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High-density urban environments present significant challenges for designing public
spaces that promote health and well-being. Although previous studies have employed
virtual reality to investigate human—environment interactions in urban contexts, most
have focused on static, low-fidelity, subjective, and qualitative approaches. To address
this gap, this paper introduces a Dynamic Immersive Virtual Auditing (DIVA) framework
that integrates data-driven analyses into the evaluation of health trails in a realistic,
dynamic way. The framework utilizes high-fidelity 3D reconstruction to enhance
simulation realism and systematically modifies baseline models to test spatial elements.
Participants interact with immersive, continuous virtual environments with free-viewing
capabilities, while real-time physiological and self-reported data are collected. ANOVA is
employed to identify significant effects of spatial elements on psychophysiological
response, while machine learning uncovers nonlinear relationships among design factors,
offering deeper insights into optimal restorative configurations. The preliminary findings

suggest that this phygital paradigm can support evidence-based design methodologies,
validate design decisions, and provide theoretical contributions in urban health design.

Keywords: Dynamic Immersive Virtual Auditing (DIVA) Framework, High-density
Urban Health Trails, Psychophysiological Sensing, High-fidelity 3D Reconstruction.

INTRODUCTION
Urban spaces are typically characterized by
pollution, limited natural areas, and building

densities, which collectively elevate the risks of stress
and anxiety (Mitsui, Tsuno and Ishikawa, 2021). This
phenomenon is particularly pronounced in high-
density cities such as Hong Kong, underscoring the
need for health-supportive urban design. Urban
health trails—often greenways or walking
corridors—have emerged as a potential intervention
to promote exercise, stress relief, and social
interaction (Watts, 2018). Nonetheless, the scientific
health trail design in Hong Kong remains

underexplored, especially regarding how spatial
configurations influence human perception and
behavior.

To solve this problem, this study introduces the
Dynamic Immersive Virtual Auditing (DIVA)
framework—a VR-based methodology designed to
assess psychophysiological responses to urban
health trails. We position DIVA as a methodological
contribution, offering a structured platform for
immersive spatial evaluation and user-centered
design in high-density environments. The objectives
of this study are twofold: (1.) to develop a hybrid
methodology combining expert views with
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experimentation, to identify and evaluate the effects
of spatial elements on health trails in Hong Kong;
and (2.) to demonstrate how this framework can
structure the systematic investigation of spatial
factors influencing restorative perception and
restorative design in high-density trail contexts.

Our main contributions are as follows: (1.) The
DIVA framework establishes a new paradigm for
environment auditing, from high-fidelity 3D
modeling, dynamic experience to multimodal
feedback to support ecologically valid design; (2.)
Key spatial variables of urban health trails are
identified  through expert interviews and
experimentation; (3.) Quantitative models are
constructed to explore the relationship between
spatial configurations and user experience,
informing data-informed, user-centered design.

LITERATURE REVIEW

In high-density cities, health trails are vital for
promoting physical and mental well-being. But
designing them scientifically remains challenging.

Urban health trail in high-density city
and its evaluation

This study adopts a context-specific definition of
'health trails' as narrow, interstitial spaces embedded
among high-rise buildings in dense East Asian
cities—exemplified by Hong Kong—which facilitate
leisurely walking. Existing studies (Tian et al., 2011)
reveal that Hong Kong's recreational trails are
typically limited in area and fragmented in
configuration (figure 1), which departed from
conventional, expansive, area-based parks. Such
spatial characteristics, well-suited to the constraints
of scarce public space, provide safe, convenient
walking routes. Moreover, these trails align with the
United Nations Sustainable Development Goal.
While existing research primarily focuses on large-
scale urban greenways (Xie, Lu and Zheng, 2022),
conventional parks (Jo and Jeon, 2020), or plazas
(Subiza-Pérez, Vozmediano and San Juan, 2020),
there remains a research gap in the organic
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integration of health trails into the fabric of ultra-
dense cities.

gAY . ’ /
ocd R e »"
R a
P O X . \
A o \""‘ =ty
e |0 ey At
g ol \ s
= " -
! =F
Y Pen
- ‘ -4
~ < g
\ L
= <
Ty -
. gl parks
\ ,’ / - rieattn vais
Vi sea
- -
<) [
o .
N 1km @ o
L ] o~

Additionally, evaluating the performance and
impact of urban health trails can vary widely across
different locations and times (Bai et al, 2023).
Conventional approaches to evaluate urban trails
have relied on on-site observations, user surveys
(Johansen et al, 2020), which provide valuable
qualitative insights but are labor-intensive and
limited in scale. Other quantitative methods such as
data mining of GPS trajectories (Qiu et al., 2024), POI
and travel time data (Xu, Shi and Zhang, 2022) are
employed in large-scale greenway, but less suited in
micro scale within high-density urban contexts due
to their coarse spatial resolution, limited sensitivity
to transient and perception-based behaviors. Thus,
specific methods are needed to assess the effects
and improve design strategies for localized urban
health trails in Hong Kong.

VR-based immersive system for urban
design

With the rise of metaverse, immersive technologies
such as Virtual Reality (VR) are increasingly being
applied in the research domain of built environment
evaluation. VR allows stakeholders to immerse
themselves in unbuilt environments, enhancing
their understanding of space and improving the
accuracy of design evaluation (Jarrin, Ben Abdallah
and Al-Hussein, 2024). However, in current urban
design studies, the usual lack of realistic textures and

Figure 1
Distribution of
health trails in
Kowloon of Hong
Kong, data source:
Google Earth



Figure 2

Key physiological
sensing tools used
in spatial

perception research

Table 1
Literature review

material, diminishes realism and the validity of
design feedback. Also, the early applications of VR in
urban space evaluation have heavily relied on
subjective psychological qualitative feedback from
users. Studies such as those by Maffei et al. (2016)
and Zhang et al. (2022) employed psychometric
questionnaires to carry out evaluations of
community planning and residential restorative
experiences, respectively. These subjective methods
often rely on users’ recollection and are vulnerable
to cognitive bias, lacking more objective measures
to quantify the design influence.

Physiological sensing in urban spaces

Recent neuroarchitecture studies have enhanced
VR-based subjective assessments by adding
physiological measures, providing a rigorous base
for evidence-based design. Physiological sensing
tools capture users’ responses, from the central
nervous system (CNS), autonomic nervous system
(ANS), to somatic nervous system (SNS) (Xiang, 2023;
see figure 2). Specifically, Mavros et al. (2022)
employed electroencephalography (EEG) and
electrodermal activity (EDA) to investigate the
impacts of crowd density on pedestrians. Pei, Guo,
and Lo (2023) utilized photoplethysmography (PPG)
and EDA to detect the emotional effects of urban
design. Liu et al. (2024) analyzed how signage
density affects brainwave activity. Despite these
physiological advances, current VR simulations often
neglect the evolving temporal dimension, relying on
static images or fixed spatial sequences, with few
investigations into how users perceive exploration

and affordance in  dynamically  evolving
environments. Furthermore,  few studies
systematically analyze how different spatial

factors—individually and interactively—influence
user responses.

Research tools in neuroarchitecture
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To solve identifies gaps from existing research (see
Table 1), this study proposes a dynamic immersive
virtual  auditing  (DIVA)  framework.  This
methodology section outlines how the DIVA
framework systematically operationalizes the
theoretical model presented earlier, translating
abstract constructs—such as spatial perception and
restorative experience—into concrete experimental
component.

Example studies Spatial type VR use Data collection Evaluation methods

Xie, Lu and Zheng (2022); |Greenways None Questionnaire Linear regression model
Akpinar (2016)

Jo and Jeon (2020); Subiza- |Parks / Plazas None Questionnaire ANOVA and PCA, linear

Pérez et al. (2020) regression model

Maffei et al. (2016); Zhang |Community / Low- fidelity, Questionnaire ANOVA, machine learning
etal. (2022) Residential building  |static VR

Mavros et al. (2022); Pei, School / Indoor | Low- fidelity, Questionnaire, EEG, EDA, PPG Qualitative methods, Bayesian t-
Guo, and Lo (2023) Outdoor environment |static VR, videos tests and hierarchical models
This paper (DIVA Health trails (In this |High-fidelity, |Questionnaire (restorative ANOVA + Machine Learning
framework) paper) dynamic VR quality), physiological data
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Theoretical basis of DIVA framework

The theoretical basis of DIVA, as shown in figure 3,
articulates a multi-layered theoretical model that
explains how urban design features shape urban
health and wellbeing through interconnected

The theoretical

psychological and  physiological processes,
modulated by personal traits. The framework
emphasizes subjective and objective dimensions of
spatial experience, offering a structured foundation
for evidence-based design.

basis of DIVA

¥
Health trailsUrban design features Peoholoaical Boroention
rAEIN 1 =2cio, BiREaE pes Bl

Personal traits |

Urban health and
wellbeing

Ewing & Handy, 2009

Sidewalk width, street width, tra
volumes, tree canopy, building heighty
number of people, weather, etc.

Tian et al., 2011; Xue et al., 2017
High-density environment of Hong Kong:
Adjacent architecture facade; spatial
facilities (retail, food and beverage);
greenery; fountain; urban furniture, etc.

Physiological states

Mavros et al., 2022; Wang et al., 2022; Pei et al.,
2023; Xiang, 2023; Liu et al., 2024...
Functional Magnetic Resonance Imaging (fMRI)
Electroencephalography (EEG)
Magnetoencephalography (MEG)
Electrodermal Activity (EDA)
Heart Rate Variability (HRV)

Pupll Size Changes
Eye Tracker
Electromyography (EMG)

“ Kaplans, 1989 Cozby, 1973
Restorative quality Space preference
* Being Away Jiang et al., 2014
* Fascination Gender differences
* Coherence Ren, 2019
+ Compatibility Culture
[ Overall health trail Human behavior
| assessment
Xu et al., 2022 Ewing & Handy, 2009
ion of the health of greenway trails Physical activities
Xie et al., 2022 Chang, 2009

Evaluation of the effects of a large-scale greenway intervention Crime activities
Dallat et al., 2014

Evaluation of the physical activity promotion of greenway trails

More objective

Specifically, the above theoretical basis posits
that the physical characteristics of health trails—
such as greenery density, spatial facilities and
spatial sequences—interact to form composite
spatial experiences. These features influence users
via two primary pathways: (1.) Psychological
Perception: Environments are cognitively appraised
based on subjective constructs such as restorative
quality (Kaplan and Kaplan, 1989), which reflects the
user's psychological recovery in response to
environmental stimuli. Those subjective evaluations
are shaped by socio-cultural norms and individual
differences. (2.) Physiological States: Urban
environments trigger neurophysiological responses,
including EEG, EDA, HRV, and EMG, etc. These
objective indicators reflect cognitive load, stress
responses, and arousal levels, serving as quantifiable
proxies of embodied environmental experience.
These dual pathways are interrelated with each
other, offering potential for mutual cross-validation.

Two pathways can be tested using VR
experiments, a controlled yet immersive conditions
evaluating designs. Simultaneously, psychological
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More subjective

responses are influenced by personal traits like
spatial preference, gender, and culture (Ren, 2019),
introducing individual variability into environmental
appraisal.

Together, psychophysiological data informs an
overall assessment of health trails (Dallat, Dallat and
Wilson, 2014), which impacts behavioral outcomes
such as physical activity or avoidance, thereby
guiding user-centered design strategies aimed at
enhancing urban well-being. The framework traces a
clear trajectory of urban form to user response, with
a horizontal axis highlighting a spectrum from
objective environmental inputs to subjective human
outcomes.

Rationale for the five-step DIVA
framework

Building on the above theoretical foundation, the
DIVA framework adopts a five-step methodological
structure that aligns with the proposed theoretical
basis, while directly addressing the research gaps
identified in the literature review.

Figure 3

The theoretical
basis of DIVA
framework & key
literature



Figure 4
DIVA framework

1. Expert interviews contextualize and specify the
spatial variables based on professional
knowledge and localized relevance.

2. Scenario modeling using high-fidelity 3D
reconstruction creates immersive, ecologically
valid environments, operationalizing
environmental inputs of the theoretical model.

3. VR-based experimental design introduces
controlled manipulation of key variables and
exposure to dynamic spatial sequences.

4, Multimodal data  acquisition  captures
perceptual and embodied assessments by
integrating subjective and physiological data.

5. Integrated data analysis unites statistical and
machine learning methods to generate
individualized and aggregate design insights.

Together, these five components constitute a
coherent and iterative methodological system that
both operationalizes the theoretical model and

addresses key empirical limitations. It allows the
abstract pathways of perception, embodiment, and
behavior to be systematically tested in virtual yet
realistic contexts—bridging the gap between theory,
measurement, and actionable design feedback in
high-density urban health trails.

RESULT: DIVA FRAMEWORK

The Dynamic Immersive Virtual Auditing (DIVA)
framework integrates expert interviews, controlled
scenario modeling, simulation-based experimental
design, multimodal data acquisition and
preprocessing, and integrated data analysis for
design feedback (figure 4). By leveraging high-
fidelity 3D reconstruction, immersive VR simulations,
and advanced physiological and subjective data
collection, our approach aims to bridge the gap of
relationship model between refined urban spatial
configurations and user experience in the micro-
scale urban trail design.

DIVA Framework
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Expertinterviews

Semi-structured expert interviews are conducted
with professionals from architecture, urban planning,
and environmental psychology disciplines to
identify significant spatial factors relevant to urban
health trails within Hong Kong's unique high-density

urban context. Interview questions focus specifically
on determining critical design attributes such as
greenery density, spatial facilities, spatial sequences,
facade textures, and urban furniture that directly
influence urban health experiences. This approach
integrates contemporary insights (Lopez-Haro,
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Fernandez and Molina, 2024)—such as the
importance of strategic green space layouts, and
physical activity—while also drawing on the theory
of earlier scholarly contributions emphasizing
enjoyable living conditions, urban amenities
(Florida, 2002). Finally, three core spatial variables
are selected, taking greenery density, spatial
facilities and spatial sequences as an example.

Scenario model construction

To ensure the fidelity of virtual representations, a
specific health trail in Hong Kong is selected for
model construction. Videos are recorded from a
human-eye and bird-eye perspective to serve as the
data source for 3D reconstruction. Combining bird-
eye and human-eye perspectives, Polycam is used to
generate the complete high-fidelity 3D model
(Figure 5). As for choosing scenario modeling
methods, a comparative analysis between
photogrammetry and neural rendering methods is
conducted, as summarized in Table 2. Neural
rendering models demonstrated  significant
limitations, including restricted fields of view and
difficulties integrating with traditional geometric
models due to real-time pixel generation through
neural network inference (Croce et al., 2024). Thus,
photogrammetry is ultimately selected for its
compatibility, accuracy, and usability for analyses.

Bird-eye '\M
perspective Bird-eye high-
SN fidelity 3D model

Polycam

Photogrammetry
Site &
B High-fidelity
g m © 3D model
Y v 2 . 2
T T Sy integration
T
uman-eye Human-eye high-

perspective fidelity 3D model
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Photogrammetry Neural Rendering
Principle |Utilizes multiple Employs neural networks
overlapping photographs |to learn and synthesize 3D
to reconstruct 3D models [scenes from 2D images,
by identifying common capturing complex light
points across images. interactions and
producing novel views.
Features |Produces detailed and Generates photorealistic
metrically accurate 3D renderings with smooth
models suitable for transitions and fine
applications where details, excelling in visual
precision is crucial. fidelity.
Method Structure from Motion Neural Radiance Fields
(SfM); (NeRF);
Multi-View Stereo (MVS). 3D Gaussian splatting.
Tools -EB CoLMAP -BProlycam
-B polycam -@ Luma3D
-8 scaniverse
- @ Luma3D
Limitations|- Lighting and - Integration Complexity
Environmental Conditions

Simulation-based experimental design

A 2x2x2 factorial design (Figure 6) is employed to
systematically vary greenery density, spatial facilities,
and spatial sequences. The use of binary levels for
each variable is an intentional simplification aimed
at establishing methodological feasibility and
isolating key effects in the initial phase. Participants,
representing a diverse sample of urban residents,
navigate each virtual scenario, allowing for
naturalistic observation. During these sessions,
physiological data of electrodermal activity (EDA)
and heart rate are chosen for their sensitivity to
autonomic nervous system activity and their non-
invasive nature (Quigley et al, 2024), which
preserves ecological validity during dynamic
navigation. Additionally, participants provide
subjective evaluations of each environment's
restorative  quality using the  Perceived
Restorativeness Scale (PRS-11) (Pasini et al.,, 2014),
which offers a comprehensive understanding of how
different spatial configurations influence urban
health experiences.

Table 2
Photogrammetry
vs. Neural
Rendering

Figure 5
3D reconstruction



Figure 6
2x2x2 factorial
design
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As an illustrative example, a typical participant
enters the VR lab, receives a briefing, and dons the
headset and physiological sensors (EDA and PPG).
They navigate one of the eight pre-generated virtual
trail scenarios at a controlled pace while biosignals
are continuously recorded. After each session, the
participant completes the PRS-11 questionnaire. This
procedure is repeated for three randomly assigned
scenarios. All data are subsequently synchronized
and preprocessed.

Multimodal data acquisition and
preprocessing

A multimodal approach is employed to collect
psychophysiological data. EDA signals are collected
via wearable sensors and preprocessed using
NeuroKit2, including low-pass filtering, artifact
correction and feature extraction (Makowski et al.,
2021). The cleaned signal is decomposed into its
tonic component (skin conductance level, SCL),
representing  baseline arousal, and phasic
component (skin conductance responses, SCRs),
capturing transient arousal. Final arousal values
induced by environmental stimuli are derived by

subtracting SCL from SCR metrics. HR data are
recorded using wrist-worn PPG sensors and
processed using band-pass filtering and peak
detection to extract inter-beat intervals. From these
intervals, HRV metrics (e.g., SDNN, RMSSD, LF, and HF
power) are calculated. Subsequently, Baevsky's
Stress Index is applied to quantify stress levels
(Huizinga et al., 2025). In parallel, after each virtual
environment exposure, the PRS-11 questionnaire in
5-point Likert scale is adopted to capture perceived
restorativeness across four dimensions: Fascination,
Being-Away, Coherence, and Scope. By integrating
physiological and subjective data, this multimodal
approach reveals how spatial configurations shape
user responses and uncovers subtle patterns.

Integrated data analysis for design
feedback

An integrated data analysis approach (Figure 7),
combining ANOVA, random forest regression and K-
Means clustering, is employed to evaluate how
spatial variables influence user experiences along
urban health trails in Hong Kong. Analysis of variance
(ANOVA) is applied to examine the main and
interaction effects of independent variables, namely
greenery density (high/low), spatial facilities
(many/few), and spatial sequences
(varying/unchanging)—on dependent variables,
including EDA, HR, and PRS-11 scores with
significance determined at p < 0.05. To further
interpret the relative importance of each spatial
factor, random forest regression is applied, which
quantifies feature importance of user responses. K-
means clustering is utilized to identify distinct user
preferences (e.g., highly responsive to greenery,
spatial facilities or spatial variations). Together, these
analyses enable a dual feedback strategy. On the
commonality side, the findings of ANOVA and
random forest serve as a robust baseline for universal
design guidelines. Simultaneously, user clustering
underscores the value of adaptive design
strategies—such as varied spatial rhythms or
thematic trail zoning—to accommodate
heterogeneous user needs.
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Experimental Data (2*2*2*... Virtual Trail Scenarios)
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DISCUSSION

The preliminary DIVA framework demonstrates its
dual role as both an experimental platform and as a
decision-support tool for urban health trail design in
Hong Kong. By integrating physiological sensing and
subjective evaluation within high-fidelity immersive
simulations, the framework supports a more holistic
and evidence-based understanding of how spatial
configurations influence user experience. Compared
to real-world outdoor testing, the VR-based setup
allows for stronger environmental control by
eliminating confounding factors such as ambient
noise, pedestrian traffic, and weather. This benefit,
however, entails a trade-off—some ecological cues
are inevitably lost, raising questions of real-world
realism versus internal validity. Methodologically,
DIVA's factorial experimental structure enables
systematic manipulation of key spatial variables and
the testing of both main and interaction effects. The
use of random forest regression and clustering adds
analytical depth—revealing not only overall
patterns but also individualized user preferences.

118 | eCAADe 43 - Volume 1 - Confluence

This adaptability is particularly valuable for inclusive
and responsive design strategies in complex high-
density micro-environments. The inclusion of expert
interviews further strengthens contextual sensitivity,
making the method transferable to other urban
settings beyond Hong Kong.

Nonetheless, several challenges remain. The
binary coding of spatial variables (e.g., “high” vs.
“low”) may be too coarse to fully reflect the
complexity of spatial experience. Future iterations
could introduce intermediate levels or continuous

scaling toimprove analytical precision and relevance.

Practical constraints, such as sensor calibration, user
fatigue from extended VR exposure, and challenges
in synchronizing multimodal data, also limit real-
world implementation. While basic wearable sensors
like EDA and HR are compatible with VR systems,
more advanced tools like EEG or fMRI face hardware
and operational challenges. Despite these
limitations, DIVA offers a replicable and adaptable
methodological foundation for evaluating urban
design interventions, especially in fragmented,
narrow, and intensively used trail spaces. Its dual
ability to identify generalizable patterns and
individual variations supports more nuanced, user-
informed design decisions. The framework’s
structured workflow also facilitates replication in
other compact urban contexts. With further
validation and refinement, DIVA holds strong
potential to inform health-oriented urban strategies
in high-density cities.

CONCLUSION

This study introduces the Dynamic Immersive Virtual
Auditing (DIVA) framework, a novel tool for
exploratory design evaluation of micro-scale urban
health trails through immersive VR and
psychophysiological sensing. The methodological
architecture of DIVA demonstrates its capability to
address longstanding issues in urban health trail
design in Hong Kong, such as the lack of scalable,
objective assessment tools and the difficulty of
testing spatial variations pre-construction. Its
anticipated contributions extend across urban

Figure 7

The integrated data
analysis approach
for design feedback



planning,  environmental  psychology, and
interactive design systems. Future work will focus on
validating these preliminary outcomes through full
experimental deployment, refining predictive
models for different groups and context, and
translating insights into design guidelines and
policy-level recommendations for enhancing well-
being in high-density cities.
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