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Abstract

As urbanization accelerates, the growing needs of children have led to a significant imbal-
ance between supply and demand in urban spaces. Creating child-friendly environments is
crucial for enhancing urban resilience and promoting sustainable development. However,
there is currently a lack of sufficient quantitative methods to assess child-friendliness and
analyze the complex interactions between children’s perceptions and spatial factors. This
study uses the central area of Xiamen as a case study to explore how different street envi-
ronment characteristics influence perceptions of child-friendliness. This study integrates
empathy-based stories (MEBS), street scene image analysis, XGBoost machine learning,
and GeoSHapley spatial analysis to explore children’s perceptions of urban spaces. The
study reveals that: (1) The child-friendly resources in the central urban area of Xiamen are
concentrated in the northeastern and Huli districts, while a supply–demand mismatch ex-
ists in Siming District, which has a higher population density; (2) Greenness and pavement
coverage are critical in shaping child-friendliness, with greenness having the greatest posi-
tive impact; (3) Some areas with child-friendly renovations have a lower child-friendliness
index, whereas regions like Guanyinshan, which did not undergo renovations, scored
higher; (4) The interaction between greenness and openness positively influences per-
ceptions, while enclosure and visual complexity have a negative effect. Building on the
need for child-friendly environments, this study develops a spatial analysis framework to
quantify the alignment of child-friendly supply and demand in Xiamen’s central urban
area, identify regions with mismatched supply and demand, and offer spatial decision
support to improve urban environmental quality and promote sustainable development.

Keywords: child-friendly city; perception of street space; spatial effects; explainable
machine learning

1. Introduction
Most Chinese cities are transitioning to high-density development, which is gradually

severing the physical connection between people and nature. Technological advancements
have shifted traditional educational and entertainment methods, leading to reduced inter-
action between children and nature. High-density urban environments restrict children’s
activity spaces [1] and reduce physical activity [2], negatively affecting their physical
and psychological well-being. Studies show that children’s growth and psychological
development depend on rich, interactive environments [3,4]. By 2025, over 70% of the
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world’s children will live in urban areas [5], increasing the impact on their health [6,7].
However, the societal and familial focus on intellectual and academic development often
neglects mental health and behavioral control, leading to rising behavioral problems among
children. This imbalance affects learning, character development, and may contribute to
antisocial behavior and complex social issues in the long term [8,9]. Creating child-friendly
urban environments, especially informal outdoor public spaces, is crucial for children’s
development. Streets and alleys, which serve as primary spaces for children’s activities, are
disappearing due to rapid urbanization, and the gap between demand and supply of these
spaces is widening [10,11]. This highlights the urgent need to optimize urban planning to
meet children’s needs in high-density areas.

With the acceleration of urbanization, building Child-Friendly Cities (CFC) has be-
come an urgent global task to improve urban spaces for children’s changing needs. The
concept of CFC, based on the Convention on the Rights of the Child, aims to optimize urban
environments for children’s safety, equity, well-being, and development [12]. According
to UNICEF, CFC includes not only physically safe spaces but also promotes children’s
psychological and emotional development through policies, education, and cultural ac-
tivities [13,14]. Some countries and cities have already proposed strategies to create a
child-friendly social environment [15]. In Finland, municipal authorities have set goals
based on child-friendliness assessments, considering children’s rights and welfare data [15].
Germany’s initiative raises public awareness and encourages children’s participation in
decision-making. South Korea has localized the global CFC initiative, proposing frame-
works with memorandums, action plans, and expert evaluations. In China, the national
government has implemented plans, and cities like Shenzhen, Shanghai, and Xiamen have
promoted child-friendly environments through children’s rights advocacy, societal partici-
pation, positive learning environments, and widespread dissemination of the child-friendly
concept [16]. However, China still lacks specific measures to directly improve the social
environment for children [4].

In this context, the goal of creating Child-Friendly Cities (CFC) is to optimize urban
spaces to meet the diverse needs of children in social, cultural, and physical aspects. Ac-
cording to Gibson’s Affordance Theory, children’s behaviors and activities are influenced
by their perception of the physical characteristics of the environment, and the interaction of
spatial elements collectively determines whether a space can meet children’s behavioral
needs [17]. Maslow’s Hierarchy of Needs theory states that children’s needs evolve from
basic physiological and safety needs to higher-level needs, such as social connections,
esteem, and self-actualization [18]. However, in high-density urban areas, basic needs such
as safe play spaces are often unmet, hindering the fulfillment of higher-level needs [19].
The combination of these two theories forms the “resource allocation—environmental
interaction—need fulfillment” framework, providing the theoretical foundation for this
study and supporting the scientific approach for evaluating child-friendly spaces in
urban environments.

Xiamen, a high-density city on the southeastern coast of China, profoundly reflects
the urbanization challenges of the urban-rural gap and the tension in spatial resources,
especially to the east of the “Heihe–Tengchong Line,” where rapid urbanization has led
to excessive population density and a shortage of public service resources [20]. As a
typical high-density island city on the eastern coast of China, Xiamen’s urbanization
process is highly representative. According to the Seventh National Population Census,
Xiamen’s urbanization rate has reached 89.41%, far exceeding the national average of
63.89%, highlighting the core contradiction between “tight constraints on spatial resources”
and “high population concentration [21]. During the urban renewal process, Xiamen faces
not only the direct challenge of limited land supply but also needs to resolve the structural
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conflict between commercial development efficiency and public service guarantees [22].
Against this backdrop, Xiamen faces the pressing issue of how to effectively allocate child-
friendly urban spaces, confronting the severe challenges of building child-friendly spaces.
This phenomenon is not only widespread within Xiamen but is also common in other
high-density cities, highlighting the complexity and urgency of building child-friendly
spaces during urbanization.

This study explores the construction and significance of child-friendly streets in high-
density urban areas, particularly in the context of the increasing demand for such environ-
ments. As urbanization accelerates, especially in China, the creation of child-friendly spaces
has become a critical priority. Using Xiamen as a case study, this research analyzes how
to balance population density with the allocation of urban resources under high-density
urbanization. This study is in line with national policies on child-friendly cities, as outlined
in the well-being strategy from the 20th National Congress of the Communist Party of
China, which emphasizes sustainable urban development and children’s rights. As a
representative example of high-density urbanization, Xiamen provides valuable insights
for other Chinese cities. This research aims to optimize the supply and demand for child-
friendly spaces within China’s urban context, promote sustainable development, and offer
practical solutions for other cities.

1.1. Related Work

Recently, research on child-friendly streets has garnered increasing attention, with
urban planning concepts gradually shifting from an “adult-centered” approach to a “child-
inclusive” paradigm [23]. Extant research primarily focuses on the physical environmental
factors of streets, such as walkability, traffic safety, green space levels, and infrastructure.
These elements have been shown to exert a significant influence on the travel behavior and
sense of safety experienced by children [24,25]. Secondly, the focus has been on institutional-
level policies and governance practices to explore pathways for advancing child-friendly
cities across different countries [26,27]. While empirical studies have revealed the potential
impact of street environments on children’s well-being [28,29], existing research still exhibits
significant limitations that necessitate further methodological breakthroughs.

Early assessments of child-friendly streets primarily employed qualitative methods,
with mainstream approaches relying on adult-perspective interviews, questionnaires, or
parental feedback. These methods included inferring child-friendliness from parents’ eval-
uations of community design [30] or constructing subjective indicator systems using fuzzy
comprehensive evaluation and the Analytic Hierarchy Process (AHP) [31]. This approach
suffers from two core issues. First, it overlooks the distinctiveness of the child’s perspective.
Adult perceptions of elements such as pavement coverage rate, texture and enclosure do
not serve as a substitute for children’s firsthand experiences. Furthermore, qualitative
assessments frequently overlook the nuanced spatial exploration and interaction demand
of children [32]. Recent studies have begun to focus on children’s perspectives [33,34], but
they still suffer from limitations such as relying solely on visual perception dimensions
and failing to incorporate spatial effects to analyze regional variations in child-friendliness.
Secondly, evaluations are highly subjective, with research scales predominantly focused
on the community or city level, lacking in-depth analysis of micro-level street character-
istics [35,36]. Existing research predominantly focuses on static cross-sectional analysis,
lacking tracking studies on dynamic supply and demand. A paucity of research on the
subject of supply thresholds has resulted in an absence of a precise basis for supply side
design. However, the practical applicability of research findings remains limited. Existing
studies have yet to provide concrete solutions tailored to the high-density urban character-
istics of Xiamen’s central urban area, resulting in theoretical outcomes on supply–demand
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alignment being difficult to directly translate into practical guidance. Concurrently, the
absence of an evaluation framework for aligning supply and demand in tools integrating
urban planning and landscape design hinders the direct application of theoretical findings
in practical contexts.

Large-scale perceptual analysis based on deep learning provides new avenues for
acquiring children’s perception data. This is particularly valuable in handling complex non-
linear relationships and spatial interactions. Machine learning methods such as XGBoost
are widely used due to their efficiency and strong expressiveness [37]. However, the “black-
box” nature of XGBoost limits its interpretability, making it difficult to provide sufficient
mechanistic explanations. In contrast, traditional statistical models like the Geographical
Detector [38] and Geographically Weighted Regression [39] have limitations when dealing
with complex spatial effects and tend to oversimplify these relationships.

To address these issues, this study integrates XGBoost with GeoSHapley to form the
“XGBoost-GeoSHapley” framework. XGBoost is a machine learning tool that helps predict
outcomes more accurately by combining several models to improve performance. It is
particularly suited to handling complex data with multiple features, effectively captur-
ing the impact of various street environment factors on children’s perceptions of child-
friendliness. On the other hand, GeoSHapley improves the interpretability of the model,
particularly in explaining responses to specific spatial locations. This combination allows
the model to maintain high accuracy while offering meaningful explanations in assessing
child-friendliness. XGBoost effectively captures nonlinear patterns, while GeoSHapley in-
troduces coordinate variables (X, Y) to estimate spatial effects, thereby precisely identifying
street-level drivers. Compared to other methods, the XGBoost-GeoSHapley framework bet-
ter handles spatial features and nonlinear factors, providing more accurate and transparent
explanations. This approach is particularly suitable for evaluating the child-friendliness of
urban streets and offers practical decision-making support for policymakers [40].

1.2. Research Objectives

To address the supply–demand mismatches in child-friendly street construction in
high-density urban areas, this study uses Xiamen’s central area as a case study. It adopts
a child-centered approach, combining streetscape data and environmental features to
understand children’s perceptions of the urban environment. The specific objectives
The study will employ Shapley game theory and spatial overlay analysis to quantify
supply–demand balance, identify mismatch areas, and explore spatial effects in imbalances.
To overcome limitations of traditional methods, machine learning and spatial explainability
techniques will be integrated, using the XGBoost model and GeoSHapley method. This
framework addresses two key limitations of traditional SHAP (Shapley Additive Expla-
nations) methods in spatial analysis: (1) difficulty capturing complex spatial interactions;
and (2) treating geographic features independently, ignoring joint effects. The study will
explore how street environmental features interact and shape children’s perceptions of
urban child-friendliness.

The research aims to answer three core questions: (1) Which street environmental
features significantly affect child-friendliness in Xiamen’s central area? (2) How are supply–
demand mismatches spatially distributed in different street environments? (3) How can
child-friendly street planning be optimized based on supply–demand analysis to address
high-density urban challenges?
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2. Data and Methods
2.1. Study Area

In May 2023, Xiamen was formally designated a National Child-Friendly City, be-
coming part of the second batch of such cities. As the only Special Economic Zone (SEZ)
in Fujian Province and one of China’s seven major SEZs, Xiamen faces significant demo-
graphic challenges alongside its economic development. This study focuses on the central
urban districts of Xiamen (Siming and Huli Districts, excluding Gulangyu Island) as its core
research area (Figure 1). The study area covers 158 square kilometers, accounting for 9% of
the city’s total area, yet it is home to around 50% of the permanent resident population [41].
This area concentrates the majority of urban resources, public facilities, and the population.
Xiamen’s permanent residents aged 0–14 currently account for 17.16% of the total
population—approximately 886,000 people https://tjj.xm.gov.cn/zcjd/202107/t20210720_
2624123.htm (accessed on 14 February 2025) encompassing all nine pilot areas for child-
friendly development https://www.xmtv.cn/xmtv/2024-04-28/ae053eb40141aa5b.html
(accessed on 14 February 2025). Certain community streets in Xiamen have implemented
child-friendly designs, providing conditions for comparative research. The key significance
of this area lies in the fact that it concentrates the typical opportunities and challenges faced
by China’s high-density urban core districts when implementing child-friendly city policies
in the context of persistently low fertility rates and spatially intensive development. This
makes it a highly representative sample for exploring sustainable, livable cities.

Figure 1. The research area.

2.2. Theoretical Framework

This study combines innovative methods, including MEBS, image semantic segmen-
tation, XGBoost (eXtreme Gradient Boosting), and GeoSHapley, to enhance the precision
and interpretability of child-friendly perceptions of street environments. XGBoost cap-
tures the nonlinear relationships between street environment factors and child-friendliness,
while GeoSHapley improves spatial interpretability. MEBS incorporates children’s emo-
tional feedback, and High-Resolution Network (HRNet) is used for semantic segmenta-
tion of street images, enabling a comprehensive analysis of child-friendly perceptions in
urban environments.

https://tjj.xm.gov.cn/zcjd/202107/t20210720_2624123.htm
https://tjj.xm.gov.cn/zcjd/202107/t20210720_2624123.htm
https://www.xmtv.cn/xmtv/2024-04-28/ae053eb40141aa5b.html
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The study follows three phases: (1) Data collection, combining child-friendliness
perception questionnaires and urban street imagery; (2) Indicator calculation, applying
machine learning models to extract landscape and visual perception indicators; (3) Data
analysis, where the XGBoost-GeoSHapley model is used to assess the marginal effects
and contributions of various variables. SHAP feature importance analysis and partial
dependence plots explore the interactive relationships between street environments and
child-friendliness. The process consists of four stages: data collection, indicator acquisition,
processing, and analysis (Figure 2).

Figure 2. Theoretical framework.

(1) Data collection: Street view data for this study was sourced from Baidu Street
View, covering the road network in the central urban area of Xiamen. A total of
14,870 sampling points were set every 50 m using ArcGIS 10.2, with panoramic
photos taken at each point and cropped into four sections: 0◦, 90◦, 180◦, and 270◦

(2560 × 1440 pixels, 24-bit depth). After excluding incomplete images,
44,002 images were used. The Street network and building vector data were
sourced from OpenStreetMap https://www.openstreetmap.org/#map=6/46.45/2.21
(accessed on 3 January 2025) and verified using the latest satellite imagery and field
survey data. For the Children’s Street-Level Child-Friendly Perception index, a
formal survey was conducted from 20 March to 2 April 2025. Using the MEBS
method, children selected images that matched provided descriptions, and ranking
scores were generated based on their choices. The data from 200 children assessed
five main indicators: safety, hygiene, education, entertainment, and child participation.
These indicators were quantified based on children’s intuitive ratings. The TrueSkill al-
gorithm was used for webpage ranking and scoring, which was integrated into tablet
terminals to create an easy-to-use assessment system. In the competition module,
children selected images based on descriptions, and the results were used to calculate
ranking scores, with the average score determining the final child-friendliness rating.
The CNN-BiLSTM model was then used to predict the remaining urban street images,
and ArcGIS spatial analysis tools were applied to overlay the data, generating a
quantified child-friendliness index. From 20 to 25 May 2025, seven experts scored the
importance of each indicator, and the Analytic Hierarchy Process (AHP) was used

https://www.openstreetmap.org/#map=6/46.45/2.21
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to calculate the weight of each factor (CR = 0.08 < 0.1). Values were assigned to each
factor based on children’s physical and psychological characteristics (Table 1).

(2) Indicator computation: After pre-training, the TrueSkill/CNN-BiLSTM model was
used to perform child-friendliness indicator perception calculation [42] quality and
landscape perception metrics were extracted from images using HRNet and MATLAB
R2023b. ArcMap 10.6 was then used to verify the autocorrelation between variables
and spatial regions through spatial autocorrelation and hotspot analyses, ensuring
result visibility and interpretability.

(3) Data analysis: SHAP analysis and interaction value analysis further explored how dif-
ferent street environment factors influence children’s perceptions of child-friendliness.
XGBoost is used to capture complex nonlinear relationships, analyzing how various
environmental features impact child-friendliness, while GeoSHapley enhances the
model’s spatial interpretability by calculating the marginal effects of variables on
children’s perceptions of child-friendliness, clearly identifying the impact of different
spatial locations on child-friendliness.

2.3. Variable Selection

The issue of supply–demand imbalance in child-friendly streets in high-density urban
environments is becoming increasingly prominent. Rapid urban development and the
growing child population have led to a significant gap between supply and demand. In
this study, supply refers to the overall capacity of the urban environment to meet children’s
needs, including safety, hygiene, education, entertainment, child participation, as well as
street landscape and visual elements. These factors collectively form the core components
of a child-friendly environment. Demand, on the other hand, consists of two dimensions:
social demand and material demand. Social demand reflects the number of children in a
specific area, while material demand reflects the impact of urban development on children’s
expectations of urban streets, including the quantity of public facilities such as medical,
cultural, entertainment, sports, dining, and Scenic Spot. These directly affect children’s
quality of life and activity space (Table 1).

Table 1. Child Supply and Demand Table.

Indicator Category Research Indicators Child Applicability
Indicator Explanation Quantitative Methods Weight

Supply

Child-Friendly Index
(Safety, Hygiene,
Education, Entertainment,
Child Participation)

Child-Friendly Index for
Urban Streets

TrueSkill/
CNN-BiLSTM 0.1175

Openness

The proportion of sky features in
the image, along with its openness,
provides children with
opportunities for exploration and
engagement [34,43].

HRNet 0.0885

Greenness

Various vegetation features in an
image, along with multi-level
vegetation density, create a sense
of depth for children [43].

HRNet 0.1315

Pavement coverage rate

The proportion of paved surfaces
in the image meets the
requirements for safe pedestrian
access for children [34].

HRNet 0.1016
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Table 1. Cont.

Indicator Category Research Indicators Child Applicability
Indicator Explanation Quantitative Methods Weight

Supply

Enclosure

The proportion of enclosed
elements in the image affects their
sense of safety and exploration
space [44,45].

HRNet 0.0828

Sidewalk

The proportion of sidewalk
elements in the image impacts the
safety and autonomy of children’s
activities [34].

HRNet 0.1185

Fence rate

The proportion of fencing
elements in the image affects
children’s independent mobility
and social interaction [46]

HRNet 0.0958

Traffic flow

The proportion of motor vehicles
in the image quantifies the varying
threat weights different vehicle
types pose to child pedestrian
safety [44].

HRNet 0.1266

Color Complexity
The diversity of colors in images
makes children more susceptible
to color-related influences [47].

MATLAB 0.0655

Visual complexity
Image entropy values: Children
are more susceptible to visual
complexity factors [48]

MATLAB 0.0717

Demand

Population density of
children aged 0–14

Expressed in terms of population
per square kilometer, this directly
reflects the demand of
children [49].

ArcGIS 0.2594

Number of
cultural facilities

Cultural and educational venues
support cognitive development,
creativity, and social participation
opportunities for children [50].

ArcGIS 0.2123

Number of
medical facilities

Medical accessibility ensures
timely healthcare, reducing
parental safety concerns and
improving the overall livability for
children [51].

ArcGIS 0.2087

Number of
Entertainment facilities

Entertainment facilities provide
diverse play options that enhance
children’s physical, emotional, and
social development [52].

ArcGIS 0.0915

Number of Sports Facilities

Sports facilities promote physical
exercise and peer interaction,
contributing to children’s physical
health and the development of
teamwork skills [53].

ArcGIS 0.1116

Number of Scenic
Spot Facilities

Scenic areas enrich children’s
natural experiences and aesthetic
needs [54].

ArcGIS 0.0392

Number of dining facilities

A wide variety of dining options
are available, providing
convenience for children’s travel
needs [55].

ArcGIS 0.0773

The core demands of child-friendliness are rooted in the UNICEF evaluation frame-
work based on the Convention on the Rights of the Child, covering play, participation, safety
or protection, health, and educational resources [56,57]. In existing research, child-friendly
theory suggests five factors to assess environmental friendliness: safety, hygiene, enter-
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tainment, education, and child participation. “Safety”, a key dimension in child-friendly
design, involves physical protection and psychological comfort through environmental
elements, creating a perceived safe space for children. Compared to adults, children re-
quire more intuitive safety signals to reduce cognitive load [58]. To enhance accuracy, this
study introduces the Collision Aggressiveness Index (CAI), which differentiates threats
to pedestrians from various vehicle types, ensuring precise safety assessments, especially
in high-density urban areas where traffic congestion and spatial compression increase
safety risks [59–62]. “Hygiene”, for example, building walls can effectively reduce dust
and garbage accumulation, and green walking routes have a positive impact on children’s
health [44], promoting cognitive and behavioral development [63]. Environmental issues
like graffiti and litter also make children feel unsafe [60,64], which is reflected in factors
such as waste accumulation and Greenness. “Entertainment” impacts children’s cogni-
tive development, learning abilities, physical development, and overall health [65]. Free
play is crucial for children’s growth. Street node diversity, interface color variety, and
spatial complexity are key to facilitating children’s play activities [63]. Enhancing the
accessibility of child-friendly facilities and infrastructure guarantees that every child can
derive benefits from the local environment [66]. The “Education” dimension incorporates
design approaches like expansive green spaces, which encourage interaction with nature
and foster learning engagement [66]. As noted in [67], public urban spaces function as
co-educators-this highlights their role in children’s socialization, while also emphasizing
the necessity of continuous assessment to clarify how such spaces influence children’s social
development, civic awareness, and community involvement. “Child participation” allows
children to engage independently, freely, and equally in the research and development of
child-friendly streets, transforming “research on children” into “research with children”.
This helps children assert their identity in the street as a living space and revitalizes the
street as a public space [68].

For high-density urban streets, environment perception indicators such as Greenness
reflecting natural interaction supply, Pavement coverage rate ensuring safety, enclosure
balancing safety and exploration, and sidewalk supporting independent activities are
extracted using the HRNet model from street images, accurately quantifying spatial supply
in high-density environments. Visual quality indicators, including color and visual com-
plexity, assess the street environment’s visual experience for children, avoiding negative
impacts from information overload or monotony [69]. Traffic features such as traffic flow
and fencing rate reflect the conflict between traffic flow and children’s activity spaces,
measuring safety supply levels. Detailed indicators for each dimension are provided in
Table 1. This study focuses on landscape visual features, excluding compatibility indicators.

This study focuses on the quantitative assessment of child-friendliness, prioritizing
core indicators that are clearly associated with perceptions of child-friendliness. Some
scholars have examined factors such as land use, road configuration, and blue visibility rates
in semi-developed areas to explore perceptions of child-friendliness [44]. However, there
are still significant limitations overall. For example, research scales predominantly focus on
the community or city level, with little in-depth analysis of micro-level street characteristics.
Secondly, research perspectives are often led by adults and based predominantly on small-
scale studies. This makes it difficult to fully reflect the genuine demand of children
regarding the urban environment. In order to address this issue, this study uses visual and
landscape perception data to quantify the environmental features of streets in the urban
core of Xiamen. It explores the nonlinear relationship between street environments and
child-friendliness, providing empirical evidence to inform the planning of child-friendly
streets that better align with children’s demand.
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2.4. Data Collection and Processing
2.4.1. MEBS-Based Perceptual Data Collection in Children

This study employs the MEBS to assess children’s perceptions, emotions, and inter-
actions within urban spaces [70,71]. By integrating animated characters and narrative
scenarios into street view images and combining children’s emotional feedback with street
environment data, the authenticity of the data is enhanced, making the perception data
more aligned with children’s emotional and behavioral characteristics [72] (Table 2). The
figure of “Nezha”, a widely recognized character in Chinese culture, was validated through
a preliminary study with 30 children on 22 February 2025. A formal survey was conducted
from 20 March to 20 April 2025, involving 200 children aged 6–14 and 79 parents. Gender
balance was achieved with 105 boys (52.5%) and 95 girls (47.5%), and independent t-tests
confirmed no significant gender differences in the perception results [73] (Table S1). The
sample covered children in the transitional stage (6–14 years) as defined by the WHO,
which is critical for their development and connection to the environment. To reduce
familiarity bias, participants with varying lengths of residence were included, and random
selection ensured sample representativeness (Table S2). In total, 600 valid questionnaires
were collected, with each street view image receiving feedback from three children. The
reliability coefficients (α values: 0.725–0.784) and KMO and Bartlett’s tests (KMO = 0.748,
χ2 = 747.062, p < 0.001) confirmed the questionnaire’s reliability and validity (Table 3).
The Child-Friendly Index was calculated and classified into five levels: Extremely Low
(Level 1), Low (Level 2), Moderate (Level 3), High (Level 4), and Extremely High (Level 5),
providing a refined multi-dimensional evaluation of child-friendliness across the regions.

Table 2. Questionnaire based on the method of empathy-based stories to assess child-friendly cities.

Dimension Question Answer 1 Answer 2

Safety

Hey kids! Which of these options
better meets the requirements for a
safe play area and will help Nezha
to successfully complete his first
patrol mission?

This area is flat and free of
hazards, ensuring that
children can play safely
and meeting Nezha’s safety
inspection standards.

There are construction
barriers in place here, and
the ground is uneven. Take
care when playing to avoid
tripping up or bumping
into things.

Hygiene

Nezha is searching for the perfect
spot to build his secret hideout. It
must have fresh air, plenty of
sunlight, and be clean. Which of
the locations shown in the pictures
is more suitable?

This clean, green space is
especially comfortable for
children to rest in.

This place is covered in
rubbish and dead leaves,
which makes it unpleasant
to look at.

Entertainment

Hey kids! Nezha and Ao Bing have
agreed to find a place to play
together. Can you help them pick
which picture shows the spot that’s
more suitable?

Here you’ll find climbing
frames, bumper cars, and a
wide variety of other
activities. Children can
have a wonderful time
here, and the
entertainment area meets
all of Nezha’s
inspection requirements.

I find this place boring.
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Table 2. Cont.

Dimension Question Answer 1 Answer 2

Education

Hey kids! Master Taiyi told Nezha
and Ao Bing to seek new
knowledge, and now they’re
searching for places to discover it!
Which card contains the knowledge
you want to learn? Pick one!

These are mobile bookcases
and knowledge display
stands. This is some of
what I would like to know.

I don’t want to know
anything here.

Child Participation

Hey kids! Nezha and Ao Bing are
searching for a place where they
can work with their friends.
Choose the best option!

I find this place fascinating! I find this place boring.

Table 3. Test on reliability and validity ("***" indicates statistical significance at the p < 0.001 level).

Statistical Indicator Safety Hygiene Education Entertainment Child Participation

Cronbach’s Alphas 0.784 0.754 0.726 0.725 0.752
KMO value 0.748
Approximate chi-square 747.062
DF 15
p value 0.000 ***

2.4.2. High-Resolution Networks for Semantic Segmentation (HRNet)

The HRNet model is widely recognized for its strong generalization ability and stable
performance in semantic segmentation tasks, particularly in analyzing landscape elements
in images. Model 75 has improved the accuracy and efficiency of segmentation by combin-
ing high-resolution and low-resolution convolutions. HRNet has achieved state-of-the-art
results on several benchmarks, including urban landscapes and the PASCAL Context
dataset, consistently outperforming advanced models like DeepLabV3+ and PSPNet, es-
pecially in urban scenes. This demonstrates HRNet’s exceptional capability in processing
complex visual data. Additionally, HRNet is efficient in handling semantic segmentation
tasks with relatively low computational demands, making it ideal for large-scale datasets.
In this study, HRNet successfully extracted key landscape indicators such as openness,
greenness, pavement coverage rate, and building enclosure. These metrics were computed
using the framework outlined in [74], with the specific method detailed in Equation (1):

LP =
Plandscape perception

PTotal
× 100% (1)

In the Formula (1), LP represents the amount of landscape visible in the image,
Plandscape perception is the number of pixels that are identified as landscape, and PTotal is
the total number of pixels in the selected image region. These metrics form the foun-
dation for quantifying the relationship between street characteristics and children’s per-
ceptions of child-friendliness. During training of the CNN-BiLSTM model, a subset of
image datasets was used. Combined with the TrueSkill algorithm, the model generates a
Child-Friendly Index.

2.4.3. Image Computation Method Based on Matching Mechanism (TrueSkill) and
Convolutional Neural Network-Bidirectional Long Short-Term Memory
(CNN-BiLSTM) Prediction

This study uses the TrueSkill algorithm to annotate the training samples to construct
a relatively stable and unified training dataset. TrueSkill is a Bayesian rating system that
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produces overall ranking scores based on the cumulative results of head-to-head matches.
Scores are updated after each two-player match to produce new rankings of winners and
losers [75].

This study uses the MEBS to collect children’s perceptions of urban street environments
(Figure 3). In the questionnaire, children select images that match descriptions provided,
and the system generates ranking scores based on their comparisons. After each round, the
system updates scores based on image selection and calculates the average score to derive
child-friendliness data. To combine children’s perceptions with spatial features, we use a
machine learning model called CNN-BiLSTM, which is trained on 8800 randomly selected
street images, with 20% used for testing. The model’s performance is evaluated using Mean
Absolute Error (MAE) and R2, with R2 values ranging from 0.841 to 0.964 and MAE values
ranging from 0.040 to 0.109. These results demonstrate that the model effectively extracts
spatial features from street images and integrates them with children’s perception scores,
ultimately generating a Child-Friendly Index for Xiamen’s central urban area. This method
combines children’s perception data with spatial features to create a quantitative evaluation
metric that reflects children’s subjective experiences, providing valuable support for urban
planning and helping planners optimize spaces for children’s activities.

Figure 3. TrueSkill algorithm interface.

2.4.4. MATLAB Visual Complexity and Color Complexity Calculation

In this experiment, MATLAB R2023b software, known for its high compatibility, was
used to calculate visual entropy and color complexity in image data. Visual entropy is com-
monly employed in landscape visual perception research to quantify the overall complexity
of an image, while color complexity evaluates how color distribution in landscapes affects
human perception. The calculation principles for visual entropy and color complexity are
defined by Formulas (2) and (3) [76].

H(x) = −
n

∑
i=1

P(ai) ∗ log P(ai) (2)
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In the Formula (2), n represents the number of regions with distinct boundaries, and
i refers to each partitioned region. P(ai) is the occurrence probability of region ai and the
information content, H(x), signifies the total information generated by the visual object
consisting of n regions.

Ck = −
m

∑
i=1

ni log
(ni

N

)
(3)

Formula (3) defines color complexity, where C(k) represents the complexity of the color
space distribution, M is the number of connected regions, ni is the number of pixels in
region i; and N is the total number of pixels for that color. MATLAB serves as the core tool
in this study, offering data support through these calculations. Visual entropy provides
insights into how spatial perception influences children’s emotions, while color complexity
quantifies the role of color distribution in landscapes, helping assess its impact on children’s
perceptions. Through these metrics, MATLAB enables the exploration of the bidirectional
impact of spatial perception on children’s emotional states [77].

2.4.5. Hotspot Analysis (Getis-Ord Gi*)

The Getis-Ord Gi* statistic is used to evaluate the statistical significance of variations
in child-friendliness between regions Getis. Hotspot analysis visualizes the geographical
distribution of data and identifies patterns of spatial clustering in hot and cold zones. Fol-
lowing spatial autocorrelation validation, Gi* further analyzes the clustering or dispersion
of the Child-Friendly Street Index. Its calculation Formula (4) is as follows:

Gi =
∑n

j=1 ωi,jxj − X∑n
j=1 ωi,j

S
√

n/(n − 1)∑n
j=1 ω2

i,j − 1/(n − 1)
(

∑n
j=1 ωi,j

)2 (4)

In the formula, xj represents the quantity or sentiment value of sample j; ωi,j denotes
the spatial weight between events i and j; n is the total number of samples; and x and S
denote the mean and standard deviation of the samples, respectively. We assess the spatial
clustering intensity of high or low values by examining the z-scores and p-values. Higher
z-scores indicate tighter clustering of hotspots, while lower negative z-scores signify tighter
clustering of cold spots. The Getis-Ord Gi* statistic helps analyze the spatial distribution of
child-friendly facilities. By calculating z-scores and p-values, it reveals clustering patterns
of high and low child-friendliness areas, providing data support for urban planning and
helping improve child-friendly infrastructure.

2.4.6. XGBoost-GeoSHapley Additive Explanation Model

XGBoost is an efficient machine learning technique based on gradient boosting, which
improves prediction accuracy by sequentially constructing multiple decision trees, where
each tree corrects the errors made by the previous one. XGBoost has strong generalization
ability and is widely applied in machine learning tasks [78]. SHAP is a tool for explaining
machine learning predictions by breaking down the importance of each input feature,
offering both local and global interpretations of the model’s outputs [79]. SHAP helps us
understand which features have the most significant impact on the model’s predictions.

This study uses the XGBoost regression algorithm to construct a predictive model
and optimizes hyperparameters through cross-validation to ensure the model’s robust-
ness. First, five-fold cross-validation is used to tune the hyperparameters of the XGBoost
model, enhancing its generalization ability and effectively preventing overfitting. Then,
we compare XGBoost with traditional spatial statistical models to validate its stability and
consistency in capturing spatial effects [40]. To further ensure the accuracy of the model
and avoid bias, SHAP values are used to explain the model’s predictions, quantifying the



Buildings 2025, 15, 3908 14 of 33

contribution of each feature to the predicted outcomes. Additionally, bootstrap is applied
to calculate the 95% confidence intervals (CIs) of the SHAP values, evaluating the model’s
robustness and uncertainty.

In the analysis of different dimensions, the average R2 values for safety, hygiene,
education, entertainment, and child participation are 0.806 (95% CI [0.78–0.83]), 0.876
(95% CI [0.85–0.89]), 0.906 (95% CI [0.88–0.92]), 0.856 (95% CI [0.83–0.88]), and 0.873
(95% CI [0.84–0.90]), respectively. The relatively narrow confidence intervals (approxi-
mately ±0.02–0.03) indicate stable predictive performance across the dimensions. However,
the variability in the child participation dimension is slightly higher, suggesting that sub-
jective perception data may introduce additional uncertainty. Therefore, this should be
considered when applying the results to practical urban design or policy recommendations
(Table 4). Additionally, the article also uses common validation metrics such as R2 and
RMSE to further ensure the model’s prediction ability under different data conditions.
These validation methods provide a comprehensive evaluation of the model’s performance,
ensuring its stability and broad applicability in practical applications, while effectively
avoiding potential biases from data splitting.

Table 4. XGBoost model training results.

R2 MAE RMSE

Safety 0.806 0.856 1.14
Hygiene 0.876 0.873 1.05

Education 0.906 0.910 0.97
Entertainment 0.856 0.883 1.10

Child Participation 0.873 0.860 0.97

In this study, XGBoost is used to handle the complex nonlinear relationships be-
tween street environment factors and child-friendly perceptions, enabling the extraction
of important features from high-dimensional data and making predictions. GeoSHapley,
on the other hand, extends traditional Shapley values by incorporating geographic co-
ordinate variables, enhancing our understanding of the interrelationships of features in
space. GeoSHapley overcomes the limitation of treating spatial features as independent,
capturing the spatial dependencies between features, and providing an analysis of the
impact of each spatial location on child-friendly perceptions. This helps better under-
stand the importance of spatial attributes in model predictions [80]. The method is imple-
mented in the GeoSHapley Python 3.8 library, and its calculation formula is shown below
(Formula (5)).

ϕi = ∑
S⊆F∖{i}

|Si|!(|F|−|S|−1)!
|F|! [ f (S ∪ {i})− f (S)] (5)

In the Formula (5), ϕi denotes the GeoShapley value of feature i; S stands for a feature
subset that does not include i, and F is the entire feature set; |S| represents the number
of features in subset S, while |F| represents the total number of features in set F; f (S) is
the model’s prediction when only subset S is used, and f (S ∪ {i}) is the prediction when
feature i is included.

3. Result
3.1. Child-Friendliness of Streets

This study shows significant differences in how child-friendly area are perceived
(Figure 4). In terms of safety, 42.85% of streets were rated as extremely safe, while 23.12%
were rated as very unsafe are spread across the area, showing that there are safety issues and
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no clear trend in development. While some streets demonstrate strong safety performance,
in others, children face elevated risks.

Figure 4. Child-Friendly Rating Distribution Chart.

Notably, high hygiene levels are mainly found in the Huli District. In terms of edu-
cation, 50.31% of streets are rated as high, while 12.61% are rated low. High-rated streets
tend to cluster, with more high-rated streets and fewer low-rated ones, which is a relative
strength. However, attention must be paid to isolated areas lacking educational facilities. In
terms of entertainment, 48.75% of streets were rated ‘high,’ while 34.23% were rated ‘low.’
High-rated entertainment streets are usually near parks or city centers. By contrast, low-
rated ones are mostly in busy traffic areas or city outskirts—this leads to uneven distribution
of entertainment facilities. In terms of children’s participation, 47.41% of streets reached an
‘extremely high’ level, while 25.42% remained ‘extremely low.’ High-participation streets
are concentrated in city centers, but in urban edges and some suburban areas, children’s
opinions are mostly ignored. Several factors influence a street’s child-friendliness. While
progress has been made in creating a child-friendly environment in Xiamen, more balanced
development is still needed (Table 5).

Table 5. Scores of the streets across dimensions of child-friendliness.

Street Level Safety Hygiene Education Entertainment Child Participation Child-Friendly Index

Extremely High-Level streets 42.85% 26.32% 50.31% 48.75% 47.41% 20.41%
High-Level streets 21.93% 4.32% 20.42% 11.21% 21.53% 1.19%
Medium-Level streets 7.42% 33.45% 5.62% 0.53% 3.57% 27.40%
Low-Level streets 4.68% 21.79% 11.04% 34.23% 2.07% 40.46%
Extremely Low-Level streets 23.12% 14.27% 12.61% 5.28% 25.42% 10.54%
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3.2. Cluster Analysis of Child-Friendly Spaces in Urban Districts

This study performs a hotspot analysis to identify areas with high and low values
for each indicator (Figure 5). We assign confidence levels (90%, 95%, or 99%) based on
how significant the clusters are, with higher confidence levels showing stronger patterns.
In terms of safety, areas with fewer child-friendly features were identified near Areas A
(Jiangtou Street), E (Zhongshan Street and Kaiyuan Street), F (Yunding South Street), and
I (Xiang’an Avenue). Significant hotspots were found in Areas C (Wuyuan Bay) and G
(Guanyinshan Street), both located near Wuyuan Bay Street. In terms of health, significant
cold spots were primarily found near Zones E, B (Bailuzhou Park), D (Jinshan Street), F, and
H (Jimei Avenue), while significant hotspots were observed near Zones C and G around
Wuyuan Bay in Huli Subdistrict. In terms of education, significant hotspots were found in
Zones A, B, C, and G, while significant cold spots were identified near Zones D, E, F, and
H. In terms of entertainment, significant hotspot clusters were found in Zones A, B, C, I,
and G. Significant cold spots were observed near Zones D, F, and H. In terms of children’s
participation, significant hotspots were found in Zones A, B, C, E, I, and G, while significant
cold spots were observed near Zones F and H. The Child-Friendly Index reveals significant
hotspot clusters in Zones A, B, C, D, I, and G, as well as notable cold spots near Zones D, E,
F, and H. The central areas of the city lack enough safety and hygiene for children, failing
to meet their basic needs. The impact of different landscape metrics on child-friendliness is
a topic that warrants further research.

Figure 5. Cluster Analysis Map of Child-Friendly Spaces in Urban Areas (a–f).

3.3. Spatial Distribution of Child-Friendly Supply and Demand Levels

This study divides ‘demand for child-friendly spaces’ into two types: social demand
and material demand. Social demand is based on the number and location of children
aged 0–14, showing how much need there is for child-friendly environments in different
areas. Material demand refers to infrastructure, like the locations of schools, playgrounds,
and hospitals, which affects how easy it is for children to access activity spaces. Supply
refers to how well the urban environment meets children’s needs, including safety, hygiene,
education, entertainment, participation, and the local landscape. Factors like greenness,
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traffic safety, and facilities affect how children see the area. The study classifies supply and
demand into high, medium, and low levels to analyze their relationship and identify mis-
matched areas. Quantitative indicators support urban planning for optimizing children’s
activity spaces. By combining AHP weights for supply and demand allocation with spatial
characteristics and demographic data, the study quantifies the differences between urban
supply and demand.

Xiamen’s central urban area exhibits a significant disparity between supply and de-
mand. Figure 6 shows the population density distribution of children aged 0–14 (Figure 6),
and Figure 7 shows the spatial distribution of supply and demand (Figure 7). Huli Subdis-
trict stands out as a high-value area with good supply and demand, featuring high demand
concentration. Heshan and Jiangtou Subdistricts represent high supply–high demand
zones, with high greenness (14.06%), openness (36.95%), subdistrict safety (45.67%), and
hygiene (53.55%), showing an ideal supply–demand match. Jinshan Subdistrict, a high
supply–medium demand area, has comprehensive infrastructure and a high pavement
coverage rate (71.67%) but lower population density (14.12 people/hectare), maintaining
a good match. Xiangyu Bonded Zone, a high supply–low demand area, has adequate
facilities, especially entertainment, but low population density limits demand. In areas
with medium service supply but high demand, such as Dianqian, Huojuyuan, Jialian, and
Yuandang Subdistricts, the supply of facilities does not meet high demand, especially in
entertainment and education. For instance, Huojuyuan Subdistrict has few entertainment
facilities, heavy traffic, and narrow sidewalks (0.66%), which limits the space available
for children’s activities. Binhai Subdistrict is a medium supply–medium demand area
with high greenness (20.65%) and Visual complexity (88.48%), yet its facilities fall short.
Lujiang Subdistrict, with medium supply–low demand, has visual complexity (91.73%)
and high greenness (3.88%), offering some natural scenery, but the demand remains low.
Lianqian Subdistrict is a low supply–high demand area with insufficient facilities, especially
in dining and entertainment, failing to meet high demand. Kaiyuan, Huli, and Wucun
Subdistricts are low supply–medium demand areas with high greenness and openness but
issues with subdistrict safety and traffic flow, leaving facilities inadequate to meet demand.
Xiagang and Zhonghua Subdistricts are low supply–low demand areas; although safety
and sanitation are good, insufficient child-friendly facilities limit their potential.

Figure 6. Population Density Distribution Map of Children Aged 0–14.
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Figure 7. Supply-Demand Spatial Distribution.

Overall, the supply–demand spatial model of Xiamen reflects regional development
characteristics. Siming District faces a high demand-supply imbalance due to its historical
function. Zhonghua and Xiagang Subdistricts show poor supply–demand matching and
unmet demand, which may increase over time. Areas like Lianqian and Xiagang Subdis-
tricts with mismatched supply and demand should be prioritized for resource optimization.
Learning from Heshan and Jiangtou Subdistricts, which promote a positive cycle between
the spatial environment, perceived livability, and population demand, will help improve
Xiamen’s child-friendly environment. The next section presents the GeoSHapley contri-
bution model analysis results using the XGBoost framework, examining how different
indicators influence the child-friendliness index and exploring the complex relationships
among variables.

3.4. GeoSHapely Contribution Plots for XGBoost Model: Spatial Effects, Nonlinear Effects, and
Interaction Effects

This section uses two techniques, GeoSHapley and XGBoost, to examine the factors
that make urban streets safer and more child-friendly. These techniques help highlight the
most important factors using clear charts. Figure 8 illustrates the significance of each feature
and its spatial distribution. Figure 9 highlights the spatial arrangement of various street
elements. The lower section of the figure displays a blue bar chart, which indicates the
average contribution of each feature to the model’s outcome. The x-axis represents SHAP
values, with colors indicating the raw values of each feature. On the right side of the figure,
a color-coded plot visually emphasizes the most influential factors, where red represents
higher values and blue represents lower values. This color scheme helps to easily identify
the factors that have the greatest impact on the results. Analysis of the average contribution
of the selected independent variables, as well as the geographic coordinates X and Y, to the
supply and demand of children indicates that greenness is the most significant factor in
influencing their basic demand. Its marginal effect is increasing, suggesting that improving
Greenness can effectively promote perceptions of child-friendliness. To incorporate spatial
characteristics, the study included the X and Y coordinates of ZCTA centroids as joint
location features in the model. This approach explores the spatial interaction between
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features and location and how this influences perceptions of child-friendliness in the
street environment.

Figure 8. Importance Distribution Map, Swarm Map, and Spatial Distribution of Contributions (The
asterisk (*) indicates the primary effect in the interaction).

Figure 9. Spatial Distribution of Street Environmental Factors.
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The analysis shows how location affects child-friendliness, with red areas indicating
places that improve it, and blue areas showing where it is worse. The northeastern area
of Xiamen’s central urban district makes a significant positive contribution, while the
southwestern region generally shows lower location-driven demand. The lower section of
the figure shows that Greenness (13.038) and Pavement coverage rate (10.23) are the main
indicators of child-friendliness in street environments, with importance scores significantly
higher than other metrics. Enclosure (5.64) has a relatively minor impact, while the remain-
ing indicators are ranked by contribution as follows: openness (4.443), visual complexity
(1.17), x coordinate (1.114), y coordinate (1.135), traffic flow (0.945), fence rate (0.552), and
color complexity (0.537). Additionally, significant differences were observed between
greenness rates and color complexity scores. This disparity is presumed to stem from the
complex colors and information overload of excessive street advertisements. When lacking
visual balance, these advertisements may increase children’s psychological burden and
even impact their behavior when crossing the road and their visual attention [81].

In global feature importance, there is a notable difference in the significance scores
between the y-coordinate (1.135) and x-coordinate (1.114), with the GeoSHapley contri-
bution value for the y-coordinate being higher. This suggests a significant north–south
variation in the Child-Friendly Index. The southern part of Siming District, characterized
by high-density built-up areas, experiences concentrated population and traffic flow. In
contrast, the northern part of Huli District has lower development intensity, with fewer
high-density residential areas. The map further reveals that the northeastern and central
regions of Xiamen have the highest contributions, where, despite lower child population
densities, the supply–demand match in densely populated areas remains low. This in-
dicates a misalignment between the distribution of child-friendly resources and actual
population concentrations. The discrepancy between areas with high resource availability
and areas with high demand underscores the need for better spatial alignment in urban
planning to match child-related resource allocation with population distribution.

In the diagram on the right, the points shift to the right and spread out more when there
is higher pavement coverage. This shows that it has a stronger influence on the results.
While more pavement coverage usually has a negative effect, high levels of pavement
coverage can have a positive effect. The analysis indicates that changes in greenness can
have a strong negative effect on child-friendliness, making the results less stable. It is
important to minimize these fluctuations in the model design to make it more reliable.
Openness exerts a relatively balanced influence on child-friendliness, mitigating instability.
Analysis of interactions reveals a pronounced synergistic effect between the greenness and
openness (Figure 8), amplifying the perceived child-friendliness. The synergistic effect
between the visibility rate of pavement coverage rate and greenness, as well as the visibility
rate of pavement coverage rate and greenness, shows a sharp decline (Figure 8). Despite
increased paving coverage, issues such as tree roots damaging the pavement coverage rate
and causing ground bulges, green belts encroaching onto children’s play areas, and low
shrubs obstructing pavement coverage rate visibility can still lead to a sudden drop in
the perception of the area as child-friendly. Simultaneously, there is a negative interaction
between greenness and enclosure as greenness increases and enclosure expands, scores for
child-friendliness decline. This is because dense greenery combined with high enclosure
obstructs visibility, making children feel insecure. However, when the Greenness is below
0%, the impact of increased enclosure on the child friendly index is relatively balanced.
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3.5. Nonlinear Marginal Effects

Previous studies have not fully looked at how nonlinear effects from different variables
impact our understanding of child-friendly spaces. This study shows that each factor affects
child-friendliness in different ways (Figure 10).

Figure 10. Nonlinear Marginal Effects Plot (The blue area represents the degree of dispersion. The
red dashed line denotes the zero baseline.).

For example, as pavement coverage increases, it gradually has a bigger impact on
child-friendliness. Once the pavement coverage exceeds 50%, the effect stabilizes. This
phenomenon is because sidewalks are typically closely correlated with road classification
wider Pavement coverage rate are commonly found alongside primary and secondary
arterial roads, which children are less likely to choose for active commuting [82]. Higher
traffic flow volumes on major roads pose safety risks and psychological stress for children
walking or crossing these routes. Factors like fences, visual complexity, traffic flow, and
greenery usually make a space more child-friendly. However, too many fences can have the
opposite effect and make a place feel less welcoming. When there is no greenery, increasing
it a little makes a big difference in how child-friendly the area feels. However, after a
certain point, adding more greenery does not improve child-friendliness as much. This
indicates that a moderate and continuous greening layout contributes more effectively
to enhancing children’s sense of safety and pleasure than excessive vegetation density.
Excessive greenery can block visibility, reduce functionality, and create hidden areas that
hinder a child-friendly environment. These visual blind spots provide physical spaces
conducive to potential illegal activities [83]. The positive contribution of fencing to child-
friendliness increases gradually. Excessive traffic safety measures can create environmental
hazards, visual clutter, and a sense of dependence on safety measures, which can confuse
children and hinder their exploration of the external environment. Furthermore, the overly
formal atmosphere created by these facilities discourages children from exploring the
environment due to its complexity and diversity.
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Openness has a diminishing effect on children’s perception of safety. When the SHAP
value for openness reaches 0.3, this indicates that increased openness significantly enhances
children’s perception of safety within this range. However, beyond this value, openness
may reflect sky visibility, which is closely related to children’s comfort level at eye level [84].
When the openness index exceeds 0.3, perceptions of child-friendliness steadily decline.
Higher sky ratios typically indicate lower urban density [85], which suggests that there are
excessive open areas, a factor that contributes to reduced perceptions of child-friendliness.

Furthermore, this model addresses the limitations of traditional linear regression when
it comes to setting variable relationship weights. For example, Ref. [34] used traditional
linear regression without considering the interaction effects between two variables. When
analyzing the synergistic effects of Greenness and openness, the GeoSHapley interaction
contribution value was found to be 17.481. This revealed a nonlinear synergistic mechanism
whereby an increase in greenness, space and openness enhances the perception of a space
as being child-friendly. Meanwhile, traditional hierarchical analysis methods struggle to
capture complex nonlinear relationships and spatial coupling mechanisms because they
rely on the experience of experts [86]. By incorporating nonlinear modelling techniques,
this research methodology enables more objective quantification of the actual contribu-
tions of each variable and their interactions. This overcomes the limitations of traditional
approaches when handling complex spatial dynamics.

4. Discussion
4.1. Overall Child-Friendliness Level of Urban Streets

The child-friendliness of streets in Xiamen is generally low, with 51% of streets cate-
gorized as extremely low or low levels. This indicates that the child-friendliness of these
streets demands significant improvement. This phenomenon may be due to current urban
street planning not fully addressing the demands of children. Many planning decisions
prioritize transportation and commercial development, leading to insufficient and poorly
distributed child-friendly facilities [87]. The lack of child participation and feedback mech-
anisms is also a key factor [88]. The average perceived score for street entertainment
facilities is extremely low, at 5.28%. This suggests that these areas face disorganized en-
vironmental conditions, which could result from public space being allocated in favor of
economic interests, with commercial projects often occupying areas intended for children’s
recreational facilities [89]. Even when children’s entertainment facilities are present, they
often suffer from inadequate maintenance and management, adversely affecting the user
experience for children [90]. Education-related facilities score 12.61%, indicating a lack of
child-related educational signage and interactive features, making it difficult to encourage
children’s participation.

The disparity in spatial distribution between central and peripheral areas further
highlights planning-driven biases. Districts near city centers and parks, such as Yuandang
Subdistrict, are perceived as highly Child Friendly index (46.74%) due to their ample
Greenness (18.3%) and strict traffic controls. In contrast, major thoroughfares such as
Lujiang Subdistrict (12.5%) and Wucun Subdistrict (11.5%) suffer from inadequate facilities
due to the excessive prioritization of transportation and commercial development, coupled
with a lack of child-specific design and participatory mechanisms. The core issue is the
marginalization of children’s demand within planning and management, resulting in an
imbalanced prioritization of street functions where commercial and transport interests
encroach upon children’s activity spaces.

When analyzed across five dimensions, the education and child participation di-
mension exhibits high maturity, reaching an extremely high level of over 47%. However,
the entertainment and safety dimensions show significant shortcomings, at low and ex-
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tremely low levels of 34.23% and 23.12%, respectively. The hygiene dimension shows
spatial distribution imbalances. Jiangtou Subdistrict, which has a population density of
45.125 people per hectare, has a significant hygiene facility gap (37.46%) due to failing to
prioritize children’s activity demand. This reflects an absence of precise matching mecha-
nisms between facility supply and population density, representing a classic example of
inadequate demand responsiveness in planning and design.

4.2. Mechanisms of How Different Street Elements Influence Child-Friendliness

The impact of streetscape elements on child-friendliness shows significant positive
and negative effects, reflecting structural flaws in the configuration of environmental
factors. Among the positive elements, factors such as pavement coverage rate, density,
fence rate, and greenness rate enhance the perception of friendliness by improving safety
and exploration opportunities. Fence rate ensures social safety, and areas with higher levels
of fencing tend to have lower crime rates, while areas with an extremely low fence rate
often experience higher crime rates [91]. However, streets with extremely low levels of
fencing (0.7%) and insufficient Greenness (4.5%) directly limit the satisfaction of children’s
social and exploration demand, exposing the inadequacy of targeted environmental factor
provision. The diversity of environmental colors enhances familiarity and contributes to
a sense of safety and comfort [92]. It is worth noting that while greenery is an important
factor in enhancing children’s friendly perceptions, excessive greenery in the Jiangtou
Subdistrict area may reduce the sense of safety. This may be due to dense vegetation
restricting the line of sight, increasing stress, and reducing children’s activity space [93].

Among the negative elements, excessive openness (average >0.4) results in a lack of
safety for children, which is related to the low urban density and spatial design that ignores
the scale of children. As previous studies have reported, excessive exposure to the sky
can create broad and monotonous visual experiences, leading to negative emotions [94].
Overloaded Traffic flow on Kaiyuan Subdistrict causes spatial chaos. While moderate
traffic flow can enhance vitality, in an overloaded state, the absence of a hierarchical control
mechanism decreases the sense of safety. The core issue in both of these problems lies in
the lack of collaborative optimization of streetscape elements. There is no balance between
natural elements such as greenery and spatial openness, nor has a matching rule been
established between traffic flow and children’s activities.

At the level of interaction effects, the synergy between greenness and openness must
be considered in relation to children’s visual perception of transparency. However, most
districts fall into the trap of single-factor optimization, such as increasing greenery without
controlling openness, reflecting an insufficient understanding of children’s behavioral
characteristics in the planning process. This has prevented the establishment of coordinated
design standards that consider multiple factors.

4.3. Spatial Imbalance in Supply and Demand of Child-Friendly Urban Environments in Xiamen
and Its Causes

With modern urbanization, developing child-friendly environments has become in-
creasingly important. The imbalance between the supply and demand for urban spaces
is a key factor affecting children’s quality of life and activity space. This imbalance re-
flects not only the differences in the availability of child-friendly facilities across various
areas but also has significant implications for both children’s well-being and urban de-
sign. From the supply–demand matching perspective, the distribution of supply across
Xiamen’s 16 districts shows that Huli District is a high-value area for both supply and
demand, with high demand concentrated in this region. The supply and demand are
relatively balanced. In contrast, Siming District, due to its historical functional position-
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ing, exhibits a low supply–low demand pattern. Despite having a high concentration of
commercial and transportation facilities, child-friendly facilities have not been prioritized.

In the high supply–high demand areas, Heshan Subdistricts and Jiangtou Subdistricts
exhibit a relatively ideal supply–demand match. These areas have high greenery and
openness, providing good natural environments and open spaces. The streets also score
well in terms of safety and hygiene, offering a comfortable and safe environment for
children. However, despite the high supply and demand, these areas still face a shortage of
educational and sports facilities, highlighting the pressing demand to enhance the provision
of child-friendly facilities.

Jinshan Subdistricts belongs to a high supply–medium demand area, with a relatively
high pavement coverage rate (71.67%) and good infrastructure. However, due to its low
population density (14.12 people/hectare), the demand is relatively low, leading to an
excess of facility supply. Xiangyu Bonded Zone is another high supply–low demand area.
Although the area has a high greenness (22.99%) and visual complexity (89.25%), and
its infrastructure is relatively well-developed, the low population density means that the
demand for facilities cannot be effectively met, resulting in an overabundance of facilities
with low utilization.

In the medium supply–high demand areas, Dianqian Subdistrict, Huojuyuan Sub-
district, Jialian Subdistrict, and Yuandang Subdistrict face the issue of insufficient facility
supply, particularly in entertainment, education, and sports facilities. While these areas
have good infrastructure, street safety, hygiene, and greenery, they still cannot meet the
demand of high-demand child populations. Notably, Huojuyuan Subdistricts has almost
no entertainment facilities, indicating a significant gap in the provision of child-friendly
facilities in this high-demand area.

Binhai Subdistricts, Lujiang Subdistricts, and Lianqian Subdistricts belong to differ-
ent types of areas but generally face supply–demand imbalances. For example, Binhai
Subdistricts has a good greenery rate and visual perception, but its traffic flow and street
safety are weak, resulting in insufficient facilities for meeting the medium demand of
children. Lujiang Subdistricts, with low demand, has good infrastructure but may have
an overabundance of facilities, leading to a potential risk of resource wastage. Lianqian
Subdistricts, which shows a low supply–high demand trend, faces a severe shortage of
facilities, especially in dining and entertainment, and is unable to meet the high demand
from children in this area.

The causes of these supply–demand imbalances are multifaceted. First, population
density differences play a major role. High-density areas tend to experience higher de-
mand for child-friendly spaces, while low-density areas have less demand, leading to
mismatched supply. Secondly, the uneven functional positioning of areas contributes to this
imbalance. Some areas prioritized commercial and transportation development in early
planning, neglecting child-friendly facilities. Additionally, delays in facility construction
have exacerbated supply–demand contradictions. In high-demand areas, rapid population
growth has outpaced the development of child-friendly spaces, while in areas with slower
population growth, there is an over-supply of facilities, resulting in waste. Future urban
planning should optimize resource allocation, aligning child-friendly facility supply with
actual demand, particularly in high-demand areas. In low-demand areas, facilities should
be scaled back to avoid unnecessary resource expenditure. To achieve sustainable develop-
ment of child-friendly environments, urban planning must account for regional demand
differences and promote a balanced distribution of child-friendly facilities.
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4.4. Planning and Design Recommendations for Enhancing Child-Friendly Urban Street
Environments and Spatial Planning Benefits

This study examines the supply–demand imbalance of child-friendly streets in
Xiamen, highlighting structural causes such as limited land resources, delayed old-town
renewal, and weak interdepartmental coordination. The mismatch between children’s
facilities, street space attributes, and demand is particularly severe in high-density areas
like southern Siming District, reflecting Xiamen’s rapid urbanization. The differences be-
tween old and new districts emphasize the neglect of children’s rights in favor of economic
development. This paper proposes a “three-dimensional strategic framework” focused on
“spatial restructuring, institutional safeguards, and coordination mechanisms” to address
Xiamen’s structural problems and broader urbanization challenges (Figure 11).

 

Figure 11. Patial Planning Map.

Low Supply, High Demand Areas. The core issue in this area lies in the structural
conflict between Xiamen’s limited island land resources and the rapid influx of population.
As a key area for population intake in Siming District [95], the annual growth rate of urban
land expansion exceeds the population growth rate by more than twice, leading to a severe
supply shortage. In addition, early planning failed to include children’s facilities as a
precondition for land transfer, resulting in a vicious cycle of “dense population, scarce
facilities” [96]. To address this issue, it is recommended to focus on the concept of “activat-
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ing” existing island space, setting a mandatory green space baseline of 25%, and releasing
open space through measures such as “removing walls and activating corner spaces”.
Furthermore, it is suggested to establish a ‘Child-Friendly Street Assessment Committee’
and use participatory design to fill the institutional gap caused by the disconnect between
early planning and actual demand. For example, ecological trails could be planned around
Dongping Mountain Park and the Botanical Garden, integrating natural education nodes
and utilizing stock “optimization” instead of incremental expansion [97].

Low Supply, Medium Demand Areas. The lag in facilities in these areas stems from the
dual structural bias: on one hand, old-town renewal focuses on buildings while neglecting
functionality; on the other hand, transportation planning prioritizes motor vehicles over
children’s safety. Currently, facility updates in these areas mainly focus on building facades,
with a lack of recreational and sports facilities. Additionally, transportation planning gives
priority to industrial logistics, overlooking children’s safety. To address these issues, it
is recommended to configure green belts at least 1.5 m wide in the old town according
to the Urban Green Space Design Specifications (GB 50420-2007) [98], prioritizing the
planting of native low-growing plants such as Osmanthus and Azalea. This will not
only solve safety risks related to “poor visual permeability,” but also transform the green
belts into educational spaces through “ecological markers + plant science popularization.”
Furthermore, it is suggested to collaborate with the traffic police department to establish a
“child-priority slow traffic zone” on Huli Street to restructure the traffic system and ensure
children’s safety.

Low Supply, Low Demand Areas. Although these areas have a high child population
density, the facility usage rate is low, reflecting a structural gap in Xiamen’s early com-
munity planning, where there were no mandatory child-friendly indicators. The facility
designs in these areas did not consider children’s activity demand, and with the increase
in the aging population, children’s activity demand has become implicit, leading to a mis-
match between existing demand and facilities. To address this issue, it is recommended to
add low shrubs in old communities to create “micro children’s green spaces.” Additionally,
it is suggested to set up infrared usage counters and regularly generate demand reports to
provide data support for future facility planning.

Medium Supply, High Demand Areas. The overcrowding of facilities in these areas
reflects a spatial structural conflict between “high land use intensity in the core urban area
and the expansion of children’s facilities.” Currently, the land development intensity in
these areas has reached 70%, leaving almost no space for new facilities, and the usage of
facilities fluctuates greatly. To alleviate this issue, it is recommended to promote rooftop
greening and vertical greening, and make children’s facilities a mandatory part of municipal
project reviews. A “facility emergency deployment list” should also be established to allow
for the flexible deployment of modular facilities during peak usage periods to address the
mismatch between dynamic demand and static configuration.

Medium Supply, Medium Demand Areas. The utilization rate of facilities in these
areas fluctuates significantly, stemming from a structural mismatch between “facility
construction and community population structure.” For example, Binhai Street has rich
ecological resources, but the proportion of children is low, and the existing facilities do not
meet the demand for family activities in coastal communities. To improve facility matching,
it is recommended to adjust the facility functions through “street co-creation days” and
“children’s review workshops.” Additionally, leveraging the ecological advantages of
the coastal area to develop a “coastal natural education corridor” and “edible landscape
gardens” will transform ecological resources into spaces for children’s activities.

Medium Supply, Low Demand Areas. Although the greening coverage in this area is
high, the facility usage rate is low, reflecting the dual structural issue of “uneven distribution
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of public service resources between the island and the mainland.” Lujing Street hosts a large
number of migrant children, but the existing facilities are not adapted to the demand of
mobile children. To address this issue, it is recommended to set up child-priority pedestrian
signals at busy traffic locations and introduce interactive installations to attract migrant
children. Additionally, improving facility provisions will resolve the issue of “existing
facilities but misplaced services.”

High Supply, Low Demand Areas. The supply–demand ratio in these areas is imbal-
anced due to a structural bias in Xiamen’s urban planning—“planning functional zones
focusing on industry while neglecting the quality of life.” The Xiangyu Free Trade Zone
is primarily designed for industrial functions, lacking living facilities. To address this
issue, it is recommended to use spatial heat maps to identify underutilized facilities and
relocate them to high-demand areas. Additionally, in line with Xiamen’s night economy
plan, “family night markets” and “children’s handicraft markets” can be set up around
unused facilities to transform the industrial zone into family-oriented social spaces.

The development of child-friendly streets in Xiamen requires addressing three struc-
tural issues: spatial structure optimization, institutional gaps, and governance restruc-
turing. With the island land constraints and dual spatial structure, solutions include
activating existing spaces, preemptively providing facilities, and ensuring that children’s
demand is included in land transfer conditions. Establishing a “Children’s Council” and
a feedback platform will help shift to a model of “designing with children,” promoting
a rights-based approach. These recommendations, addressing the structural roots of the
imbalance, can provide a replicable model for other island cities and areas facing similar
urbanization challenges.

4.5. Research Contributions and Limitations
4.5.1. Research Contributions

This study uses an innovative framework to identify disparities in the supply and
demand for child-friendly features in urban street environments. It suggests strategies for
optimizing child-friendliness while avoiding the spatial inequalities caused by traditional
approaches that simply increase the number of facilities. By integrating the MEBS with
Street View big data and machine learning, we can accurately predict child-friendliness
and track its evolution to obtain more authentic data. MEBS uses contextualized animated
characters and narrative scenarios to encourage emotional engagement with Street View im-
agery among children, providing optimization data with enhanced emotional dimensions.
Furthermore, integrating XGBoost with GeoSHapley improved model interpretability, over-
coming the limitations of traditional SHAP methods in geographic modelling. Compared
to single-line traditional linear regression and the hierarchical analysis method [34], it
reveals structural characteristics and dynamic changes in the child-friendliness of urban
districts, providing more insightful support for decision-making. While the study focuses
on Xiamen City, the proposed methodology has broad applicability to child-friendly street
planning in other urban areas.

4.5.2. Research Limitations

Firstly, evaluations of children’s perceptions predominantly depend on visual indica-
tors, while other sensory factors, such as sound, which exerts a notable impact on overall
perception [99], are not included in the analysis. Future studies ought to incorporate a
more extensive array of sensory components to deliver a more comprehensive assessment
of children’s perceptual experiences. Furthermore, the questionnaire survey was limited
to elementary school students aged 6–14, thus failing to cover the full child population as
defined by UNICEF, which classifies children as individuals under 18 years of age [100].
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Consequently, future research should expand the age range and adopt assessment ap-
proaches tailored to different age groups. This will facilitate the development of more
comprehensive child-friendly urban planning and renewal strategies, thereby providing
support for the sustainable development of cities.

5. Conclusions
This study proposes a framework combining the MEBS method, street scene analysis,

various environmental indicators, and the XGBoost-GeoShapley model to assess child-
friendliness. It builds a quantification system for street friendliness based on children’s
perspectives, covering safety, health, education, entertainment, and participation. This
method overcomes adult-centered limitations, linking children’s micro-perceptions with
macro spatial elements, offering a new approach for building child-friendly cities.

(1) The research results show that children’s perceptions of friendliness show signifi-
cant spatial variation, particularly in high-density areas, where supply and demand
mismatch for facilities. GeoSpatial analysis reveals a north–south difference in percep-
tions, with higher population density in the southern part of Siming District, while
the northern part of Huli District has lower development intensity. Despite high
spatial contribution in the northeast and central regions, these areas have lower child
population density, while higher density areas show lower supply–demand matching.

(2) Further analysis shows that variables such as greening rate, pavement coverage
rate, and openness contribute nonlinearly in the GeoSHapley model. Their interac-
tions significantly affect children’s sense of safety and willingness to engage with
the street space. This finding strengthens the theories of visual permeability and
accessibility-perceived safety in environmental psychology and provides decision-
making references for participatory micro-updates at the street level.

(3) From a policy perspective, the research results offer evaluation tools and optimization
paths for the localized implementation of the Child-Friendly City (CFC) framework,
with great potential for application in urban renewal, old community renovation,
and child participation mechanism design. The study supports the creation of a
child-centered urban space evaluation system and emphasizes incorporating children
into the daily planning process to address issues such as spatial compression and loss
of activity spaces caused by urbanization.

(4) The XGBoost-GeoSHapley framework is more capable of revealing the collaborative
mechanisms of spatial variables than traditional models such as geographical detec-
tors and geographically weighted regression. It improves explanatory transparency
and resolves issues related to spatial feature interactions and geographical location
contribution differences, which were challenging for previous models. Its interpretabil-
ity advantage helps promote the shift from prediction-oriented to explanation- and
operability-oriented spatial modeling.

(5) Although this study has made significant progress in both theoretical and empirical
aspects, there are some limitations. One key limitation is that the model’s application
was based on cross-sectional data, which limits the ability to explore dynamic changes
over time. Future research should incorporate longitudinal data to conduct dynamic
analyses, exploring the trends in children’s perceptions of child-friendly environments.
Additionally, cross-regional validation in different urban forms and cultural contexts
will further test the applicability of this framework in various urban environments.
Lastly, integrating deep participatory design methods and enhancing the linkage
between the evaluation framework and real behavior data from children will make
the framework more refined and comprehensive in practical applications.
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In conclusion, this study emphasizes the value of a child-centered perspective in urban
space governance, providing a scalable quantification framework for creating inclusive,
healthy, and sustainable urban children’s spaces. Future research can further validate this
framework in other cities, promoting child-centered planning methods. The integration of
longitudinal data, cross-regional validation, and participatory design will further enhance
the robustness and applicability of the proposed framework.
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