide a subjective evaluation from many aspects.

Since there is a lot of secondary information in the data, meaningless conjunctions,
pronouns such as such as “And”, non-associated references such as “TripAdvisor (TripAd-
visor)”, basic information such as “Kimbell (Kimbell), and words that appear too few times
were screened out, leaving 45,732 words as valid data (53,508 words were screened out)
(Figure 3).
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Table 1. Data Collection via Big Data vs. Traditional Approaches.

Survey Questionnaire Big Data

Amount of Data
Usually above thousands of

words, based on times of actual
survey

Usually above thousands of
words, based on valid samples

Usually above tens of
thousands words, based on data

source content

Time Span Days, based on survey time and
frequency

Weeks, based on number of
samples and where they are

collected

Years, based on when there was
the data source

Closeness to Research

Subjective records point to
objective problems and

phenomena, facilitating the
identification of research

directions

The questionnaire design
points to the research purpose,

and the structure is unified,
facilitating analysis

The network data points to the
user experience. The data is

complex and needs to be
processed before analysis

Spontaneity Based on objective phenomena
Interviewees passively
answers items on the

questionnaire

Users publish reviews
spontaneously

Scope of Research
Subjective screening, there

might be unexpected research
results

The questionnaire design
directly points to research
expectation with few other

possibilities

Analyzing complex data, there
might be unexpected research

results

Cost Effectiveness Human labor, time, and
facilities

Human labor, time, and effort
on questionnaire design

Network and programming
technology, no other resources

are required

Figure 3. Data Classification and Coding.

2.2. Data Collection and Filtering

The valid data was divided into three categories: behavior, object, and emotion and
20 subcategories, which realized comprehensive and specific evaluation from various
perspectives (Figure 4):

1. Behavior (reflecting the behavior of visitors in the art museum): photo-shooting,
arrival, visit, dining, and other behaviors;

2. Object (reflecting what visitors observe in the museum): landscape, architecture,
activities, exhibits, glossary, dining area, and services;

3. Emotion (reflecting the emotional feedback of visitors in the art museum): positive
emotion, negative emotion, sense of design, season, time, architectural perception,
and crowd type.

Tags according to the characteristics of the building were attached to the 20 subcate-
gories. For example, the building contains exhibition space, atmosphere space, shopping
space, and dining space, and each tag includes all the relevant valid words in the database.
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Figure 4. Data Processing.

The process of building a database refers to collecting and dividing data into word
lists with the aid of programming technology. After data filtering, the effective data were
divided into three categories, and the initial connection between the data and the use of
the environment was established. Finally, each piece of data was linked to the specific
circumstance in reality through coding.

2.3. Semantic Network Analysis Mechanism

The open-source data visualization software Gephi-0.10.1 was adopted in this study
to analyze the connection status of the 44 tags and demonstrate the causal mechanism of
exploring space use. The reviews were split into sentences (ending with “.”, “?”, “!”, etc.)
to explore the correlation mechanism between the different factors (Figure 5).

Figure 5. Gephi Visual Network Logic.

1. The size of the point: reflects the number of occurrences of the tag in the database.
The larger the point, the more attention the tag has received from visitors;

2. Number of lines: reflects the influence dimension of the tag in the network. The more
lines on the tag, the bigger the influence dimension of the point in the overall network;

3. Line width: reflects the intensity of the influence between two tags. For example, the
more pairs of two words found in the same review, the thicker the edge between the
two points, and the higher the mutual influence, and vice versa;

4. The position of the point: reflects the position of the tag in the whole network. The
closer the point is to the center of the network, the more attention the tag receives
and the bigger impact it has on other tags. On the contrary, tags at the edge of the
network are relatively unnoticed by visitors and are not an important factor affecting
their museum tour experience (Figure 6).
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(a) (b) (c) (d) 

Figure 6. Gephi Grammar. (a) The size of the point; (b) Number of lines; (c) Line width; (d) The
position of the point.

3. Visualizing Data and Data Analysis

3.1. Overall Word Frequency Analysis

Overall word frequency analysis can reveal the focus of visitors’ attention in the
museum. This analysis serves to validate whether the museum’s functions and positioning
align with its intended goals while also facilitating the identification of areas ripe for
future development.

At the category level, when the proportion of behavior is the highest, visitors’ activities
in the museum are mainly behaviors such as shopping and dining. When the proportion of
object is the highest, visitors’ activities are usually connected with objects, such as buildings
and exhibits. When the proportion of emotion is the highest, visitors’ activities in the
museum usually center on the design, the season, or the extreme emotional evaluation of
the building.

At the subcategory and tag level, taking the behavior category as an example (Figure 7),
word frequency (word frequency/average word frequency within the category) was com-
pared using 1 as the ratio limit, thus quantifying the intensity of the focus, and the elements
with the highest and lowest concern were identified.

 

Figure 7. Overall Word Frequency Analysis (word frequency/average word frequency within
the category).

The word frequency analysis was then visualized, and the attention to different data
was represented by the bar graph of 20 subcategories under the three categories of behavior
(purple), object (green), and emotion (yellow). The following conclusions can be drawn
from Figure 8:

1. Under the behavior category, the behavior that received the most attention was
“visiting behavior”, followed by “arrival behavior”. Among them, the elements
that visitors were mostly concerned with were “tourism”, “viewing”, and “service”,
indicating a strong emphasis on the overall tour experience.

2. Under the object category, the object that received the most attention was “exhibits”,
followed by “glossary”. Among them, “art”, “exhibits”, “cost”, and “architecture”
were the elements that attracted more attention from the visitors, underscoring their
appeal within the museum context.

3. Within the space, the areas that received a high degree of attention from the visitors
were “dining space” and “shopping space”, reflecting the importance of amenities
and facilities catering to visitors’ needs and preferences.

4. The visitors paid a lot of attention to the architectural design content, such as “light-
ing”, “hard decoration”, and other elements. The visitors also cared about architec-
tural details, on which more comments and feedback can be found. Such insights
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emphasize the significance of architectural aesthetics in shaping visitors’ perceptions
and experiences within the museum environment.

Figure 8. Overall Word Frequency (number of occurrences of each word).

3.2. Temporal Connection (Change of Month) Analysis

A frequency connection was established between each item and the time node to
analyze the word frequency changes, reflecting the differences in attention across different
months and the correlation between the changes in elements with the change in time. The
following conclusions can be drawn from Figure 9:

  
(a) (b) (c) 

Figure 9. Word Frequency by Month. (a) Behavior in relation to time nodes; (b) Object in relation to
time nodes; (c) Result data in relation to time nodes.

1. Under the behavior category, “having meals” is the element that attracted more
attention, and was stable throughout the year and did not fluctuate greatly with the
change of months.

2. Under the behavior category, a noteworthy correlation was observed between “rest”
and “walking”, where the prominence of one corresponded inversely with the promi-
nence of the other, suggesting a trade-off in visitor activities.

3. Under the object category, “display” was the most stable element, maintaining consis-
tent attention levels across varying time nodes.

4. Under the object category, “construction” received more attention than “architecture”,
except for a few time nodes.

5. The result data also reflect the relationship between group tours and seasonal changes.
Only in the month of August, the number of family visitors as groups increased faster
than that of individual visitors, highlighting the influence of seasonal dynamics on
visitor behavior and preferences.

3.3. Spatial Connection Analysis

In addition to the aforementioned analysis, a direct correlation was established be-
tween each item and the architectural space to precisely quantify the rate of space utilization,
thereby offering insight into visitors’ inclination towards evaluating the spatial layout. By
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meticulously computing both the spatial area and the frequency of words employed in
spatial commentary, a comprehensive understanding of visitors’ perceptions of the space
was attained. Furthermore, by leveraging the spatial scale of the subject under review, the
spatial area corresponding to a predetermined number of reviews was meticulously delin-
eated.

With all the above steps finished, a pivotal review-to-space area ratio was derived,
enabling a rigorous quantitative examination. This ratio not only provides a metric for
assessing the intensity of visitor engagement within specific spatial contexts but also
furnishes valuable insights into the spatial dynamics that shape visitor experiences. The
relationship between the number of reviews and the corresponding spatial area is illustrated
in Figure 10, offering a visual representation of the nuanced interplay between visitor
feedback and architectural space utilization.

1. Among the various areas assessed, “Landscape” occupied the largest overall area
within the museum premises, while the “exhibition hall” stood out as the area garner-
ing the highest number of reviews. This highlights the significance of both outdoor
ambience and curated exhibition spaces in shaping visitors’ experiences.

2. “Office” had the lowest reviews/area ratio, indicating relatively fewer reviews in
proportion to its spatial extent. Conversely, “restaurant” had the highest reviews/area
ratio, underscoring the heightened attention and engagement it elicits from visitors.
Following closely were the “exhibition hall” and “service area”, further emphasizing
the importance of amenities and exhibition spaces within the museum environment.

3. Across all areas except for the “office”, the reviews predominantly focused on “behav-
ior” over “object” and “emotion”. This suggests that visitors tend to prioritize their
interactions and experiences within these spaces. Conversely, reviews of the “office”
area primarily centered on “object”, with a notable emphasis on the “layout” element.
This deviation underscores the functional and design considerations associated with
administrative spaces within the museum.

Figure 10. Space Area/Number of Reviews (space evaluation intensity).

3.4. Gephi Connection Mechanism Analysis

The ring diagram (Figure 11) presents the interplay among different categories of data,
establishing a comprehensive relationship between behavior, object, and emotion. This
supplementary analysis enriches the overall study by offering a nuanced perspective on
visitor engagement within the museum environment. Aligned with the findings from the
overarching word frequency map, the diagram underscores that visitors predominantly
concentrated on eight key elements: “appreciation”, “architecture”, “construction”, “exhi-
bition”, “exhibits”, “collection”, “ticket price”, and “positive emotion”. Notably, “positive
emotion” emerged as the focal point, serving as the linchpin of the entire word frequency
map. The remaining seven elements exhibited close associations with “positive emotion”,
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underscoring their pivotal roles in shaping visitors’ tour experiences. Furthermore, the
diagram elucidates the symbiotic relationship among these elements. This holistic view not
only illustrates the significance of emotional resonance in visitor engagement but also un-
derscores the multifaceted nature of the factors influencing the overall museum experience.
It can also be seen that:

1. Under the behavior category (purple), “watching” and “eating” were the elements
that were most closely related to “positive emotion”. This suggests the high quality of
exhibitions and catering services offered at the Kimbell Art Museum.

2. Under the emotion category (yellow), excluding “positive emotion”, “sense of design”
was the most impressive element and received the most reviews. This indicates that
visitors also place significant importance on the architectural design of the Kimbell
Art Museum.

3. Under the object category (green), art exhibitions, architectural design and art mu-
seum services received a lot of attention, among which “exhibition”, “collection”,
“construction”, and “space” were the core factors that affected the tour experience
in the museum. Despite its extensive landscaped area, the museum falls short in
landscaping, as evidenced by the preceding points.

Figure 11. Gephi Ring Diagram (correlation between words).

The network diagram (Figure 12) provides insight into the group relationships that
shape the core elements of the museum tour experience, offering a comprehensive view of
the factors influencing visitor perceptions:

1. Visitors “positive emotion” mainly originated from the interconnections of “exhi-
bition”, “exhibits”, and “collection” in the museum. These elements collectively
contribute to fostering a sense of appreciation and enjoyment among visitors. The
group of “construction”, “sense of design”, and “space” was the second source of
positive emotion for visitors to the museum. The meticulous design and spatial ar-
rangement within the museum environment enhance the visitors’ overall experience.
This further underscores the Kimbell Art Museum’s excellence in exhibit curation and
architectural design.

2. While “construction” garnered relatively less attention compared to “space”, its asso-
ciation with “positive emotion” was notably stronger. This implies that the building
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itself is seamlessly integrated into the visitor’s exhibition experience, becoming a part
of the exhibit.

3. The correlation between “landscape” and “walk” was not strong; visitors showed
a low degree of willingness to comment on these two elements at one time. This
observation implies that these aspects may not significantly impact visitors’ overall
tour experience.

4. “Weather”, “season”, and “month” were at the edge of the entire network, indicating
that weather did not have much impact on the tour experience. And “Lawn”, “sky”,
“trees”, and “surrounding environment” were also at the edge of the network, indicat-
ing that outdoor landscape elements did not have much impact on the tour experience.
In the context of the Kimbell Art Museum, the landscape area surpassed other func-
tions significantly, suggesting a higher potential for visitor interaction. However, this
indicates that the landscape design has not reached visitors’ satisfaction levels.

Figure 12. Gephi Network Diagram (focus of visitor reviews).

4. Conclusions

By combining the data analysis with the design features of the Kimbell Art Museum
and conducting research from four perspectives of visitors’ attention, temporal connection,
space use, and overall connection [27], we can draw the following conclusions:

4.1. Spatial Layout

Kimbell Art Museum adopts a C-shaped spatial layout, and the ratio of exhibition area
to rest area is 2:1 (Figure 13). According to the data analysis, in terms of visitors’ attention,
the words related to visiting behavior had the highest frequency of being mentioned, that is,
visiting enjoyed the highest attention from the visitors. Among them, “appreciating” was
the most common behavior. Mentions of “walking” and “rest” were lower, but they were
almost even. In terms of temporal connection, the attention on walking and rest behavior
influenced each other, maintaining a stable connection state of one high and the other low.
It is known that exhibition occupies a dominant position in the behavior activities of the
Kimbell Art Museum, and the attention on rest and walking was equal, which accords with
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Chen Xiaotang (2016) in the post-occupancy evaluation of the museum: “A good rest space
can help visitors recover their physical strength and improve their attention, so as to better
finish the tour”.

Figure 13. Floor Plan of the Kimbell Gallery (building layout and visitor routes).

4.2. Service Functions

The Kimbell Art Museum is equipped with service space, accounting for 17.37% of
the total area of the venue (Figure 14). In terms of space evaluation intensity, “restaurant”
(4.7 pieces/m2) surpassed “exhibition” (1.9 pieces/m2) to become the area with the highest
space evaluation degree. In terms of temporal connection, “dining” and “shopping” both
showed stable performance throughout the year, and the activity frequency did not fluctuate
greatly with the change in the month. In terms of overall connection, “eating”, second
only to “seeing”, was the most closely associated factor with “positive emotion” and is an
important behavior in providing a quality sightseeing experience. It can be seen that the
commercial attached space of the Kimbell Art Museum is well created, which improves the
tour experience and has the potential for sustainable development [28].

 

Figure 14. Shopping and Dining Places.

4.3. Exhibition Environment Design

The Kimbell Gallery uses 16 unit vaults, two interior courtyards, and three light
wells to bring in outdoor natural light (Figure 15) [29]. This design optimizes the viewing
environment and seamlessly integrates with exhibits, contributing to its prominence among
visitors, second only to functionality [30]. In terms of visitors’ attention, showroom, which
had 4561 comments, was the space with the highest number of comments. In addition,
art exhibition, accounting for 44.52% of the attention, was the core visiting content of the
museum. In terms of temporal connection, “exhibition” was the most stable among various
factors in the object category. Unique activities and exhibitions avoid the off-season of visits
brought about by seasonal changes. In terms of overall connection, “exhibition” in the
object category was the core factor affecting the experience of art museums and was also
the factor most closely associated with “positive emotion”. It can be seen that the Kimbell
Art Museum has a good exhibition environment, and visitors’ attention is paid to proper
places. According to the analysis, exhibition halls can be designed and opened around
the lobby, park, catering area, and workshop to display exhibits of high attention. The
exhibition area is used to presuppose people’s tour paths to improve the overall attention
of visitors to the non-exhibition space [31].
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Figure 15. Exhibition Environment.

4.4. Architecture Appreciation

The Kimbell Art Museum is highly regarded in the field of architectural design. In
terms of visitors’ attention, visitors paid more attention to “construction” “(door, window,
column, etc.) than “architecture” (light and shadow, material, etc.). Different from the
analysis of light processing, spatial prototype, and form selection from a professional
perspective, visitors were more interested in visible architectural elements such as structural
style and decorative details [32]. There was little feedback on the overall appearance and
design logic of the building. In terms of overall connection, the connection between
“construction” and “positive emotion” was stronger than that of “space”. However, in
addition to being closely connected to “collection” and “exhibits”, exhibition was mainly
connected to “space”, and “construction”, “sense of design”, and “space” constituted the
second source of positive emotion for visitors in the museum. It is known that visitors are
more sensitive to visible design elements in the process of visiting, and it is easier to obtain
satisfaction through visible design elements. Therefore, formal and visible design should
be properly retained in architectural details. Moreover, the frequency of “photography”
behavior in the interior of buildings is low, and visitors are more inclined to perceive these
buildings with their eyes. It can be considered that by combining with the building itself,
an appropriate photography space can be created to guide visitors’ attention to the building
itself [33].

4.5. Landscape Design

The Kimbell Art Museum has a large landscape. (Figure 16) The construction area of
the Kimbell Art Museum (9982 square meters) is similar to the landscape area (8600 square
meters), but in terms of visitors’ attention to the landscape, the visitors’ attention was
the lowest among those in the object category. In terms of temporal connection, visitors’
evaluation of the landscape had an obvious peak in August, and August was the only
month in which the rising trend of family visitors was higher than that of individual
visitors. In terms of spatial evaluation intensity, the overall area of “landscape” was the
largest, but the evaluation ratio was the lowest in the open space facing visitors. In terms
of overall connection, only 3.5% of visitors’ shared experiences of walking took place in
the landscape. Among the 145 walking behaviors in the behavioral data, only 5 walking
behaviors were directly connected with the landscape, and the landscape evaluations of
“lawn”, “sky”, “trees”, and “surrounding environment” were marginalized in the whole
evaluation network. It can be seen that the spatial evaluation degree of the “landscape”
area was very low, the temporal connection was strong, and it had almost no correlation
with other behaviors such as exhibits and dining. The modernist landscape design effect
of the Kimbell Art Museum failed to make good use of the advantages of the area, and its
attraction to visitors is relatively weak. Food and beverage activities, commercial spaces,
and exhibitions can be considered to break through the seasonal limitations and enhance
the vitality of the landscape area.
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Figure 16. Landscape of the Kimbell Art Museum.

5. Application Prospect

Big data mining technology and a semantic analysis concept are adopted in this study
to establish an effective evaluation framework for the use of buildings and their landscapes
(Figure 17), which has a broad application prospect.

Figure 17. System of Analytical Methods for the Architecture Environment.

In terms of the pertinence of questions and the uniqueness of perspectives, the evalua-
tion core of the traditional evaluation method has changed from the objective environment
of buildings and preset questions of investigators to the spontaneous experience of visitors
who have actually been to buildings. At the same time, it uses the rich diversity of big data
to introduce a complex “multi-cause and multi-effect” investigation mechanism, which is
different from the traditional evaluation method, which is dominated by accurate single
evaluation. A mechanism is studied with the following characteristics: it has a change from
structural to open and from top–down to bottom–top; it makes up for the shortcomings of
soft experience and the spontaneity of visitors in traditional evaluation methods. It plays a
specific role from a variety of design contents (objects) to a variety of design evaluation
indexes (behavior and emotion) in massive data.

In terms of the scientificity of the method and the applicability of the object, the data
source based on the subjective text evaluation on the network is more real and cumulative
in both time and space [34]. It can cross geographical and time barriers and improve the
efficiency of data collection and analysis. As computer technology can reduce labor time
and speed up the research process, it can be applied to the built environment assessment
of any public buildings with big data accumulation, especially libraries, shopping malls,
exhibition centers, railway stations, etc., which have high exposure. Buildings such as
the Kimbell Art Museum are public structures with inherent functionality, indoor spaces,
and outdoor vistas. Visitor assessments pinpoint the connection between visitor activi-
ties and these components, enabling precise modifications. In different types of spaces,
researchers can adjust the subitems in a macro category to form a new evaluation system to
focus on spatial pain points and find usage problems to obtain systematic evaluation and
design strategies.

By establishing the connection and continuous logic between the complex network
data and the actual space use phenomenon, the semantic network technology quantita-
tive analysis text, which has the advantages of large data volume, good accumulation,
strong diversity, and high spontaneity, can be systematically applied to the post-occupancy
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evaluation of public buildings. It can improve the comprehensiveness and accuracy of
the evaluation system and make the evaluation scope wider and deeper. The method of
identifying problems from data and transforming them into design guidance is applied to
provide more objective, detailed, and in-depth guiding value and theoretical support for
the current demand analysis of public buildings and the future development trend.
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Abstract: Urban green spaces (UGSs) play a significant role in promoting public health by facilitating
outdoor activities, but issues of spatial and socioeconomic inequality within UGSs have drawn
increasing attention. However, current methods for assessing UGS inequality still face challenges
such as data acquisition difficulties and low identification accuracy. Taking Harbin as a case study,
this research employs various advanced technologies, including Python data scraping, drone imagery
collection, and Amap API, to gather a diverse range of data on UGSs, including photos, high-
resolution images, and AOI boundaries. Firstly, elements related to physical activity within UGSs
are integrated into a supply adjustment index (SAI), based on which UGSs are classified into three
categories. Then, a supply–demand improved two-step floating catchment area (SD2SFCA) method
is employed to more accurately measure the accessibility of these three types of UGSs. Finally,
using multiple linear regression analysis and Mann–Whitney U tests, socioeconomic inequalities in
UGS accessibility are explored. The results indicate that (1) significant differentiation exists in the
types of UGS services available in various urban areas, with a severe lack of small-scale, low-supply
UGSs; (2) accessibility of all types of UGSs is significantly positively associated with housing prices,
with higher-priced areas demonstrating notably higher accessibility compared to lower-priced ones;
(3) children may be at a disadvantage in accessing UGSs with medium-supply levels. Future planning
efforts need to enhance attention to vulnerable groups. This study underscores the importance of
considering different types of UGSs in inequality assessments and proposes a method that could
serve as a valuable tool for accurately assessing UGS inequality.

Keywords: urban green spaces; physical activity promotion; inequality; multiple data sources;
improved 2SFCA method

1. Introduction

Rapid urbanization in China has brought various challenges to public health, despite
improving people’s living standards. For instance, high urbanization rates may lead to a
decrease in residents’ physical activity levels, indirectly contributing to the onset of various
chronic diseases [1]. Urban green spaces (UGSs) serve as primary spaces for residents’
outdoor physical activities, facilitating such activities through the provision of facilities and
natural environments [2]. Therefore, ensuring that all residents have convenient access to
UGSs is of paramount importance for comprehensively safeguarding their right to health.

Numerous studies have shown that there is inequality in the distribution of UGSs in
urban areas. Research on this inequality primarily focuses on two dimensions: spatial and
social. Spatial inequality of UGSs mainly refers to the mismatch between the distribution
of UGSs in cities and the population [3,4]. Studies conducted in different countries and
cities have revealed diverse spatial inequality patterns and causes [3,5–8]. Contradictions
between construction costs and local finances are one of the main reasons for spatial
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inequality [9]. On the one hand, due to limited urban land resources for UGSs and profit-
driven land allocation policies, UGS construction often lags behind other land uses such as
commercial and residential areas [10]. Considering land prices, UGSs are often forced to be
constructed in low-cost but sparsely populated suburbs [11], resulting in spatial mismatch
with the population. On the other hand, local governments may view UGS construction as
an important means to attract investment and achieve economic growth in urban planning,
potentially leading to an uneven distribution of UGSs across different urban areas and
further exacerbating issues such as gentrification [4,12,13]. From this perspective, how
to optimize the spatial layout of UGSs at a low cost and high efficiency is an important
challenge in addressing spatial inequality in UGSs.

The unreasonable distribution of UGSs may further result in unequal distribution
among different social groups, namely, the socioeconomic inequality of UGSs [3,14]. Nu-
merous studies have shown that there is inequality in access to UGSs among different
income groups [12], races [14,15], and occupations [16]. Much of the research has focused on
income-based UGS inequality, with lower-income groups often having fewer opportunities
to access UGSs [7,12]. Particularly in developing countries like China, UGSs significantly
influence housing prices in communities, making it difficult for lower-income groups to
afford high-quality living environments and thus excluding them. Additionally, there is
growing attention toward UGS inequality among different age groups. Due to physical
limitations, children and the elderly are more vulnerable to environmental threats [17]. On
one hand, issues like obesity, anxiety, and depression pose potential threats to children’s
mental and physical health, which could be mitigated by access to UGSs [18,19]. On the
other hand, with urban areas facing an increasingly aging population, the elderly become
an important user group of UGSs [20]. Access to UGSs is crucial for reducing the incidence
of certain diseases and enhancing the well-being of the elderly [20,21].

In order to propose reasonable planning strategies, comprehensive assessments of
inequality need to be conducted based on multiple spatial data sources using various
models and analysis techniques. Recent studies have begun to utilize more advanced
technologies to facilitate data acquisition and enhance the accuracy of results. Firstly,
Python scripting proves to be a useful tool for efficiently gathering large volumes of data
in a short time and has been widely employed in UGS-related research. For example, Liu
et al. [22] conducted a cross-cultural comparison of UGS perceived quality using social
media data collected through Python. Similarly, Zhang et al. [22] employed Python-based
image data collection to assess UGS quality and measure accessibility. Secondly, real-time
navigation and route planning have become valuable tools for obtaining accurate travel
time data. For instance, Zhang et al. [23] utilized web service APIs from the Amap open
platform to collect and analyze travel time data using Python scripts. Chen et al. [7]
developed a method for measuring accessibility based on the Amap API, enabling a more
precise assessment of UGS accessibility in Shanghai. Furthermore, unmanned aerial vehicle
(UAV) observation technology has been employed in studies such as vegetation surveys
and green roof observations [24,25], demonstrating significant potential for obtaining
high-resolution images to accurately identify UGS structures.

Regarding assessment methods, the spatial inequality of UGSs is typically charac-
terized using accessibility, which measures the opportunity for residents to access public
service facilities. The two-step floating catchment area (2SFCA) method [26,27] is a com-
monly used accessibility measurement model, considering both facility supply and demand
size as well as travel distance costs, and has been widely applied in recent research. Schol-
ars have proposed several improved models to enhance the accuracy of results, including
measurements of distance attenuation effects [3], improvements to fixed catchment ar-
eas [28,29], and enhancements to fixed transportation modes [30,31]. Additionally, other
scholars have taken into account the competitive effects among multiple facilities. Prior to
the 2SFCA method, they introduced the calculation of selection weights, resulting in the
3SFCA method [32]. Furthermore, Luo [33] considered the service capacity of facilities and
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distance costs. They introduced the Huff model [34] to further optimize the calculation
method of selection weights, resulting in the H2SFCA method.

While considerable progress has been made in studying the inequality of UGSs,
there are still some shortcomings in existing research. Firstly, there is limited research
focusing on the assessment of accessibility to different types of UGSs. In fact, UGSs, based
on differences in internal structure, have varying construction costs and may provide
differentiated service functions. A precise assessment of accessibility to different types of
UGSs can help to identify the types of services lacking in different areas, thereby achieving
low-cost and high-efficiency layout optimization. Secondly, existing 2SFCA models still
have several shortcomings: (1) the measurement of UGS supply scale only uses area as a
measure, without considering the internal structural elements of UGSs, which may lead
to inaccurate measurements of accessibility; (2) existing 3SFCA and H2SFCA models also
overlook the impact of UGS structural elements on the calculation of resident selection
weights; (3) the use of distance measurement ignores the travel speed of residents when
using different modes of transportation; (4) typically, the centroid of a UGS is used as the
supply point, ignoring the distance between the centroid of a larger-scale UGS and its
entrance. Finally, there is limited research on the association between accessibility and
urban spatial structure factors [8]. More in-depth research is needed to explain the causes
of accessibility from multiple perspectives.

To address these shortcomings, this study first obtained basic data using advanced
technologies such as Python scripting, UAV imagery acquisition, and the Amap API. Then,
the 2SFCA model was improved from both supply and demand aspects, and spatial and
socioeconomic inequalities of different types of UGSs were assessed separately (Figure 1). In
conclusion, this study aims to provide feasible solutions for mitigating UGS inequality at a
low cost and high efficiency through more accurate assessment methods of UGS inequality.

Figure 1. Research framework diagram.

2. Materials and Methods

2.1. Study Area

Harbin, located in northeastern China, is a significant large-scale industrial city in the
country. This study selected the main urban area of Harbin as the research area (Figure 2).
There are several reasons for this selection. Firstly, compared to surrounding areas, the
main urban area has relatively complete urban planning and construction. It concentrates a
significant number of UGS resources in the region with a high population density, making
it highly meaningful for studying UGS accessibility. Second, existing UGSs in this area
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exhibit significant differences in scale and internal structure, aligning with the objectives of
our study.

Figure 2. Study area.

2.2. Data Sources and Processing
2.2.1. UGS Boundary and Entrance Data

UGS boundary and entrance data were obtained from the Amap Open Platform
(https://lbs.amap.com/, accessed on 2 April 2023). UGSs selected for this study met the
following criteria: (1) had a certain area of hard surface available for activities, (2) had
any type of vegetation, and (3) were free and open to the public. A total of 133 UGS areas
were identified within the study area, including parks, greenways, and some greened plaza
areas. We developed a Python program to collect the AOI boundary data of UGSs based on
the Amap Open Platform API.

High-resolution satellite images of Harbin city were obtained from LocaSpaceViewer
(LSV) (using Google Maps 2022 edition) and used as a base map. The entrances of each UGS
were manually extracted on the ArcGIS platform. This was carried out because larger UGSs
may have multiple entrances, and the distances between these entrances and the centroid
can be considerable. This approach improves the accuracy of travel time calculations.
For UGSs without clearly defined entrances (such as squares), the centroid was used as a
representative supply point.

2.2.2. Web Photos and High-Resolution Aerial Imagery of UGSs

Web photos were sourced from Baidu Images and Dianping.com, accessed on 22 June
2023. A Python program was used to batch collect UGS photos, totaling 5425 images. For
street corner parks, waterfront green spaces, and other areas without image sources, images
were obtained from Baidu Street View.

Imagery data were obtained from high-resolution images captured by unmanned
aerial vehicles (UAVs) in June 2023. After the UAVs autonomously flew and captured
images according to programmed routes, the images were manually stitched together.
The resulting image data will be used to assess the types and quantities of plants and
water features within each UGS. In compliance with China’s Interim Measures for the
Administration of Unmanned Aerial Vehicles, flight permits were not obtained for certain
residential, commercial, and industrial areas within the main urban area. For UGSs in these
areas, manual identification and assessment were conducted based on Google satellite
imagery and street view maps.
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2.2.3. Population Data

Block-level analysis units were used in this study instead of administrative districts,
facilitating the exploration of micro-level distribution patterns of UGS accessibility and
more accurately identifying underserved areas. Basic population data were derived from
the 7th National Population Census data (street-level) from 2020. Housing estate data for
Harbin City (as of April 2023) were obtained from the Anjuke website (https://www.anjuke.
com/, accessed on 6 April 2023) using Python. Utilizing housing estate data as auxiliary
information, the population data at the subdistrict level were spatialized to the block
units based on the proportion of total households within blocks to the total households
within subdistricts.

2.2.4. Road Network and Travel Time Data

Road network data were sourced from the OpenStreetMap (OSM) platform. Walk-
ing was selected as the mode of travel in this study, as it is the most common mode of
transportation for residents. Walking time was used instead of walking distance to more
accurately reflect the real impedance between supply points and demand points. The Amap
Web Service provides a routing API that offers walking, public transportation, driving
query, and distance calculation interfaces in HTTP format. This method provides optional
routes and travel times based on real-time traffic conditions, road networks, and modes of
transportation [7]. Leveraging this functionality, walking time data from the starting point
(block centroid) to the destination (UGS entrance) were obtained.

2.3. A UGS Supply Adjustment Index (SAI) Considering Physical Activity Promotion Function
2.3.1. Evaluation Framework of SAI

This study primarily considered the physical activity promotion function of UGSs
and utilized a supply adjustment index (SAI) to adjust the calculation process of supply
size. The evaluation index was derived from summarizing various urban green space
quality evaluation tools [22,35–38] and previous literature on UGS impact on physical
activity (Table 1). It mainly includes three indicator dimensions: facilities [2,39,40], natural
environment [41,42], and safety [43,44], as well as nine assessment indicators such as
walking trails, physical activity facilities, and recreational facilities. Among these, footpaths
and sports facilities are essential prerequisites for promoting physical activity [2,39], while
an adequate provision of leisure facilities, vegetation, and water features can indirectly
attract residents to engage in physical activity within UGSs [2]. Additionally, sufficient
safety conditions are an effective guarantee for physical activity [2,45].

Table 1. Evaluation indicator system of SAI based on multiple data sources.

Dimension Element Description Scoring Method

Facility Conditions
Walkways Pathways for slow walking in the park Existence score
Sports facilities Fitness areas, dance squares, basketball courts, etc. Category count
Leisure facilities Cafes, pergolas, umbrella seats, etc. Category count

Natural Conditions
Vegetation Lawns, dense forests, sparse forests, tree arrays, etc. Category count
Water features Fountains, streams, artificial lakes, etc. Category count

Safety Conditions

Barrier-free facilities Ramps, tactile paving, etc. Existence score
Lighting facilities Ground lights, street lights, etc. Existence score
Traffic Separation of pedestrians and vehicles Existence score
Security measures Surveillance cameras, security personnel, etc. Existence score

Total Score \ \ Sum of all scores

For each indicator, two scoring methods were adopted: existence score (1 point if the
content exists, 0 points otherwise) and category count (1–3 points if 1–3 types exist, 4 points
if 4 or more types exist, and 0 points otherwise). Three staff members simultaneously
observed UGS photos and evaluated and scored them based on the evaluation indicators.
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For each indicator of each UGS, the average score of all staff members’ scores was taken as
the final score for that indicator. After scoring, the scores of indicators in each dimension
were summed to obtain the total quality score for each park. The ratio of the total quality
score of each UGS to the total score of all indicators was used as the final SAI.

2.3.2. Classification of UGSs Based on SAI

Based on the SAI, this study categorizes UGSs into three types to reflect the supply
level of elements related to physical activities within UGSs. (1) Low-supply park (LSP;
q ≤ 0.3): these UGS provide fewer types of services and are mainly used for residents’
daily activities nearby. They have advantages such as low construction costs, flexible site
selection, and convenient use. (2) Medium-supply park (MSP; 0.3 < q ≤ 0.6): these green
spaces can offer more diverse functions, such as basketball courts, children’s play facilities,
fitness areas, etc., to meet the needs of different age and interest groups. They have higher
construction and maintenance costs and can serve a larger range of resident activities.
(3) High-supply park (HSP; q > 0.6): these green spaces have the richest functions and
facilities. In addition to basic leisure functions, they may also include larger-scale activity
spaces, such as large sports fields. They have the highest construction and maintenance
costs and may attract a larger range of residents for activities.

It is important to emphasize that the three types of UGSs have different construction
costs and focus on functions. However, this does not mean that UGSs providing fewer
services are inferior to other UGSs. In fact, it is unrealistic to demand that all UGSs provide
rich services in a city with limited resources. The key is to ensure a reasonable spatial
distribution of various types of UGSs. At this level, measuring the accessibility of the three
types of UGSs separately can help to more accurately identify the types of services lacking
in each neighborhood, thereby achieving higher transformation benefits with lower costs
as much as possible.

2.4. The Supply–Demand Improved 2SFCA (SD2SFCA) Method Considering Physical
Activity Promotion
2.4.1. Improvement of Supply Scale

The traditional 2SFCA model uses area to represent the supply scale, which overlooks
the internal components of UGSs and may result in inaccurate measurements of accessibility.
In this study, the calculation method of the supply scale was adjusted based on the SAI of
the UGS. The formula is as follows:

SA
j = Sj ∗ qj

where SA
j is the comprehensive supply scale of UGS j, Sj is the total area of j, and qj is the

supply adjustment index of j.

2.4.2. Improvement of Demand Scale

The traditional 2SFCA model uses population count to represent demand magnitude.
Critics argue that this overlooks the competitive interaction between multiple facilities [32],
as residents may only choose a facility that they find more satisfactory. When a resident’s
demand has been met by a particular facility, it should be subtracted from the overall
demand. Accordingly, Wan et al. [32] introduced the calculation of choice weights before
the 2SFCA method, resulting in the 3SFCA method. Luo [33] considered the service
capacity of facilities and distance costs, introducing the Huff model [34] to further optimize
the calculation of choice weights, resulting in the H2SFCA method. This method has
been shown to reduce overestimation of accessibility and improve result accuracy [46,47].
However, these improvements still do not consider the influence of internal compositional
elements of facility points. Therefore, this study introduces the proposed SAI into the Huff
model to measure residents’ choice weights for supply points. Additionally, the model in
this study uses travel time based on road networks instead of traditional travel distance,
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aiding in a more accurate estimation of travel costs. The formula for calculating choice
weights is as follows:

Probi =
SA
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where Probi is the probability of resident point i choosing park j, tij is the travel time from i
to j, t0 is the time threshold for the specified search range, and G

(
tij, t0

)
is the Gaussian

decay function, with other parameters having the same meanings as above.
Next, centered at each supply point, the total population demand within the catchment

area is calculated, so the supply–demand ratio of j is

Rj =
SA

j

∑k∈{tkj≤t0} ProbiG
(

tkj, t0

)
Dk

where Rj is the ratio of the facility scale at supply point j to the population served within
the search radius (t0) and Dk represents the demand scale at demand point k, represented
by the total population of k, with other parameters having the same meanings as above.

Finally, for each demand point i, search all supply points j within the time threshold
range t0 of i, summing Rj for each demand point, and adjusting the summation process
using the selection probability and Gaussian function, resulting in the accessibility Ai at
point i:

Ai = ∑
j∈{tij≤t0}

ProbiG
(
tij, t0

)
Rj

2.4.3. Improvement on Fixed Travel Time Threshold

Drawing upon previous research, residents may be willing to spend more time trav-
eling to UGSs that offer additional services [28,47]. Conversely, for UGSs with fewer
amenities, residents may incur shorter time costs. Therefore, a variable time threshold was
used instead of the traditional fixed time threshold. The walking time thresholds for LSPs,
MSPs, and HSPs were set to 10 min, 20 min, and 30 min, respectively, to more accurately
reflect residents’ travel behavior preferences.

2.5. Association between Block Characteristics and UGS Accessibility

After analyzing the spatial differences in accessibility, we further aimed to identify the
specific associations between different block characteristics and UGS accessibility. Drawing
on previous research [6,48,49], this study selects eight variables from three dimensions of
block characteristics: population age structure, socioeconomic status, and built environment
features (Table 2).

The selection of these variables is driven by three reasons. Firstly, we consider the
proportion of elderly and adolescent populations in blocks to observe whether they face
UGS inequality, as they are often considered high-demand groups for UGSs. Secondly, we
examine the association between block socioeconomic status and accessibility using average
housing prices. Thirdly, block population density, building density, and green space ratio
represent land use characteristics, while the age of construction of blocks primarily reflects
their relative age, and the distance to the city center reflects block location conditions. These
built environment variables can to some extent reflect the level of urban development and
may further influence UGS accessibility.

Initially, a multiple linear regression model was established, with the eight block
characteristic factors as independent variables and the accessibility of various types of UGSs
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as the dependent variable, to examine potential influencing factors on accessibility from
a global perspective. Subsequently, a focused analysis was conducted on the association
between accessibility and socioeconomic status. Housing prices were divided into four
levels (low, medium-low, medium-high, and high) based on quartiles, and the accessibility
of UGSs and median values of block characteristic variables for each price level were
calculated. The Mann–Whitney U test was then employed to compare the accessibility of
UGSs at different price levels pairwise. Data analysis was conducted using SPSS 21.0 and
Geoda 1.14.0 software.

Table 2. Potential influencing factors of accessibility.

Indicator Variable Explanation

Age Proportion of old people (%) Proportion of population aged 65 and above within each block
Proportion of children (%) Proportion of population aged 16 and below within each block

Socioeconomic
status Housing price Average housing price within each block

Built
environment

features

Population density Total population quantity divided by block area
Building density Building footprint area divided by block area

Greenery rate Total green space area within block divided by block area
Block age (year) Median construction year of residential areas within each block

Distance to the city center Euclidean distance from block centroid to regional center

3. Results

3.1. Classification Results of UGS Based on SAI

Table 3 and Figure 3 present the classification results and spatial distribution of the
133 UGS within the area, respectively. Overall, UGS distribution is dense in the western
part of the city, with a variety of types, while UGSs in the south and east are relatively
sparse. MSPs are the most numerous, accounting for 48.87% of the total, concentrated in
the northeast. LSPs have the fewest numbers, accounting for 24.06%, mostly distributed in
the west and central areas. HSPs are concentrated in the west, followed by the southeast.

Table 3. Calculation results of SAI and classification results statistics.

N Minimum Maximum Mean Sum Std. Devitation

LSP 32 0.14 0.29 0.25 8.00 0.04
MSP 65 0.33 0.52 0.41 26.67 0.07
HSP 36 0.67 0.90 0.70 25.19 0.09

Figure 3. Spatial distribution of three types of UGSs.
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3.2. Measurement Results of UGS Accessibility
3.2.1. Differences in Accessibility of Three Types of UGSs

Figure 4 illustrates the accessibility of overall UGSs (OP) as well as the accessibility
results for three different types of UGSs. For the overall UGSs, high accessibility values are
concentrated in the western, riverside, southeastern, and eastern areas within the second
ring road of the city. Accessibility is generally lower in the southern and central parts of the
city. Although these areas have a small number of UGS resources, their overall area and
internal facilities are insufficient to match the higher population demands. Accessibility is
poorest in the eastern outskirts, where obtaining any services is nearly impossible.

Figure 4. Spatial distribution of accessibility to three types of UGSs.

When considering the accessibility of the three types of UGSs separately, the results
show that only about 11.72% of blocks can reach LSPs (Table 4), mainly distributed in the
western and central parts of the city. The proportion of blocks served by MSPs is 62.18%,
with accessibility generally decreasing from the suburbs toward the central urban areas,
with high values concentrated in the western, riverside, and northeastern parts of the city.
HSPs can serve 73.34% of blocks. Their accessibility distribution is more dispersed, with
high values concentrated in the western, riverside areas, eastern, and southeastern parts.

It is evident that the number and distribution of LSPs within the region are severely
unreasonable, and a significant portion of the high values in overall accessibility largely
depend on HSPs. However, the number of HSPs is limited and not sufficient to serve
a wider range of blocks. If only the overall accessibility of UGSs is evaluated, it will be
difficult to identify the specific types of services that blocks truly lack.
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Table 4. Descriptive statistics of UGS accessibility.

Min Max Mean Median
Standard

Devitation
Serviced
Blocks

Serviced
Area/km2

Serviced
Population

LSP 0.00 20.50 0.11 0.00 1.04 127 12.14 390,967
MSP 0.00 98.05 1.60 0.18 4.82 674 95.52 2,553,738
HSP 0.00 193.44 5.25 1.33 13.01 795 110.42 2,965,519
OP 0.00 193.44 6.96 2.37 15.43 940 136.74 3,611,683

3.2.2. Classification of Areas with Inadequate Services

Based on the results of accessibility assessments, further classification of areas with
inadequate services was conducted. Firstly, an overall classification was conducted, as
shown in Figure 5a.

Figure 5. Classification of areas with inadequate services. (a) The overall classification of underserved
areas; (b) Further classification of Class II.

Class I: Represents blocks with no access to any services, accounting for approximately
13.28% of the total. They are mainly distributed in the central, eastern, and southern
suburban areas.

Class II: Represents blocks with access to only one class of UGS service, with relatively
low accessibility, accounting for approximately 19.93% of the total. They are mainly
distributed in the southern region. These blocks have relatively limited access to UGS
classes, which may create significant service pressure and may not meet residents’ diverse
usage preferences. Subclassification of class II results is shown in Figure 5b. Most blocks in
the south can only access HSPs with limited opportunities, and a very small number of
blocks can only access LSPs. In contrast, a few blocks in the east, central, and north can
only access MSPs.

Class III: Represents blocks with access to two or more classes of UGS services, but
with relatively low accessibility. This is mainly due to the limited number of UGS classes,
and the overall supply scale does not match the higher population demand. This class
accounts for approximately 6.83% of the total and is mainly distributed in the southern and
northeastern parts of the city.

3.3. Association between UGS Accessibility and Block Characteristics
3.3.1. Potential Influencing Factors of UGS Accessibility

Table 5 shows that the variance inflation factor (VIF) for each explanatory variable is
less than 7.5, indicating the absence of multicollinearity between variables. For overall UGS
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accessibility, the proportion of elderly population, housing prices, block greenery rate, and
distance to the city center are significantly positively associated with accessibility, while
block population density and construction year are significantly negatively associated
with accessibility.

Table 5. Multiple linear regression results.

Independent Variables VIF
Standardized Coefficient

OP LSP MSP HSP

Proportion of old people 1.352 0.124 *** −0.031 0.150 *** 0.094 **
Proportion of children 1.257 −0.057 −0.019 −0.066 * −0.042

Housing price 1.409 0.378 *** 0.089 * 0.399 *** 0.294 ***
Population density 1.224 −0.113 *** −0.007 −0.083 ** −0.103 ***

Building density 1.470 0.010 −0.059 −0.015 0.022
Greenery rate 1.223 0.14 *** −0.016 0.040 0.152 ***

Block age 1.462 −0.066 * −0.019 −0.022 * −0.069 *
Distance to the city center 1.378 0.283 *** 0.072 * 0.260 *** 0.234 ***

Adjusted R2 - 0.208 0.017 0.168 0.149
p-value of the model - 0.000 0.001 0.000 0.000

Note: * p < 0.05, ** p < 0.01, *** p < 0.001.

When considering different quality levels of UGSs, housing prices and distance to
the city center have stable positive associations with all quality levels of UGSs. The
block greenery rate has a significant positive association with HSP accessibility. Block age
and population density have weak negative associations with MSP and HSP accessibility.
The proportion of elderly population has a significant positive association with MSP
and HSP accessibility, while the proportion of children population has a weak negative
association only with MSPs. The block greenery rate has a significant positive association
with HSP accessibility.

This indicates that children may be at a disadvantage in accessing adequate MSP
services, while the elderly population may have a more matched accessibility to UGSs.
Blocks with higher socioeconomic status, farther distance from the city center, newer
construction age, and lower density are more likely to access UGSs. Blocks with higher
greenery rates are also more likely to access HSPs.

3.3.2. Disparities in UGS Accessibility and Block Characteristics Based on Housing
Price Levels

As shown in Table 6, compared to low-priced blocks, high-priced blocks have a lower
proportion of elderly population and a higher proportion of children population. However,
high-priced blocks exhibit a significantly lower population density and building density.
The construction age of high-priced blocks is also generally later, and they tend to have
higher greenery rates compared to low-priced blocks. Low-priced blocks may generally
be situated farther from the city center. Additionally, the median MSP accessibility in
low-priced blocks is slightly higher than in middle-low-priced blocks. This may be due to
the fact that low-priced blocks are located in areas farther from the city center, where more
UGSs are built, leveraging the surrounding natural resources.

The results of the Mann–Whitney U test in Table 7 indicate significant differences in
the accessibility of MSPs and HSPs between blocks with high housing prices and those
with other housing price levels. The median accessibility of UGSs in blocks with high
housing prices is consistently the highest. Conversely, the accessibility of HSPs in blocks
with low housing prices is significantly lower than that in the other three types of blocks. It
is noteworthy that, although blocks with both high and low housing prices have relatively
high median green coverage rates, the accessibility in blocks with low housing prices is
significantly lower than that in blocks with high housing prices. This could be attributed
to blocks with low housing prices having many underutilized potential UGSs, such as
affiliated green spaces and protective green spaces.
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Table 6. Block characteristics variables statistics based on housing price levels.

(a) Low (b) Low-Middle (c) Middle-High (d) High

Proportion of old people (%) 24.55 25.30 25.18 19.72
Proportion of children (%) 9.29 9.11 9.07 11.29

Population density (person/km2) 27,726 42,947 33,893 25,941
Building density 0.49 0.52 0.53 0.38

Greenery rate 0.13 0.10 0.10 0.13
Block age (year) 23 25 24 18

Distance to the city center (m) 6836.77 4716.20 4179.25 5173.10

Table 7. Mann–Whitney U test results for UGS accessibility based on housing price levels.

LSP MSP HSP OP

(a) Low 0.00 (d **) 0.15 (d ***) 0.55 (b */c **/d ***) 1.65 (c */d ***)
(b) Low-middle 0.00 (d **) 0.10 (d ***) 0.85 (a */d ***) 2.21 (d ***)
(c) Middle-high 0.00 0.17 (d **) 0.86 (a **/d ***) 2.48 (a */d ***)
(d) High 0.00 (a/b **) 0.43 (a ***/b ***/c **) 1.30 (a/b/c ***) 4.47 (a/b/c ***)

Note: * p < 0.05, ** p < 0.01, *** p < 0.001. The letters before the housing price levels denote the group numbers. The
groups with significant differences and their significance levels are indicated in parentheses after each median.

4. Discussion

4.1. Disparities in Types of UGS Services Obtained across Different Regions

The research findings indicate significant differentiation in the types of UGS services
available in different urban areas. Firstly, the western part of the city facilitates access to
various types of UGSs, which aligns with the emphasis on UGS development in newly
developed urban areas. The service availability in the riverside areas is also adequate,
consistent with previous studies [7,8,48], suggesting a universally positive role of proximity
to water bodies in UGS development.

Secondly, most blocks in the eastern suburbs and southeastern parts can only access
HSP services. However, due to the limited number of HSPs, their service coverage is
relatively small. This suggests that the overall accessibility advantage in certain urban areas
may not stem from a variety of green space resources but rather from the local advantages
of a few large-scale UGSs. Additionally, most blocks cannot reach LSPs within the specified
time threshold, and the accessibility level in the southern part of the city is generally poor,
with some blocks only able to access HSP services with low accessibility opportunities.
These phenomena may stem from a planning approach based on average indicators. Due
to the larger scale and diverse service types of HSPs, they can quickly increase the overall
green coverage and per capita green space area in the region to achieve the government’s
expected goals [48]. This creates a “superficial” perception of service adequacy and may
lead planners to overlook other types of UGSs.

These findings highlight a contradiction: whether, with the same expected total
area of UGSs, it is preferable to incrementally increase numerous small-scale UGSs with
lower supply capabilities in a decentralized manner or to concentrate on fewer large-scale
UGSs with higher supply capabilities in a centralized manner. Previous studies have
addressed this issue [12,50], indicating that, compared to geographically concentrating
resources and initiating several rounds of upscale development of large UGSs, focusing on
smaller-scale interventions is more advantageous for UGS equity and can help to prevent
gentrification. This study, from the perspective of different supply capabilities of UGSs,
supports this viewpoint. Firstly, the construction and maintenance costs of HSPs are high,
and they require large land areas as a foundation, which is unrealistic for high-density
urban areas severely lacking in UGSs. Secondly, a single type of UGS may not fully meet
the diverse needs of residents and may impose greater service pressures on HSPs. Studies
have shown that residents prefer to engage in daily activities in smaller UGSs [51,52],
possibly due to the disadvantages of larger UGSs such as crowding and difficulty in
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accessing activity areas. In contrast, LSPs and MSPs have several advantages, including
greater flexibility, ease of encouraging residents to engage in physical activities [53], and
contributing to strengthening community ties [54,55], among others. Therefore, in future
planning, emphasis should be placed on incrementally supplementing more LSPs and
MSPs in a decentralized manner to serve more blocks.

4.2. Association between Block Characteristics and UGS Accessibility

The research results indicate that house prices have a significant positive relationship
with UGS accessibility. Except for low-supply parks (LSPs), which have a relatively limited
accessible range, the median accessibility of various types of UGSs in high-priced blocks
is the highest and significantly different from blocks of other price levels. This supports
previous views [7,12], indicating significant socioeconomic inequality in UGS accessibility.
This may be because high-income groups are generally willing to pay high costs for a
better living environment [56] and have more opportunities to participate in decision-
making processes related to their interests [57]. This may increase the housing prices in
surrounding blocks [58], leading to significant segregation in accessing UGS services for
low-income groups.

Similar to previous studies, this research also highlights differences in accessing
UGSs between the elderly and children [16,22,49]. Areas with a higher proportion of
children may exhibit lower accessibility to MSPs, while areas with a higher proportion
of elderly residents may have higher accessibility to both MSPs and HSPs. This could
be attributed to two factors. Firstly, families with children may choose to reside in older
urban areas, which offer abundant commercial and educational resources [49], but lower
UGS accessibility. Secondly, with the large-scale industrial transformation in China, the
middle-aged and young unemployed population in old industrial areas are forced to
migrate elsewhere, leading to an increase in aging population. However, measures such as
industrial land replacement and renovation of old communities have also increased green
spaces. Therefore, the elderly population may inadvertently benefit from access to urban
parks [49].

Urban spatial structural factors partially explain the inequality of UGSs. Areas with
high housing prices generally have later construction times and characteristics of low
density and high green coverage. This partially explains the accessibility differences
between new and old urban areas. New areas have better conditions for UGS construction,
while old areas did not emphasize the importance of UGSs in the early stages and lacked
comprehensive construction regulations, making it difficult to retrospectively increase
UGSs in already built-up areas. However, this planning approach overlooks the lower
population demand in new areas, leading to an increase in housing prices in these areas.
Consequently, a large number of UGSs are overly concentrated in certain areas, exacerbating
spatial inequality in UGSs and creating significant disadvantages for low-income groups in
accessing UGSs.

4.3. Urban Planning and Policy Implications

Firstly, research on UGS spatial inequality should not only focus on areas lacking
services but also consider the differences in UGS service types obtained in different areas.
For example, the lower accessibility in the central urban area is due to the severe shortage
of UGS supply, requiring prioritized expansion of the UGS total area. In contrast, for some
blocks in the southern region, a more reasonable approach than continuing to increase
HSPs is to add more LSPs and MSPs near these blocks and establish complete connections
with existing HSPs. This can achieve greater benefits at lower costs.

Secondly, in terms of specific renovation strategies, attention should be paid to adopt-
ing stock planning schemes in areas where it is difficult to increase UGSs. There are three
specific recommendations: (i) emphasize avoiding large-scale concentrated development
and focus on small-scale interventions to supplement more LSPs and MSPs to bridge the
gap; (ii) enhance facilities and services in existing LSPs to provide a more diverse range
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of functions to alleviate inequality [35]; (iii) advocate for open neighborhood planning to
maximize the public benefits of closed non-park green spaces [59,60].

Finally, planners should prioritize addressing green inequality issues by actively inter-
vening with policies and allocating funds to safeguard the health rights of low-income and
vulnerable groups. At the same time, attention should be paid to increasing corresponding
UGS service facilities in areas with a higher proportion of children and elderly populations
to meet their specific needs.

5. Conclusions and Future Work

This study’s main contributions are as follows: firstly, we utilized advanced data
collection techniques, including Python data collection, drone image capture, and image
stitching technology. This reduced the difficulty of obtaining data and improved the
accuracy of the research results. Secondly, we considered elements related to physical
activity in the measurement of UGS accessibility and improved the 2SFCA model from
both supply and demand aspects, making the evaluation of accessibility more accurate.
Thirdly, we separately evaluated the accessibility of different types of UGSs, which helps
to formulate more precise planning strategies to ensure the maximization of benefits
with limited construction costs. Fourthly, we evaluated the association between various
urban spatial structure variables and accessibility, further explaining the reasons for UGS
inequality based on previous research.

The conclusions of this study indicate the following: (1) there is significant differen-
tiation in the types of UGS services available in different areas of the city. Government
reliance on a single indicator for planning may lead to a severe lack of small-scale, low-cost
UGSs, which hinders the full satisfaction of residents’ diverse needs. (2) The accessibility
of UGSs is significantly positively influenced by housing prices, with accessibility in high-
priced areas notably higher than in low-priced areas, demonstrating clear socioeconomic
inequality. (3) Children may be at a disadvantage in accessing UGSs, highlighting the need
for future planning to pay greater attention to vulnerable groups.

Several limitations of this research framework must be acknowledged. Firstly, this
study only used objective indicators to evaluate the sports service capacity of UGSs, without
considering residents’ subjective perceptions and needs in the park. In reality, residents’
perceived quality of parks may vary [61] and be related to various factors [62]. Secondly,
different modes of transportation were not considered for the accessibility evaluation of
different types of UGSs. Lastly, due to the limitations of micro-data acquisition, the unequal
differences in various vulnerable groups have not been further studied. Future research
should be based on more field investigations, adopting a combination of subjective and
objective data acquisition methods to further improve the reliability of the results.
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Abstract: Ancient canal towns in Jiangnan have become important tourist destinations due to their
unique water town scenery and historical value. Creating a unique tourist image boosts these ancient
towns’ competitive edge in tourism and contributes significantly to their preservation and growth.
The vast amount of data from social media has become an essential source for uncovering tourism
perceptions. This study takes two ancient towns in Shanghai, Zhaojialou and Fengjing, as case study
areas. In order to explore and compare the destination images of the towns, in the perception of
tourists and in official publicity, machine learning approaches like word embedding and K-means
clustering are adopted to process the comments on Sina Weibo and publicity articles, and statistical
analysis and correspondence analysis are used for comparative study. The results reveal the following:
(1) Using k-means clustering, destination perceptions were categorized into 16 groups spanning
three dimensions, “space, activity, and sentiment”, with the most keywords in “activity” and the
fewest in “sentiment”. (2) The perception of tourists often differs significantly from the official
promotional materials. Official promotions place a strong emphasis on shaping the image of ancient
towns based on their historical resources, presenting a more general picture. Tourist perception,
which is fragmented, highlights emerging elements and the experiential activities, along with the
corresponding emotional experiences. (3) Comparing the two towns, Fengjing Ancient Town stands
out, with more diverse tourist perceptions and richer emotional experiences. This underscores the
effectiveness of tourism activities that use space as a media to evoke emotions, surpassing the impact
of the spaces themselves.

Keywords: ancient town; destination image; UGC; DMO; machine learning

1. Introduction

In the 1980s, the emergence of tourism in Zhouzhuang marked the genesis of ancient
town tourism in the country [1]. For all ancient towns, tourism development presents
a vital opportunity to strike a balance between preserving historical culture and foster-
ing socio-economic growth. Nevertheless, due to the shared historical backgrounds in
the Jiangnan region, issues such as homogenization, superficiality, and theatricality have
surfaced within the development models of ancient towns. This has led to a noticeable
uniformity in the imagery of various Jiangnan ancient towns. However, these issues seem
to be overly generalized. Each ancient town merits a more profound examination, as they
may not be entirely similar to one another. Furthermore, it is essential to consider how
different stakeholders perceive these towns. Research on destination images has emerged
as an approach to delve into more nuanced and comprehensive depictions, facilitating a
deeper understanding of ancient towns. This, in turn, paves the way for tailored develop-
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ment strategies for ancient towns to enhance their allure and competitiveness within the
tourism industry.

A destination’s image is directly correlated with marketing, branding, and tourists’
willingness to choose a destination [2,3]. Research on destination image is instrumental
in understanding tourist preferences, leading to a continuous enhancement of tourism
product quality. This approach enables a destination to stand out from competitors in the
competitive landscape, elevating its ecological niche within the market [4,5]. Destination
images are often derived from two primary sources. One of these sources is the destination
marketing organization (DMO), which utilizes marketing and advertising strategies to
craft the image of the destination [6]. The second source is tourists, who convey their
perceptions of the tourism destination through platforms such as social media, travelogues,
or by communicating with others, resulting in a destination image based on user-generated
content (UGC). While there are differences in how DMOs and UGC shape the destination
image [7], both significantly impact the choices of tourists of destinations and decisions
regarding travel behaviors [8]. The rapid advancement of information and communication
technologies has shifted the focus of the tourism industry from traditional markets towards
a digitally driven marketplace [3]. In addition to traditional printed materials, DMOs
have started utilizing the internet as a means of promotion. Tourists increasingly share
information and their tourism experiences on public platforms. UGC primarily originates
from platforms such as Facebook, Instagram, Twitter, and Flickr [9], as well as platforms
in mainland China like Sina Weibo, tourism websites, and Red. With the aid of social
media platforms, both UGC- and DMO-crafted destination images have achieved broader
dissemination, enhancing their impact on potential tourists.

The higher the overlap between the destination image shaped by the DMO and the
image perceived by tourists, the more advantageous it is for the development of the des-
tination [10]. This is because tourists expect DMO promotions to align with authentic
travel experiences and are not receptive to “fake events”, where the DMO promotes the
destination image with purpose but not in a truthful manner [3,11]. While the significance
of maintaining a consistent destination image between DMO and UGC has been empha-
sized, it is noteworthy that existing research on destination images often concentrates on
individual stakeholders, rather than facilitating a comparative analysis that juxtaposes
DMO and UGC [12–15]. Furthermore, research that systematically examines the disparities
between DMO and UGC in both destinations remains scarce. To close the research gaps
aforementioned, this study takes Fengjing and Zhaojialou ancient towns in Shanghai as case
study areas and employs a content analysis of web text to address two research questions:
(1) What is the level of alignment between tourists’ perceptions of the ancient town destina-
tion image and the official promotional image? (2) Regarding different ancient towns, does
the alignment between UGC and DMO destination images exhibit similarities? This study
contributes to methodological advancements by employing machine learning techniques.
By outlining textual content analysis, this research contributes to helping tourism marketers
reflect on the balance between DMO and UGC and optimize the storytelling within their
DMO content.

2. Literature Review

John Hunt, Edward Mayo, and Clare Gunn initiated research on destination image in
the 1970s [16]. Early research methods for the perception of destination image, such as ques-
tionnaires, lacked reliable theoretical foundations, and the accuracy of data collection was
often questioned. Additionally, comparability between different scales or questionnaires
was lacking [17,18]. In the 1990s and beyond, more complex quantitative analysis methods
emerged by means of the advanced state of destination image theory [17]. However, the
strong preference for quantitative analysis led to a trend towards structured research, which
in turn resulted in the overlooking of the unique characteristics of tourism destinations, and
there was an incline in research perspectives—out of the 142 publications on destination im-
age from 1972 to 2000, approximately 80% of the research focused on tourists, while studies
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involving other stakeholders of destinations, such as DMO and local residents, accounted
for only 2% of the research [16]. Traditional content analysis methods in destination image
research have relied on sources such as interviews and questionnaires with tourists, literary
works, and audiovisual materials featuring destinations. These sources often have a limited
amount of data, which makes it challenging to explore the evolution of destination images
over longer time spans. As global tourism and the internet have developed, destination
image research since the year 2000 has not only increased its focus on other stakeholders
but has also transformed data source selection. In the era of the internet, online data content
offers a rich and abundant source of information, covering longer periods. This has become
a crucial aspect of contemporary destination image research. Internet data, particularly
online text, has become a prevalent and valuable data source for studying destination
images due to its accessibility and scale [10,19–21].

Zhang and Zhang (2009) extracted the top 60 high-frequency words from online
reviews of the Chenshan Botanic Garden in Shanghai, and they found that the most
frequently mentioned element across 16 categories was the sentimental experience [22].
When there is a need to process larger volumes of data, machine learning emerges as
a powerful strategy for effectively handling and interpreting substantial datasets [3,23],
potentially leading to the discovery of more intriguing results. Koblet and Purves (2020)
collected over 7000 tourist reviews of England’s Lake District National Park and processed
the reviews using machine learning methods, and they found that many fresh experiences
reported by users cannot be found in the underlying data [24]. Song et al. (2021) employed
machine learning approaches to analyze over 20,000 tourist reviews of the Las Vegas Strip,
which revealed that, despite the Las Vegas Strip boasting numerous world-renowned
hotels, casinos, and resort properties that symbolize the area, most visitors expressed
dissatisfaction with staying exclusively in their own hotel. Instead, they preferred to
explore various locations on foot to experience a variety of attractions [25]. This result
highlights a discrepancy between the conventional image of a destination and how tourists
perceive it. Költringer and Dickinger (2015) utilized a web content mining approach to
analyze three different sources of data, including UGC, DMO, and media, and this study
concluded that UGC contains the most diverse information compared with DMO and
media, and the content of UGC does not conform to the image DMO conveyed [10].

Research methods for studying the destination image of ancient towns primarily
encompass traditional approaches such as interviews, questionnaires, visitor-employed
photography (VEP), and textual analysis of tourist comments. The analyzed data volume
remains limited, and the involvement of machine learning has not happened yet. Zhang
et al. (2019) utilized a combination of questionnaires and photo-elicitation interviews to
analyze the different perceptions of destination image in Tongli from tourists and residents,
and their results showed that tourists’ perceptions of architecture, streets, and lanes were
higher than local residents’, while the perception of historical and cultural elements was
lower [26]. Tan et al. (2018) conducted a text classification and frequency analysis on Weibo
data and concluded that tourists’ perceptions of Zhaojialou were primarily focused on
food [27]. Xu et al. (2017) analyzed photos taken by tourists and found that tourists exhib-
ited a stronger perception of ancient bridges and residential buildings, which validated the
effectiveness of the promotional efforts of DMO [28]. Dong and Xu (2017) compared tourist
photos from Mafengwo with official pictures of Fengjing ancient town. They concluded that
tourist photos placed more emphasis on activities and details, showing minimal influence
from official imagery [29]. They argued that this finding contradicted Urry’s “hermeneutic
circle”. In fact, Urry and Larsen (2011) acknowledged that the hermeneutic circle is an
oversimplified explanation, and that tourist photos possess the capability to shape a new
destination image, rather than replicating photos promoted by DMO [30]. Previous studies
of Fengjing and Zhaojialou ancient towns lacked the involvement of machine learning,
leading to limitations in data volume. While some research has compared the UGC and
DMO of Fengjing, their analysis was primarily based on photographs, which often exclude
experiential aspects beyond visual elements [30]. This may impose certain limitations. In
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contrast, the analysis of textual content could yield a different result. Therefore, this study
takes a different approach by analyzing online comments and integrating machine learning.
It aims to explore the perception of destination image in both ancient towns and investigate
the discrepancies between tourist perceptions and DMO representations.

3. Methods

3.1. Case Study Area

In this study, Fengjing Ancient Town and Zhaojialou Ancient Town in Shanghai were
selected as the case study areas (Figure 1). Although the two towns are located in the
same city, Shanghai, there are differences in their geographic locations, historical and
cultural backgrounds, and patterns of development. Fengjing Ancient Town retains the
typical style of a water town, and is located in the southwest corner of Shanghai and the
northwest corner of Jinshan District, which is the junction of Shanghai and Zhejiang; it is
characterized by the regional culture of “Wu gen Yue Jiao” and was listed in the first batch
of “China’s historic and cultural villages” and the first batch of historic and cultural villages
of Shanghai in 2005 [31]. Zhaojialou is located in Gexin Village of Pujiang Town, Minhang
District, Shanghai, which is the origin of the cultivation culture in Shanghai. Zhaojialou
retains many buildings from the Ming and Qing Dynasties and was recognized as one of
“China’s historic and cultural villages” in 2014.

 

Figure 1. Geographical location of Fengjing and Zhaojialou (source: authors).

This study comprises four sources of a dataset encompassing UGC and DMO data
from Fengjing Ancient Town (FJ) and Zhaojialou Ancient Town (ZJL). Regarding UGC
data, the study employed keyword searches for the two towns to retrieve Sina Weibo
hashtag check-in comment data spanning from 2010 to 2020. For Fengjing ancient town,
the original textual data (FJ-UGC) consisted of 10,619 comments, while Zhaojialou ancient
town (ZJL-UGC) had 11,485. The study primarily employed a content analysis of the
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comments to establish tourists’ perceptions of the destination image. Due to the absence
of an official website for Zhaojialou, the study employed the Shanghai Cultural Tourism
Promotion Website and three widely used tourism websites (Ctrip, Qunar, and Tuniu) to
source official introduction articles for both ancient towns as DMO data. The DMO data for
Fengjing (FJ-DMO) comprised five articles, and Zhaojialou (ZJL-DMO) consisted of four
articles. All of the text materials consisted of Mandarin Chinese characters.

3.2. Data Processing

Text data were processed according to Figure 2.

 

Figure 2. Route of data processing.

3.2.1. High-Frequency Keyword Extraction

The most frequently mentioned keywords in the comments, known as high-frequency
keywords, represented the main points of tourists’ attention and reflected their attitudes
towards the destination [20]. Extracting high-frequency keywords involves three steps:
data cleaning, tokenization, and statistics.

Blank comments and irrelevant content such as items only containing phrases like
“share pictures”, “I am at” in UGC data were removed. Additionally, duplicate comments
were eliminated. As a result, the remaining comments of FJ-UGC were 9333, and ZJL-
UGC had 10,716. Using regular expressions, only pure textual content without URLs and
punctuation remained in both UGC and DMO data.

Jieba is a widely used Chinese text processing toolkit that is capable of segmenting
text into words [23]. In this study, a user dictionary relevant to the ancient towns and a
stop word dictionary including common pronouns, conjunctions, and unnecessary internet
jargon were established. The UGC and DMO data, which had undergone data cleaning,
were then subjected to tokenization using Jieba (github.com/fxsjy/jieba(accessed on 15
January 2022)). Word segmentation was performed multiple times due to Chinese words
being composed of individual characters, which is different from English words. Many
words identified during the initial segmentation, which needed to be excluded, were not
present in the initial stop word dictionary. Additionally, some words are valuable and
should be considered for inclusion in the user dictionary. The final segmentation results
were established after refining the stop word dictionary and user dictionary.

Considering the disparity in data size between UGC and the DMO, distinct frequency
thresholds were applied: keywords with a frequency greater than or equal to 5 for UGC
and those with a frequency greater than or equal to 2 for DMO were selected for further
analysis. Despite UGC data containing over 300,000 characters, significantly more than
the 15,000 characters in DMO content, it is noteworthy that UGC offers limited valuable
information, resulting in the exclusion of the majority of its content. DMO data are rela-
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tively stable due to the articles being published by different institutions almost conveying
the same content, whereas UGC exhibits substantial fluctuations that require more data to
obtain more representative results. Moreover, it is worth noting that the presence of intro-
ductions from multiple institutions for both towns is rather scarce. The study has diligently
sought to compile a comprehensive sample of articles released by DMOs. Additionally,
the analysis primarily focuses on comparing percentages rather than absolute values, as
this approach provides a more comparable perspective. Table 1 presents the count of the
keywords finally selected and the corresponding frequency from the four data sources.

Table 1. High frequency keywords.

Source FJ-UGC ZJL-UGC FJ-DMO ZJL-DMO

Number of keywords
Frequency

641
9555

714
13,819

167
524

141
748

3.2.2. Keyword Classification

Content analysis is not simply a word frequency count but a reasonable way of classi-
fying the data [32]. This study harnesses clustering algorithms to categorize keywords. On
the one hand, the substantial volume of UGC data lends itself well to the application of ma-
chine learning in clustering analysis. On the other hand, employing a unified classification
facilitates a horizontal comparison between UGC and DMO data. Consequently, the study
exclusively performed clustering on the UGC data, which was subsequently applied to the
DMO data as well.

(1) Word embedding

To let computers “understand” human language, it is necessary to subject the key-
words to word embedding processing, thereby converting them into word vectors [33]. The
Word2Vec model is one of the most commonly used word embedding techniques [34,35].
After inserting the keywords into the Word2Vec model, corresponding word vectors were
obtained. Following this, a clustering algorithm was applied to process these word vectors,
effectively categorizing the unstructured textual data [20]. In this study, a pre-trained
Word2Vec model released by Tencent AI Lab [36] was utilized to embed keywords and
acquire their respective word vectors. Some of the keywords could not be embedded
in the model due to the absence of corresponding vectors. These words were manually
categorized after the clustering process.

(2) K-means clustering

The study used K-means clustering to cluster the word vectors of FJ-UGC and ZJL-
UGC. The silhouette coefficient was utilized to evaluate the clustering effectiveness and
determine the optimal number of clusters in the K-means clustering [37]. The research
discovered that the ideal k values for FJ-UGC were 21 and 24, while for ZJL-UGC, the
optimal k values were 8 and 15 (Table 2). To ensure a consistent classification standard for
the keywords of both ancient towns, the study initially chose the closest numbers, 21 and
15, as the initial cluster numbers for the keywords of Fengjing and Zhaojialou. This number
was later unified based on human judgment.

(3) Categories of keywords

The unification of the UGC keyword classification for both datasets was carried out
through manual judgment, guided by the principle that “each category contains only a
set of keywords with the same meaning or connotation” [38] and that “each category is
distinct” [39]. Adjectives related to emotions were categorized into positive, neutral, and
negative sentiments based on the Gooseeker platform’s (gooseeker.com (accessed on 13
January 2022)) sentiment corpus. Based on this, the clustering results of the UGC data for
both ancient towns were unified. Categories and keywords without actual significance
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were omitted. This led to the development of a comprehensive classification method that
includes sixteen categories under three dimensions (Table 3).

Table 2. Silhouette score of k-means cluster.

K-means model of FJ-UGC

Cluster number 10 15 20 21 24 25 30
Silhouette score 0.06210957 0.06513383 0.06720589 0.072402 0.072835 0.06117635 0.06356114

K-means model of ZJL-UGC

Cluster number 5 8 10 15 20 25 30
Silhouette score 0.0690023 0.075108 0.05928351 0.075067 0.05729202 0.06224708 0.06160499

Table 3. Categories with descriptions.

Dimension Category Description

Space

Architectural Space Enclosed spaces for various activities, such as shumai shops, restaurants, bars, etc.

Gathering Space Open spaces like markets, squares, ticket booths, and parking lots, where people
gather or stay

Street Space Old streets, streets, alleys, lanes, streets, etc.

Waterfront Space Areas near rivers or formed by rivers, such as riverbanks, rivers, and both sides of
the river

Landmark Space Clearly defined landmarks or buildings, like Zhihe Bridge, Heping Street, Wuyou
Xian

Activity

Time Specific time periods like months, days of the week, times of day, holidays,
weekends

External traffic Modes of transportation such as buses, subways, driving
Individual behavior Day trips, sightseeing, rest, tourist activities.
History and culture Indicating the origin or customs of ancient towns, or art and things related to it

Nature Climate, weather, animals, plants, atmosphere, etc.

Artificial Human-related elements like small bridges, flowing water, houses, architecture,
folk paintings, bridges

Human Family members, friends, tourists, local people
Food Dishes, cuisines, etc.

Sentiment
Positive Sentiments such as good, like, delicious, happy
Neutral Descriptions such as uncrowded, few people, typical, and commercialized

Negative Sentiments like boring, not good, unfortunate, tired, disappointed, and regretful

3.3. Data Analysis

The statistical analysis calculated the proportion of word frequencies for the three
dimensions and sixteen categories in each data source. Based on the results of the statistical
analysis, a two-sample z-test was conducted using the “statsmodels” library in Python
to ascertain the existence of significant differences between UGC and DMO within each
category. Subsequently, a correspondence analysis was performed on the four sources
of data in order to assess the differences in the perception of the destination image of
the two ancient towns across different data sources. Correspondence analysis allows
multiple datasets to be visualized in a two-dimensional plot, using the spatial arrangement
of data points on the plot to assess the degree of correlation and differences between
variables [10]. In this study, all correspondence analysis plots were generated utilizing the
SPSS 26 software.

4. Results

4.1. Statistical Analysis

The results of the statistical analysis (Table 4) indicate a significant difference in the
categories between DMO and UGC data (Figure 3). Among the top three categories in
both sets of UGC data were “Food”, “Positive”, and “Individual Behavior”. In ZJL-UGC,
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“Food” had the highest proportion (28.74%), while in FJ-UGC, “Positive” was the most
prominent (18.06%). In the DMO data for both towns, the top two categories were “History
and culture” and “Artificial”. However, in FJ-DMO, “Food” (12.60%) ranked third, which
was very close in proportion to the UGC data for Fengjing. In ZJL-DMO, the third-ranked
thematic word was “Architectural Space” (11.72%).

Table 4. Proportion of 16 categories.

Dimension Category
Proportion of Keywords (%)
FJ-UGC ZJL-UGC FJ-DMO ZJL-DMO

Space

Architectural space 1.75 1.58 2.29 11.72
Gathering space 1.31 0.89 4.20 3.56
Street space 0.65 1.10 2.67 2.09
Waterfront space 0.71 0.34 2.48 1.26
Landmark space 1.71 1.61 12.21 10.46
Subtotal 6.12 5.52 23.85 29.08

Activity

Time 8.95 8.13 3.24 1.26
External traffic 1.44 0.96 3.24 0.00
Individual
behavior 16.08 10.45 6.30 9.00

History and
culture 5.78 4.64 24.81 28.03

Nature 9.05 7.01 0.38 0.42
Artificial 4.47 2.79 14.50 20.50
Human 8.85 10.10 4.58 2.51
Food 13.59 28.74 12.60 3.35
Subtotal 68.22 72.82 69.66 65.06

Sentiment
Positive 18.06 15.60 3.63 3.56
Neutral 3.79 2.94 2.86 2.30
Negative 3.81 3.12 0.00 0.00
Subtotal 25.66 21.66 6.49 5.86

Total 100.00 100.00 100.00 100.00

 

Figure 3. Statistical comparison chart of the proportion of keywords in 16 categories.
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Based on the results of the two-sample z-test (Table 5), it is evident that in both Fengjing
and Zhaojialou, there exist distinct differences between UGC and DMO. In Fengjing, all cat-
egories exhibited significant differences between UGC and DMO, except for “Architectural
Space”, “Food”, and “Neutral”. In Zhaojialou, only “Individual behavior” and “Neutral”
did not display significant differences.

Table 5. Two-sample Z test of UGC and DMO proportion of two towns.

Category
Fengjing Zhaojialou

Alpha
Z-Score p-Value Z-Score p-Value

Architectural space −0.9157 0.3598 −15.8542 0.0000 0.05
Gathering space −5.3817 0.0000 −5.8204 0.0000 0.05
Street space −5.1872 0.0000 −2.0148 0.0439 0.05
Waterfront space −4.4471 0.0000 −3.2367 0.0012 0.05
Landmark space −15.7748 0.0000 −13.9305 0.0000 0.05
Time 4.5214 0.0000 5.4801 0.0000 0.05
External traffic −3.2653 0.0011 2.1467 0.0318 0.05
Individual behavior 6.0147 0.0000 1.0235 0.3061 0.05
History and culture −16.8759 0.0000 −22.2088 0.0000 0.05
Nature 6.8923 0.0000 5.6330 0.0000 0.05
Artificial −10.2577 0.0000 −21.0770 0.0000 0.05
Human 3.3908 0.0007 5.4764 0.0000 0.05
Food 0.6475 0.5173 12.1717 0.0000 0.05
Positive 8.5041 0.0000 7.2117 0.0000 0.05
Neutral 1.0885 0.2764 0.8133 0.4160 0.05
Negative 4.5514 0.0000 3.9207 0.0001 0.05

In order to compare the relative changes in proportions of UGC and DMO data
across categories, the study calculated the relative change [(DMO-UGC)/UGC] in DMO
compared to UGC (Figure 4). The results aligned with the findings from the two-sample
z-test, indicating that all five categories within the space dimension showed increases, with
the exception of Architectural Space in Fengjing. This suggests that the DMO primarily
emphasized the promotion of the unique spatial aspects of the ancient towns. However,
tourists appeared to be more focused on the emotional experiences elicited by these spaces,
potentially leading to an oversight of the physical spaces themselves.

For Fengjing ancient town, “Landmark space” exhibited the highest increase in DMO
compared to UGC (6.162 times), followed by “History and culture” (3.293 times) and “Street
space” (3.094 times). On the other hand, all categories in the sentiment dimension in DMO
showed a decrease. The most significant decrease was observed in “Negative”, where
the frequency of the negative keywords in DMO was 0. The second-largest decrease was
“Nature” (−0.958).

For Zhaojialou, “Architectural space” (6.393 times) and “Artificial” (6.359 times)
showed a high increase, followed by “Landmark Space” (5.511 times) and “History and Cul-
ture” (5.044 times). Similar to Fengjing, the “Negative Emotion” category in Zhaojialou’s
DMO data showed one of the largest decreases, which was also because the frequency of
negative keywords was 0 in DMO. Additionally, a significant decrease was observed in the
“Nature” category, which was similarly notable in Fengjing. Another category that showed
a substantial decrease was “External traffic”, as DMO keywords did not include terms
related to reaching the ancient town. Furthermore, “Food” (−0.884) is another category
where DMO differed significantly from UGC.

4.2. Correspondence Analysis

Statistical results were analyzed according to four sources, FJ-UGC, ZJL-UGC, FJ-
DMO, and ZJL-DMO, as well as three dimensions: space, activity, and sentiment (Figure 5).
The results aligned closely with statistical analysis. A stark contrast between UGC and
DMO in both towns was evident, indicating that the perceived tourist destination image in
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the two towns differed significantly from the image portrayed by DMO. Notably, DMOs
emphasized the space dimension, particularly in ZJL-DMO, reflecting the emphasis on
spaces in promoting Zhaojialou. On the other hand, UGC data leaned more towards the
sentiment dimension, particularly in FJ-UGC, indicating the rich emotional experiences
visitors had in Fengjing. While the four sources did not exhibit significant differences in
the activity dimension, it is worth noting that categories in activity dimensions dominated
across all datasets. The following sections will provide a more detailed analysis of the
specific categories within three dimensions.
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Figure 4. Relative change [(DMO − UGC)/UGC] in DMO compared to UGC.

Figure 5. Correspondence analysis map of three dimensions.
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4.2.1. Comparing the Space Dimension and Its Categories

The statistical results indicate that in the space dimension, DMO, in comparison to
UGC, exhibited a significant increase in the proportion of categories. This increase was
obvious in “Landmark space”. For instance, in Fengjing, landmarks like Zhihe Bridge,
Nandajie Street, and Heping Street are highlighted, while in Zhaojialou, Mei Garden, Li
Garden, and Li Geng Hall are emphasized. The “Landmark Space” is positioned closer to
the two DMOs in the correspondence analysis (Figures 6 and 7).

Figure 6. Correspondence analysis map of the space dimension.

Figure 7. Categories in the space dimension.

ZJL-DMO emphasized spaces such as courtyards, halls, and side rooms, with “Archi-
tectural space” accounting for the highest proportion (11.72%) in ZJL-DMO, far more than
ZJL-UGC (1.58%). The correspondence analysis map also demonstrates that “Architectural
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space” aligned with ZJL-DMO. On the other hand, “Landmark space” leaned more towards
FJ-DMO, while “Street space” was closer to both sets of UGC. No significant differences
were observed in the other two spatial categories, “Gathering Space” and “Waterfront
Space”.

The keywords of categories in space dimension from the four sources were further
compared and significant differences were found in the “Landmark space” keywords
between DMO and UGC for both towns. Unlike FJ-DMO, FJ-UGC mentioned more land-
marks, including “Old Stage”, “People’s Commune”, “Corridor”, “Starbucks”, and “Three
Bridges Courtyard”. Interestingly, keywords that reflect the conjunction of Wu and Yue’s
cultural geographic features in Fengjing, such as boundary stones and boundary rivers,
were rarely mentioned in both FJ-DMO and FJ-UGC. This suggests a lack of emphasis on
these important features in both promotional materials and tourist perceptions.

The most mentioned landmarks in ZJL-UGC were dining places like “Wu Youxian”
“Lao Bayang Restaurant”, and “Qingju Noodle”, while the most mentioned landmarks in
ZJL-DMO were attractions like “Li Garden”, “Mei Garden”, and “Li Geng Hall”. Zhaojialou
also exhibited differences in “Architectural space”. ZJL-DMO focused more on architectural
terms like “courtyards”, “alcove”, “depth”, and “halls”, which differed from the emphasis
on dining establishments in ZJL-UGC. Although other types of spaces showed varying
proportions in DMO and UGC data for both towns, the content of high-frequency keywords
remained largely consistent.

4.2.2. Comparing the Activity Dimension and Its Categories

K-means clustering was utilized to categorize keywords related to tourist activities
in the ancient towns into eight categories. These categories encompass “External Traffic”,
“Activity Time”, and “Individual Behavior”, along with five categories representing aspects
perceived by tourists through their activities: “Nature”, “Artificial”, “Human”, “History
and culture”, and “Food”. While the proportions of these eight categories varied in UGC
and DMO data, the corresponding analysis map (Figures 8 and 9) clearly illustrates that
the two sets of UGC and DMO data sources were distinct and situated on opposite sides of
axis Y, which indicates significant disparities between the activities tourists perceived and
the official promotional activities depicted by DMO.

Figure 8. Correspondence analysis map of the activity dimension.
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Figure 9. Categories of the activity dimension.

According to the corresponding analysis map, “History and culture” and “Artificial”
were concentrated on the side of DMO sources, particularly in close proximity to ZJL-DMO.
This reflects that DMOs, especially ZJL-DMO, perceive “Artificial” and “History and cul-
ture” as aspects that can showcase the developmental history, cultural essence, and material
heritage of the ancient town, thereby highlighting its distinct features. However, in com-
parison to historical and cultural aspects, tourists were more focused on tourist behavior,
food experiences, natural scenery, characters, and the timing of these activities (Figure 8).
DMO barely mentioned elements like climate, atmosphere, plants, and animals. FJ-UGC
exhibited a more noticeable focus on “Individual behavior”, for example, rest, photography,
excursions, and boat trips, as well as “Time”, like specific days of a week or holidays.
Additionally, FJ-UGC emphasized natural elements, including climate, atmosphere, and
plants and animals. ZJL-UGC, on the other hand, prominently highlighted tourists’ keen
interest in “Food”, in which keywords encompassed everyday items like Shanghai soup
buns, as well as emerging trendy dishes. The distinctive traditional cuisine of Zhaojialou,
known as the “Three Treasures”, was also mentioned, albeit with less emphasis compared
to non-traditional foods. In terms of “Human”, the UGC of both towns primarily focused
on close relationships, like family members and friends, with less focus on local residents
or other tourists.

While FJ-UGC showed a weakness in the perception of “History and culture”, the
study uncovered keywords such as “love”, “Nothing but thirty”, and “reading” within
it. These keywords correspond to Fengjing Ancient Town’s distinct features, such as its
Jiangnan wedding customs, role as a filming location for TV shows, and its historical
significance as a hub for scholars. This underscores Fengjing’s unique qualities, setting
it apart from the typical “small bridges and flowing waters” image of other canal towns,
which is needed for a further exploration and increased awareness among tourists. Fur-
thermore, the widespread dissemination of movies and television, innovative wedding
customs events, and the establishment of new attractions like “The Archway of Champion”
have significantly contributed to enhancing perceptions of and emotional connections to
the culture of Fengjing.

4.2.3. Comparing the Sentiment Dimension and Its Categories

A significant disparity between UGC and DMO in terms of the proportion of three
categories of sentiment dimension across the two ancient towns was shown by the statistical
analysis. The proportion of the sentiment dimension in UGC was much higher than in
DMO: 25.66% and 21.66% in FJ-UGC and ZJL-UGC and 6.49% and 5.86% in FJ-DMO
and ZJL-DMO (Table 4). “Positive” had a significant presence in both sets of UGC data,
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which indicates that tourists are highly satisfied with their experiences in the two ancient
towns (Figure 10), particularly in FJ-UGC, where positive emotions (18.06%) counted as
the largest among 16 categories (Figure 11). Proportions of “Neutral” were similar in both
towns and the proportion of “Negative” was minimal. DMO data contained no keywords
related to “Negative”, while the proportions of “Positive” and “Neutral” were marginally
different, which suggests that DMO narratives tend to be more objective in style and may
lack emotional resonance with tourists.

Figure 10. Correspondence analysis map of the sentiment dimension.

 

Figure 11. Categories of the sentiment dimension.

Among the three categories in both UGC datasets, the most significant difference lay
in “Neutral”. Fengjing gives tourists a sense of “quiet” and “casual”, whereas Zhaojialou
showcases a more bustling and commercialized tourism atmosphere with references to
“crowd” and “commercialization”. In terms of positive emotions, high-frequency key-
words in both towns include phrases like “delicious”, “happy”, and “like”. Perceptions of
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Fengjing capture the feeling of “quaint”, “tranquil”, and “comfortable” that evoke senses
of “pleasure”, “leisure”, and “happiness”. In contrast, Zhaojialou brings forth “Positive”
senses of “liveliness” and “enjoyment”. The keyword “delicious” is highlighted 392 times,
ranking first in “Positive”, which echoes the outstanding presence of “Food” in the activity
dimension of Zhaojialou. “Negative” perceptions of both towns share similar keywords
such as “boring”, “bad”, “disappointing”, and “regret”, indicating that the tourist expe-
rience fell short of expectations. Additionally, some visitors to Fengjing felt “exhausted”,
while in Zhaojialou, some perceived it as “human gridlock” and “overcrowded”.

5. Discussion

5.1. The Visitor-Perceived (UGC) Destination Image of Ancient Town Differs Significantly from
That Officialy Promoted (DMO)

Just like previous studies have concluded, tourists focus more on sentiment [22].
Additionally, historical and cultural elements are barely shown on the list of tourists’ per-
ceptions [26], which is contrary to what DMO portrays—detailed origin, culture, and stories
of the towns in a historical context. The results explain that tourists do not concentrate on
historical, traditional, or cultural essence but on personal experience [40]. Due to their “im-
mediate thought” or “immediate observation”, promoted by social media, the authenticity
of ancient towns is forgotten [41]. The destination image shaped by DMO can establish a
brand [42]. A positive and strong local brand can create cultural value and evoke emotional
attachment, thereby further boosting the sales of specific local products [43–45]. The water
town Zhouzhuang, for instance, has successfully cultivated the brand of being the “Top
Water Town in China”, with its image of “bridges, rivers, and residential homes” being
widely recognized and propagated [46]. In such a scenario, other water towns would find
it challenging to compete with Zhouzhuang solely by using the spatial image of “bridges,
rivers, and residential homes” to attract tourists. Fengjing aims to establish its brand as the
“Millennium Conjunction of Wu and Yue”, which holds significant cultural significance.
However, its DMO seems to prioritize highlighting “Landmark space” while overlooking
this crucial cultural symbol. Similarly, Zhaojialou Ancient Town positions itself as the
“Origin of Shanghai’s Cultivation Culture”, but its DMO description consists mainly of
specialized architectural keywords, possibly due to emphasizing its restoration project that
began in 2008. It is important to note that not all tourists are professionals, from what was
reported in UGC; their purpose for visiting ancient towns is primarily experiential since
the large proportion of their comments did not reach the core part of ancient towns, which
means the historical and cultural factors. DMO failed to resonate with tourists because
their emphasis on historical and cultural aspects was not integrated into the experience
of tourists, which further led to the gap between DMO and UGC. However, it is worth
acknowledging that while UGC reflects immediate perceptions, they can be fragmented. In
order to obtain a comprehensive understanding, these perceptions require further research
and refinement.

5.2. Activities Evoke Sentiments Which in Turn Shape the Differentiated Perception of the
Destination Image

The study revealed that the perception of the destination image of ancient towns
follows a systematic process of “Space-Activity-Sentiment”. As tourists engage in deeper
activities, the frequency of sentiment keywords corresponding to more specific spaces
gradually increases (Figure 12). The deeper their engagement in activities, the stronger
their sentiment becomes. Similarly, the higher the alignment between space and activities,
the more the tourists’ experiences meet their expectations, leading to a stronger positive
emotional response and a heightened perception of the space. Conversely, low alignment
makes emotions lean toward the negative side, and the perception of the space could be di-
minished. For instance, consider the “Wu Yue” featured landmark in Fengjing, represented
by the boundary monument and river. Since there are no spaces for visitors to stay and
no corresponding activities provided in the vicinity, tourists often pass by quickly without
forming emotional connections. As a result, the spaces have low perception.
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Figure 12. Relationship between three dimensions.

The perspective of the DMO of Zhaojialou sees culinary experiences as a small fraction
(3.35%) of the town’s unique offerings. However, in the tourists’ perception, Zhaojialou
Ancient Town is recognized as a destination famous for food (28.75%), which overlaps with
the previous research [27]. This branding image does not have a direct connection with the
town’s historical and architectural attributes.

5.3. The Culture of the Ancient Town Continues and Regenerates through Tourism

The differences between DMO and UGC reveal that some non-traditional and emerg-
ing elements have captured greater interest among tourists. For instance, in Fengjing,
tourists mentioned “Nothing but Thirty”, Starbucks, “Three Bridges Courtyard”, and “Peo-
ple’s Commune”. Additionally, “Wu You Xian”, “Lao Ba Yang Restaurant”, soup duns, and
shumai were mentioned by tourists in Zhaojialou. These elements are not the traditional
aspects of these ancient towns, yet they are prosperous. Media plays a crucial role in es-
tablishing and maintaining the “intense pleasure” that people associate with a destination,
often through means such as movies, TV shows, or travelogs [47]. Fengjing Ancient Town,
being a location featured in various forms of literature and art, has been created and given
new cultural value alongside these works. This has sparked emotional resonance among
audiences. When these audiences visit Fengjing in person, the scenes they encountered
in media will rekindle their emotional attachment to the place. Similarly, the People’s
Commune Memorial Museum in Fengjing has the same emotionally evocative effect on
visitors who have experienced the historical phase of the people’s commune. Tourists
are drawn to Zhaojialou to experience emerging cuisines famous on social media. Food
production is inherently a part of the cultural landscape, and dining experiences during
the tourism process can fulfill not only material needs but also cultural and social desires
of visitors [48–50]. The initial formation of ancient towns was primarily for the exchange of
goods among the surrounding rural residents, and temporary markets gradually evolved
into permanent shops, eventually developing into commerce-centered communities [51].
Ancient towns provide a physical space where people engage in “exchange”, leading to
the development of their culture. A theory from heritage tourism has also claimed that
experience needs to be managed, which means that heritage tourism has the potential to
revitalize a destination, enhance its infrastructure and environment, and serve as both a
revenue generator and a source of employment, and in this way, historically significant
buildings, existing craft expertise and traditional performances will not disappear for lack
of social, political and financial support [40,52,53]. In the cases of Fengjing and Zhaojialou,
new elements suit the preferences of contemporary tourists and encourage them to come
and “exchange”. During this process, the cultural essence of the ancient towns is sustained,
and new cultural elements may emerge as a result.
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6. Conclusions

Theoretically, the results confirm the former research findings that a gap between
tourists’ perception (UGC) and the official promotion by Destination Marketing Organiza-
tion (DMO) exists [10,54]. Tourists often share content in their travel log that deviates from
the image crafted by destination marketing efforts. DMOs should adjust their promotional
strategies based on tourist perceptions and the actual situation. They should go beyond
focusing solely on presenting general but vague descriptions of ancient towns, instead
emphasizing the incorporation of emotionally rich content, contributing to the develop-
ment of a stronger destination image [10,55]. Lastly, engaging in appropriate interactions
with UGC platforms fosters emotional connection and identification with tourists, thereby
effectively guiding the formation of the destination image. Furthermore, while “Negative”
offers direct and accurate insights into tourist preferences which can aid DMOs in adjusting
planning strategies or policies [20], it is important to recognize that emotional expressions
on online platforms can be overestimated and inclined to criticize destinations with nega-
tive emotions. DMOs should interpret the perceptions and preferences of tourists reflected
in UGC content objectively and comprehensively.

Practically, the breakthrough of this study lies in its utilization of a machine learning
approach to analyzing online data, especially for the ancient towns. The acquisition
of big data frees the research on destination image from the constraints of traditional
small-scale surveys, granting this kind of research increasing credibility and objectivity.
The data-driven classification approach employed in this study effectively combines the
content of comments, aligning with the principles of grounded theory [10]. For handling
larger volumes of data, employing machine learning approaches tends to yield more
comprehensive and objective results. The analysis of UGC also provides novel insights for
the managers of Fengjing and Zhaojialou, motivating them to explore tailored strategies
for improving the tourist experience in these historic towns. Moreover, it aids in the
identification of previously overlooked areas, enabling the integration of their planning
strategies with tourist preferences in future endeavors. This, in turn, promotes the balanced
development and preservation of these ancient towns, ultimately offering valuable insights
for the protection and development of other similar historic sites.

There are certain limitations in this study, such as that the process of extracting and
analyzing keyword content could potentially overlook nuances within the context and
language used. Moreover, interventions based on expert knowledge and experience might
be necessary to accurately classify keywords. Additionally, given the relatively narrow
scope of UGC content sources, this study might inadvertently exclude insights from tourists
beyond those using Sina Weibo. Future research will strive to encompass a broader range of
UGC platforms, encompassing diverse content forms such as travel logs and photographs,
thereby capturing a more multifaceted panorama of tourist perceptions. Furthermore, in
order to let the machine learning fit more on specific tasks, pre-trained language models
which provide fine-tuning functions should be considered in the future.
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Abstract: Public satisfaction is an important indicator of the success of environmental policies and
management practices. China’s sponge city development (SCD) initiative was launched in 2014 and
has received international attention for its technical advancements and environmental achievements.
Public satisfaction, however, has not been fully investigated in cities transformed by SCD. This study
uses public surveys and structural equation modeling to evaluate people’s satisfaction with SCD in
four pilot sponge cities, and how familiarity with SCD, perceived benefits, concerns about adverse
effects, and trust in government influence satisfaction levels. The results show that people in the
four cities were, on average, slightly satisfied with SCD. Familiarity, perceived benefits, and trust in
government were significant determinants of public satisfaction. On the contrary, concerns about the
adverse effects of SCD did not significantly influence people’s satisfaction. Moreover, a mismatch
was found between government-led evaluation outcomes and satisfaction measured here. This study
highlights the importance of social and perceived values in shaping people’s satisfaction with SCD
and provides suggestions for management strategies for enhancing public satisfaction, ultimately
supporting the long-term effectiveness of urban stormwater management programs.

Keywords: public satisfaction; perceptions; concern; trust; sponge city development; green stormwater
infrastructure; structural equation modeling

1. Introduction

Public satisfaction with environmental conditions is closely related to people’s quality
of life, making it a critical aspect for governments to monitor and improve in order to en-
hance environmental policymaking and resident well-being [1,2]. Effective environmental
management also requires the cooperation of individuals and communities in support-
ing the operation and maintenance of infrastructure to achieve sustainable outcomes [3].
Conversely, dissatisfaction with environmental quality and related policies can lead to
diminished public trust in government and increased participation in environmental ac-
tivism, such as protests and campaigns [4]. Therefore, evaluating public satisfaction with
environmental governance is essential to addressing potential conflicts between the local
communities and authorities on environmental issues [5].

Due to climate change and urbanization, flooding and stormwater pollution are
significant concerns for cities worldwide. Various water management initiatives have been
implemented in Western countries to address these issues, such as low-impact development
(LID) in the USA, Sustainable Urban Drainage Systems (SuDSs) in the United Kingdom,
and Blue-Green Cities in Australia [5]. These initiatives aim to manage urban flooding,
enhance urban water ecosystems, and promote social well-being.
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In China, urban flooding has severely threatened public safety and quality of life.
For example, in 2023, flooding affected 2.59 million people across 20 provinces, resulting
in direct economic losses of 3.25 billion RMB, with more than 7300 houses collapsed or
damaged [6]. Urban central areas are particularly vulnerable to flooding and stormwater
pollution due to outdated infrastructure and inadequate maintenance, exacerbating the
decline in residents’ quality of life [7]. Many old urban neighborhoods still use combined
sewer systems that channel rainwater and wastewater into centralized treatment plants.
In severe wet weather conditions, these systems often result in the overflow of untreated
wastewater into nearby water bodies, raising serious concerns over water quality [8].

By contrast, a more novel approach to stormwater management involves using de-
centralized green stormwater infrastructure (GSI), such as rain gardens, bioswales, green
roofs, and grass filters, to intercept, infiltrate, retain, and purify stormwater runoff at its
source before it enters the underground drainage system [9]. GSI components are typically
small-scale and require minimal space, making them ideal for neighborhood renovations,
street renewals, and the development of urban parks and green spaces [10]. Due to their
natural elements—such as soil, plants, and stones—GSI facilities can often add a natural
look to the urban environment if properly designed [11]. Additionally, as part of urban
green spaces, GSI can provide other benefits, such as improving air quality, regulating
microclimates, and providing recreational and educational opportunities for residents [12].
However, there are also concerns about possible disservices of GSI developments, such
as when GSI investments spur the process of gentrification, leading to displacement and
structural change within communities [13].

With the pros and cons of GSI, China’s central government launched the sponge city
development (SCD) initiative in 2014 and designated 30 pilot cities in 2015 and 2016 to test
the capability of GSI, among other approaches [5]. According to the technical guide for
SCD [14], additional approaches include upgrading outdated underground pipe systems,
renewing watershed management plans, and developing flood warning systems at city
or regional levels [15]. SCD is intended to offer a comprehensive upgrade to urban water
systems through various interventions at multiple scales to more effectively address urban
water challenges [16]. In 2019, the Chinese central government conducted a comprehensive
performance evaluation of pilot sponge cities, rating 6 (i.e., Pingxiang, Chizhou, Suining,
Nanning, Zhenjiang, and Baicheng) out of 16 pilot cities as excellent [17]. However, the
specific assessment criteria and procedures were unavailable to the public. Consequently,
it is unclear whether public satisfaction was a criterion considered in the assessment and to
what extent residents are satisfied with SCD initiatives.

There is a general lack of empirical studies revealing public satisfaction with SCD
in the pilot cities. Therefore, comparing measured public satisfaction levels with the
performance ratings given by the central government can offer valuable insights into
the social implications of SCD and identify areas for improvement from the public’s
perspective. Some studies explored public satisfaction within a certain project type. For
example, Gu et al. [18] specifically focused on residents’ satisfaction with SCD in old
urban neighborhood renewal projects. They found that dissatisfaction was primarily
related to maintenance and the participation approach during the renewal, which echoed
another study indicating that nearly half of the residents were unaware of sponge city
transformations in their communities [19]. Several other studies identified some sources of
dissatisfaction without systematically investigating overall satisfaction from the public’s
perspective. For example, Wang et al. [20] interviewed SCD experts and revealed residents’
complaints about design plans in neighborhood transformations in Zhenjiang. Dai et al. [21]
reported residents’ dissatisfaction with construction waste being dumped in neighborhoods
without prior notice in Wuhan. Hawken et al. [22] surveyed satisfaction with SCD based
on expert perspectives, finding that long-term care and monitoring, as well as the quality
of construction and initial maintenance, often received low satisfaction ratings.

Regarding the determinants of public satisfaction, most studies have focused on
how environmental factors affect people’s behavior and life satisfaction. For instance,
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numerous studies have examined the effects of air quality, water pollution, and flood
hazards on people’s life satisfaction (e.g., subjective well-being) [23–25]. Other studies have
identified physical and social attributes, such as the variety of amenities, cleanliness, and
maintenance, as predictors of satisfaction with urban environments [26,27]. In the context
of stormwater management, perceived factors have been frequently examined for their
associations with people’s stormwater-related behaviors rather than their satisfaction with
stormwater policies. For example, Pradhananga and Davenport [28] found that a sense of
attachment to the community’s physical and social environment, as well as environmental
concerns, impacts civic engagement in stormwater management. Wang et al. [29] studied
the effects of a composite variable of perceived value (e.g., perceived effects on drinking
water conditions, ecological and living environment, and housing prices) on people’s
willingness to pay for SCD. Their results indicated that perceived value could predict
stormwater behaviors. However, it remains unclear whether these perceived values directly
affect satisfaction with SCD.

Additionally, public trust can play a significant role in assessing satisfaction with
environmental governance. Venkataramanan et al. [30] conducted a systematic review
and found that a lack of trust in governments, along with knowledge and familiarity
with flood-related issues, influences people’s flood-related behaviors. In China, the public
has generally exhibited high trust in the government in recent decades due to economic
prosperity and effective public communication [31,32]. However, recent national and local
press [33] indicate that urban flooding has resurfaced in cities that underwent SCD since
2015. These recurring events could decrease trust in the government’s commitment to
urban water management. Therefore, it is critical to monitor the status of public trust and
its impact on satisfaction with SCD.

Moreover, research has shown that residents’ satisfaction with SCD in old neighbor-
hood renewal projects was affected by demographic factors, including age, education, and
income [18]. Homeownership is another critical variable in China that symbolizes the
Chinese dream and affects people’s subjective well-being or life satisfaction [34]. Previous
research has revealed that homeowners tend to be more satisfied with their housing and
living environment conditions than renters due to better access to education, a stronger
sense of belonging, and greater involvement in social activities [35]. However, little is
known about whether homeownership leads to differing levels of satisfaction with SCD.

Overall, existing research highlights a gap in the comprehensive evaluation of public
satisfaction with SCD and a lack of investigation into how social and perceived factors
influence this satisfaction. Additionally, there is limited understanding of the disparity
between public satisfaction levels and the central government’s official assessments, cre-
ating challenges for future SCD policy and construction enhancements. To address these
empirical research gaps, this study focused on four pilot sponge cities as case study areas
to examine both the current status and determinants of public satisfaction with SCD. Specif-
ically, this study investigated the effects of four factors: trust in the government, perceived
benefits of SCD, concerns about adverse effects of SCD, and familiarity with SCD. It also
explored differences in satisfaction levels between homeowners and renters, as well as
among residents of the four cities. Insights from this research can inform better sponge city
policies and implementation practices that align with public satisfaction, thereby enhanc-
ing social acceptance and garnering public support for SCD as a vital approach to urban
stormwater management.

The study aimed to answer the following research questions:

(1) What is the status of overall public satisfaction, perceived benefits provided by SCD,
concerns about adverse effects of SCD, familiarity with SCD, and trust in the government?

(2) How do satisfaction levels with SCD vary between homeowners and renters and
across different cities?

(3) How do perceived benefits of SCD, trust in government, concerns about adverse
effects of SCD, and familiarity with SCD affect public satisfaction with SCD?
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2. Materials and Methods

2.1. Study Area

This study focused on four pilot sponge cities: Jiaxing, Zhenjiang, Pingxiang, and
Chizhou (Figure 1). All four cities are located in the subtropical monsoon climate zone
in southeastern China, with annual precipitation over 1000 mm. These cities also have
abundant water resources and complex water ecosystems formed by rivers, lakes, and
wetlands. However, rapid urbanization and outdated infrastructure have led to common
ecological problems such as pluvial flooding and non-point source pollution in recent
decades. The four cities vary in overall economic conditions and sponge city construction
investments by local governments. For instance, Zhenjiang’s annual per capita GDP and
government SCD investment (USD 1.34 billion) far exceeded the other three cities (USD
570–790 million) over the three-year pilot period. In addition, the SCD pilot implementation
areas differ in size; Zhenjiang and Pingxiang have larger areas (29–32.98 square kilometers)
than Jiaxing and Chizhou (18–18.5 square kilometers).

Figure 1. Geographic locations and background of studied pilot cities.
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2.2. Data Collection

The sampling locations included residential areas and adjacent parks and plazas
renovated or newly developed under SCD from 2014 to 2018. These sites feature various GSI
elements, such as stormwater planters, rain gardens, sunken green spaces, and stormwater
ponds (Figure 2), which significantly changed the visual characteristics of the landscape.
A convenient sampling method was employed for this study. From October to December
2019, eight trained surveyors conducted intercept surveys using tablets to collect data via
the Qualtrics platform. Surveyors randomly selected individuals at the sampling locations
and asked if they had heard of SCD and their age. Those at least 18 years old who had heard
of SCD were then introduced to the study’s purpose and procedures. Verbal consent was
obtained from the participants, who were informed that their participation was voluntary
and that their personal information would remain confidential. Before starting the survey,
participants received an introduction page detailing the study’s purpose and the principal
investigator’s contact information. They were also informed that they could skip questions
or withdraw from the survey at any time. The face-to-face nature of the survey allowed
surveyors to provide additional information and address any questions participants might
have. The surveyors also read the questions aloud for senior participants who had difficulty
reading the texts on the tablets. At the end of the survey, participants received a small gift
(a shopping bag) as a token of appreciation. All the survey materials were reviewed by the
Institutional Review Board at the Pennsylvania State University (STUDY00013257).

Figure 2. GSI facilities in surveyed cities (source: first author).
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The questionnaire asked questions of six aspects: overall satisfaction with SCD, fa-
miliarity with SCD, perceived benefits of SCD, concerns about potential adverse effects
of SCD, trust in governments’ dedication to SCD, and demographic information. First,
overall satisfaction with SCD was measured by asking, “How would you rate your level
of satisfaction with the overall SCD in your city on a 5-point scale (1 = Completely dis-
satisfied; 5 = Completely satisfied)?” An “opt-out” option was provided for participants
who preferred not to express an opinion on this topic. Second, familiarity with SCD was
measured by asking, “How would you rate your familiarity with the concept of SCD on
a 5-point scale (1 = Very unfamiliar; 5 = Very familiar)?” Next, the perceived benefits of
SCD, concerns about adverse effects of SCD, and trust in the government were regarded
as composite concepts and measured by multiple observed items, respectively. For the
perceived benefits of SCD, participants were asked, “To what degree have you perceived
the following benefits provided by SCD (1 = Not perceived at all, 5 = Well perceived)?”
Seven specific benefits were assessed, including flood mitigation, public safety, water
quality improvement, ecological benefits, recreational opportunities, aesthetics value, and
job creation. Similarly, concerns about SCD’s adverse effects were measured through five
observed items identified from the literature. These concerns included “SCD costs too
much”, “Disturbance to daily life”, “Poor performance and outcomes of SCD construction”,
“Occupies too much public space”, and “Unappealing landscape aesthetics”. Trust in
governments’ dedication to SCD was measured by asking the participants, “How much
do you believe the government can effectively manage the following five aspects of SCD
(1 = Do not believe at all, 5 = Strongly believe)?” The aspects included collaboration across
government sectors, professionalism of SCD employees, sound governmental decision
making, commitment to long-term maintenance, and valuing of public participation [36].
Finally, demographic characteristics such as age, gender, homeownership status, and city
of residence were recorded to provide context for the survey responses.

2.3. Data Analysis

Data analysis was performed in SPSS Amos (version 27). First, descriptive statistics
of all the measures were reported. Differences in people’s perceived benefits, concerns
about SCD’s adverse effects, and trust in government by their homeownership status
were analyzed using independent sample t-tests. Subsequently, a One-Way Analysis of
Variance (ANOVA) test was performed to detect statistically significant differences in public
satisfaction levels among the four selected cities.

Next, the structural equation modeling (SEM) method was employed [37] to assess the
causal effects of the four chosen factors—perceived benefits of SCD, concerns about adverse
effects of SCD, familiarity with SCD, and trust in the government—on public satisfaction.
SEM is a statistical technique that allows researchers to analyze complex relationships
between observed variables and underlying latent constructs [38]. By integrating principles
from both factor analysis and regression analysis, SEM facilitates the identification of latent
constructs from multiple observed variables and enables the simultaneous prediction of
their effects on a dependent variable [39]. Given that individuals can perceive multiple
benefits or concerns related to SCD and assess their trust in governments based on multiple
aspects, a single observed variable for each construct is insufficient to capture the full range
of these perceptions. Therefore, latent variables were developed to encompass the multiple
dimensions of the studied constructs, and SEM was chosen for its capability to test the
effects of multiple latent variables on a dependent variable.

Before building the SEM, a confirmatory factor analysis (CFA) was conducted to
ensure the validity of the measurements for the three constructs of perceived benefits,
concerns, and trust [40]. The SEM was then used to test the effects of these constructs on
overall satisfaction, accounting for additional factors such as familiarity with SCD and
demographic characteristics.

More specifically, Cronbach’s alpha (α > 0.6) was used to assess measurement validity
in the CFA. To evaluate the goodness of fit for both the CFA model and the structural model,
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six fit indices were applied with their respective acceptable thresholds: composite reliabil-
ity (CR > 0.6), Chi-square/degree of freedom (1 < CMIN/DF < 3), comparative fit index
(CFI > 0.90), Tucker–Lewis index (TLI > 0.90), root mean square error of approximation
(RMSEA < 0.08), and standardized root mean square residual (SRMR < 0.08) [41]. Factor
loadings for each observed variable were assessed in magnitude using these cutoffs: statis-
tically significant loadings greater than 0.30 were considered sufficient, and those greater
than 0.60 were considered high [42]. Lastly, the analysis focused on the full sample without
testing differences by city, considering the broader spectrum of the sample population.
Preliminary results showed that demographic status did not significantly affect overall
satisfaction, so these variables were removed from the formal analysis.

3. Results

3.1. Descriptive Statistics

Out of 607 participants who filled out the questionnaires, 528 answered most of the
survey questions. Fourteen participants opted out of the question of overall satisfaction
with SCD and were listwise excluded from the analysis. Therefore, the final dataset included
514 responses (Pingxiang = 92, Chizhou = 156, Zhenjiang = 155, and Jiaxing = 111). Less
than half of the participants were male (40.9%), and the average age was 38.

Participants reported a slight-to-moderate level of overall satisfaction with SCD in their
cities (Mean = 3.60) (Table 1). Their familiarity with SCD was neutral (Mean = 2.95). The
average level of perceived SCD benefits was moderate to high (Aggregate mean = 4.29), with
means of individual benefits ranging from 4.17 to 4.39 (Table 2). The average concern level
was moderate (Aggregate mean = 3.96), with means of individual concerns ranging from
3.63 to 4.29. Lastly, the average trust level was moderate to high (Aggregate mean = 4.10),
with means of individual trust items ranging from 4.01 to 4.30.

Table 1. Descriptive statistics of the mean values of studied variables.

Variables Min Max Mean SD N Alpha

Overall satisfaction with SCD 1 1 5 3.60 0.931 514

Perceived benefits of SCD 2 1 5 4.29 0.796 514 0.95

Concerns about adverse effects of SCD 3 1 5 3.96 0.707 514 0.82

Familiarity with SCD 4 1 5 2.95 1.068 514

Trust in governments’ dedication to SCD 5 1 5 4.10 0.884 514 0.94

Homeownership (Homeowner = 1) 0 1 0.80 0.398 514

Gender (Male = 1) 1 2 1.59 0.492 514

Age 38.29 15.608 500
1 Measured on five-point scale where 1 = Completely unsatisfied; 5 = Completely satisfied. 2 Mean value was
aggregated from seven benefit items. 3 Mean value was aggregated from five concern items. 4 Measured on
five-point scale where 1 = Completely unfamiliar; 5 = Completely familiar. 5 Mean value was aggregated from
five trust items.

Table 2. Descriptive statistics of perceived benefits of SCD, concerns, and trust.

Code Observed Variable Min Max Mean (SD) N

Perceived
Benefits

PB1 Mitigate urban flooding 1 5 4.31 (0.902) 514

PB2 Improve public safety 1 5 4.28 (0.904) 513

PB3 Mitigate stormwater pollution 1 5 4.37 (0.868) 513

PB4 Increase recreational opportunities 1 5 4.17 (0.943) 513

PB5 Enhance ecological values 1 5 4.34 (0.885) 514

PB6 Promote green industry and create job opportunities 1 5 4.19 (0.925) 514

PB7 Improve landscape aesthetics 1 5 4.39 (0.862) 514
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Table 2. Cont.

Code Observed Variable Min Max Mean (SD) N

Concerns

CN1 SCD costs too much 1 5 3.63 (1.011) 514

CN2 SCD disturbs my daily life (e.g., waste and noise) 1 5 4.06 (0.921) 514

CN3 SCD does not effectively solve stormwater problems 1 5 4.29 (0.808) 514

CN4 SCD occupies too much public space 1 5 3.79 (0.973) 514

CN5 SCD negatively affects landscape aesthetic 1 5 4.04 (0.923) 514

Trust

TS1 Government sectors collaborate well 1 5 4.30 (0.888) 514

TS2 SCD practitioners are professional 1 5 4.07 (0.987) 514

TS3 Governments make sound decisions 1 5 4.01 (0.987) 514

TS4 Governments commit to long-term maintenance 1 5 4.08 (0.999) 514

TS5 Governments value public participation 1 5 4.02 (1.058) 514

Regarding satisfaction levels across cities, the one-way ANOVA showed statistically
significant differences between two sponge city groups [F(3, 510) = 12.149, p < 0.001]
(Table 3). Tukey post hoc tests revealed no statistically significant difference in satisfaction
between Pingxiang and Chizhou (p = 0.664) or between Zhenjiang and Jiaxing (p = 0.393).
However, the satisfaction levels in Pingxiang and Chizhou were both statistically signifi-
cantly higher than in Zhenjiang and Jiaxing (Table 3).

Table 3. Comparison of public satisfaction across cities.

City City Mean Difference Std. Error p-Value

Pingxiang
(Mean = 3.92)

Chizhou (Mean = 3.79) 0.14 0.119 0.664

Zhenjiang (Mean = 3.31) 0.61 0.119 0.000 ***

Jiaxing (Mean = 3.49) 0.44 0.127 0.004 **

Chizhou
Zhenjiang 0.48 0.102 0.000 ***

Jiaxing 0.30 0.112 0.036 *

Zhenjiang Jiaxing −0.18 0.112 0.393
Note: Significance codes—* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001.

Homeowners and renters were indifferent in multiple aspects, including overall satis-
faction with SCD, familiarity with SCD, trust in government, and concerns about SCD’s
adverse effects (Table 4). However, homeowners’ perceived benefits of SCD were statisti-
cally significantly lower than those reported by renters (p = 0.039).

Table 4. Comparing mean ratings for all variables between homeowners and renters.

Variables
Homeowner
Mean (SD)

Renter Mean
(SD)

p-Value

Overall satisfaction with SCD 3.60 (0.954) 3.60 (0.838) 0.201

Familiarity with SCD 3.03 (1.070) 2.62 (1.010) 0.862

Trust in governments’ dedication
to SCD 4.09 (0.905) 4.14 (0.796) 0.208

Perceived benefits of SCD 4.26 (0.829) 4.42 (0.627) 0.039 *

Concerns about the adverse
effects of SCD 3.95 (0.710) 3.99 (0.701) 0.653

Note: Significance codes—* p ≤ 0.05; All p-values were interpreted using Levene’s test for equality of variance.
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3.2. Structural Equation Modeling

The CFA examined the validity of the measurements of perceived benefits of SCD,
concerns about the adverse effects of SCD, and trust in government. As shown in Figure 3,
the factor loadings ranged from the lowest of 0.54 for CN1 (SCD costs too much) to the
highest of 0.94 for TS4 (governmental commitment to long-term maintenance). All factor
loadings exceeded 0.3, so no observed variables were removed from the CFA model.
Following the correlation of two pairs of error terms based on the modification indices in
Amos, all the goodness of fit indices met the cutoff requirements: X2 = 331.918, p < 0.001;
CMIN/DF = 2.912, CFI = 0.969, TLI = 0.963, RMSEA = 0.061, SRMR = 0.0532), indicating
a good model fit for the CFA model. Therefore, the three major latent constructs were
validated through CFA and were subsequently integrated into the SEM in the next step.

Figure 3. CFA of the three latent variables of perceived benefits, concerns, and trust (X2 = 331.918,
p < 0.001; CMIN/DF = 2.912, CFI = 0.969, TLI = 0.963, RMSEA = 0.061, SRMR = 0.0532).

Similarly, all goodness of fit indices of the full SEM model (Figure 4) met the re-
quired thresholds, indicating a good model fit (X2 = 399.916, p < 0.001; CMIN/DF = 2.758,
CFI = 0.965, TLI = 0.959, RMSEA = 0.059, SRMR = 0.0550). The model showed signif-
icant effects of perceived benefits, trust, and familiarity with SCD on overall satisfac-
tion with SCD. More specifically, perceived benefits (weight = 0.425, p < 0.001) and trust
(weight = 0.244, p < 0.001) exerted significant, positive, weak-to-moderate [42] effects on
overall satisfaction. Familiarity (weight = 0.091, p = 0.011) exerted a significant but very
weak effect on satisfaction. Concern, however, did not significantly affect overall satisfac-
tion (weight = −0.018, p = 0.658).
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Figure 4. Structural equation model for the relationship of perceived benefits, concerns, trust,
familiarity, and overall satisfaction with SCD (X2 = 399.916, p < 0.001; CMIN/DF = 2.758, CFI = 0.965,
TLI = 0.959, RMSEA = 0.059, SRMR = 0.0550). Significance codes: * p ≤ 0.05, *** p ≤ 0.001.

4. Discussion

Since 2014, the implementation of GSI and upgrades of the underground system under
SCD policies have significantly transformed urban landscapes and altered social percep-
tions of stormwater management. The overall goal of this study was to elucidate public
satisfaction with SCD and investigate its determinants. Overall, the results indicate positive
feedback from the four surveyed pilot cities, including an average slight-to-moderate level
of satisfaction, significant benefit perception, and high trust in government. In the subse-
quent discussion, we will first discuss the status of overall satisfaction and then explore
the three major determinants of public satisfaction. The implications of these findings are
summarized in the Conclusions section.

First, the slight-to-moderate average level of overall satisfaction (Aggregate mean = 3.60)
indicates room for improving public satisfaction, especially in Zhenjiang (Mean = 3.31)
and Jiaxing (Mean = 3.49) with the two lowest ratings. This satisfaction assessment from
the public’s perspective partially aligns with the central government’s official evaluations,
which rated Pingxiang, Chizhou, and Zhenjiang as excellent sponge cities, except for Jiaxing.
Although the official evaluations of two of the three cities’ overall performance align with
public perceptions, the nuanced mismatch indicates that official metrics may not fully
capture the public’s experience or concerns, calling for more accessible and transparent
criteria in official SCD evaluations. In the case of Zhenjiang, which has been frequently
recognized in newsletters and reports for significant progress in enhancing its urban water
environment, the potential overemphasis on environmental performance may have led to a
neglect of social benefit provision, contributing to lower public satisfaction.

Second, the study results indicated that people perceived multiple benefits from SCD
(Aggregate mean = 4.29, SD = 0.796), especially improvements in landscape aesthetics
(Mean = 4.39, SD = 0.862) and water pollution reduction (Mean = 4.37, SD = 0.868). Indeed,
China’s SCD efforts have extended beyond the implementation of GSI, as each pilot city
has formulated its own sponge programs to enhance benefit provision. For instance,
Chizhou leveraged SCD funds to initiate river cleanup projects, renovate river banks, and
add amenities to waterfront parks. In Pingxiang and Zhenjiang, urban parks have been
upgraded with additional recreational facilities (e.g., jogging trails and seating benches)
and educational opportunities (e.g., SCD exhibition halls) for urban residents (Figure 5).
These enhancements suggest that the public can benefit from SCD in many other ways
beyond the hydrological improvements in their living environment. These additional
benefits are crucial for enhancing the public’s quality of life and well-being.
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Figure 5. Infrastructures and benefits provided by sponge renovation projects (source: first author).

Subsequently, the SEM analysis revealed that people who perceived greater benefits
(weight = 0.425, p < 0.001) were more satisfied with SCD. This indicates that enhancing
people’s perceived values of SCD is essential for increasing public satisfaction with sponge
programs. This finding also aligns with previous research indicating that perceived values
can positively influence people’s willingness to pay for SCD [29]. Governments should
provide the public with desired ecosystem benefits beyond the originally intended environ-
mental benefits, such as recreation, aesthetics, and health [43]. Local governments tend to
focus on maximizing the hydrological performance of sponge projects by converting exten-
sive outdoor spaces into GSI. For example, some neighborhood sponge renovation projects
in Zhenjiang replaced the original garden plants and trees with sunken areas featuring
wild-looking plants [20]. This caused dissatisfaction among senior residents accustomed to
the previous garden spaces. To avoid such issues, it is important to understand residents’
preferences for the function and aesthetics of the community space before implementing
GSI plans.

Third, the significant predictive effect of trust in governments (weight = 0.244, p < 0.001)
demonstrated the importance of fostering trust between governments and the public. Previ-
ous research has shown that building social capital, such as through word-of-mouth within
local communities, can enhance trust between governments and local stakeholders [4].
Increased trust not only boosts public satisfaction but also encourages public engagement
and participation in stormwater management programs. Specifically, the results showed
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that two trust items, “TS3—Governments make sound decisions” and “TS5—Governments
value public participation”, received lower scores than the other trust items. This suggests
a need for more transparent decision-making processes and platforms to improve com-
munication and strengthen government-community relationships. Contrary to previous
studies highlighting maintenance concerns [18], this study found relatively high trust in
the government’s commitment to long-term maintenance (Mean = 4.08, SD = 0.999). While
our results reflect an overall positive relationship between local communities and SCD
authorities when the survey was administrated, there is a risk of diminished trust if the
outcomes of SCD fail to align with public expectations in the long run.

Fourth, our study found that people were not very familiar with SCD. Yet, the effect
of familiarity on overall satisfaction was positive and significant, albeit at a low level
(weight = 0.091, p < 0.05). The neutral-level familiarity echoed a previous study that re-
vealed a lack of notice and low awareness of sponge renovation in their neighborhoods [19].
The positive impact of familiarity on satisfaction is also supported by a recent study that
surveyed residents in Xi’an City, finding that residents of sponge communities were more
satisfied with SCD than those of traditional communities [44]. Despite the weak effect,
there remains potential to improve satisfaction by enhancing knowledge sharing through
increased civic engagement and educational opportunities. These approaches were be-
lieved to boost perceived benefits and familiarity [45]. Since the sponge city concept and
related GSI facilities remain relatively new, these results underscore the importance of
raising awareness and educating the public about SCD and GSI.

Next, the lack of significant impact of concerns on satisfaction (weight = −0.018,
p = 0.658) may be partially due to the mitigating effect of high trust in governments. Specifi-
cally, people tend to believe governments can effectively address the adverse effects of SCD,
which reduces their attention to these issues in daily life. This high trust in governments
aligns with previous studies on how trust influences flood risk perceptions and the positive
effect of public participation in non-government organizations on the environment [46,47].

Additionally, the results indicated no significant differences between homeowners and
renters regarding their overall satisfaction, trust in governments, concerns, or familiarity
with SCD. This lack of differences contrasts with previous research suggesting that home-
owners generally report higher satisfaction with their housing and living environment
conditions than renters [35]. On the contrary, renters reported higher perceived benefits of
SCD than homeowners (p = 0.039). Due to the transient nature of renting, renters might
be more focused on and appreciative of improvements that enhance their quality of life in
the short term, such as better stormwater management or enhanced green spaces. Home-
owners, on the other hand, might be more focused on longer-term benefits or structural
changes that impact property value and overall neighborhood quality, which may not
align as closely with the specific benefits provided by SCD. Future research could further
investigate the underlying reasons why homeownership affects benefit perceptions in SCD.
Understanding these differences could help tailor SCD initiatives to better meet the diverse
needs and expectations of various residential groups.

The significance of this study lies in its explicit exploration of public satisfaction with
SCD and its determinants, addressing a notable gap in the literature. It bridges the gap
between public perceptions and environmental policy, providing actionable insights that
can enhance the design and implementation of sustainable urban solutions. By revealing
how social perceptions and perceived benefits influence public satisfaction, the study
deepens our understanding of the factors essential for effective stormwater management
systems. The research is particularly relevant for countries with top–down governance
systems, where integrating public perceptions into the development process has often been
overlooked. Furthermore, by identifying differences between public and governmental
perceptions, this study sets the groundwork for future research to refine SCD practices and
better align environmental initiatives with community needs.

Finally, several limitations of this study should be acknowledged. First, SCD encom-
passes a range of construction approaches and management strategies across the pilot cities,
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which could lead to varying levels of public satisfaction depending on the specific aspects
of SCD measured. This study only measured general satisfaction with SCD policies and
construction as a whole. Future studies can be improved by evaluating multiple facets of
SCD. For example, during the survey, some residents specifically expressed satisfaction
with the national government’s commitment to solving stormwater problems through
SCD. However, they also voiced concerns about local governments’ adherence to national
policies and requirements. This suggests a possible difference in satisfaction with local
vs. national authorities, which was not specifically measured in our study and presents
a gap for future research. Second, the relatively small sample size in each surveyed city
may limit the generalizability of the results to a broader population. Additionally, differ-
ent cities’ diverse local cultures may influence resident’s needs and understanding of the
living environment, leading to subjective satisfaction levels. Future studies can explore
satisfaction across different cultural backgrounds and social contexts. Moreover, the survey
was conducted in central areas of the cities, where many SCD projects were integrated with
ongoing urban renewal efforts [7]. This integration could have created implementation
challenges and conflicts between various regeneration policies, potentially skewing the
perceived satisfaction with SCD. Future research can compare satisfaction levels in different
city areas (e.g., central vs. suburban areas) to provide a more comprehensive understanding
of public satisfaction with SCD.

5. Conclusions

Public satisfaction is an important indicator for evaluating the overall success of urban
environmental policies and their implementation. Considering the impact of SCD on urban
stormwater management and overall human well-being, it is crucial to address the current
insufficient understanding of public satisfaction within the context of SCD. The lack of
this information challenges local governments in refining existing GSI implementation
strategies, potentially hampering the long-term management of urban water ecosystems.
This study utilized public surveys and structural equation modeling to explore public
satisfaction levels and their determinants. The findings reveal that individuals who perceive
greater SCD benefits, hold higher trust in governments, and are more familiar with SCD
are generally more satisfied. Additionally, renters perceived greater benefits from SCD than
homeowners. Moreover, this study identified a minor discrepancy between the national
government’s performance evaluations of pilot sponge cities and public satisfaction levels.

Several important practical implications can be drawn from this study to improve
people’s overall satisfaction with SCD in southeast China and beyond. First, urban stormwa-
ter policymakers and program managers should recognize the significant role that local
communities’ social and perceived values play in shaping satisfaction with stormwater
management programs. Investing in social and human capital is as crucial for improving
technical and environmental effectiveness. Programs designed to build trust between
governments and communities, such as civic engagement initiatives, training projects, and
design workshops, can enhance familiarity with SCD and increase satisfaction. Second,
since perceived benefits from SCD are positively associated with satisfaction, enhancing
ecosystem benefit provision plans to deliver more of the desired benefits to local commu-
nities is essential. Aligning these benefits with community preferences can significantly
improve the quality of life and overall satisfaction. Third, both local and national govern-
ments should enhance the SCD performance evaluation criteria by incorporating more
social and cultural indicators. This will help ensure public satisfaction is considered in
sponge city construction, addressing the existing mismatch between public and govern-
ment perspectives and promoting the long-term social sustainability of SCD. Finally, given
the subjective nature of public satisfaction based on the quality of SCD projects and local
government services, developing local stormwater stewardship programs to periodically
track and respond to residents’ satisfaction can enhance government performance and the
social and environmental impacts of SCD.
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Abstract: In the rapid process of urbanization, crucial habitats for mid-sized felids such as bobcats
are increasingly compromised. This study employs Geographic Information System (GIS) tools and
Machine Learning to investigate the subtle impacts of urbanization on bobcat habitats. Focused on
the San Jose area, our extensive geospatial analysis has developed a complex ecological model for
bobcat habitats. Our findings emphasize the significant influence of factors like vegetation cover,
water body distribution, road traffic volume, and intersection density on the suitability of habitats for
bobcats. Specifically, we discovered that while vegetation cover typically supports habitat suitability,
its proximity to busy roads significantly undermines this advantage, indicating a need for strategic
urban planning that incorporates wildlife mobility. By synthesizing natural and urban elements,
we offer fresh insights into urban ecosystem management and propose specific conservation tactics:
identifying optimal wildlife crossings, integrating corridors with urban infrastructure, and placing
fencing and signage strategically to facilitate wildlife movement safely. These measures aim to reduce
road-related threats and enhance the integrity of natural habitats, strengthening bobcat conservation
efforts. More than its direct implications for bobcat conservation, this study offers actionable insights
for urban wildlife conservation and introduces innovative methods for assessing and mitigating the
broader ecological impacts of urbanization.

Keywords: bobcat; road crossings; suitability map; landscape urbanization; biodiversity; geospatial
design

1. Introduction

Urbanization and the expansion of transportation networks significantly transform
landscapes, often detrimentally affecting wildlife. In urban areas, this growth leads to
the fragmentation and displacement of natural habitats, which, in turn, isolates wildlife
populations and increases the risk of Wildlife–Vehicle Collisions (WVCs) in urban areas [1].
The reasons for transportation planners’ often limited focus on avoiding critical habitats
are complex. Traditionally, road construction prioritizes human-centric factors such as
economic efficiency, traffic flow, and connecting urban centers, while environmental con-
cerns, especially those related to wildlife habitats, are secondary [2,3]. This oversight stems
partly from a lack of comprehensive environmental impact assessments and a limited un-
derstanding of habitat fragmentation’s long-term ecological consequences [4]. Additionally,
the urgency of infrastructural demands often leads to expedited planning processes that
overlook environmental concerns [5], and a lack of collaboration between urban planners,
ecologists, and conservationists exacerbates this issue [6], resulting in road networks that
are efficient for humans but harmful to wildlife habitats.
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These planning shortcomings have serious implications. According to one study,
approximately 1 million wildlife are killed in vehicle collisions in the United States each
year [7]. Roads cause not only immediate mortality but also lead to significant ecological
disruptions, such as genetic isolation among wildlife populations [8]. As habitats are
fragmented by roads, these populations become segmented, leading to reduced genetic
diversity and increased vulnerability to various environmental threats [9].

Focusing on the bobcat (Lynx rufus) in the San Jose region, we see the direct conse-
quences. San Jose’s unique urban dynamics, typical of many rapidly developing urban
centers in North America, provide a pertinent example of urban expansion impacting native
wildlife habitats. Bobcats, native to this region and requiring extensive home ranges, are
particularly vulnerable to urban encroachment and habitat fragmentation [10]. These crea-
tures serve as ecological linchpins in the San Jose area, playing a crucial role in maintaining
the balance of the local ecosystem. As apex predators, bobcats help regulate the populations
of smaller mammals and rodents, preventing overpopulation and its associated ecological
imbalances [11,12]. This predation is essential for controlling the spread of diseases and
maintaining a healthy and diverse ecosystem. Furthermore, their presence is indicative
of a thriving natural habitat, signifying a well-functioning ecosystem [13]. Therefore, the
preservation of bobcats is not only essential for their own species’ survival but is also
integral to maintaining the overall health and balance of San Jose’s urban environment,
reflecting the interdependence of all species within this ecosystem.

To protect wildlife and enhance road safety, it is crucial to identify and implement
suitable locations for wildlife crossings [14,15]. This challenge intertwines the welfare of
both wildlife and humans, marking a pivotal moment in the development of San Jose’s
urban landscape [16]. The urgency of this task is highlighted by the high incidence of
roadkill, which not only affects local ecosystems but also has global implications. Bobcats,
as apex predators, are essential for maintaining the balance of the food chain, and their loss
can lead to significant ecosystem disruptions. By strategically placing wildlife crossings, we
can reduce these incidents, thus preserving the ecological integrity and biodiversity of the
area [17]. Moreover, this approach addresses a broader concern: the impact of infrastructure
development on wildlife [18]. Accurately evaluating and predicting wildlife crossing points
is vital for mitigating habitat fragmentation and ensuring ecological connectivity, both
locally and globally.

Moreover, the study of bobcat crossings is not confined to its immediate implications
for this specific species. It stands as a prototypical example for addressing similar issues
involving a multitude of wildlife species and urban infrastructure. Lessons learned from
studying bobcats can be applied to inform the conservation efforts of other wildlife, ensur-
ing that urban environments remain hospitable for diverse and resilient ecosystems [19].
In this way, the research on bobcat crossings in San Jose transcends its immediate con-
text and contributes to a broader understanding of how urbanization impacts wildlife
and ecosystems [19]. It underscores the urgent need for innovative solutions that bal-
ance the imperatives of urban development with the preservation of biodiversity and
ecological integrity.

This article aims to illuminate the path towards harmonious coexistence between
urban development and wildlife conservation, offering practical insights and solutions.
We explore innovative urban planning approaches that integrate wildlife conservation,
such as designing and implementing wildlife corridors and crossings specifically tailored
for bobcats. By reducing wildlife–vehicle collisions, these solutions help preserve bobcat
populations and maintain ecological balance. This study provides a blueprint for cities
globally to navigate the challenges of urban expansion while safeguarding their natural
habitats and the species that inhabit them.
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2. Literature Review

2.1. Biodiversity Conservation

Bobcats are not merely inhabitants of the San Jose urban ecosystem, they serve as apex
predators that maintain prey balance and contribute to the region’s ecological balance [20].
As apex predators, bobcats traditionally regulate the populations of smaller mammals,
which, in turn, affect vegetation and other wildlife species [21,22]. This cascading effect
ripples through the food web, maintains biodiversity and checks species overpopulation.
However, urban challenges in San Jose, this regulatory role of bobcats faces challenges.
Despite their presence, many prey populations remain overabundant due to factors unique
to urban settings. These include altered landscapes, availability of anthropogenic food
sources, and reduced predation effectiveness in these modified habitats [23]. This phe-
nomenon, often referred to in literature as the “predation paradox,” indicates that the
ecological role of apex predators like bobcats is more complex in urban areas than previ-
ously understood [24]. Furthermore, they contribute to the process of seed dispersal, an
often-overlooked ecological service [25]. By consuming prey, bobcats inadvertently ingest
seeds that can be carried to new areas, aiding in the distribution of plant species [26]. This
not only promotes genetic diversity within plant populations but also bolsters the overall
resilience of the ecosystem.

2.2. Genetic Connectivity

Urbanization has fragmented San Jose’s bobcat habitats, leading to genetic isolation
and potential biodiversity loss. Genetic diversity is crucial for disease resistance and
adaptability to environmental change [9]. Establishing wildlife crossings is essential for
maintaining genetic flow and bobcat population viability. Genetic diversity is the substrate
for natural selection, enabling adaptation to environmental shifts [27]. Urban encroachment
impedes connectivity and reduces the genetic variance of migrants, potentially diminishing
the bobcats’ adaptive capacity [28]. Furthermore, reduced genetic diversity can erode the
adaptive potential of bobcat populations [29]. As environmental pressures mount, this
genetic diversity is paramount for species survival [30]. Without it, populations become
increasingly vulnerable to unforeseen challenges.

2.3. Road Safety

The intersection of bobcats and roadways in the San Jose region presents a significant
challenge for both wildlife and human commuters. Wildlife–Vehicle Collisions (WVCs)
present substantial challenges, encompassing property damage, personal injuries, and
fatalities [31]. Property damage often involves significant costs for vehicle repair and im-
pacts insurance premiums [32]. Injuries to drivers and passengers can range from minor to
severe, requiring medical attention and possibly leading to long-term health consequences.
Most critically, these collisions can result in fatalities, underscoring the serious risk they
pose to the life of humans and wildlife [33]. The impacts of these collisions extend beyond
the individual bobcats involved. Each incident contributes to the overall mortality rate of
the population, potentially leading to long-term declines [34,35]. Additionally, WVCs can
disrupt the ecological balance by removing apex predators from the ecosystem, which can
lead to cascading effects on prey populations and vegetation dynamics [21].

In regions like California, where the intersection of wildlife and urban development
is a growing concern, the implementation of well-designed wildlife crossings has shown
promising results for species like bobcats [36]. For instance, in areas such as near Los Ange-
les and other parts of California, specifically designed overpasses and underpasses have
been constructed to facilitate the safe movement of wildlife across busy roadways [37,38].
These structures have been strategically placed considering the natural movement pat-
terns of wildlife, thereby minimizing their exposure to traffic and reducing the likelihood
of collisions.
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The results from these wildlife crossings have been encouraging. Monitoring studies
have shown a significant decrease in wildlife–vehicle collisions in areas where these cross-
ings are present [39]. Furthermore, they have contributed to maintaining genetic diversity
within wildlife populations by allowing for greater movement and interaction among sepa-
rate groups [38]. Therefore, the establishment of wildlife crossings is a practical measure
that goes beyond conservation. It enhances public safety by reducing wildlife-related traffic
incidents and plays a pivotal role in balancing urban development with the preservation
of wildlife populations. The success of these crossings in California serves as a model for
other regions facing similar challenges, ultimately paving the way for a safer coexistence
between humans and wildlife in urban landscapes.

2.4. Urban Ecology

San Jose represents a microcosm of urban sprawl, mirroring the challenges that wildlife
faces in rapidly urbanizing regions worldwide. The study of bobcat crossings stands
as a prototypical example for addressing similar issues involving other wildlife species
and urban infrastructure. It offers invaluable insights into the domain of urban ecology
and wildlife conservation amidst the relentless tide of urbanization [40]. Understanding
how bobcats adapt to this changing environment provides invaluable insights into the
broader field of urban ecology. Their behavior, movements, and interactions with human
infrastructure serve as a lens through which we can better comprehend the challenges and
opportunities presented by urbanization [41].

2.5. Interdisciplinary Collaboration

This research necessitates a collaborative effort across various disciplines, uniting
ecologists, urban planners, transport authorities, and conservationists to address the chal-
lenges at the interface of urban development and wildlife conservation. It emphasizes
the intrinsic value of interdisciplinary cooperation in crafting solutions that consider both
human and wildlife requirements while informing policy and planning decisions [42]. This
interdisciplinary approach recognizes that the issues at hand are multifaceted and intercon-
nected. Ecologists contribute insights into wildlife ecology and habitat needs, while urban
planners provide expertise in infrastructure design [43]. Transport authorities bring vital
data on traffic dynamics and engineering, and conservationists anchor the work in ethical
and conservation policy [44]. Such cross-disciplinary collaboration yields comprehensive
strategies that are sensitive to ecological and human demands [45]. This inclusive approach
not only bolsters conservation efficacy but also enriches policy making with a broader
grasp of the underlying complexities [46].

Moreover, incorporating varied perspectives leads to sustainable urban development
strategies that embed wildlife conservation into urban planning, promoting a more harmo-
nious and resilient cityscape [47]. This study, through an interdisciplinary lens, evaluates
potential bobcat crossing sites within San Jose’s urban matrix.

Two primary research questions guide this research: 1. What are the major factors
impacting bobcats’ living habitat? We assumed that the primary factors affecting bobcat
habitat in San Jose, California are urban development, the amount of road traffic, and the
presence of natural features such as vegetation and water sources. 2. How do these factors
influence bobcats’ ability to cross infrastructure in San Jose, California? We hypothesize in
this regard that the above factors, particularly road traffic and urban infrastructure, will
lead to habitat fragmentation and an increase in roadkill incidents, which will affect the
movement patterns of bobcats and the connectivity of their populations. Through the
integration of geospatial analysis and ecological modeling, this research aims to provide
practical solutions that not only conserve bobcat populations but also contribute to the
broader understanding of wildlife–urban interface management.
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3. Materials and Methods

3.1. Study Site

The study delineates a 30 km radius (approximately 18.64 miles) from the Calero
Reservoir as its focal area, located 20 km (about 12.43 miles) from downtown San Jose, CA.
The Calero Reservoir, a crucial hydrological feature for the region, supports the surrounding
ecosystems with ample water resources. Figure 1 illustrates several designated wildlife
preserves within the study site, including the North Coyote Valley Conservation Area,
Tulare Hill Ecological Preserve, and Basking Ridge Conservation Area—integral to the
region’s biological diversity. The area boasts a rich ecological mosaic of forests, grasslands,
and watersheds, providing habitats conducive to a variety of wildlife species, including
several protected ones. In recent years, a surge in roadkill events has been observed,
particularly at the confluence of Highway 101 and Monterey Road (refer to Figure 1),
with significant repercussions for human safety, bobcat populations, and the broader
ecosystem integrity.

Figure 1. Bobcat Habitats and Infrastructure Crossways in the Calero Reservoir Vicinity, San
Jose, California.

3.2. Data Sources and Scoring

This study conducted a literature review to identify key factors influencing the optimal
locations for bobcat crossings. Articles published between 2019 and 2023 were sourced
from the Web of Science database using keywords such as “Bobcat Crossing”, “Habitat”,
“Living Condition”, and “Infrastructure”. The five-year period was selected to reflect
recent developments in infrastructure and their effects on wildlife habitats. A dataset of
100–200 articles was curated to balance comprehensiveness with manageability, ensuring
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an in-depth analysis without sacrificing the breadth of the review. Within this dataset,
118 articles met the review criteria.

The research then extracted and quantified key factors from these articles, assessing
word frequency in the abstracts to derive a weighted scoring system. These factors were
categorized into six domains impacting bobcat habitats: “Vegetation Coverage”, “Distance
to Stream”, “Vehicle Traffic Volume”, “Bobcat Movement Pattern”, and “Bobcat Roadkill
Spots”. This methodical approach informed the creation of a bespoke analytical framework,
going beyond a mere synthesis of existing knowledge. Table 1 presents a comparative
analysis of these factors, detailing associated keywords, frequency, and cumulative weight.
The synthesis of factor analysis and weighting provides a novel contribution to the field
by quantifying each factor’s influence. Subsequent sections will delve deeper into these
factors to assess their relevance to the siting of bobcat crossings.

Table 1. Key Factors for Bobcat Crossings.

Key Factors Keywords Frequency Sum Weight

Vegetation Coverage

Open Water (Aquatic) 20

23.9%

Developed Land 18

Riparian Forest and Shrub 15

Woodland 13

Grasslands 10

Wetland 8

Irrigated Agriculture 8

Distance to Stream

Stream Length 25

19.6%

Drainage Distance 14

Channel Network 12

Watershed 12

Stream Usage 10

Stream Segment 8

Riparian Zone 8

Vehicle Traffic Volume

Average Daily Traffic (ADT) 15

15.7%

Vehicle Flow 14

Road Usage 12

Vehicle Flow Analysis 12

Peak Hour Traffic 12

Bobcat Movement Pattern

Bobcat Tracking 24

26.8%

Bobcat GPS Telemetry 22

Bobcat Habitat Selection 20

Bobcat Migration 17

Bobcat GPS Collar Data 15

Bobcat Movement Ecology Studies 13
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Table 1. Cont.

Key Factors Keywords Frequency Sum Weight

Bobcat Roadkill

Roadkill Hotspots 12

14.0%

Wildlife Mortality Locations 11

Roadway Animal Incidents 10

Roadkill Mapping 10

Wildlife–Vehicle Conflict Zones 8

Animal–Vehicle Collision Sites 7

Table 2 offers a comprehensive overview of the data employed in this project, incor-
porating information on vegetation coverage, water system characteristics, vehicle traffic
volume, bobcat movement position points, and incidents of bobcat roadkill. All data were
processed in the WGS 1984 coordinate reference system. The table provides granular details
for each dataset, such as resolution, application, year of reference, and the originating
source of the data.

Table 2. Data Sources.

Data Reference Year Resolution Usage Data Source

Vegetation Coverage Data 2023 Vector Reclassification of Vegetation The national Map. Gov

Water System Data 2023 Vector Abstracting the Distance
from Water The national Map. Gov

Vehicle Traffic Volume 2023 Vector Visualizing the Traffic Data The national Map. Gov

Bobcat Movement Position
Point Data 2023 Vector Visualizing the Bobcat

Movement Pattern MOVEBANK

Bobcat Roadkill Data 2023 Vector Extracting Space Distribution
of Bobcat Roadkill MOVEBANK

3.3. Data Analysis Criteria of Habitat Suitability Modeling (HSM)

This study employed Habitat Suitability Modeling (HSM) to develop a model for
habitat suitability. HSM is considered the practical application of the ecological niche
concept, utilizing environmental variables to predict the presence or abundance of species
throughout the research area [48]. The research also harnessed the logic of the Landscape
Planner’s Toolkit, integrating Geographic Information Systems (GISs) to collect and process
visual data such as Data Evaluation Parameters (DEPs) [49].

We categorized each factor into five equidistant values based on their impact on bobcat
crossings, ranging from S1-Highest suitability (5 pts) to S5-Lowest suitability (1 pt); this
division of Habitat Suitability Index (HSI) values into five equidistant levels facilitates easier
comparison and contrast among the suitability of different habitats [50]. Our evaluation
of the five values and their impact on bobcat crossings drew upon key insights extracted
from the literature review, a method whose efficacy in assessing habitat suitability has been
well documented.

HSM development integrates species occurrence with environmental data, employing
statistical algorithms to analyze the relationship between these environmental factors
and species occurrences, thereby predicting the probability of suitable habitats across the
landscape [51]. In our analysis, the analysis incorporated key factors from Section 3.2 to
ascertain the most crucial species occurrence data and environmental data. Subsequently,
assigning habitat suitability using the Ordered Weighted Averaging (OWA) method [52].
The weighted key factors were then transformed into spatial distribution maps using
OWA values, enabling spatial analysis within GIS. This approach has a strong precedent in
current applications [53].
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For the impact factors that cannot find the evidence for suitability score, this research
applied the “Equal Interval” classification method [54]. In “Equal Interval” classification,
each class occupies an equal interval along the number line. They are found by determining
the range of the data [55]. The range is then divided by the number of classes, which gives
the common difference. The class limits are established by starting at the lowest value
and adding the common difference to obtain the upper limits of the first class, adding the
common difference to this to obtain the limit of the second class, until the upper limit of
the data is reached [56].

Finally, we overlaid all factors with different weights based on the word frequency, in
ArcGIS Pro, then generated potential crossing locations where bobcats are likely to attempt
to crossroads. Weighted overlay is a technique in GIS-based multi-criteria decision analysis
that assigns weights and combines various thematic layers to create a comprehensive
suitability map, widely used in habitat suitability modeling, land use planning, and site
selection studies [57]. These areas represent critical points for wildlife connectivity. The
formula of the weighted overlay method is shown below:

weightedoverlay =
n

∑
i=1

Ci × Wn (1)

where Ci is each criterion (i) that has been reclassified, and Wn is the number of data (n)
that were weighted.

3.3.1. Kernel Density

This study employs Kernel Density Analysis (KDA) as a pivotal ecological analytical
method to evaluate bobcat habitats. Within the extensive realms of geospatial analysis,
geography, and ecology, Kernel Density Analysis has proven to be a highly prevalent model,
extensively applied for detecting ecological corridors [58–60], identifying biodiversity
hotspots [61,62], and assessing potential conflict areas [63,64]. The methodology involves
calculating the density of point features surrounding each output grid cell, contingent upon
specified bandwidth and a chosen kernel function [65]. In this project, the KDA mechanism
can be demonstrated as follows (2):

K(x) =
1

nh2∑n
i=1 K(

x − xi
h

) (2)

where for each habitat category, (n) represents the total number of locations that are suitable
as bobcat’s habitats, (x − xi) represent the individual samples of habitat locations, (h) is
the bandwidth (search radius of each habitat), and (K) is the kernel function, typically a
Gaussian function.

In this project, Kernel Density Analysis (KDA) is initially employed to transform bob-
cat observation points into a continuous density surface [66]. Leveraging the spatial features
of the density values derived from this continuous surface, polygons representing bobcat
active regions are extracted, potentially indicative of their hunting grounds, habitats, or
migration routes, drawing upon insights from prior reviews. The choice of bandwidth and
kernel function among various parameters significantly impacts the accuracy of corridor
estimation. With a very large bandwidth, the detection result fails to reflect the variability
in data, whilst a very narrow bandwidth leads to noises [67]. Kernel function impacts how
an individual sample is spread and weighted across the density surface. Herein, this study
employs 1609.344 (1 mile) as bandwidth and Gaussian function as kernel function for its
mathematical simplicity and statistical interpretability.

When considering the impact of roads on wildlife, by analyzing the activity density of
bobcats and the location of roads, it is possible to determine where road infrastructure has
the greatest impact on bobcats. This information is crucial for wildlife management and
conservation planning, as it can guide how to design and place wildlife corridors or other
mitigation measures.
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3.3.2. Euclidean Distance

Euclidean distance serves as a metric to quantify the spatial relationship with bob-
cat habitats. Typically employed in prior studies to assess habitat isolation [68,69] and
ecological importance evaluation [70,71], this metric calculates the shortest straight-line
distance between points, providing a straightforward measure of spatial separation [65].
Equation (3) is the mathematical representation:

d =

√
(x2 − x1)

2 + (y2 − y1)
2 (3)

where (d) represents the distance between two points, which are points within study range
and habitats, respectively, with (x1, y1) and (x2, y2) as the coordinates of these points.
Herein, the calculation involves determining the distances from each pixel in the study area
to the nearest bobcat-active points, considering key resources like water sources and food
supply as indicated by prior reviews. Subsequently, varied weight values are assigned to
these resources on the map, contributing to the creation of a weighted suitability raster
based on pre-calculated Euclidean distances.

This method serves as a valuable tool for unraveling the spatial relationship between
bobcats and their environment. It offers a straightforward means of assessing the spatial
characteristics of animal habitats and identifying potential suitable areas. The analysis
proves advantageous in swiftly pinpointing regions where bobcats can readily access
resources, while also highlighting areas that may pose challenges due to difficulties in
resource acquisition [35]. Through the overlay and calculation of Euclidean distances,
researchers gain insights into animal behavioral patterns and ecological needs. This un-
derstanding, in turn, informs the development of effective wildlife management and
conservation strategies.

4. Results

4.1. Vegetation Coverage (Sum Weight: 23.9%)

This study employed the Kernel Density method to process Vegetation Coverage data.
Kernel Density Analysis uses kernel functions (such as the Gaussian kernel) to interpolate
data points, forming a continuous density surface, thus accurately capturing variations in
vegetation coverage on a small spatial scale. Bobcats prefer complex natural vegetation
structures [17] and their presence is often associated with open water bodies, developed
open spaces, grasslands/herbaceous and shrub/shrub habitats [72]. Forest-type land has a
significant impact on the relative abundance of bobcats [73]. Although current research has
analyzed the habitat types preferred by bobcats and their characteristics, there is not yet
a clear and unified consensus on the preference order of these habitats. Therefore, in this
study, we employed a method based on word frequency analysis to count habitat-related
keywords mentioned in the literature under the “Vegetation Coverage” category, which are
relevant to suitable locations for bobcat crossings. This method aims to quantify the relative
importance of different land types for bobcats. Specifically, we classified these keywords
into five levels using the Equal Interval method, assigning suitability scores from 5 (highest
importance) to 1 (lowest importance) based on their significance, see Table 3.

Table 3. Suitability Ratings for Vegetation Coverage.

Keywords for Vegetation
Coverage

Suitability Level
Current Value (Based on Word

Frequency from Table 1)
Reclassified Value

Open Water (Aquatic) S5—Highest Suitability 18.6–20 5 pts
Developed Land S4—Higher Suitability 15.0–18.6 4 pts

Riparian Forest and Shrub S3—Moderate Suitability 12.8–15.2 3 pts
Grassland; Woodland S2—Lower Suitability 10.0–12.8 2 pts

Wetland; Irrigated Agriculture S1—Lowest Suitability 8–10.0 1 pt
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4.2. Distance to Stream (Weight: 19.6%)

In this study, the Euclidean Distance Analysis method was used to assess the Distance
to Stream, a crucial factor in determining the suitability of habitats for bobcats. This method
calculates the straight-line distance from each point within the study area to the nearest
water stream, providing a clear quantification of the spatial relationship between water
sources and bobcat habitats. Proximity to water sources is crucial for bobcats as these
areas typically offer a richer food supply, including prey species attracted to water bodies.
Additionally, water sources often support a variety of vegetation, providing necessary
cover for bobcats for hunting and protection.

In urban environments, bobcats have been found to prefer areas around creeks and
water channels [74], likely due to these areas offering a more favorable microclimate
and more secluded environment compared to the more exposed urban landscapes [75].
Furthermore, water sources are essential for the hydration of bobcats, especially in urban
areas where natural water sources may be scarce. Therefore, proximity to water is a
significant factor in their movement and territory selection [76].

Consequently, areas closer to water sources are deemed more suitable for bobcat
habitats. However, current research lacks specific studies on the precise distance between
suitable bobcat habitats and water sources. To address this, our study applied the Equal
Interval method to divide the distance from each point in the study area to the nearest
stream into five levels, reflecting varying degrees of habitat suitability based on proximity
to water sources. As shown in Table 3, this scoring system was developed based on a
comprehensive review of bobcat behavioral patterns and ecological needs, assigning values
from 5 (closest) to 1 (farthest) based on the reclassification of these levels according to their
distance, as shown in Table 4.

Table 4. Suitability Ratings for Distance to Stream.

Distance to Stream Suitability Level
Current Value

(Based on Distance to Stream)
Reclassified Value

Very Close S5—Highest Suitability 0–50 m 5 pts
Close S4—Higher Suitability 50–100 m 4 pts

Moderate S3—Moderate Suitability 100–150 m 3 pts
Far S2—Lower Suitability 150–200 m 2 pts

Very Far S1—Lowest Suitability Above 250 m 1 pt

4.3. Traffic Volume (Weight: 15.7%)

This study utilized Kernel Density to analyze Traffic Volume data. Kernel Den-
sity reveals the spatial distribution characteristics of traffic by identifying areas of high
traffic density.

Research has shown that bobcats exhibit avoidance behavior towards road areas and
show the least overlap in their range within road-related habitats [77]. Bobcats are also
particularly sensitive to traffic noise and vehicle lights [78]. Thus, areas with high traffic
volume are not preferred habitats for bobcats. Using the Equal Interval method, this study
classified the relative distances to high traffic volume areas. Based on proximity to these
areas, from farthest to nearest, we assigned suitability scores from 5 to 1 to these locations,
as shown in Table 5.
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Table 5. Suitability Ratings for Traffic Volume.

Traffic Volume Suitability Level
Average ADT per Day
(Quantity of Vehicles)

Reclassified Value

Very low S5—Highest Suitability 0–50,000 5 pts
Low S4—Higher Suitability 50,000–110,000 4 pts

Moderate S3—Moderate Suitability 110,000–370,000 3 pts
High S2—Lower Suitability 370,000–920,000 2 pts

Very High S1—Lowest Suitability Above 920,000 1 pt

4.4. Bobcat Movement Patterns (Weight: 26.8%)

This study utilized the Kernel Density method to analyze data on Bobcat Movement
Patterns. Kernel Density Analysis allowed us to visualize key areas and pathways of
bobcat activity, such as frequently crossed locations or primary activity zones, aiding in
understanding the spatial distribution of bobcats’ behavioral habits and ecological needs.
Using bobcat movement monitoring data from MOVEBANK in 2023, we produced maps
of bobcat activity ranges and understood the intensity of activities within these areas. The
Equal Interval method was applied to classify bobcat activity density into five different
levels. For detailed categorization, refer to Table 5; these were assigned scores from
5 (highest density) to 1 (lowest density) based on the density gradient, see Table 6.

Table 6. Suitability Ratings for Movement Patterns.

The Density of Movement
Patterns

Suitability Level
Crossing Times per Square

Miles in 2023
Reclassified Value

Very High S5—Highest Suitability 25,600–113,000 5 pts
High S4—Higher Suitability 8460–25,600 4 pts

Moderate S3—Moderate Suitability 2220–8460 3 pts
Low S2—Lower Suitability 500–2220 2 pts

Very Low S1—Lowest Suitability 0–500 1 pt

4.5. Bobcat Roadkill (Weight: 14.0%)

This study employs the Kernel Density method to analyze Bobcat Roadkill events.
Kernel Density Analysis reveals the spatial clustering characteristics of bobcat roadkill
incidents. By generating continuous density maps, this method clearly depicts the concen-
tration trends of roadkill events in specific areas. The risk of road mortality for bobcats
is significantly influenced by traffic levels [79], and roadkill incidents impact the activity
and population of bobcats [80]. Increased traffic leads to an increased likelihood of vehicle
encounters with wildlife [81]. As traffic volumes increase, the likelihood of bobcats crossing
the roadway and being struck by vehicles as a result increases. Busy roads can disrupt
roadways and can affect the habitats of mammalian predators (especially felines) by forcing
these animals to cross roads more frequently to access different parts of their territories [82].
This increase in crossing behavior increases the risk of road traffic accidents. Therefore,
based on bobcat roadkill data from MOVEBANK in 2023, our study applied the Equal
Interval method to categorize the distances in high bobcat roadkill density areas into five
levels, forming a continuous distance gradient. Each level is assigned a suitability score
from 1 to 5 based on the relative distance from high-density roadkill areas. For detailed
categorization, refer to Table 6; this grading method, by quantifying the frequency of bobcat
roadkill events, reveals the spatial distribution patterns of habitat suitability affected by
this factor, see Table 7.
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Table 7. Suitability Ratings for Bobcat Roadkill.

The Density of Bobcat
Roadkill

Suitability Level Roadkill per Square Miles in 2023 Reclassified Value

Very low S5—Highest Suitability 0.001–0.011 5 pts
Low S4—Higher Suitability 0.012–0.053 4 pts

Moderate S3—Moderate Suitability 0.054–0.214 3 pts
High S2—Lower Suitability 0.215–0.836 2 pts

Very High S1—Lowest Suitability 0.837–3.234 1 pt

4.6. Habitat Suitability Modeling (HSM)

The vector data obtained from Section 4.2 to 4.6 were processed by multiplying each
factor’s score by its corresponding weight and then summing them to obtain a composite
score for each location. This reflects the contribution of each factor to land suitability. A
visualized composite score map was then generated, summarizing the weighted sums [83].
Highly suitable habitats are represented in green, while the least suitable are in red.

In the San Jose region, our Habitat Suitability Modeling (HSM) integrated various
ecological factors to reveal that the most conducive environments for bobcats, depicted
as verdant zones on the composite maps, are predominantly located on the outskirts of
urban development. These areas, in proximity to conservation zones such as Basking
Ridge and Metcalf Motorcycle County Park, benefit from reduced human encroachment
and roadkill risk due to their distance from major highways. Conversely, areas adjacent
to and south of these highways, portrayed in shades of orange and yellow, manifest
lower habitat suitability, with the least suitable regions, marked in red, located within
densely urbanized areas. This pattern corroborates previous findings by Riley et al. [13],
underscoring the detrimental effects of urban land use and adjacent road infrastructure on
bobcat habitat viability.

Cross-layer analysis of Figure 2 elucidates the differential impact of various factors on
habitat suitability. While urban regions and their associated roads demonstrate reduced
suitability, this is contrasted by the lower scores in areas adjacent to the North Coyote Valley
Conservation Area, despite their remote location from urban centers. Here, the widespread
and uniform distribution of rivers correlates with increased habitat suitability, enhancing
as one moves away from tributaries. Traffic dynamics further complicate suitability; the
northwest regions near urban centers, with higher traffic volumes, signify lower suitability,
aligning with infrastructure hotspots, particularly at intersections. However, the lowest
roadkill map scores are concentrated along major thoroughfares, such as Highway 101 and
Monterey Road, challenging conventional wisdom which posits that increased traffic and
more lanes amplify mortality rates for bobcats [35].

An unexpected revelation from our study is the spatial congruence between areas of
high habitat suitability and regions with frequent roadkill incidents, an intuitive contra-
diction that suggests ideal habitats might also present heightened risks for traffic-related
fatalities. The habitat suitability map (Figure 2) positions primary bobcat territories at the
city’s periphery, correlating with areas of dense vegetation typical of conservation lands,
parks, golf courses, and undeveloped tracts. The optimal habitats, situated between South
San Jose and Metcalf Motorcycle Park, are dissected by major roadways. Although these
roads provide a degree of suitability, they coincide significantly with roadkill hotspots
when juxtaposed with individual maps. This observation compels a further discourse and
consideration of roadkill intersections, especially where road planning and construction
bisect suitable bobcat environments, potentially leading to a high frequency of roadkill
events. The synthesis of these findings suggests a need for a multifaceted approach to
urban development in San Jose, to better accommodate the needs of local wildlife, includ-
ing bobcats. Specific management actions and recommendations will be detailed in the
discussion section.
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Figure 2. Comprehensive Habitat Suitability Analysis for Bobcats in San Jose, California: Integrat-
ing Vegetation Coverage, Stream Density, Traffic Volume, Bobcat Movement Patterns and roadkill
dates, 2023.

5. Discussion

In this study, we explored the impact of human activities on bobcat habitat selection
and suitability. Our analysis of the San Jose region, encompassing conservation areas such
as Basking Ridge Conservation Area, Tulare Hill Ecological Preserve, and North Coyote
Valley Conservation Area, indicated that major roads, including Highways 101 and 85,
and urban land use, including the land between Highways 101 and 85, the silver leaf,
and the town along the Monterey Road, called the Los Paseos significantly negatively
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impacted bobcat habitat suitability. These have led to habitat fragmentation and reduced
connectivity within these suburban and natural landscape. Major roadways notably disrupt
ecological continuity, severely disrupting the ecological environment and intensifying
roadkill incidents, thereby restricting bobcat movement. Ruell et al. [28] also highlighted
the negative impacts of roads on habitat connectivity.

Comparing the different layers, from Figure 2, we find that the interactions between
various factors may influence suitability by affecting bobcat behavior. In our analysis,
comparing the influence of roadkill incidents and traffic volume on habitat suitability,
we found that while the general patterns of habitat suitability associated with roadkill
incidents broadly align with those of traffic volume, the areas of highest impact for each
do not overlap. Specifically, these factors differentially affect bobcat behaviors such as
movement patterns, territorial range, and crossing frequency, with peak areas for roadkill
incidents suggesting a higher risk to bobcats in certain regions [84], while traffic volume
peak areas may correspond to areas with restricted bobcat movements due to noise and
continuous vehicle presence. The occurrence of roadkill incidents is not concentrated at
the peaks of traffic flow but aligns more with the suitability in the movement patterns of
bobcats. Firstly, it is evident that the cause of roadkill incidents is not just heavy traffic
flow, but the result of the interaction between traffic flow and bobcat movement patterns.
Additionally, comparing the bobcat movement maps with layers of vegetation, streams,
land use, etc., we can see some patterns similar to bobcat activities. Areas rich in vegetation
and far from urban areas show higher suitability and activity density. This also reflects
to some extent that natural environmental factors like vegetation are attractors of bobcat
activity. This observation also underscores the significance of natural environmental factors
as determinants of bobcat activity, evident from the bobcat movement maps. The patterns
depicted in these maps show a clear correlation between areas of dense vegetation and
increased bobcat activity [85]. Particularly, these areas, typically remote from urban settings,
are not only characterized by higher habitat suitability but also by a greater density of
bobcat activities. For example, areas such as Metcalf Motorcycle County Park and the
portion southwest of the two preserves and the area between South San Jose have more
dark green patches on the Suitability Map, demonstrating better suitability for bobcats.
This is also an area where bobcat activity patterns are more intense (Figure 3). At the
same time, however, the fragmental distribution of vegetation has led to more frequent
travelling of bobcats on roads in this area, as seen in the illustration of bobcat movement
patterns, even on roads, where their movement trajectories cross roads and connect the
two reserves (Figure 2). This suggests that, aside from traffic flow, the natural landscape
features, such as vegetation cover, significantly influence bobcat movements, attract their
presence, and contribute to habitat preference, offering essential resources and sheltered
breeding locations [85]. Vegetation cover is an important factor in bobcat habitat selection,
providing them with necessary food sources and secluded breeding grounds [86].

Moreover, our analysis in Figure 3 revealed a dichotomy in the attractiveness of
vegetation cover for bobcats. While areas rich in vegetation are highly appealing to bobcats,
their proximity to transportation infrastructure increases the risk of roadkill. This finding is
supported by Schmidt et al. [87], who indicated that bobcats near roads have a higher risk
of roadkill. Cain [88] also observed an increased likelihood of roadkill for medium-sized
carnivores in highly suitable habitats along roadways.
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Figure 3. Overlay analysis of habitat suitability maps with infrastructure and conservation
areas (A–D) are representative road sections that we selected for detailed analysis (Photos Source:
Google Earth, 2023).

Overall, our research emphasizes that although areas with rich vegetation offer higher
suitability for bobcats, road traffic infrastructure and roadkill phenomena significantly
diminish this suitability. Some studies have also shown that predators, such as bobcats,
tend to cross primary and secondary roads within their range of habitat. An increase
in the density of primary and secondary roads results in more bobcats crossing and a
greater risk of roadkill injury [84], due to their movement pattern. This is consistent with
Serieys et al. [17], who found that bobcats prefer densely vegetated coniferous forests
as habitats. However, abundant vegetation does not always equate to high suitability
scores. Overlapping analysis (Figure 2) showed that roadkill incidents primarily occur
on main roads, highly overlapping with areas frequently traversed by bobcats. This
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might be due to vegetation density providing cover but also potentially attracting bobcat
activity, thereby increasing the risk of roadkill [89]. Our study indicates that in addition to
considering the individual impact of various factors in habitat suitability assessments, the
interplay and potential negative effects of these factors must also be considered. Therefore,
future research should aim to adjust and optimize the suitability assessment system to
more comprehensively reflect the complex relationships between environmental factors.
Especially in assessing habitat suitability, it is crucial to consider not only the independent
effects of environmental factors but also how these factors interact and affect the behavior
and survival of wildlife. Moreover, our study underscores the need for conservation
strategies, particularly in urban and suburban areas. When planning and managing natural
reserves, the potential negative impacts of roads and urban land use on wildlife habitats
should be fully considered. For instance, increasing ecological corridors and wildlife
crossings can reduce roadkill incidents and enhance habitat connectivity. Additionally,
raising public awareness about wildlife conservation, particularly among residents in urban
and suburban areas, can help reduce disturbances to wildlife habitats. To delve deeper
into bobcat habitat suitability analysis, we selected four areas (Figure 3) for case studies,
comparing, learning, and applying our findings by overlaying suitability maps and roadkill
points to analyze key points in depth.

Figure 3 shows that Segment A, being close to the town, has the lowest suitability
score. Despite some vegetation, it is primarily urban greenery and close to houses. Segment
B, near a water source, has vegetation only on the northeast side and is traversed by a
flyover across the main road, resulting in good suitability. Segment C, with open views and
belt-like vegetation on both sides, also crossed by a flyover, has slightly lower suitability
compared to B. Segment D, farthest from the urban area, with broad views and some
vegetation, also shows good suitability in the image. In conclusion, it is found that the
suitability of different sections varies due to the different environmental landscapes in
their surroundings. However, the same feature is that the habitat suitability is lower in the
crossings where there is no advantage of natural resources such as vegetation and water.
Whereas the abundance of favorable natural conditions and appropriate tunnel treatments
will increase the suitability of the intersection location. In addition, the closer to the urban
landscape, the lower suitability even though there are high quality vegetation and corridor
bridge. For details, the comparison of the four sections reveals that areas with vegetation on
both sides or near a water source have higher suitability, as clearly demonstrated by B and
C. Additionally, in similar road environments, the comparison between B and C indicates
that more abundant and favorable natural factors lead to higher suitability. This suggests
that increasing vegetation around roads and in poorer corridors could be considered to
reduce roadkill. Therefore, following this, we will conduct case studies and research based
on the characteristics of different intersections (Figure 4), exploring measures to enhance
suitability in the area.

Section A is characterized by a complex interplay of transportation networks and
natural environments. In such areas, the challenge lies in bobcats potentially wandering
into high-risk roadkill zones due to the blurred boundaries between roads, human settle-
ments, and natural habitats. Based on Section 1-1 in Figure 4, railways may become their
pathways, with animals using these linear structures for movement [90]. The common
approach to mitigate threats from trains to mammals is to install fences along railway
lines, preventing wildlife from entering the railway area. Fences, typically made of metal
or wood and sufficiently high to deter target species, are proposed by [91]. However,
fencing can restrict wildlife migration and habitat use, leading to habitat fragmentation
and disruption of population genetic flow [57]. They also involve high construction and
maintenance costs, requiring regular monitoring and repair. To address this, Spanowicz
et al. [92] collected roadkill data in Canada and Brazil and designed an adaptive fencing
plan, prioritizing high-risk areas to increase connectivity and reduce costs. Additionally,
the authors of [93] developed a warning device that alerts animals as trains approach,
enhancing their attention and facilitating learning. Moreover, for Section A, where roads
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are flanked by rich vegetation and central medians covered with dense plants, management
measures including regular trimming and clearing roadside vegetation have been proven
effective in reducing roadkill incidents for various carnivores [94–96]. Different species
respond variably to the height and density of vegetation in road medians, influencing
their road-crossing behavior [96]. However, more research is needed on the impact of
road medians on bobcat crossing behaviors to achieve integrated vegetation management
around these areas. For such sections, physical barriers like higher fences in high-risk areas
along railways and roads can prevent bobcats from entering these zones. Additionally,
comprehensive measures like managing road vegetation can effectively reduce animal
roadkill incidents. Roadway A is characterized by its complex transportation network
intertwined with the natural environment. The challenge with this type of area is that
bobcats may stray into areas of high roadkill risk because the boundaries between the road,
habitat, and natural environment are not obvious. Railroads may become their walking
paths because typically there is sparse vegetation on both sides of the railroad, and animals
may use these linear structures as a pathway for movement [90]. For such sections, for both
sides of the railroad and roadway, physical separation, such as higher fences, can be added
to prevent bobcats from straying into the area. And planting more native vegetation to
increase cover to reduce the tendency of bobcats to cross railroads.

Section B is the area where roadkill incidents occur most frequently (Figure 3). It
bisects a region highly suitable for bobcats, separating the reserve from a water source
on the other side. There is a direct positive correlation between the risk of road mortality
for carnivores and the presence of water bodies [97]. The proximity to water sources
(Section 2-2 in Figure 4) may lead bobcats to prefer these areas as crossing points, being
both drinking spots and hunting grounds, and increasing potential conflicts with human
activities. For such fragmented and divided habitats, in addition to establishing wildlife
crossings, it is also advisable to set up wildlife monitoring systems near these critical water
sources, intervening when necessary. Through spatial overlay analysis of factors affecting
bobcat survival and habitat suitability, we recognize the importance of establishing wildlife
corridors along highway edges near highly suitable habitats. Further assessments can
utilize spatial capture–recapture models to estimate bobcat densities in urban environ-
ments [74]. This will help to precisely identify bobcat activity hotspots. Moreover, studies
like Reed et al. [11] show that combining expert experience models with empirical models
simulating landscape connectivity can effectively identify crucial ecological corridors for
medium-sized carnivores like bobcats. Data collected on wildlife activity and roadkill
statistics are crucial in determining optimal locations for road crossing structures. Research
indicates that wildlife underpasses not built based on such data have significantly lower us-
age efficiency compared to those planned and constructed with relevant data [98]. Section B
is the area where roadkill occurs most frequently. Section B divides the area of high bobcat
suitability and separates the reserve from the water source on the other side. The proximity
to water sources may cause bobcats to prefer crossing at watering points and hunting areas.
In addition, these areas may also be places where human activities are more concentrated,
which increases the likelihood of bobcat conflicts with human. For such sections where
suitable habitat is divided and fragmented, in addition to establishing animal passages,
wildlife monitoring systems can be set up near these critical water sources and humans
intervene when necessary.
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Figure 4. Representative Road Sections with Roadkill Records (A–D) are representative road sections
that we selected for detailed analysis (Source: Google Earth, 2023).

Section C is characterized by its integration of rail and car lanes, adjacent to a nature
reserve (Section 3-3 in Figure 4). The fences here somewhat delineate the boundaries
between wildlife and human activities. However, bobcats and other wildlife adapt their
behaviors to avoid human activities and habitat fragmentation [99]. The partial fencing
along one side of Section C may not prevent bobcats from crossing to the other side of the
road. Studies indicate a higher incidence of roadkill at fence ends than in fenced or unfenced
sections, suggesting fences should be continuous or sufficiently long to encourage the use
of crossing structures rather than movement around fence ends [100]. Besides barriers,
wildlife underpasses or highway crossings should be added to ensure bobcat safety. In
addition to passages and fencing, the habitat variables related to forests, crucial for bobcats
as emphasized by Woolf et al. [73], should be considered. When designing and constructing
such ecological infrastructure, efforts should be made to simulate and preserve key features
of the bobcat’s natural habitat, like vegetation type and density, and prey availability.
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Overpasses and underpasses should be surrounded by ample vegetation resembling the
adjacent habitat, avoiding elements that could startle or hinder wildlife [101]. In Section C,
considering the impact of large man-made structures like billboards and streetlights on
bobcat use of crossing facilities should be included in the design of ecological infrastructure.
Moreover, given the proximity to a nature reserve, competition and interactions with
other feline species may affect bobcat distribution [102]. In planning reserves and wildlife
corridors, this competition should be accounted for by planning resources such as food,
water, and shelter to minimize direct competition between species for the same resources.
Section C is characterized by its blend of railway and motorway and its proximity to
the nature reserve. Fencing here demarcates the boundary between wildlife and human
activity to some extent; however, bobcats and other wildlife adjust their behaviors to avoid
human activity and habitat fragmentation [99]. Fencing around Section C that only partially
encloses an area on one side may not prevent bobcats from abandoning their crossings to
the other side of the road. Further measures, such as wildlife crossings or bridges, may be
needed subsequently to ensure the safety of bobcats.

Section D, with its expansive meadow landscapes and significant topographical eleva-
tion differences (Section 4-4 in Figure 4), provides bobcats with open vistas and abundant
hunting grounds. This might also make them more prone to approaching human activity
areas, such as nearby golf courses. While some studies suggest golf courses in urban
landscapes can serve as refuges for wildlife, offering various habitats [103,104], associated
factors like roads fragmenting habitats, extensive grasslands, and human activity presence
may increase road mortality risks for species like bobcats. Previous research indicates
that bobcat collision areas are characterized by smaller, fewer habitat patches, and larger,
more isolated grassland patches [105]. In a simulation study on Deer–Vehicle Collisions
(DVCs), researchers found that reducing speed limits and roadside clearings are powerful
mitigation tools to decrease DVC numbers [106]. Although there is no similar simulation
study on bobcat roadkill probability and vehicle speed, setting specific road signs and
locally reducing speed on fast cross-city highways could be an effective and cost-efficient
solution to mitigate roadkill incidents.

In conclusion, to reduce roadkill incidents, establishing crossing zones, such as wildlife
underpasses or overpasses, along with barriers to prevent animal crossings, is a feasible
approach [107]. Furthermore, studies have shown that carnivores prefer large, open
overpasses [36,108,109]. Therefore, we recommend incorporating fences and wildlife
passages into highway upgrade plans. Installing barriers along highways near reserves
and other highly suitable habitats can reduce the likelihood of wildlife like bobcats entering
roadways. Additionally, wildlife bridges can help bobcats cross, minimizing fragmentation
of suitable habitats on either side of the highway.

In the practical implementation of these conservation measures, it is essential to
tailor the design and placement of wildlife crossings and barriers based on the specific
behavioral patterns and habitat requirements of bobcats. This entails conducting detailed
studies of bobcat movement patterns, preferred habitats, and road-crossing behaviors.
Such data can inform the strategic placement of wildlife overpasses and underpasses,
ensuring these structures are located at key points where bobcats are most likely to cross
roads. Additionally, the design of these crossings should mimic the natural environment
to encourage usage by bobcats [110] incorporating elements like native vegetation and
ensuring an appropriate scale and layout. Barrier installations along roadways should be
carefully planned to minimize habitat fragmentation while effectively deterring bobcats
from entering high-risk road areas [111]. Collaborative efforts with local authorities and
communities are also vital in implementing traffic calming measures, such as speed limit
reductions in areas with high wildlife activity, to further mitigate the risk of roadkill [35]. In
summary, a comprehensive and data-driven approach, considering the unique ecological
characteristics of bobcats, is crucial to effectively implement these measures and enhance
the safety and connectivity of bobcat habitats.
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6. Limitations

While our study presents a comprehensive assessment of suitable locations for bobcat
crossings in the San Jose region, several inherent limitations should be acknowledged.
First, our study focuses on the last 5 years of data for San Jose, which means that direct
extrapolations to other areas may not be entirely applicable due to differences in ecological,
topographical, temporal, and urban characteristics. The reliance on observational data
and historical records, although valuable, may not fully capture the nuances of recent
urban developments or transient bobcat populations. The criteria employed to determine
crossing suitability, grounded in current knowledge, might require updates as new research
emerges or bobcat behaviors evolve. Our predictive models, despite their robustness,
operate under certain assumptions and may not capture the intricate web of all ecological,
behavioral, and infrastructural factors. Moreover, we did not delve deeply into potential
shifts in human commuting patterns, which could significantly influence the effectiveness
of proposed crossings as San Jose’s urban landscape evolves. Lastly, the long-term success
of these proposed crossings in mitigating wildlife–vehicle collisions and bolstering bobcat
genetic diversity remains to be validated. As such, while our findings shed light on urban
bobcat challenges and potential interventions, they should be interpreted considering
these caveats, and future research could further refine our understanding by addressing
these limitations.

7. Conclusions

This study has systematically evaluated the viability of bobcat habitats in the San
Jose area of California in the face of urban expansion, using established ecological and
geospatial analysis methods. Our evaluation criteria are grounded in accepted habitat
suitability modeling techniques, incorporating Weighted Overlay methods, Kernel Density
Analysis, and Euclidean Distance Analysis [67,112,113]. These are not new inventions but
rather a reintegration of proven methods, customized to address the unique challenges
that bobcats face in urban environments. Our findings underscore the adverse impacts
of urban growth and transportation infrastructure on habitat fragmentation, increasing
the likelihood of roadkill and compromising the ecological integrity of conservation areas.
The evidence points to an urgent need for implementing wildlife crossings to facilitate the
coexistence of urban development and wildlife habitats.

Through the application of geospatial design and ecological modeling, we have pin-
pointed key potential bobcat activity zones and high-risk locations for roadkill incidents.
This provides urban planners and wildlife managers with a strategic methodological frame-
work to effectively integrate wildlife conservation and road safety in urban fringe regions,
emphasizing the importance of preserving biodiversity and maintaining genetic connec-
tivity in rapidly urbanizing landscapes. Crucially, our study brings to light the profound
influence of human activities on bobcat habitat selection and suitability. By considering
ecological factors, geospatial data, and human activities in tandem, we gain a deeper under-
standing of wildlife habitat needs, laying a scientific foundation for formulating effective
conservation strategies.

The bobcat, as an indicator species, plays a pivotal role in mirroring the health of
the ecosystem. Its sensitivity to habitat alterations and fragmentation serves as a critical
indicator of the impacts of urbanization on wildlife. By focusing conservation efforts on the
bobcat, our work not only tends to their survival but also supports biodiversity at large, in
line with global initiatives like the Convention on Biological Diversity (CBD) and the United
Nations’ Sustainable Development Goals pertaining to life on land (SDG 15) [114,115]. This
study, therefore, not only addresses local ecological challenges but also contributes to
global biodiversity conservation efforts, marking the interconnectivity of urban ecology,
transportation planning, and wildlife management. By addressing the needs of bobcats, a
key indicator species, our study acts as a barometer for the success of urban planning and
conservation initiatives, ensuring a balanced ecosystem in the San Jose region.

171



Land 2024, 13, 152

Author Contributions: Conceptualization, Y.Z. and Y.W. (Yuxi Wang); methodology, Y.W. (Yuxi Wang)
and S.G.; data collection, Y.Z.; data curation, Y.W. (Yuxi Wang); formal analysis, Y.Z. and Y.W. (Yuxi
Wang); visualization, Y.W. (Yuxi Wang) and X.W.; project administration, Y.W. (Yuxi Wang); su-
pervision, Y.W. (Yuxi Wang); software, Y.W. (Yuxi Wang) and X.W.; validation, Y.W. (Yuxi Wang);
writing—original draft, Y.W. (Yuxi Wang), X.W. and Y.W. (Yuhan Wen); writing—review and editing,
Y.W. (Yuxi Wang), X.W., S.G., Y.W. (Yuhan Wen) and X.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Rytwinski, T.; Soanes, K.; Jaeger, J.A.G.; Fahrig, L.; Findlay, C.S.; Houlahan, J.; van der Ree, R.; van der Grift, E.A. How Effective
Is Road Mitigation at Reducing Road-Kill? A Meta-Analysis. PLoS ONE 2016, 11, e0166941. [CrossRef]

2. Shepherd, B.J.; Houck, J.; Lyon, C. On the Road Again: A Study Valuing Wildlife Crossings for Wetland Mitigation on State Road
40 in Volusia County, Florida. Ecosphere 2023, 14, e4566. [CrossRef]

3. Kaczensky, P.; Knauer, F.; Krze, B.; Jonozovic, M.; Adamic, M.; Gossow, H. The Impact of High Speed, High Volume Traffic Axes
on Brown Bears in Slovenia. Biol. Conserv. 2003, 111, 191–204. [CrossRef]

4. Bruschi, D.; Astiaso Garcia, D.; Gugliermetti, F.; Cumo, F. Characterizing the Fragmentation Level of Italian’s National Parks Due
to Transportation Infrastructures. Transp. Res. Part D Transp. Environ. 2015, 36, 18–28. [CrossRef]

5. Blanton, P. The Distribution and Impact of Roads and Railroads on the River Landscapes of the Coterminous United States. Ph.D.
Thesis, University of Oregon, Eugene, OR, USA, 2010. Available online: https://www.proquest.com/openview/addc5907d5aa2
fcf4559e21e9c48af62/1?pq-origsite=gscholar&cbl=18750 (accessed on 13 January 2024).

6. Tarabon, S.; Godet, C.; Coskun, T.; Clauzel, C. Coupling Spatial Modeling with Expert Opinion Approaches to Restore Multispecies
Connectivity of Major Transportation Infrastructure. Landsc. Urban Plan. 2022, 221, 104371. [CrossRef]

7. Tatewaki, T.; Koike, F. An Overview of Roadkill Records on Japanese Municipalities Revealed by a Questionnaire Survey. Wildl.
Hum. Soc. 2016, 3, 15–28. [CrossRef]

8. Vickers, T.W.; Sanchez, J.N.; Johnson, C.K.; Morrison, S.A.; Botta, R.; Smith, T.; Cohen, B.S.; Huber, P.R.; Ernest, H.B.; Boyce,
W.M. Survival and Mortality of Pumas (Puma concolor) in a Fragmented, Urbanizing Landscape. PLoS ONE 2015, 10, e0131490.
[CrossRef]

9. Carroll, C.; Hartl, B.; Goldman, G.T.; Rohlf, D.J.; Treves, A.; Kerr, J.T.; Ritchie, E.G.; Kingsford, R.T.; Gibbs, K.E.; Maron, M.; et al.
Defending the Scientific Integrity of Conservation-Policy Processes. Conserv. Biol. 2017, 31, 967–975. [CrossRef]

10. Larrucea, E.S.; Serra, G.; Jaeger, M.M.; Barrett, R.H. Censusing Bobcats Using Remote Cameras. West. N. Am. Nat. 2007, 67,
538–548. [CrossRef]

11. Reed, G.C.; Litvaitis, J.A.; Callahan, C.; Carroll, R.P.; Litvaitis, M.K.; Broman, D.J.A. Modeling Landscape Connectivity for Bobcats
Using Expert-Opinion and Empirically Derived Models: How Well Do They Work? Anim. Conserv. 2017, 20, 308–320. [CrossRef]

12. Riley, S.P.D. Spatial Ecology of Bobcats and Gray Foxes in Urban and Rural Zones of a National Park. J. Wildl. Manag. 2006, 70,
1425–1435. [CrossRef]

13. Riley, S.; Sauvajot, R.; Fuller, T.; York, E.; Kamradt, D.; Bromley, C.; Wayne, R. Effects of Urbanization and Habitat Fragmentation
on Bobcats and Coyotes in Southern California. Conserv. Biol. 2003, 17, 566–576. [CrossRef]

14. Mimet, A.; Clauzel, C.; Foltête, J.-C. Locating Wildlife Crossings for Multispecies Connectivity across Linear Infrastructures.
Landsc. Ecol. 2016, 31, 1955–1973. [CrossRef]

15. Zeller, K.A.; Wattles, D.W.; Conlee, L.; Destefano, S. Response of Female Black Bears to a High-Density Road Network and
Identification of Long-Term Road Mitigation Sites. Anim. Conserv. 2021, 24, 167–180. [CrossRef]

16. Forman, R.T.T.; Alexander, L.E. Roads and Their Major Ecological Effects. Annu. Rev. Ecol. Syst. 1998, 29, 207–231. [CrossRef]
17. Serieys, L.E.K.; Rogan, M.S.; Matsushima, S.S.; Wilmers, C.C. Road-Crossings, Vegetative Cover, Land Use and Poisons Interact to

Influence Corridor Effectiveness. Biol. Conserv. 2021, 253, 108930. [CrossRef]
18. Torres, A.; Jaeger, J.A.G.; Alonso, J.C. Assessing Large-Scale Wildlife Responses to Human Infrastructure Development. Proc.

Natl. Acad. Sci. USA 2016, 113, 8472–8477. [CrossRef]
19. Lewis, J.S.; Logan, K.A.; Alldredge, M.W.; Bailey, L.L.; VandeWoude, S.; Crooks, K.R. The Effects of Urbanization on Population

Density, Occupancy, and Detection Probability of Wild Felids. Ecol. Appl. 2015, 25, 1880–1895. [CrossRef]
20. Sergio, F.; Newton, I.; Marchesi, L. Conservation: Top Predators and Biodiversity. Nature 2005, 436, 192. [CrossRef] [PubMed]
21. Newbury, R.K.; Hodges, K.E. Regional Differences in Winter Diets of Bobcats in Their Northern Range. Ecol. Evol. 2018, 8,

11100–11110. [CrossRef]
22. Jones, L.R.; Johnson, S.A.; Hudson, C.M.; Zollner, P.A.; Swihart, R.K. Habitat Selection in a Recovering Bobcat (Lynx rufus)

Population. PLoS ONE 2022, 17, e0269258. [CrossRef]

172



Land 2024, 13, 152

23. Fischer, J.D.; Cleeton, S.H.; Lyons, T.P.; Miller, J.R. Urbanization and the Predation Paradox: The Role of Trophic Dynamics in
Structuring Vertebrate Communities. BioScience 2012, 62, 809–818. [CrossRef]

24. Leighton, G.R.M.; Froneman, W.; Serieys, L.E.K.; Bishop, J.M. Trophic Downgrading of an Adaptable Carnivore in an Urbanising
Landscape. Sci. Rep. 2023, 13, 21582. [CrossRef] [PubMed]

25. Rubalcava-Castillo, F.A.; Sosa-Ramírez, J.; Luna-Ruíz, J.J.; Valdivia-Flores, A.G.; Díaz-Núñez, V.; Íñiguez-Dávalos, L.I. Endo-
zoochorous Dispersal of Forest Seeds by Carnivorous Mammals in Sierra Fría, Aguascalientes, Mexico. Ecol. Evol. 2020, 10,
2991–3003. [CrossRef]

26. Rubalcava-Castillo, F.A.; Sosa-Ramírez, J.; de Jesús Luna-Ruíz, J.; Valdivia-Flores, A.G.; Íñiguez-Dávalos, L.I. Seed Dispersal by
Carnivores in Temperate and Tropical Dry Forests. Ecol. Evol. 2021, 11, 3794–3807. [CrossRef] [PubMed]

27. Millions, D.G.; Swanson, B.J. Impact of Natural and Artificial Barriers to Dispersal on the Population Structure of Bobcats. J. Wildl.
Manag. 2007, 71, 96–102. [CrossRef]

28. Ruell, E.W.; Riley, S.P.D.; Douglas, M.R.; Antolin, M.F.; Pollinger, J.R.; Tracey, J.A.; Lyren, L.M.; Boydston, E.E.; Fisher, R.N.;
Crooks, K.R. Urban Habitat Fragmentation and Genetic Population Structure of Bobcats in Coastal Southern California. Am. Midl.
Nat. 2012, 168, 265–280. [CrossRef]

29. Reding, D.M.; Bronikowski, A.M.; Johnson, W.E.; Clark, W.R. Pleistocene and Ecological Effects on Continental-Scale Genetic
Differentiation in the Bobcat (Lynx rufus). Mol. Ecol. 2012, 21, 3078–3093. [CrossRef] [PubMed]

30. Serieys, L.E.K.; Lea, A.; Pollinger, J.P.; Riley, S.P.D.; Wayne, R.K. Disease and Freeways Drive Genetic Change in Urban Bobcat
Populations. Evol. Appl. 2015, 8, 75–92. [CrossRef]

31. Nielsen, C.K.; Woolf, A. Survival of Unexploited Bobcats in Southern Illinois. J. Wildl. Manag. 2002, 66, 833–838. [CrossRef]
32. França Balbino Da Silva, A.C.; Fernando Saraiva De Menezes, J.; Rodrigues Oliveira Santos, L.G. Roadkill Risk for Capybaras in

an Urban Environment. Landsc. Urban Plan. 2022, 222, 104398. [CrossRef]
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Abstract: Rigorous abstract knowledge, such as academic knowledge, is vital to a profession’s
resilience against other modern professional competition. In the field of landscape architecture,
a growing number of concerns about a lack of rigorous knowledge have been observed, which
may jeopardise the jurisdiction of its professional practice. A study was conducted that collected
behaviours and attitudes from various members of the American Society of Landscape Architects
(ASLA) regarding how they accessed, disseminated, and applied knowledge in practice. Their re-
sponses concerning the knowledge were analysed by dividing and ranking the options according to
the degree of knowledge abstraction. Knowledge abstraction refers to theories and commonplace
best practices that are established within a profession through shared knowledge, experience, and
research. The results showed that (1) most practitioners tended to access new knowledge through
tacit experience, which is indicative of a lower level of abstraction in their practice; (2) design de-
cisions were based less on higher and rigorously abstracted knowledge such as research findings
and, in circumstances where it was deployed in the design process, such knowledge was seldom
used to guide design independently; (3) the majority of practitioners rarely share knowledge through
high-abstracted publications; and (4) compared with accessing relatively diverse levels of knowledge
abstraction, practitioners were less resourceful in knowledge application and even less in dissemi-
nation. The knowledge acquired, used and circulated in the workplace of landscape architects—as
indicated by this survey—is still not comprehensively abstracted to a rigorous level, which may
provide an insight into the concerns of practitioners regarding this profession’s breadth of knowledge
and jurisdiction.

Keywords: landscape architecture; profession knowledge; knowledge abstraction; knowledge
accessing, applying, and disseminating

1. Introduction

In July of 2023, the US Department of Homeland Security designated landscape archi-
tecture as a Science, Technology, Engineering, and Mathematics (STEM) profession, with
the American Society of Landscape Architects as an advocate for this decision [1]. Histor-
ically, landscape architecture as a practice has relied on a broad spectrum of knowledge
in which tacit knowledge plays an especially pivotal role [2]. The early practitioners in
this profession, in the United States, for example, were generalists with practical skills and
various interests in construction, preserving natural landscapes, and offering opportuni-
ties for urban residents to access nature easily [3]. The training of landscape architecture
practitioners has traditionally focused on preparing students to practise in their profession
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through studio-based apprenticeships [4,5]. This hands-on approach to learning is congru-
ent with tacit knowledge, which is evidently difficult to acquire solely through research
and is, therefore, difficult to disseminate or share within the workplace [6]. Despite tradi-
tional means of training successfully establishing the profession as a key role in modern
society—especially in the wake of worldwide concerns regarding climate change and rapid
urbanisation—it remains questionable whether this field’s daily practices warrant its new
science-based designation. Modern professionals are expected to offer sound professional
services and justify the uniqueness and necessity of their expertise in their services [7].
Abraham Flexner, an American educator who was a key figure in legitimising the medical
field and higher education in the 20th century, states the several tenets of what defines the
concept of a “profession” [8]. One of these tenants suggests, “[A profession] must add and
improve our stock of theoretical and stock knowledge” [9]. This, therefore, expresses that
the profession of landscape architecture has been developed largely on tacit knowledge,
but in order to meet the qualifications of a profession that needs to gradually function as a
scientific and scholarly discipline, knowledge established within the profession must be
structured systematically in conjunction with antecedent knowledge to justify and improve
performance in professional practice.

Concerns about a lack of rigorous knowledge have been a recurring subject of interest
amongst practitioners and academics of landscape architecture [10–13]. This is due, in part,
to having greater difficulty in efficiently deriving information from larger systems of knowl-
edge for landscape architecture than other professions such as engineering or medicine,
which possess explicit abstractions [14]. Landscape architecture, as addressed by several
landscape architects, does not seem to be structured in a way that can identify research
needs, support a response to those needs, or integrate this response into the practice of land-
scape architecture [15]. Clients’ need for data in relation to a post-construction evaluation
was sometimes, if not often, left unsatisfied due to a lack of academic research [16]. Fellows
of the American Society of Landscape Architects (ASLA) revealed a shared concern about
the profession’s “losing ground” due to an overly broad scope and knowledge base that
is not academically rigorous enough. They suggest that landscape architects need ‘better
knowledge’ in order to be regarded as part of a more sophisticated and holistic profession.
It is a broad concern that is defined in the following three ways: a need for better theoretical
and/or technical expertise; a need for research; and a need for greater academic rigour [17]
(p. 68). Albert Fein also commented in his report on a survey of the profession in the 1970s
that tacit abstracted artistic ability, or design creativity, was only one factor by which indi-
vidual practitioners differentiate their solutions; however, all solutions, in order to be valid,
must satisfy certain scientific needs and criteria with explicit abstraction [18]. Additionally,
as Andrew Abbott explained in his award-winning book The System of Professions [7], the
survival of a modern profession from competition with other related professions relies on a
profession’s control of knowledge or its knowledge abstraction and logical consistency. A
higher level of abstract explicit knowledge allows practitioners to expand their jurisdiction
to adjacent jurisdictions. Compared with explicit high abstraction, tacit low abstraction is
often more vulnerable in terms of logical consistency and scientific rationality, which could
leave a profession’s jurisdiction vulnerable when demonstrating its cultural legitimacy to
the public [7].

As a response to the concerns about knowledge and jurisdiction above, some disci-
plines or professions have begun to consider the abstraction of professional knowledge in
their respective disciplines. The civil engineering profession enhanced its body of knowl-
edge, defining the knowledge, skills, and attitudes necessary to enter the practice of civil
engineering at a professional level in the 21st century [19]. The audit profession further
examined a scenario where jurisdictions and boundaries between professional groups are
ambiguous [20]. Recent developments in the profession of landscape architecture have
gradually led to a more rigorous research tradition. Longitudinal questionnaires on land-
scape architecture educators indicate that there has been an increasing pursuit of solid
knowledge and evidence-based practice in landscape architecture over the past few decades.
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University administrators increasingly apply teaching services and research as evaluation
indicators for landscape architecture faculty, with research outputs, particularly publica-
tions, generally recognised as the most essential [21]. The role of academics has shifted
from a focus on professional education to one that includes contributing to the research and
development of the discipline [4]. At the same time, professional institutions and firms have
begun to take steps to contribute to disciplinary research. Through a professional lens, a
landscape architecture firm that has been pushing the boundaries of research and applying
design to the field is the OLIN studio [22]. With two offices located in Philadelphia, Penn-
sylvania, and Los Angeles, the California OLIN studio possesses a dedicated lab focused on
landscape architecture research [23]. The labs’ purpose and mission state that “OLIN Labs
acts as a conduit between academia and practice, recognizing the value of open dialogue
and knowledge sharing among individuals with different expertise and methods but with
common purpose” [24], maximising innovations by approaching their research through a
multi-disciplinary lens. In December of 2022, two OLIN lab representatives published an
essay discussing “New Modes and Models for Purpose-Driven Design”, further supporting
the notion that professionals of the landscape architecture field are acknowledging the
professions’ shared concerns and developing methods of advancement in the industry
as a solution [25].

Despite the growing abundance of rigorous abstract knowledge in landscape archi-
tecture, the gap between explicit academic knowledge and tacit professional knowledge
remains a concern. In fact, the existing literature generates contradictory results when
talking about what research is or what attitudes the practitioners may have about research.
Although landscape architects certainly agree, research is important to landscape architec-
ture, and current research seems unsatisfactory for broad application [26]. For example,
dedicated research facilities, such as OLIN labs in association with landscape architectural
design, are unique to large-scale firms that perform international services, while smaller,
local firms still struggle to implement quantitative research and structure into their design
practice. As a result of this stagnation, research questions such as the following have rarely
appeared in the literature, which relates to the professional application of the scientific
knowledge of landscape architecture created by academics: What types of knowledge
do landscape architecture practitioners use in practice to support their decisions? How
abstract is such practical knowledge? How much of it comes from rigorous academic
research, either directly or indirectly? Where do practitioners acquire new knowledge?
How many practitioners keep records of academic updates? When practitioners obtain
new knowledge, how do they disseminate it? How efficient is such knowledge dissem-
ination on a professional level? What levels of knowledge abstraction may we observe
from landscape architecture? In order to resolve these issues, it is important to understand
how professionals access, use, and disseminate knowledge in practice and the knowledge
abstraction gained from them.

This study collected first-hand empirical data about landscape architecture practi-
tioners’ research from three aspects: accessing, disseminating, and applying knowledge
in practice. Through a survey given to members of the American Society of Landscape
Architects (ASLA) regarding knowledge use and perceptions, we sought to understand
how abstract knowledge is implemented in practice. Specifically, how much abstraction
of knowledge is involved in accessing, supporting decision making, and disseminating in
professional practices?

2. Methods Section

2.1. The Classification of Knowledge

Abbott (1988) argued that modern professions are a type of occupation control through
the legitimisation of expertise, as well as structural guarantees [7] (p. 54). In order to legit-
imise this jurisdiction, some design-based professions have attempted to classify research
knowledge of the profession. For example, civil engineering proposed six levels of cate-
gorisation to systematically differentiate outcome characteristics, including knowledge,
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comprehension, application, analysis, synthesis, and evaluation. The aerospace profes-
sion describes knowledge-generating activities into seven types: transfer from science,
invention, theoretical engineering research, experimental engineering research, design
practice, production, and a direct trial [27]. Landscape architecture is a young discipline
relative to these fields, so it needs to have clearly defined knowledge domains recognised
by other disciplines and the public [28]. Some researchers have proposed a “research circle”,
which locates design at the beginning of the research process as the incentives or topics
of research and locates research at the end of the circle as an application of the insights
and understandings acquired from the results. This circle can include research into design,
research as a response to design, or research leading to or informing design [4]. A study
used four sources of forms of evidence to identify ten types of core landscape architecture
knowledge domains, none of which were unique to landscape architecture [28]. However, it
is unclear which research domains should form the core of the future landscape architecture
research agenda [29].

Today’s landscape architecture research, as in many oversimplified categorisations,
has much of its action and interest centred in the borderlands between categories. Past
categorisations that only indicate implicit and explicit knowledge may not be sufficient
to describe the many types of research work conducted and published in this field. For
example, recent research suggests that technology has evolved into an important area of
the landscape architecture profession and that this discipline has shifted from a binary
art–science narrative to a tripartite core of emerging 21st-century concepts comprised art,
science, and technology [30]. Therefore, this study divides the categories of professional
practice into the following four types of knowledge: tacit knowledge, operational knowl-
edge, conceptual knowledge, and systematic knowledge. This classification draws heavily
on the research of Nanaka and Takeuchi et al. [31] and reorganises the order of the four
types of knowledge according to Abbott’s understanding. The proposed method of classi-
fication has logical similarities with the ‘research circle’ [4], other scholars’ assertions of
knowledge systems, and the classification proposed by the civil engineering profession [19].

2.2. The Levels of Knowledge Abstraction

In this study, tacit knowledge and systematic knowledge are set as two datum points
of the degree of knowledge abstraction. Tacit knowledge is considered to be the lowest level
of abstraction, which embodies the nature of landscape architecture as an anthropocen-
tric design profession that inherently relies upon human experience [10,32]. It includes
knowledge that can be gained through common sense, intuition, individual experience,
etc., which can be gained without the practitioner undergoing a systematic and disciplined
university education or professional training. Operational knowledge is considered to be
a lower level of abstraction, which consistently influences decision making in the design
process [33] and, additionally, may influence performance [34]. Fundamentally, operational
knowledge is “knowing how thing work”. Conceptual knowledge is considered to be a
higher level of abstraction, which makes tacit knowledge explicit and codifies it as prin-
ciples and protocols [35]. This type of knowledge requires practitioners to have a basic
knowledge of scientific research and to be able to generalise tacit and practical knowledge.
For the purpose of this study, the highest degree of knowledge abstraction is systematic
knowledge, which often advances system knowledge building in modern professions
through rigorous research. Such advancements are “knowing propositions of a factual
nature” [34], such as the discovery of the truth and facts, which require practitioners to have
had a systematic university education and research experience, and the ability to explore
research and generalise theories. The explanations generated from systematic knowledge
often define the prestige of a modern profession. This leads to a gradual increase in the
degree of knowledge abstraction from tacit knowledge to systematic knowledge.
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2.3. Constructs and Measurements

This study measured the level of knowledge abstraction in practice from three perspec-
tives: access to new knowledge, knowledge dissemination, and knowledge that supports
decision making. Questions were designed based on previous peer-reviewed published
research on this subject, like Fein’s survey [17] of a similar topic in landscape architecture
and Milburn and Brown’s study [4] on academic contributions in landscape architecture,
and these options have been adapted to the literature in recent years in the areas of design
practice, research themes [36,37], and methods of investigation (Supplementary Materials).

The perception of where and how landscape architects obtain new knowledge in
this profession was gauged by ASLA members’ answers to the following two questions:
one question asks how ASLA members obtain new information in this profession and
how frequently they interact with other professionals in complementary fields that exhibit
higher levels of knowledge abstraction (e.g., engineers). This study used a four-degree
scale to measure the first question: rarely, occasionally, often, very often, and unsure. For
the second question, a five-degree Likert scale was utilised: not at all, not too much, a fair
degree, great extent, and very great extent.

Regarding where ASLA members disseminate their research findings, this study
considered the following four modes—writing, teaching, presentations, and others—using
the question, “How often do you use the following media to disseminate your research
findings?”—measured by self-reporting frequencies (rarely, occasionally, often, very often,
and not sure).

The degree of knowledge abstraction that supports decision making in practice was
measured by self-reporting the frequency of types of thinking or sources of knowledge that
are considered during the decision-making process in practice. This study also considers
ASLA members’ responses to finishing the statement, which types of knowledge is utilised
in the practice of landscape architecture today. This question was measured through self-
reporting on a scale of not at all, not too much, a fair degree, great extent, very great extent,
and or not sure.

2.4. Data Collection and Sampling

As this study is primarily concerned with the level of knowledge abstraction in prac-
tice, landscape architecture practitioners are the best sources of information. Therefore,
members of the American Society of Landscape Architecture (ASLA), the largest profes-
sional association for landscape architecture in North America (15,155 members), were
chosen for this study [38]. In order to keep the survey more manageable, this study only
randomly sampled a small portion, about 5%, of the selected population, who were all
full and honorary members with valid email addresses listed in the ASLA online member
directory. In addition, considering the advantages of the Internet and email today, such
as collecting and organising a large amount of data at a relatively low cost [39], quick
access [40,41], less time-intensive and more participant-controlled surveys [40,41], etc., this
research conducted online surveys for data collection via the software SurveyMonkey®,
which was used to manage the questionnaire design, distribution, and maintenance.

An invitation email was delivered to all the 769 individuals who were able to success-
fully receive an email from the sample with a link to the questionnaire website. Conclusively,
239 complete responses were collected. The response rate (adjusted response rate = 31%) is
around the average of other web-based surveys in recent years [42]. The distribution of
age, gender, educational degree, serving organisation, and job function suggested that the
sample was not heavily skewed on any of the background variables.

2.5. Data Analysis

This study used the following three analysis techniques: descriptive statistics, dimen-
sion analysis, and cross-analysis.
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2.5.1. Descriptive Statistics

Descriptive statistics were used to describe the general research use and perceptions of
research by survey participants. The data collected were concluded from multiple-choice,
measured on a four or five-degree Likert scale and were treated as quantitative data for
most statistical analyses [43].

In multiple-choice questions, options were coded as numbers. This study coded
options for each question; the four-degree scale options ‘rarely, occasionally, often, very
often’ measured by frequency were assigned from 1 to 4, and the option ‘not sure’ was
assigned 0. The five-degree Likert scale options ‘not at all, not too much, fair degree, great
extent, and very great extent’ were assigned from 0 to 4.

Standard data in the descriptive statistics are reported by frequencies or by proportion,
and unexpected patterns are highlighted. All statistical analyses were conducted using
IBM SPSS statistic software (version 26).

2.5.2. Dimensional Analysis

Dimensional analysis breaks down the research objects chosen into different dimen-
sions and then assesses each of these different dimensions. It was used to help classify
items into meaningful groups that are easier to understand.

Questions that utilised a scoring system were categorised into two kinds of eigenvalue:
the options with scores 0–2 were assigned a value of 1, indicating that the participants
considered the option to be less critical or less frequent in the given situation, and the
options with scores 3–4 were assigned a value of 2, which expresses the fact that they are
considered to be more critical or more frequent.

To represent the gradient change in the degree of abstraction of knowledge more clearly,
this study reclassifies the options based on their features and definitions of the four types
of knowledge, ranking them according to their degree of abstraction. The classification is
as follows: ‘accessing to new knowledge’ into seven categories (daily life, Internet, consult,
conference, design materials, professional printed media, academic materials), ‘knowledge
dissemination’ into five categories (teaching co-workers, Internet, conference, teaching in
university, academic materials), and ‘knowledge that supports decision-making’ into six
five categories (rational and intuitive thinking, consult, individual experiences, professional
materials, technical standard, academic materials). The specific classification results are
summarised in the following table (Table 1).

2.5.3. Cross-Analysis

Cross-analysis is a data-basic analysis method used to describe the interrelationship
between variables; this method crosses two or more indicators to find the relationship
between variables and discover more features of data [44]. Researchers have proposed that
the connections between knowledge domains, rather than the domains themselves, might
more appropriately define the core domains of landscape architecture [28]. In this study,
to find out the co-occurrence relationship between different variables, multidimensional
cross-analysis was performed on options of the same category and options in different
categories to count the frequency of the co-occurrence of variables.

Among them, quantitative data are statistical in the same category represented by
string diagrams, which are mainly used to show relationships between multiple variables.
The line connecting any two segments on the circle is called a string, which represents
the relationship between two variables. This diagram is adequately suited for analysing
the relationships of complex data, especially bi-directional relationships and the flow of
data. On the other hand, quantitative data are represented in different categories utilising a
Sankey diagram; this is a specific type of flowchart where data flow from the left option to
the right option, and the width of the extended line corresponds to the quantity of the data
flow, the same line width is consistent back and forth, and the total number stays the same
regardless of how the data flows. These two types of charts were created via an online
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software called dycharts (https://dycharts.com, accessed on 1 November 2023), which is
used to create various types of charts online.

Table 1. Categorisation of options completed according to the definition of the four types of knowl-
edge. (The background colour is consistent with the legend in the results, the darker the colour the
higher the abstraction level).

Access to New Knowledge Knowledge Dissemination Supports Decision Making

Travelling;
Everyday life;

Common sense
Logic and reasoning;
Intuition;

Teaching in co-workers
Internet;

Tacit
knowledge

Clients;
Related professionals;
Architects and planners;
Engineers;
Behavioural scientists;
Natural scientists;
Humanistic academicians;
Applied artists;
Liberal artists;
Systems analysts and
computer specialists;

Client expressed desires;
Other specialists; Publishing on website

Professional conferences;
Short courses and workshops;

Your professional experience;
Your professional education;

Presentations and lectures
other than conference;
Presentations and lectures
at professional conferences

Operational
Knowledge

Other landscape architects;
Design historic precedents;
Design competitions;

Specialised knowledge and
skills developed by its
practitioners;
Other specialists;
Historical information;
The work of other landscape
architects;

Conceptual
Knowledge

Professional newsletters;
Professional documents
and reports;
Professional magazines;
Professional databases

Technical standard Teaching in university

Systematic
Knowledge

Books;
Refereed journals

Research findings;
Scientific knowledge from
natural sciences (e.g., forestry
and biology);
Scientific knowledge from social
sciences (e.g., psychology);
Abstract knowledge from
humanistic disciplines (e.g.,
history; and art)

Writing books;
Writing articles for
refereed journals

3. Results

3.1. Access to New Knowledge

Practitioners primarily relied on more common and less abstract knowledge to keep
updated with new knowledge (Figure 1). They expected this knowledge to guide profes-
sional actions directly, while explanations and justifications for these actions were of little
concern to them. They more often supported new knowledge in the profession through
tacit knowledge (50.23%), consultations (27.77%), operational knowledge (20.61%), and
design materials (12.45%). These paths have a lower degree of abstraction and access
threshold, making access easy and timely. They also relied on conceptual knowledge like
professional magazines (7.82%), as well as documents and reports (5.68%) to obtain new
information about landscape architecture, all of which often provide first-hand practice-
oriented knowledge with a low degree of abstraction. Fewer practitioners accessed the
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highest level of abstract systematic knowledge through books (6.9%) and refereed journals
(2.48%), both of which are often used to describe the discovery of the truth and facts.

Figure 1. The proportion of practitioners accessing new knowledge at different levels of abstraction
and the relationship between access to knowledge in each category, with the outer ring diagram
showing the proportion of practitioners who scored 1.5 or more in this category, and the inner string
diagram showing the joint selection of categories by each practitioner.

Practitioners who tended to access new knowledge in practice through tacit and
operational knowledge rarely accessed new information through systematic knowledge
at high levels of abstraction. Parallel to this result, among those who often accessed new
professional knowledge through academic materials, only 22.16% also accessed operational
knowledge (design materials = 13.66%, conference = 8.5%); another 77.84% acquired
new knowledge through other paths. Those who obtained new information through
daily life represented 23.12% of respondents. Respondents who acquired knowledge
from consult were (28.37%), and 9.06% of respondents acquired the majority of their new
knowledge from the Internet. Only 2.12% of respondents acquired new knowledge from
only systematic knowledge. In total, 90.38% of those who chose to obtain new knowledge
about the profession within their inner professional networks did so through ways other
than academic materials, with 18% within this category learning through operational
knowledge alone.

3.2. Knowledge Application during Decision Making

Landscape architecture practice, as revealed by the survey, was still perceived as
primarily based on tacit (39.83%) and operational (35.71%) knowledge with low abstraction
and developed by its practitioners (Figure 2). Practitioners were guided most by rational
and intuitive thinking (24.99%), followed by professional knowledge gained from ma-
terials (19.10%), including those that are specialised. A relatively significant proportion
of practitioners guided their practice through systematic knowledge (16.42%) with the
highest abstraction. However, it should be noted that research findings (6.00%) belonging
to systematic knowledge are less often used than the individual experience (16.61%), and
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technical standards (8.04%) belong to conceptual knowledge. Comparatively, even fewer
ASLA members believed that this practice is based on natural sciences (4.68%), humanistic
knowledge (2.57%), or social sciences (3.17%); together with research findings, these afore-
mentioned subjects constitute research-oriented knowledge that supports decision making
in practice. Therefore, these results might imply that professional practice focuses more on
providing design solutions than on justifying them through knowledge with a high degree
of abstraction.

Figure 2. The proportion of practitioners applying new knowledge at different levels of abstraction
supports decision making and the relationship between applying knowledge in each category.

Similarly, for obtaining and applying knowledge, about 20.04% of practitioners who
applied the highest level of abstraction and used systematic knowledge to guide their
practice referred to operational knowledge as well, 64.31% referred to both systematic and
other knowledge, and only a small number referred to systematic knowledge only (15.65%).
In practice, rational and intuitive thinking, individual experience, professional materials,
and technical standards were considered in combination, and systematic knowledge also
played an important role but was considered not sufficiently independent to guide practice.
Less abstract operational and tacit knowledge still dominate in guiding decision making.

In addition, among the ASLA members who chose systematic knowledge to guide
their practice, significantly fewer members thought that landscape architecture practice
was based on humanities knowledge (3.41%) or social sciences (3.32%) than members who
considered this practice to be based on natural sciences (4.58%). Due to their difficulties in
justifying empirically, judgmental design knowledge and human systems knowledge were
perceived as less vital, and practitioners could be less motivated to seek out and learn from
research studies that fall under this category.

3.3. Knowledge Dissemination

ASLA members often disseminated tacit knowledge via co-workers in working en-
vironments (48.61%), which is usually a very small circle, possibly influenced by the
traditional design studio pattern of designers taking on apprentices and the confidentiality
required for some professional outputs (Figure 3). The dissemination and sharing of op-
erational knowledge through conferences and oral presentations (26.39%) were also one
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of the significant ways of dissemination, which can reach both researchers and practition-
ers, as well as business collaborators, government officers, institution organisers, and so
on, and which can help them to expand their social network to access more information
and resources. These two pathways of knowledge dissemination via oral communication
could be modified using the expression of the expresser and, together with other modes of
expression, to effectively reduce the abstraction of knowledge. A few ASLA members dis-
seminated knowledge to a larger audience via other sources, such as tacit knowledge via the
Internet (5.56%), conceptual knowledge via the university curriculum (10.07%), and fewer
members disseminated knowledge systematically via academic materials (professional
magazines = 4.86%, refereed journal articles = 2.43%, and books = 2.08%) to disseminate.
These pathways required disseminators to have the ability to discover facts and truths and
to summarise them into research knowledge at a high level of abstraction.

Figure 3. The proportion of practitioners disseminating new knowledge at different levels of abstrac-
tion and the relationship between disseminating knowledge in each category.

Most practitioners choose to disseminate tacit and operational knowledge by teaching
co-workers and presenting at conferences, respectively, with fewer members disseminating
both high-abstraction knowledge and other knowledge as the level of knowledge abstrac-
tion increases. Fewer members disseminated only high abstraction knowledge. About
half of the practitioners who disseminated by teaching co-workers also did so through
presenting at conferences (51.82%), and less than a quarter did so through university
teaching (18.18%) and academic materials (18.18%), respectively. When looking into sub-
categories, it can be seen that from dissemination through presentations at professional
conferences (18.10%) to teaching at the university (14.74%), professional magazines (9.33%),
peer-reviewed journals (5.97%), etc., the percentage of members flowing into these cate-
gories decreases as the level of knowledge abstraction gradually increases. For members
who disseminated their knowledge systematically through academic materials with high
abstraction, 14.95% disseminated only through the various subcategories of academic ma-
terials and more disseminated through other ways, with 38.31% disseminating through
conferences and oral presentations as their main additional ways of dissemination.
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3.4. Relationship between Knowledge Acquisition, Knowledge Application during Decision Making,
and Knowledge Dissemination at Different Levels of Abstraction

Practitioners who tended to access knowledge at various levels of abstraction dissem-
inated tacit knowledge through the less abstract way of ‘Teaching co-workers’ (54.58%).
The probability was that the level of abstraction of knowledge accessed and disseminated
by the same practitioner was inconsistent, similar to those who accessed tacit knowledge
with the most disseminated systematic knowledge and the highest abstraction. In total,
practitioners tended to gain tacit knowledge through the lowest level of abstraction, ‘daily
life, internet, and consult’, most of them disseminated their tacit knowledge through co-
workers (55.03%), and less disseminated their systematic knowledge through the pathway
of academic materials (6.7%). Only 8.01% of the practitioners who obtained operational
information disseminated academically, while the other 51.57% disseminated through the
teaching of co-workers. In total, 7.14% of the practitioners acquired systematic knowledge
through academic materials and then disseminated them academically, while the other
55.10% disseminated their tacit knowledge by teaching co-workers. Those who tended to
acquire systematic knowledge at a high level of abstraction might not have the capacity or
preference to disseminate systematic knowledge (Figure 4).

 
Figure 4. Relationship between knowledge acquisition and dissemination at different levels of
abstraction. (The categories shown contain subcategories detailed in the Section 2).

Most of those who accessed knowledge with various levels of abstraction guided their
practice by transforming it into tacit and operational knowledge, which are of a lower
level of abstraction. In total, 77.10% of the practitioners accessed various knowledge, and
guided their practice through other less abstract tacit and operational knowledge, with
tacit knowledge (rational and intuitive thinking and consult) guiding the practice the
most (40.15%), followed by operational knowledge (individual experience and professional
materials) (36.95%). Only a few members who acquired systematic knowledge through
academic materials also guided their application through academic knowledge (4.27%),
while those who guided their practice through rational and intuitive thinking (20.16%),
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consultation (20.28%) and individual experience (20.52%) still predominated, and the same
tendency was applied to those practitioners who acquired tacit knowledge through daily
life; this meant that for both those who acquired systematic knowledge from a high level
of abstraction and those who acquired tacit knowledge from a low level of abstraction
knowledge, they ultimately tended to guide their practice through tacit and operational
knowledge like rational and intuitive thinking, consulting and individual experience with
lower abstract (Figure 5).

Practitioners who disseminated knowledge with low abstraction also tended to apply
low abstraction knowledge to guide practice, whereas those who disseminated knowledge
with high abstraction were less likely to apply high-abstract knowledge to guide practice;
furthermore, practitioners who applied high-abstract knowledge to guide practice might
not be able or willing to disseminate high-abstract knowledge (Figure 6). Those who
disseminated tacit knowledge by teaching co-workers guided their practice mainly through
tacit knowledge (40.05%), followed by operational knowledge (36.82%), which is in line
with the basic pattern of traditional landscape studios, where experiential knowledge is
disseminated mainly through a tiny circle, actions are orientated by task requirements,
and there is a need to keep their projects secret. Only 3.95% of those who disseminated
systematic knowledge through academic materials applied systematic knowledge to make
practical decisions. In general, those who disseminated their systematic knowledge in an
academic way had fewer people guiding their decisions through all kinds of knowledge,
which might mean that fewer members who tended to disseminate this way were likely
to practise. Only 5.36% of practitioners who applied academic knowledge to guide their
practice disseminated systematic knowledge in an academic way, implying that those who
were able to apply high abstraction knowledge to guide their practice might not possess
the ability to condense their knowledge into high abstraction to disseminate, or may not be
willing to do so.

 
Figure 5. Relationship between knowledge acquisition and knowledge application during decision
making at different levels of abstraction.
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Figure 6. Relationship between knowledge application and knowledge dissemination at different
levels of abstraction.

4. Discussion and Conclusions

The ability to demonstrate expertise through rigorous knowledge and research with
high abstraction is vital for the survival of landscape architecture as a modern profession.
Therefore, modern practitioners are expected not only to perform professional actions
successfully but also to be able to back up their ideas with facts and offer rational expla-
nations for their actions. To justify their design actions, the profession expects research to
build a solid system of knowledge on which to base justifications. However, as found in a
literature review, most independent landscape architecture research is not connected by
any subject matter to each other, which may mean that the profession does not yet have an
interconnected system [45]. This study’s results also confirmed that knowledge used and
disseminated in landscape architecture practice still remains at a lower abstraction level
compared to other professional fields.

This study investigated the degree of knowledge abstraction in ‘accessing’, ‘dissemi-
nating’, and ‘supporting decision making’ aspects of landscape architecture practice. This
study aimed to provide researchers and practitioners with information on the state of the
profession’s knowledge system building and what factors and segments may prevent the
profession from enhancing its knowledge through research, which is intended to contribute
to removing barriers and eventually facilitating the construction of its body of knowledge.
The following section discusses the main findings of this study in the order of access,
support for decision making, the dissemination and relationship between them, and the
study’s main limitations and improvements.

4.1. Major Findings and Suggestions

Professional decisions were made largely based on tacit knowledge (39.83%) and oper-
ational knowledge (35.71%). The results showed that design decisions were made more on
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professional materials (19.10%) and logical and reasoning (8.83%) than research findings
(6.00%). Professional knowledge and skills are less abstract, developed, and mastered by
practitioners. Research findings are not considered sufficient to guide practice indepen-
dently, which might not indicate the sufficient contextualisation of academic knowledge
and its application. Instead, research findings are more often used in combination with
common sense, individual experience, professional materials, and technical standards. This
result could be because, in the empirical approach, practitioners often approach design
solutions through trial and error [46]. Practitioners gradually improve their solutions
and, meanwhile, gain knowledge by learning from their own practice and practice from
others. This process does not necessarily involve rational explanations for why specific
actions should be taken. Suppose this profession is expected to build a research-oriented
practice. In that case, it would need to change its perceptions about research and advance
its knowledge through the empirical approach instead of the rational approach. More
post-occupancy evaluations can be performed systematically to evaluate new or renovated
environments and to identify any mismatch between the original design intent and the
actual delivered environment so that evaluators can summarise knowledge from the de-
sign solutions derived from their repeated experiments and rectifications can be made (if
feasible) to obtain a better match in the future [47].

The knowledge accessed by landscape architecture is primarily less abstract, like tacit
knowledge. The results showed that most practitioners rely more on tacit knowledge with
the lowest abstraction level, such as consultations (27.77%), daily life (13.34%), and the In-
ternet (9.13%), but less on systematic knowledge with the highest abstraction such as books
(6.90%) and refereed journals (2.48%). It may indicate that high-abstraction knowledge is
not sufficient to support the broad scope of landscape architecture practice or not able to
generate practical design knowledge efficiently [48]; therefore, professionals still have to
largely rely on less abstract forms of knowledge acquisition. However, while low abstrac-
tion may be sufficient to guide professional actions, knowledge of high abstraction is more
important to demonstrate or justify professional actions such as diagnoses, inferences, and
treatments, which may impair public trust in the jurisdiction of the landscape architecture
profession. Meanwhile, practitioner flows between academics and practice still appear
to be limited since practitioners who tend to acquire new knowledge from operational
knowledge often do not tend to acquire new knowledge from systematic sources and vice
versa. This is consistent with the results of previous literature reviews, and researchers may
be inclined to conduct studies independently [45]. Therefore, in order to strengthen the
body of knowledge in the landscape architecture profession, practitioners and researchers
should work more closely to share the responsibilities regarding knowledge growth. If the
competitive advantage of a profession is a concern, they should consider the advantage only
in the short term but also in the long term, which requires their investment in knowledge
and research. In addition, in practice, they could use research as a prerequisite goal and
choose design as a method of realisation in ‘research through designing’ (RTD) or actively
employ the task of designing within the research process [49].

Practitioners mostly share knowledge through low-abstracted tacit knowledge, like
teaching co-workers in the workplace (48.61%), similar to traditional apprentice-based
studio forms, which have been the designers’ traditional forte [50]. In the knowledge
dissemination stage, the most chosen ‘colleague knowledge-sharing model’ is often used
in sharing design knowledge [6]. This knowledge is often advanced through an approach
in which designers reflect on their previous practical experience, and the tacit nature of
this knowledge cannot offer solid justifications for design actions. This form of knowledge
sharing is not efficient enough for modern professions in a fast-changing society, and the
practitioners in landscape architecture are also not very motivated to conduct or share
research. Both may impede the advancement of knowledge in landscape architecture
in a fast-changing world and prevent the profession from entering the research world
and enhancing academic knowledge. Therefore, practitioners need to externalise this
knowledge for more efficient knowledge sharing [51], and the ASLA members need to
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be more aware of their responsibility to advance knowledge and actively expand how it
is disseminated.

Based on the analysis of these three problems, this study also explored the level of
abstraction of each practitioner’s knowledge choices in the different stages. The results
showed that practitioners who tend to access new knowledge through various levels of
abstraction and coincidentally chose to disseminate knowledge through tacit knowledge
with the lowest level of abstraction, like teaching colleagues (54.58%) and guiding their
practice using tacit knowledge like common sense, logical thinking, and intuition; those
who disseminate and guide their practice through low abstract knowledge at the same time
overlapped, for the most part. In addition, practitioners may not prefer to use knowledge
with similar levels of abstraction in all three stages of acquisition, dissemination, and
supported decision making. They showed a bias toward selecting knowledge at different
levels of abstraction depending on his or her needs at that stage. Understandably, they
would be conservative about expanding the knowledge of landscape architecture into
a deep holistic understanding. Every profession prior to modernisation experienced a
gradual increase in knowledge abstraction and implemented holistic methods of practice.
For example, the civil engineering profession has gone through similar changes in response
to globalisation, sustainability requirements, and emerging technology; the steps they
took were to reform the educational manner to prepare civil engineers before entering the
practice field, developing a detailed and rigorous set of barriers to entry that “. . .supports
the attainment of a body of knowledge (BOK) for entry into the practice of civil engineering
at the professional level” [19] (p. 2). The aerospace profession has gone through similar
changes, and they have taken the approach of extending theoretical tools to make scientific
knowledge useful for engineers in practice [27]. The origins of landscape architecture were
fundamentally developed from tacit and operational knowledge, which then manifested
into the explorations of conceptual knowledge in academia. Evidently, the landscape
architecture practitioners of today have found themselves at the precipice of an evolution in
the field. The future development of this discipline should make reference to the successful
experience of other related professions and establish a solid knowledge system as soon as
possible so that the discipline can gain an advantage in professional competition. In the
profession, practitioners and researchers should collaborate closely together, fostering a
cultural consensus at the early stage of professional education to participate in academic
discourses via venues and tools that appeal to practitioners. As a profession, we should
also work together performing more research that is directly relevant to practise to bridge
the gap between the academy and practice. In recent years, a number of professional
firms and institutions have explored some instructive solutions. As previously mentioned,
to response growing societal concerns regarding worldwide climate change and rapid
urbanisation, many design firms (i.e., OLIN labs, Sasaki, SWA) and organisations (i.e.,
Landscape Architecture Foundation’s Landscape Performance Division) have taken proac-
tive measures like labs to progress in the field of landscape architecture to higher levels of
knowledge abstraction and jurisdiction [52].

4.2. Limitations and Improvements

This study obtained empirical data on accessing, supporting decision making, and
disseminating knowledge in practice, as well as the perceptions of knowledge system-
building in the landscape architecture profession. Based on these data, suggestions were
provided to enhance knowledge advancement and meet the increasing knowledge and
needs of the profession. However, this study is limited and could be improved in the
following aspects.

4.2.1. Data Classification

This study divides the answers to questions by the degree of knowledge abstraction
and four types of knowledge to help understand the construction of the knowledge system
in the three stages of access, dissemination, and support of decision making. This is the
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basis for categorising. However, the classification of the four knowledge types is not
sufficiently granular, although it is able to cover some knowledge outside the boundaries
of these two classifications.

4.2.2. Data Verification

Although online questionnaires can target a larger sample size, they do not allow
verifications or articulations of data once they are collected. For example, different practi-
tioners may interpret the same option differently, and the cognitive bias involved cannot be
verified. Moreover, the forced-choice questionnaire also limits the depth of inquiry. For
example, the results showed that many people chose to disseminate knowledge by teaching
their colleagues, but the reasons for this result were not confirmed.

4.2.3. Research Object

Considering the significance of the landscape architecture profession’s entry into STEM
for the development of the discipline, we currently only administered the questionnaire to
members of the American Society of Landscape Architecture (ASLA), but this may have
limited the results to the developments, and attitudes of practitioners in the United States.

4.2.4. Future Research Considerations

This study provides suggestions on how the profession can be improved through
advancing high-abstraction research; however, the validity of these recommendations and
their acceptance among practitioners has yet to be discovered, and the next step could
be to raise these issues in the current sampling population to ask these questions and
also solicit their suggestions. Additionally, this study obtained the trend of knowledge
abstraction in each practical stage; however, the reasons for making these choices have yet
to be discovered, and a subsequent study may be able to explore the reasons behind these
options further. Furthermore, in order to capture the progress in the construction of the
academic system in the discipline more holistically, future research could consider more
requirements of academic knowledge when designing and consider more dimensions when
dividing data. Finally, the conclusions drawn from this study are not yet demonstrative of
the profession at a global scale. Further developments in this research could employ the
perspective of those in firms and organisations abroad.
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