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Abstract

Perceived cycling safety remains a critical determinant of bicycle use among ado-
lescents. Previous studies have highlighted the role of street environments in
shaping safety perceptions, but most rely on spatial attributes (e.g., road infras-
tructure, land-use indices) and rarely incorporate the cyclists’ visual perspective.
This study proposes a multidimensional framework that integrates visual and spa-
tial representations of urban streets to model perceived cycling safety. By em-
bedding fine-grained visual indicators derived from street view imagery into the
road network, this novel framework captures 31 features across six environmental
dimensions. Existing studies typically model perceived cycling safety using only
a road’s own attributes, neglecting the influence of nearby roads. To address this
limitation, we develop an improved Graph Convolutional Network that incorpo-
rates geographic context. It integrates layer-wise attention and an adaptive loss
function to handle class imbalance and capture spatial dependencies. Explainable
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arti�cial intelligence (XAI) techniques are applied to interpret feature importance
within the spatial context, moving beyond linear assumptions of traditional mod-
els. The framework is applied to a perception survey focusing on adolescents in
Ghent, Belgium. The proposed model achieves an overall accuracy of 83.1%,
outperforming all baselines and presenting a major advancement in this domain.
XAI analysis reveals that both texture complexity and color monotony of the built
environment tend to reduce perceived cycling safety, while tree coverage has a
positive e� ect. Overall, the framework o� ers an interpretable and scalable ap-
proach for mapping street-level safety perception, providing actionable insights
for cycling-oriented urban design and the development of sustainable transport
planning.

Keywords: Cycling safety perception, Human–environment interaction, Urban
spatial context, Visual complexity, Model interpretability

1. Introduction

Cycling delivers substantial public health and environmental bene�ts, includ-
ing reduced risks of obesity and diabetes, as well as lower tra� c-related air pol-
lution and greenhouse gas emissions (Wei et al., 2025; Biljecki and Ito, 2021).
These bene�ts have led governments to actively promote cycling as a sustainable
mode of urban transport. For example, the European Commission has adopted
the `Vision Zero' strategy, placing particular emphasis on increasing cycling up-
take in urban areas (European Commission, 2019). Nevertheless, perceived cy-
cling safety remains a critical barrier that deters cycling and limits uptake in many
cities (Álvaro Fernández-Heredia et al., 2014; Manton et al., 2016; Ye et al., 2024;
Olsson and Elldér, 2023; Martínez-Díaz and Arroyo, 2023).

This perceptual barrier varies across demographic groups, with adolescents
representing a particularly important segment due to their high exposure to ev-
eryday cycling environments combined with limited tra� c experience (Rahman
et al., 2022; Basaran et al., 2021; Klos et al., 2023). Their vulnerability is further
ampli�ed by heightened sensitivity to environmental risk cues (Benoit et al., 2022;
Rahman et al., 2022). In Belgium, almost 40% of cycling-related tra� c accidents
involve students commuting (Vias institute, 2023). In practice, adolescents' cy-
cling experiences are embedded in routine, route-based mobility patterns, where
safety perceptions are shaped through repeated exposure to spatially connected
urban environments rather than single road segments. These early, cumulative
safety experiences can substantially in�uence adolescents' cycling con�dence,
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travel habits, and ultimately their lifelong mobility choices, highlighting the im-
portance of understanding perceived cycling safety within a broader spatial and
contextual framework (Schönbach et al., 2020).

The inherent complexity of urban environments makes it challenging to iden-
tify the causal factors shaping travel experiences (Mertens et al., 2015). Existing
research on perceived cycling safety has primarily examined individual charac-
teristics such as age, gender, and socioeconomic status (Black and Street, 2014;
Harvey et al., 2014; Bill et al., 2015), and has gradually expanded toward physi-
cal environmental factors (Manton et al., 2016; Benoit et al., 2022). Studies have
shown that shaping urban spaces in line with users' experiences is essential for
encouraging cycling (Olsson and Elldér, 2023), and that road attributes such as
intersections, roadway width, and infrastructure quality in�uence perceived safety
(Lawson et al., 2013; Aldred et al., 2018). Recently, human-centered approaches
using street view imagery (SVI) have emerged to capture cyclists' eye-level vi-
sual experiences, further enriching the representation of street environments in
cycling safety research (Ye et al., 2024; Zeng et al., 2024). Building on these
developments, most SVI-based studies primarily rely on low-dimensional indica-
tors, such as pixel-level proportions of streetscape elements (e.g., trees or build-
ings), which provide only a partial representation of cyclists' perceptual experi-
ences. More broadly, perceived cycling safety arises from the interplay between
visual attributes, spatial con�gurations of street space, and dynamic tra� c con-
texts within the urban network. While prior work has contributed valuable in-
sights into speci�c environmental components, the integrated modeling of these
interacting dimensions remains limited.

Road segments, as the immediate geographical entities through which indi-
viduals interact with the urban environment, are commonly adopted as the spatial
units for evaluating perceived cycling safety (Manton et al., 2016; Wu et al., 2018).
Existing studies for modeling perceived cycling safety are mainly based on a road
segment's own features, and ignore its geographic context (i.e., the in�uences of
adjacent and nearby segments) (Cui et al., 2023; Ye et al., 2024). Moreover, con-
ventional statistical and machine learning methods, though e� ective for variable-
level analysis (Benoit et al., 2022; Lei et al., 2025), fail to account for the complex
relationship and spatial structure within urban space.

To address this overarching gap, we develop a human-centered, multidimen-
sional framework for modeling perceived cycling safety that explicitly integrates
visual, spatial, and dynamic environmental factors within a network-based con-
text. We leverage publicly available SVI and road network data to derive physical
environment indicators re�ecting human-centered interactions, including visual
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complexity, spatial enclosure, and network characteristics. To capture geographic
context and spatial dependencies, we propose an improved graph convolutional
network (GCN) to model perceived cycling safety at the road-segment level. Fur-
thermore, explainable arti�cial intelligence (XAI) techniques are employed to
quantify the contributions of di� erent environmental features.

To summarize, in this paper,

1. We propose a human-centered, multidimensional set of environmental fea-
tures that includes landscape elements, tra� c environment, network fea-
tures, spatial con�gurations, and complexity to capture the interaction be-
tween urban settings and safety perception.

2. We develop a new GCN model integrated with XAI to predict and evaluate
perceived cycling safety, capturing deep-level relationships between a tar-
get road segment and its `geographic context', i.e., nearby segments. This
approach accounts for spatial dependencies and class imbalance to model
the complex link between physical features and perceived safety.

3. The framework is validated through a real-world case study in Ghent, Bel-
gium, demonstrating its capacity to predict cycling safety and potentially
o� ering actionable insights for urban planning.

2. Literature review

As a subjective yet behaviorally in�uential factor, perceived cycling safety
has garnered growing attention due to its alignment with actual accident patterns
and its potential to o� er direct insights into how cyclists experience and evaluate
the road environment (Winters et al., 2012; Haustein et al., 2020; Ye et al., 2024).
This has led to a wide range of empirical studies that underscore the critical role of
the physical environment in shaping safety perceptions. In terms of tra� c, tra� c
volume and speed limits are considered to have signi�cant impacts on perceived
cycling safety (Aldred et al., 2018; Vandenbulcke et al., 2014). Infrastructure-
related factors, including degree, road function, and street width, are also impor-
tant contributors (Lawson et al., 2013; Manton et al., 2016). In addition, land use
patterns are also believed to shape subjective safety perception (Cho et al., 2009).
Most studies focus on using geographic quantitative methods to assess the e� ects
of di� erent environmental factors, while they often fail to capture cyclists' percep-
tual experiences of urban space, particularly the visual environment, which plays
a crucial role in shaping safety perception (Schepers et al., 2014; Huber et al.,
2024; Graystone et al., 2022).
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In recent years, SVI has provided a new perspective for assessing cycling con-
texts, with advantages in representing �ne-scale visual environments. Ito and Bil-
jecki (2021) explored the use of SVI combined with computer vision (CV) and
demonstrated its e� ectiveness in a more comprehensive assessment of cycling en-
vironments that are di� cult to obtain from traditional datasets. With the increas-
ing availability of SVI and the rapid development of CV methods, a growing body
of research has begun to focus on detailed and complex characteristics of cycling
environments. For example, previous studies have reported a positive associa-
tion between street-level greenery and cycling activity. Gao and Fang (2025a)
examined the relationship between visual features extracted from SVI and cy-
cling volume, while Guo et al. (2026) adopted an end-to-end learning approach
using SVI to verify the in�uence of visual environments on cycling trajectories.
These studies highlight the strong potential of SVI to represent cycling environ-
ments, ranging from �ne-grained environmental elements to holistic depictions of
cyclists' visual surroundings.

Building on these advances, recent studies integrate computer vision based
SVI features into models for predicting subjective cycling safety perception. Zeng
et al. (2024) collected cycling environment evaluations from 50 volunteers across
500 SVI scenes and employed semantic segmentation to examine how visual en-
vironments in�uence perceived cycling safety. Similarly, Costa et al. (2024) and
Ye et al. (2024) analyzed the nonlinear relationships between urban visual ele-
ments and perceived cycling safety based on semantic segmentation results of
SVI. In addition, some studies have used SVI to explore how cycling environment
characteristics a� ect cycling preferences. However, these studies primarily focus
on the compositional aspects of visual elements, emphasizing the proportion of
di� erent elements within images. As a result, they have limited capacity to cap-
ture cyclists' real-world experiences and immersion within speci�c road spaces.
The perceptual mechanisms involved in human-environment interaction remain
insu� ciently characterized in cycling safety perception research, which limits the
ability of existing models to represent actual cycling experiences.

In reality, human environmental perception is a complex process that goes be-
yond landscape composition, involving spatial patterns of the urban settings and
perceptual experiences (Kim, 1999; Wang et al., 2025; van Rijswijk et al., 2016;
Kawshalya et al., 2022). Spatial patterns provide a cognitive foundation for in-
dividuals to interpret their surrounding environment (Garling et al., 1984). Cao
et al. (2025) demonstrated that the spatial form of a scene signi�cantly a� ects
subjective perceptions of safety. These con�gurations shape the spatial relation-
ship between individuals and their surrounding environment, thereby in�uencing
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urban activity (Purciel et al., 2009). For instance, tall and narrow streets provide
stronger visual shelter and can more easily enhance pedestrians' sense of safety
(Harvey et al., 2015). Furthermore, perceptual experience is a� ected by the com-
plexity of environmental information (Sanocki et al., 2015). Visual complexity,
as a critical dimension, contributes to the cognitive load encountered in a given
scene (Zhou et al., 2022; Porteous, 2013). In environmental psychology, cognitive
load is closely associated with perceptions of safety (Tapiro et al., 2020). Recent
research using SVI has quanti�ed visual complexity to validate its signi�cant rela-
tionship with perceived safety (Kawshalya et al., 2022). Elements such as texture,
color, and landscape type are recognized as key components of visual complexity
(Elsheshtawy, 1997; Heath et al., 2000; Arnold, 1993). Therefore, this study aims
to develop a multidimensional feature framework from the perspective of cyclists
to systematically examine how road environments shape perceived cycling safety.

From a methodological perspective, Geospatial Arti�cial Intelligence (GeoAI)
provides an e� ective technical pathway for analyzing multidimensional interac-
tions between urban spaces and human perception (Kang et al., 2023). GeoAI
incorporates location and spatial relationships into arti�cial computational pro-
cesses to enhance the discovery of spatial knowledge and understanding of human-
environment relationships (Liu et al., 2023; Janowicz et al., 2020). In the exist-
ing literature, non-parametric statistical models and traditional machine learning
methods are commonly used to assess the contribution of environmental indicators
to perceived cycling safety (Manton et al., 2016; Ye et al., 2024). However, these
approaches tend to simplify urban complexity and spatial interactions, making it
di� cult to re�ect the systematic e� ects of urban environments. As a representa-
tive method of GeoAI, graph neural networks (GNNs) are particularly well-suited
for modeling spatial topologies and have played a vital role in urban spatial mod-
eling (Liu et al., 2023; Yap et al., 2023). Nippani et al. (2023) applied GNNs to
predict road-level tra� c accident rates, achieving a mean absolute error of less
than 22%. Yu et al. (2020) employed graph convolutional networks (GCNs) com-
bined with a generative adversarial framework to predict tra� c conditions across
road segments, demonstrating excellent performance. These �ndings demonstrate
that GNNs e� ectively utilize spatial context information to capture the interac-
tion mechanisms among spatial entities. To the best of our knowledge, this is
the �rst study to apply GNNs speci�cally for modeling subjective cycling safety
perception. Additionally, XAI models are valuable tools for interpreting the in-
ner workings of AI models, o� ering quantitative insights into how input variables
in�uence predictive outcomes (Chen et al., 2025a). Through the integration of
GeoAI models, XAI supports our understanding of spatial processes and sheds
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light on policymaking in practice (Liu et al., 2024; Lei et al., 2025). This study is
motivated by addressing current de�ciencies in spatial sensitivity and explanatory
power in cycling perception studies. Therefore, it focuses on the integration of
GNN and XAI techniques to identify and explain the spatial drivers of perceived
cycling safety.

The literature review elucidates that SVI-based cycling environment assess-
ment has grown rapidly in recent years, o� ering valuable support for capturing
street-level visual environments. However, notable limitations remain in current
models of perceived cycling safety. Existing studies tend to oversimplify per-
ception by relying on compositional indicators, despite the inherently multidi-
mensional and scenario-dependent nature of perceived safety. Also, insu� cient
integration of road network structures and spatial context prevents a systematic
understanding of how cycling environments in�uence perception. Current models
generally overlook the combined e� ects of spatial context and visual factors ex-
perienced during cycling, thereby limiting their explanatory power and practical
applicability.

To address these limitations, this study aims to propose a multidimensional
cycling environment representation that integrates SVI and CV techniques. An
enhanced graph convolutional network is employed to explicitly incorporate spa-
tial context and model the relational structure between road segments. In addition,
XAI methods are applied to identify and interpret the key visual and spatial drivers
of perceived cycling safety. Through this approach, the study seeks to advance the
understanding of how perceived cycling safety is formed within complex urban
environments.

3. Method

Our proposed multidimensional framework for modeling perceived cycling
safety at the road-segment level consists of �ve steps (Figure 1):

1. Data collection (Section 3.1): Adolescent volunteers assessed the perceived
safety of road segments along home-to-school routes using an online plat-
form, which was categorized into three perception levels: unsafe, neutral,
and safe.

2. Extraction of visual features from SVI (Sections 3.2.1 – 3.2.4): they were
processed using image segmentation, depth estimation, and object detection
to drive multidimensional indicators of landscape elements.
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3. Network feature integration (Section 3.2.5): Structural features of the road
network were computed, and the previously extracted visual indicators and
safety ratings were matched onto the corresponding road segments.

4. GNN modeling and explanation (Section 3.3): We introduced a relational
attention GCN (RAGCN) that integrates layer-wise attention and an adap-
tive loss function to model perceived safety levels of road segments. The
model captures nonlinear relationships between environmental features and
perceived safety, while also accounting for spatial dependencies through
graph convolution that aggregates information from neighboring road seg-
ments. Model outputs were then interpreted using GraphLIME to identify
the spatial contributions for each feature.

5. Application (Section 4.1): The framework was applied to the large-scale
road network in Ghent, enabling the mapping of perceived cycling safety
and its relationship with environmental attributes, and potentially providing
evidence-based recommendations for street-level safety improvements.

Figure 1: Our proposed framework for perceived cycling safety prediction.

3.1. Data and study area

Data collection.The survey was conducted from 1 September 2020 to 2 April
2021 through an online platform, the Bike Barometer, developed by Ghent Univer-
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sity1, aiming to capture how the city is experienced from a biking perspective. Par-
ticipants were 12 to 18-year-old adolescents from the Flanders region in Belgium.
As part of their GIS introduction lessons, they evaluated the perceived cycling
safety of their home-to-school routes (Storme et al., 2022). In total, 2,353 partici-
pants took part in the survey across Flanders. Among them, over 600 participants
were from the city of Ghent, which constitutes the focus area of this study and
ensures a su� ciently large and representative local sample for subsequent analy-
ses, consistent with prior �ndings on adequate sample sizes for perceptual surveys
(Gu et al., 2025). The cycling safety assessment of the road network constituted a
critical component of the project. As students are familiar with their daily home-
to-school routes, they were asked to trace them on a digital map, which ensured
that the evaluated network corresponded to their experience. For each student,
each road segment along the traced route received an individual safety rating re-
�ecting his or her perception. To ensure data completeness, providing a score for
every selected segment was mandatory. For detailed information on the survey
design, see Benoit et al. (2022). The study was approved by the Ethics Committee
of Ghent University Hospital (B670201940648).

While extensive, this dataset has not yet been exploited to examine how visual
environments relate to perceived cycling safety. The initial analysis by Benoit
et al. (2022) focused on descriptive perception patterns and general environmental
associations. In this study, we considerably extend the original work by embed-
ding safety perceptions into the road network and integrating visual and spatial
features within a multidimensional and explainable graph-based modeling frame-
work, adding an entirely new dimension to this line of research.

Study area. Ghent was selected as the study area because of its high cy-
cling modal share among students (approximately 30%), sustained investments
in cycling infrastructure, and its strong policy focus on perceived cycling safety
(Janssens et al., 2020; EU Urban Mobility Observatory, 2025). To ensure con-
sistency with the survey coverage and enable detailed street-level environmental
analysis, we delineated the study boundary using the spatial extent of all surveyed
road segments in Ghent. We then expanded this extent to a polygon encompassing
a 100-m bu� ered zone around the road network (Figure 2). This bu� er captures
adjacent environmental features that may in�uence perceived cycling safety. The
�nal delineated area includes Ghent's primary urban district and part of its sur-
rounding regions, representing diverse urban forms and cycling environments.

1https://fietsbarometer.ugent.be
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Figure 2: Map of the study areas and surveyed school locations.

Data processing and labeling.The road network data were obtained from
OpenStreetMap (OSM), and processed using OSMnx to construct a topologi-
cally consistent road network graph. The surveyed road dataset was collected
and linked to OSM roads to allow joint analysis of network attributes and street-
level visual features. To accurately integrate adolescent-assessed safety ratings
into the OSM road network, we adopted a systematic network matching proce-
dure inspired by the iterative matching method proposed by Zhang and Meng
(2007). Candidate matches were �rst identi�ed within a 5 m spatial bu� er and
then re�ned based on geometric similarity and topological relationships, thereby
ensuring precise and reliable segment alignment.

For data labeling, perceived cycling safety prediction was formulated as a
three-class classi�cation task, categorizing each road segment as unsafe, neutral,
or safe, following prior research (Ye et al., 2024; Wu et al., 2018). During the
survey, participants rated their perceived cycling safety on a 0-10 sliding scale,
with 5 as the neutral midpoint. Accordingly, scores of 0-4 were labeled as unsafe,
5 as neutral, and 6-10 as safe. This discretization reduces ambiguity between
raters with di� ering response tendencies, for example, between generous raters
assigning 8-10 to safe roads and conservative raters assigning 6-8 for the same
segments. For each road segment, the median value of all its ratings was adopted
as the ground-truth label for model training and validation. Median aggregation
is widely recognized as a robust method in studies involving human perception
and rater behavior, providing a robust central tendency measure that mitigates the
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in�uence of outliers (Garcin et al., 2013; Lakshminarayanan and Teh, 2013).

3.2. Environmental features for street space

In this study, a road segment is de�ned as the portion of a roadway between
two adjacent intersections. To simulate the in�uence of real urban spaces on per-
ceived cycling safety, each segment is regarded as a spatial unit that integrates vi-
sual environment and road characteristics, serving as a representation of the phys-
ical environment. For a given road segments, the environmental feature vector is
de�ned asSF(s) = f f1; f2; : : : ; f31g, wherefi denotes theith environmental feature.
To provide a holistic characterization of the cycling environment, we developed
a multidimensional environmental feature system encompassing six dimensions:
built environment, natural environment, tra� c environment, spatial con�guration,
visual complexity, and road attributes.

To implement this representation, we extracted these features using SVI and
road network data, both of which are publicly available for many cities worldwide.
SVI provide �ne-grained information from the perspective of road users, particu-
larly incorporating a vertical dimension, allowing a more realistic and comprehen-
sive representation of the cycling environment (Biljecki and Ito, 2021). Leverag-
ing computer vision techniques, we quanti�ed environmental elements, tra� c ob-
jects, and spatial depth to characterize the multidimensional street environment of
each segment. SVI were collected from Google Maps2 to capture the 360-degree
view of the street. To ensure comprehensive coverage while avoiding redundancy,
sampling points were generated at 50 m intervals along road segments, and at
the midpoint for segments shorter than 50 m (Fan et al., 2025). In total, 30,060
panoramic SVI were collected within the study area. The acquisition time of the
SVI mainly spans from 2020 to 2023. During this period, the built environment in
the study area remained stable. The road network data contains the fundamental
spatial units, whose geometric and functional attributes provide the physical basis
for characterizing the street environment.

In the next �ve subsections (3.2.1–3.2.5), we describe the speci�c computa-
tional procedures used to derive indicators for each dimension of our environmen-
tal feature system, including: (i) visual natural and built environment features, (ii)
tra� c environment features, (iii) spatial con�guration features, (iv) visual com-
plexity features, and (v) road attributes.

2https://www.google.com/maps
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3.2.1. Visual natural and built environment features
The composition of natural and built environment elements in a streetscape

directly in�uences the initial perceptual phase of the urban scene (Dacey et al.,
2005). To quantify these elements, we applied semantic segmentation to each
image at the pixel level, where each pixel was assigned to the most probable
streetscape category. Segmentation was performed using SegFormer, a state-of-
the-art transformer-based model trained on the Cityscapes dataset. According to
Xie et al. (2021), SegFormer reports a mean Intersection over Union (mIoU) of
81.3% on the Cityscapes benchmark dataset, demonstrating strong capability in
delineating object boundaries. For each SVI, the proportion of pixels correspond-
ing to a given environmental component was computed as its relative coverage
within the streetscape. These values were then aggregated to the corresponding
segment using the mean across all sampling points/SVI on the segment, as de�ned
in Equation (1).

p̄(t) = 1
n

nX

i=1

p(t)
i (1)

Where,p̄(t) represents the average proportion of pixels for environmental com-
ponentt within a given segment,n is the number of SVI sampled along the seg-
ment, andp(t)

i denotes the proportion of pixels of componentt in thei-th image.
To enhance interpretability and focus on features relevant to perceived cy-

cling safety, only 9 Cityscapes classes that are common in urban streetscapes and
potentially in�uential for safety perception were retained. The selected compo-
nents were classi�ed into two groups: natural environment features, including
tree, grass, and sky; and built environment features, including building, wall, road,
sidewalk, fence, and pole.

3.2.2. Tra� c environment features
Urban tra� c dynamics are critical to understanding perceived cycling safety,

as interactions with motor vehicles and pedestrians signi�cantly a� ect cyclists'
risk perceptions (Chaurand and Delhomme, 2013; Kummeneje and Rundmo, 2020).
Building on prior work demonstrating that street-level imagery can e� ectively
capture urban mobility patterns (Zhang et al., 2019), we employed computer vi-
sion techniques to detect and quantify mobility-related objects within SVI. Al-
though tra� c features extracted from SVI represent snapshot observations, ag-
gregating detections across multiple SVI along each segment o� ers a more sta-
ble approximation of local tra� c activity, a practice commonly adopted in prior
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SVI-based mobility studies (Zhang et al., 2019; Gao and Fang, 2025b). Object
detection was performed using the Faster R-CNN model trained on the COCO
dataset (Ren et al., 2016), selected for its proven robustness and high accuracy in
streetscape element recognition. The analysis focused on tra� c-related categories
commonly examined in tra� c safety studies (Yue, 2025), including cars, cyclists,
pedestrians, motorcycles, buses, trucks, tra� c lights, and stop signs.

For each road segment, the tra� c environment was represented by the average
count of each object category across all associated SVI, as de�ned in Equation (2):

ō(c) =
1
n

nX

i=1

o(c)
i (2)

whereō(c) denotes the average count of tra� c objectc, n is the number of SVI
associated with the road segment, ando(c)

i represents the count of objectc in the
i-th image.

3.2.3. Spatial con�guration features
The three-dimensional con�guration of urban settings plays an essential role

in shaping human perception, in�uencing safety appraisal, comfort, and spatial
awareness (Stamps III, 2005).Enclosurecaptures the degree to which vertical el-
ements, such as building facades, trees, and roadside infrastructure, bound the ob-
server's view (Ewing and Handy, 2009).Visibility refers to the longitudinal sight
distance along a street corridor, capturing the perceived extent of clear and un-
obstructed view. Empirical research has con�rmed that low visibility reduces the
perceived safety of cyclists. (Friel et al., 2023). Together, these measures account
for the vertical and horizontal dimensions of spatial con�guration, representing
key determinants of both psychological and functional qualities of urban space.
Existing methods for quantifying these spatial attributes generally fall into two
categories. The �rst employs 3D isovist models to calculate geometric metrics of
visibility (Lonergan and Hedley, 2016), but struggles to incorporate �ne-grained
elements such as street trees or poles. The second directly measures the propor-
tion of roads and surroundings from SVI (Rui and Xu, 2024), which captures
human-scale perspectives but neglects the critical spatial metric of distance.

In our study, we proposed a depth-based approach that integrates monocu-
lar depth estimation with semantic segmentation to capture object-level distances
from SVI (Figure 3). We employed the Metric 3D network (Yin et al., 2023), a
self-supervised monocular depth estimation model achieving an absolute relative
error of 0.0034 m on the KITTI benchmark (Geiger et al., 2012), to infer real-
world distances from SVI pixels. Each 360° panoramic SVI was converted into
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