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Abstract

How can bidirectional information exchange be enhanced in urban digital
twins, and support human-centric data and processes? Their key characteristic
is the nearly real-time exchange of information, allowing adjustments to physi-
cal environments based on simulations and analytics within virtual models. Yet,
achieving such interaction remains challenging, particularly regarding device de-
ployment and infrastructure development. Embracing the concept of humans as
sensors, this work develops a two-way framework based on the emerging concept
of just-in-time adaptive interventions (JITAIs), exploring how urban digital twins
can play a role in understanding and enhancing human comfort outdoors. Hu-
man comfort outdoors is inherently spatio-temporal and personalised, influenced
by multisensory perception. The JITAIs framework involves collecting human
comfort data and delivering interventions tailored to contextual and personal con-
ditions. Thus, bidirectional information exchange will be established between hu-
mans and urban environments, thereby closing the loop in urban digital twins. A
three-week campus experiment with 14 participants demonstrates this framework
in two phases: (1) collecting comfort perception data and (2) delivering tailored
interventions based on comfort perception and contextual features. End-of-day
surveys reveal that 18.4% of responses indicated no behaviour change influenced
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by JITAIs, while 53.1% acknowledged their role in improving the understanding
of outdoor comfort. The JITAIs framework is still nascent, but demonstrates an
instance to close information loop in urban digital twins, as well as paves the
way for future research. This novel work will facilitate human-centric urban dig-
ital twins and their multidisciplinary applications, such as planning comfortable
walking routes.

Keywords: Urban technology, Human-environment interaction, Urban sensing,
Spatial awareness, Behavioural adaptation

1. Introduction

As an innovative technology, urban digital twins advance complex problem-
solving and facilitate decision-making with the integration of numerous data infor-
mation and techniques, benefiting multiple domains, e.g. transportation, disaster
management, and energy simulation (Ferré-Bigorra et al., 2022; Tzachor et al.,
2022; Diaz-Sarachaga, 2025). An urban digital twin refers to a virtual representa-
tion of built environments that enables information exchange and simulates urban
solutions (Batty, 2018; Ketzler et al., 2020; Abdelrahman et al., 2024). As an
advanced concept, urban digital twins are intended to achieve a two-way con-
nection between physical and virtual entities with various urban data and seman-
tics, enabling nearly real-time updates to enclose the information loop (Lei et al.,
2023a; Luo et al., 2022; Haraguchi et al., 2024). Therefore, urban digital twins
can capture the in-situ and dynamic nature of urban contexts and simulate what-if
scenarios to provide implications for design and planning, urban strategies, con-
structions, as well as city management and governance (Figure 1).

Yet, the two-way interaction is not fully developed in the state of the art,
hindering the realisation of a ‘true’ urban digital twin. The gaps rely on three
perspectives. First, many urban digital twins primarily focus on one-way repre-
sentation, such as visualising data collected from the physical environment (e.g.
3D geospatial building information), or monitoring a specific focus (e.g. energy).
These digital twins often lack the ability to influence and adapt urban environ-
ments based on nearly real-time dynamics and simulations. Second, effectively
implementing a bidirectional loop requires timely data input, processing and inte-
gration, which is inherently difficult, especially at the city level (Luo et al., 2025).
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Figure 1: An conceptualisation of urban digital twins, illustrating the bidirectional exchange be-
tween the physical environment (e.g. energy use, microclimate, urban form, human activities) and
the virtual environment (e.g. monitoring, simulation, what-if planning, and interventions).

Third, existing digital twins primarily model static urban objects (e.g. buildings,
road network or infrastructure). However, human behaviour and social interaction
are rarely incorporated in urban digital twins, for example, how people adapt to ur-
ban changes and how citizen can engage with urban systems (Patel et al., 2024; Ye
et al., 2023; Villanueva-Merino et al., 2024). Hence, in this work, our motivation
is to develop a bidirectional framework, mirroring the interaction between humans
and environments in urban digital twins, enhancing their human-centric perspec-
tive. In recent years, there has been a growing interest in using humans as active
sources for sensing and understanding cities (Jayathissa et al., 2020; Campbell
et al., 2006; Liu et al., 2015; Lei et al., 2023b; Marcal Russo et al., 2025), leading
to benefits such as tailoring decisions. Aligning with a socio-technical paradigm
in urban digital twins, existing studies have explored their potential in address-
ing socio-economic problems by including a human lens, such as perception and
activities (Nochta et al., 2021; Lei et al., 2023b; Liu et al., 2023). Therefore, we
propose an approach that positions humans both as agents of real-world infor-
mation collection and as active participants whose behaviour will be affected by
insights from urban digital twins. Focusing on human comfort outdoors, this bidi-
rectional framework will study the interplay between human comfort perception



and urban environments in urban digital twins.

Human comfort in built environments has been studied extensively across var-
ious domains, including sociology, public health and well-being. Encompassing
factors such as thermal comfort (Chen and Ng, 2012; Kawakubo et al., 2023),
acoustic comfort (Aletta et al., 2016; Yang and Kang, 2005), smell comfort (Hen-
shaw, 2013), visual comfort and quality (Ito et al., 2024a; Lam et al., 2020), hu-
man comfort outdoors is their composite — a collective and holistic perception
of urban surroundings at a human scale. Comfort perception, generated by hu-
mans in response to their urban surroundings (Lei et al., 2025), is an outcome of
both objective experiences and subjective conditions within cities, which is in-
herently individualised and vary across spatial and temporal scales (Nikolopoulou
et al., 2001). For example, while walking, some people will be primarily af-
fected by microclimate conditions (e.g. sun exposure and air temperature), while
others may be largely impacted by the streetscape characteristics (e.g. what they
see) (Liu et al., 2023; Ignatius et al., 2024). Meanwhile, a variety of urban factors
(e.g. microclimate, street design, and noise) influence this perception, contribut-
ing to its dynamic and personalised nature. However, outdoor comfort remains
underexplored, particularly taking into account multisensory features (e.g. ther-
mal, acoustic, and visual perception).

We adopt the concept of just-in-time adaptive interventions (JITAIs) to better
demonstrate the multifaceted characteristics of human comfort outdoors and pro-
vide humans with right-here-right-now information (Nahum-Shani et al., 2018;
Hardeman et al., 2019; Wang and Miller, 2020). When studying outdoor com-
fort in urban environments, it is challenging to collect timely perception and, in
particular, the corresponding real-time urban dynamics, such as weather condi-
tions. Building on behaviour theories and existing research related to the JITAIs
concept, the use of mobile devices and applications (e.g. smartphones and smart-
watches) is gaining prevalence in collecting information and sending intervention
messages (Nahum-Shani et al., 2018; Miller et al., 2022). Incorporating JITAIs
and wearables in our two-way outdoor comfort framework, we attempt to com-
plete the information loop between humans and environments in urban digital
twins, thereby providing the right support to humans at the right moment to en-
hance comfort perception. In detail, our framework consists of two phases — (1)
Phase 1: collecting individual perception of outdoor comfort and identifying in-
fluencing factors; and (2) Phase 2: sending personalised notifications to inform
participants of potential discomfort and provide corresponding behavioural sug-
gestions.

A pioneering research conducted by Miller et al. (2025) demonstrates the im-
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plementation of the JITAIs framework in the built environment, validating its use-
fulness in mitigating the impact of heat and noise on humans. Their work col-
lects participant data and delivers intervention messages tailored to environmen-
tal and personal attributes, leveraging Cozie, an 10S smartwatch platform devel-
oped by their team (Tartarini et al., 2023). The accomplishments of this approach
highlight the viability of two-way information exchange within the JITAIs con-
cept, paving the way for extending the framework into related domains. Building
upon this foundation, our study advances the JITAIs framework by introducing
a spatially-explicit perspective and expanding its application in the urban living
environment. In particular, we focus on the interaction between humans and their
urban surroundings in the context of urban digital twins, which inherently rely
on geolocation-based and contextualised data. As a complementary extension
to Miller et al. (2025), this work advances the state of the art by (1) integrating a
representation of human outdoor comfort incorporating multiple dimensions such
as thermal, acoustic, and visual comfort; (2) establishing a geospatially-aware in-
tervention strategy, where messages are triggered not only by contextual and per-
sonal conditions but also by real-time geolocation information; (3) bridging the
gap in urban digital twins with the integration of urban and human information,
thereby enabling a true two-way interaction between virtual and physical systems
through the JITAIs framework.

Besides technical advances, this work also sheds light on the adoption of ur-
ban digital twins in social and political domains and aspires to advance the dis-
cussions on involving humans in urban technologies. While urban technologies
have been proliferated in making policies and decisions, local governments priori-
tise a top-down technical model architecture, overlooking an appropriate manner
to represent citizens in the process (Seo, 2022). Supporting top-down planning
practices, this work advances the role of humans in urban digital systems, en-
couraging participatory design and co-creation framework in the digital age of
planning and design. This research will generate implications to addresses policy
concerns, particularly considering the position of individual perception and needs
in the policymaking process, such as climate adaptation to mitigate urban heat
impacts (Kondo et al., 2021), the equitable distribution of comfortable outdoor
spaces (Jian et al., 2021), as well as the integration of real-time human feedback
into formal planning frameworks (White et al., 2021). Further, this work will
be among the first to extend the JITAIs concept from the realm of health and
medicine to urban and geospatial fields. Benefiting from JITAISs, this study brings
novelty in understanding how people perceive their urban environments and, con-
versely, how urban complexity impacts their activities and behaviour combined



with spatio-temporal changes. Such a two-way framework can serve as an in-
strument to improve the outdoor quality of life and foster more comfortable and
accessible urban environments. This work provides a combination of human ex-
perience (a bottom-up perspective) and planning outcomes (a top-down approach)
to explore the relationship between human health and urban development. The im-
plications pave the way for informing policymakers to consider individual needs
and adaptive strategies, as well as to foster collaboration between urban planners,
public health experts, and citizens in promoting healthy and equitable outdoor ur-
ban environments (Niitamo, 2024; Oloonabadi and Baran, 2023; Sevtsuk et al.,
2024).

2. Background and literature review

2.1. The concept of just-in-time adaptive interventions

The concept of just-in-time adaptive interventions (JITAIs) introduces an in-
tervention design for delivering precise support at particular times when an in-
dividual has needs (Nahum-Shani et al., 2018; Klasnja et al., 2015). Supported
by the advancement of emerging technologies and sensing devices, the deploy-
ment of JITAIs aims to monitor human outdoor activities and intervene in their
behaviours, referring to the capture of dynamic timestamps and locations at an in-
dividual level. Benefiting from the two-way dynamics, JITAI has been growingly
used to investigate human behaviour in fields such as physical activities (Harde-
man et al., 2019), addiction (Perski et al., 2022; Yang et al., 2023), food diet (Gold-
stein et al., 2017, 2021), and mental health (Balaskas et al., 2021; Coppersmith
et al., 2022). The JITAIs underpinning is to capture participants’ particular needs
and provide the right type of support at the exact time. We reviewed the existing
research in the literature and categorised 4 aspects to underline the understanding
of JITAIs. Gathering insights from JITAIs in diverse domains, we intend to better
position the role of JITAIs in this work, enhancing the scientific motivations in
multidisciplinary research.

Timeliness. In JITAls, timeliness is a key characteristic when designing the inter-
ventions. Compared to standard adaptive interventions, e.g. sequential multiple
assignment randomised trials (SMART), a JITAI is a more granular type of adap-
tive intervention with an aim to provide precise and rapid support to satisfy indi-
viduals’ evolving needs timely (Hardeman et al., 2019). Advanced by emerging
technologies (e.g. wearable devices), continuous and real-time information can be
recorded to document individuals’ behaviour, such as movements, activities and



emotions (Nahum-Shani et al., 2018; Carpenter et al., 2020). Thus, it enables
that interventions can be delivered precisely when needed, facilitating decision-
making and increasing their effectiveness. Further, timeliness in JITAIs has the
potential to allow real-time adjustments of interventions, and thereby responding
to the dynamics and contextual complexity.

Contextual awareness. Emphasising personalisation in JITAIs, contextual aware-
ness is an important component for designing interventions, such as locations,
individual states, or activities (Xu and Smit, 2023; Ismail and Al Thani, 2022).
Individual contexts are also known as tailoring variables in many cases, determin-
ing the types of interventions to provide and the conditions under which they are
delivered (Nahum-Shani et al., 2018; Goldstein et al., 2017). For example, con-
textual awareness can be time-based (e.g. in specific time intervals, such as one
hour per day), location-based (e.g. within a specific distance to a specific place),
as well as condition-based (e.g. when the participants are under stress). There-
fore, contextual awareness is a key pillar of decision rules in JITAIs, providing
the flexibility needed to deliver individualised interventions in rapidly changing,
unexpected and ecological conditions.

Intermittent support. The JITAIs are designed to deliver intermittent support in a
frequent and actionable manner when triggered by specific variables, conditions
or contexts. Thus, JITAIs are able to provide precise and relevant support in a
small scale, enabling the individuals to adjust their behaviour in a very short time
(e.g. immediately after the interventions). Further, the content of JITAIs is usu-
ally brief and straightforward (Nahum-Shani et al., 2018). Relying on contextual
awareness, JITAIs are sensitive to the current context of individuals, thereby spec-
ifying actions that individuals can easily take. For example, in the studies related
to physical activities, researchers design interventions with a message (such as
‘please stand up for a while’) when the individual has been sitting for more than
hours (Miiller et al., 2017). Such delivered support is clear and concise, enabling
individuals to quickly respond to the interventions in an immediate moment. In
this way, the JITAIs can deliver intermittent and precise support to encourage
moment-to-moment changes with a capture of individuals’ status or events, in-
stead of merely relying on general metrics to make adjustments at pre-set inter-
vals.

Diversity. Intervention options of JITAIs include a diversity of support that are tai-
lored for individuals at a given condition, covering support types (e.g. description,
recommendations, or feedback), platforms (e.g. smartphones, wearable devices),
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medium (e.g. phone calls, text messages, and application reminders), the inten-
sity/frequency of support, and the amount of treatments or actions (Nahum-Shani
etal., 2015, 2018). In many cases, intervention options are mixed with descriptive
information and advice, aiming to deliver timely and feasible messages to individ-
uals to encourage taking actions. For example, when promoting outdoor activities,
an intervention option of JITAIs attempt to inform participants about their ecolog-
ical conditions (e.g. the total time of spending indoors) and recommend taking a
outdoor walk with positive reinforcement (Hardeman et al., 2019). Further, tech-
nology plays an essential role in JITAIs to accommodate the interventions. To
enable the delivery of precise interventions at a right moment, JITAIs requires
a large amount of information, data processing and analysis. Considering the
dynamic nature of individuals, accurate and real-time data on human behaviour
and contexts (e.g. locations, movements, emotions) is a must for designing inter-
ventions. With the advancement of emerging technologies, wearable devices and
smartphones are widely used for facilitating dynamic information collection and
intervention delivery (Nahum-Shani et al., 2018; Hardeman et al., 2019). Other
developments, such as machine learning and deep learning, facilitate the design of
technical architecture of support delivery, the development of interventions, and
the maintenance. In JITAISs, innovative technologies facilitate a more seamless
flow between contexts and interventions. This integration ensures that the right
support is delivered at the precise time in a quick and responsive manner.

2.2. Human-environment interaction in urban analytics

Urban complexity are inherent to the interplay between humans and their ur-
ban surroundings (Moroni et al., 2020; Ortman et al., 2020). Over the years, many
theories and models have been developed, seeking to explore how people interact
with or adapt to the living environment (Phillips et al., 2010; Kahana, 1982). A
well-known conceptualisation, person-environment fit, has been applied in various
fields, facilitating the understanding of psychological well-being and biosocial be-
haviour and cognition (Edwards et al., 2006). In general, person-environment fit
includes four key features — the person, the physical space of the interacting
environment, the behaviour, and the outcomes (Lewin, 1943; Schneider, 1987).
The person, or the individual play a role in satisfying their needs and matching
the competence with environments. The individuals have different fit strategies
to address the discrepancies between personal characteristics and environmental
attributes, in order to pursue positive outcomes. Considering the heterogeneity
of humans, empirical evidences suggest that personal resources (e.g. personality,
health conditions, or socio-economic status) have impacts on maintaining psycho-



logical and physiological well-being, therefore entailing a diversity of behaviours
in the physical environments (Van Vianen, 2018). Indeed, such behaviours even-
tually affect outcomes that individuals wish for, such as unmet demands for leisure
purposes in open spaces may decrease the human perception of life satisfaction
and therefore negatively impact the overall health and well-being (Edwards et al.,
1998).

The adoption of person-environment fit can be concluded in two aspect in
the landscape — indoors and outdoors. Person-environment fit originates in or-
ganisational psychology, referring to the congruence of an individual with their
surroundings (Judge et al., 1994). This conceptualisation tends to determine how
work environments affect employees, e.g. engagement, productivity, health, and
well-being, which therefore help organisations optimise workspace to improve
individuals’ satisfaction and work effectiveness (Appel-Meulenbroek et al., 2019;
Radun and Hongisto, 2023). With an alignment with the origin of person-environment
fit, this fit theory is predominantly leveraged to understand indoor environment in
the related fields. For example, in architecture, engineering, and construction
(AEC) domains, person-environment fit is framed to examine the impact of work
environmental supplies (e.g. opportunities), attributes (e.g. culture) and demands
(e.g. skills and time) on work stress and satisfaction in a psychological and so-
cial level (Xiong et al., 2022). Moreover, in the field of buildings, researchers are
looking into how physical settings in the office will have impact on work com-
fort. For instance, indoor environmental quality has significant impact on worker
productivity associated with gender (Appel-Meulenbroek et al., 2019), in terms of
thermal satisfaction (Kawakubo et al., 2023; Lei et al., 2024) and noise distrac-
tion (Oseland and Hodsman, 2018; Otterbring et al., 2021; Appel-Meulenbroek
et al., 2021).

In recent decades, person-environment fit has been broadened to the realm of
urban and built environment, comprising only buildings but also dwellings, public
transportation, open spaces and neighbourhoods (Zhang et al., 2024; Cvitkovich
and Wister, 2001). A number of research studies have found that the quality
of physical environments (e.g. type, scale, aesthetics, safety, and accessibility)
demonstrates explicit effects on physical health (Oswald et al., 2005), psycho-
logical well-being (Hadavi, 2017), perception (Bonaiuto et al., 1999; He et al.,
2022), restoration (Ma et al., 2024), social interaction (Gehl, 2011), sense of
places (Wang and Vermeulen, 2021; Zabetian and Kheyroddin, 2019), and life
satisfaction (Farahani et al., 2022; Park and Lee, 2017). Such impacts typically
influence human activities and behaviour outdoors, determining the use of out-
door spaces or leading to unforeseen outcomes in urban design and development,
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such as exclusive public spaces (Banerjee, 2001) and informal settlements (Li
et al., 2021). In this context, when implementing person-environment fit to un-
derstand outdoor environments, it is in fact a bidirectional concept. However, the
current research is limited to a one-way relationship (i.e. the impact of environ-
mental psychology on individuals), overlooking how reflections from individuals
will influence the renewal of outdoor environments.

2.3. The perception of outdoor comfort in urban environments

The studies on human perception have been proliferating over the years, ad-
vanced by innovative technologies and diverse data. The perception of outdoor
comfort, as generated by how people experience their surroundings, can be cate-
gorised into three types in the research landscape.

Outdoor thermal comfort is one of the most important factors in comfort per-
ception, discussed in various work, referring to a level of human satisfaction ob-
tained from thermal surroundings (Chen and Ng, 2012; Gillerot et al., 2024). A
variety of physical features (e.g. urban canyon, sidewalks, and open spaces) and
microclimate parameters (e.g. sky view factors, air temperature and sun radia-
tion) have been explored to investigate the thermal adaptation (Liu et al., 2023;
Shooshtarian et al., 2020; Lam et al., 2020). Further, considering the various at-
tributes of humans such as personality, background, gender and sensitivity, the
current discourse moves a step to take into account personal attributes, seeking
to explore the individual comfort of outdoor thermal conditions (Cureau et al.,
2022). Outdoor thermal comfort research features two characteristics — scales
and methods. Considering the behavioural aspects, outdoor thermal comfort con-
tains assessments for individuals’ subjective judgements of their surrounding ther-
mal conditions. Therefore, measurement scales are required to gather appropriate
information related to individuals’ thermal state and thermal preferences. Self-
assessment typically tends to understand outdoor thermal sensation, pleasure,
and satisfaction, associated with personal acceptability and tolerance (Dzyuban
et al.,, 2022). A number of thermal indices have been developed to measure
outdoor thermal comfort, comprising various parameters, rationale and contexts.
The prominent assessment methods include physiological equivalent temperature
(PET), universal thermal climate index (UTCI), and standard effective tempera-
ture (SET), characterising the impacts of climate conditions on thermal comfort
in diverse scenarios (Coccolo et al., 2018). Other than these widely used methods,
an innovative tendency is found to include images (e.g. street view imagery and
remote sensing imagery) as an additional data source to comprehensively assess
environmental conditions and the human outdoor thermal comfort. For example,
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it is possible to predict environmental parameters from images when weather data
is not complete in their study areas (Xue et al., 2021; Fujiwara et al., 2024b,a).
Following the proliferation of images, the evaluation of visual comfort is
emerging as a hot spot in recent years, aiming to understand the impact of ur-
ban visual quality on human perception. The perceived visual comfort plays a
role in assessing the quality of urban physics (e.g. urban streets and open spaces),
informing urban planning and design in the future and therefore enhancing urban
health and well-being (Kang et al., 2020; Perovic and Folic, 2012; Wang et al.,
2019). Visual comfort research primarily focus on physiological well-being, re-
ferring to how people feel or perceive the urban environments from a visual as-
pect, such as whether a street implies a sense of safety or depression (Ulrich et al.,
1991; Galea et al., 2005). Given a visual nature in such topics, images and videos
are the predominant source that leveraged in the related research. For example,
satellite imagery is used for measuring visual quality at a larger spatial resolu-
tion such as a neighbourhood (Chen et al., 2020), whereas street view imagery
offers a granular perspective to understand individuals’ subjective awareness of
urban streets (Dubey et al., 2016). Advanced by innovative technologies (e.g.
computer vision), urban objects (e.g. buildings and vegetation) can be segmented
from images and videos, prepared for exploiting the relationship between specific
surrounding objects and human visual comfort, such as understanding how urban
greenery impact the visual perception (Ito et al., 2024a; Biljecki et al., 2023b).
While thermal and visual perceptions are critical components, outdoor com-
fort perceived by humans should be a multifaceted phenomenon including sen-
sory, cognitive and behavioural factors (Li and Liu, 2024; Liu et al., 2023). For
example, acoustic comfort involves how people perceive and respond to sounds
in the urban environment, becoming a key research area of environmental sound-
scape (Axelsson et al., 2010; Axelsson, 2015; Pijanowski et al., 2011). In the
soundscape research, scholars have found that environmental sounds have im-
pacts on human health and restoration, thereby affecting the action and interaction
of environmental and human factors (Aletta et al., 2016; Cain et al., 2013; Zhao
etal., 2023). Depending on specific types of urban sounds (e.g. natural sounds and
traffic noise), the perceived acoustic comfort varies in different scenarios, such as
people may feel more pleasant and less stressful in a quiet park than walking on
a sidewalk that close to busy roads (Liu et al., 2014). Moreover, social comfort
is another field that reflects public engagement and social interaction in the ur-
ban settings (Nandhakumar and Jones, 1997). For example, walking comfort is
discussed in the recent literature, revealing that people may demonstrate more
walking willingness when pedestrian paths are designed with more accessibil-
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ity or less crowdedness (Ma et al., 2021; Ovstedal and Ryeng, 2002). Similarly,
research on public space utilisation indicates that perceived comfort and attrac-
tiveness of spaces influence individuals’ preferences to conduct physical activities
and get involved in the local community (Duncan et al., 2005; McCormack et al.,
2010; Brown et al., 2014).

Reviewing a variety of outdoor comfort perception in the urban environment,
it is found that human perception of outdoor comfort can be affected by diverse
factors. However, the existing research remains a gap in discussing how these
factors comprehensively impact such comfort perception and how individuals re-
spond to their surrounding conditions. Therefore, this work will take into account
a variety of urban factors that have been identified with impacts on human comfort
perception, and move a further step to understanding human behaviour in different
situations. In fact, this work will be among the first to explore the bidirectional
interaction between individual comfort perception and their urban surroundings.

3. Methodology

3.1. A JITAIs framework for human comfort outdoors

We design an experimental framework to illustrate how people generate out-
door comfort perception through interacting with their surroundings and change
their behaviour to fit the environments (Figure 2). The JITAIs framework includes
two main phases — Phase 1 and Phase 2, where urban digital twins play a role
in processing and analysing data information. The first aims to collect responses
from participants regarding their perception of outdoor comfort and related ur-
ban features. Thus, we primarily consider four dimensions to represent urban
surroundings: (1) 3D urban morphology, (2) streetscape, (3) urban microclimate,
and (4) urban noise. These four dimensions are intended to associate with outdoor
comfort perception from diverse aspects to provide a holistic overview of urban
environments, e.g. thermal comfort, visual comfort and acoustic comfort. The
data collected in Phase 1 serves as input for model training in Phase 2, where it
informs interventions tailored to individual comfort perception.
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Phase 2 is designed based on the JITAIs concept, a bidirectional mechanism
predicts participants’ outdoor comfort perception and nudges their behaviours to
change for enhanced personal comfort. In this regard, we leverage random for-
est algorithm to conduct a prediction model in urban digital twins, considering
its wide applicability in various domains and robustness (Wu et al., 2021; Niu
et al., 2020; Breiman, 2001; Belgiu and Dragut, 2016). The random forest model
serves two primary functions: (1) predicting the level of outdoor comfort based on
contextual features, and (2) identifying key influencing factors contributing to dis-
comfort. Regarding the model design, we applied random oversampling (ROS) to
the training set and used 5-fold cross-validation, with approximately 80% of the
resampled data used for training in each fold. Model performance is evaluated
using standard classification metrics: accuracy, precision, recall, and F1-score.
Rather than designing a complex prediction model (e.g. a graph neural network),
our focus is on selecting a widely used algorithm that could provide acceptable ac-
curacy while supporting timely intervention delivery on wearable devices. Mean-
while, the indexing system (H3) provided by Uber Technologies at the scale of
resolutions-11 (average cell width of 28.66 metres) is used as spatial units in this
work to capture spatial variations in human outdoor comfort (Stough et al., 2020;
Wozniak and Szymarski, 2021; Conners et al., 1984). Each participant’s geolo-
cation is continuously mapped onto hexagonal cells, allowing us to dynamically
predict their outdoor comfort based on real-time and historical contextual data.

The triggering mechanism works as follows. When a participant enters a spa-
tial unit predicted to be uncomfortable, a pre-designed intervention will be trig-
gered and sent to their Apple Watch as a behavioural nudge. The prediction model
is pre-trained and integrated in urban digital twins, using participant-reported
comfort level collected in Phase 1 as the ground truth, incorporating multidimen-
sional urban features as input parameters (i.e. 3D urban morphology, streetscape
features, microclimate conditions, and noise level). To adapt to changing envi-
ronmental conditions, the model is retrained every hour using real-time environ-
mental and contextual data. Avoiding a sense of annoyance, we limit notifica-
tions to a maximum of five per day per participant, minimising excessive prompts.
Such mechanism is incorporated in our urban digital twin, motivated to achieve
our proximal outcome (i.e. enhance human comfort in the outdoor environment)
by modelling the two-way information exchange between humans and their sur-
roundings. We clarify that the digital twin in this work serves as a conceptual
prototype rather than a fully operational system. Thus, the implementation of
the framework aims to demonstrate the feasibility of adopting JITAIs to complete
the information loop between humans, environments, and systems. The proof of
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concept lays the groundwork for functional and operational urban digital twins
and the applications in the future. The following subsections will provide more
details.

3.2. Watch-based microsurvey and intervention design

We design and deploy our watch surveys supported by Cozie (Tartarini et al.,
2023), an open-source 10OS application for the Apple Watch. Figure 3 details the
flow of the microsurveys. We involve five main questions plus two additional
ones, highlighting three contents — right-here-right-now activities, outdoor com-
fort perception and associated influencing feature. In detail, the answers to the
comfort perception question (i.e. ‘Are you comfortable with your current urban
environments?’) use a 3-point scale (i.e. Yes, Neutral and No), where the ‘Neutral
option’ is considered neither comfortable nor uncomfortable. Regarding influenc-
ing features, the workflow starts with a question to identify a specific feature that
most affect the comfort perception at the present moment. Then, it branches out to
2 parallel questions corresponding to the features ‘Weather’ and ‘Street design’.
For example, when the respondent determines that weather condition makes them
uncomfortable right now, the next survey question will be asking which specific
weather element most affects their outdoor comfort, including options such as
air temperature, humidity, sun exposure, rain and none of the above. The Co-
zie application enables an optional functionality of generating local notifications
as microsurvey reminder. Therefore, we activate this feature to remind partici-
pants to complete the microsurvey on the smartwatch every hour between 10:00
and 18:00 on weekdays. In order to collect various outdoor information, we cus-
tomise a function to nudge individuals every one minute when they indicate that
they are outdoors. To avoid bothering participants, we limit such reminders to a
maximum of 5 notifications per day, and participants can disable the notifications
at any time.
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Figure 3: The question flow of microsurvey questions designed to collect participants’ comfort
responses in urban environments.

Aligning with the JITAIs framework, we develop a corpus of interventions for
Phase 2 (see Figure 4), corresponding to identified impact factors in Phase 1. The
purpose of our interventions is to notify participants that they are approaching un-
comfortable areas because of a specific factor, as well as provide them suggestions
for prompting behaviour changes to enhance comfort perception. For example, if
an area is predicted with neutral or negative outdoor comfort caused by noise, the
intervention related to acoustic comfort (i.e. ‘High noise levels ahead. Consider
using ear protection or taking a quieter route.”) will be pushed to the individual’s
smartwatch.
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Figure 4: Examples of watch-based interventions, grouped into four categories: weather, street
design, noise, and air quality.

Further, an end-of-day phone survey is designed to validate the effectiveness
of watch-based interventions. The phone survey will be activated in Phase 2 at the
end of each weekday and phone survey reminders will be shown at 19:00. Thus,
each individual will need to complete a total of 5 phone surveys. The participants
are required to evaluate interventions from various aspects — changed behaviour,
better understanding their outdoor comfort, effectiveness and annoyance. A sum-
mary of this human-centric approach is detailed in Figure 5.

3.3. Experimental deployment

We implement our framework at the Kent Ridge campus of the National Uni-
versity of Singapore (NUS), considering its accommodation for participants’ daily
activities (e.g. working, studying, dining, and exercising) and over 300 multi-
functional buildings (e.g. educational buildings, residential apartment and health-
care facilities). Further, the campus enables the feasibility to evaluate our frame-
work in a controlled yet diverse urban microcosm. While it may not capture the
full complexity of broader urban systems, we select the campus as a testbed for its
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Phase 1 (2 weeks) Phase 2 (1 week)

Participants answer watch-based
microsurveys following the same strategy as
Participants answer watch-based in Phase 1

microsurveys

Participants will receive watch-based
Watch-Based Surveys are delivered every hour between notifications informing them of potential

Surveys 10:00 and 18:00 on weekdays discomfort and specific urban features based
on their geolocations

Up to 5 additional surveys per day if
participants are outdoors.

Participants are encouraged to adapt
interventions and adjust their behaviour to
improve outdoor comfort

Participants complete a phone survey at the
Phone Surveys (No phone surveys in Phase 1) end of each day, evaluating the effectiveness
of that day’s interventions

Figure 5: An overview of participant tasks in Phase 1 (microsurveys) and Phase 2 (microsurveys,
interventions, and daily phone surveys).

accessibility and environmental variability. As an initial implementation, the suc-
cess of this proof-of-concept can promise the potential to be scaled to a city level
with further customisation. The experiment will last for a period of three weeks,
including two phases. Phase 1 aims to collect microsurveys from respondents, and
Phase 2 is designed to deliver personalised watch-based interventions and validate
the effectiveness of interventions. We recruited 14 individuals from NUS as our
human participants to complete the two-phase study. The cohort of participants is
composed of both students and staff from various faculties and department, aim-
ing to enhance the overall diversity associated with diverse individual profiles and
different regular activity areas. The recruitment primarily took place through so-
cial media platforms. The ethical aspects of this project have been approved by
the Institutional Review Board of the National University of Singapore.

In the recruitment phase, we conveyed requirements and relevant informa-
tion to the participants. Considering that we are aiming to collect as much out-
door comfort as possible, we highlighted the expectations for participants to wear
smartwatches for three weeks — spending at least four weekdays on campus and
spend adequate time outdoors. Regarding wearable devices and compatibility,
participants have been recommended to have an Apple Watch and iPhone for
downloading and making full use of Cozie application. However, we also pro-
vided options for participants to borrow devices from us if they do not have Apple
Watch and iPhone, ensuring equity and balanced participation. Further, we de-
signed the onboarding sessions to enrol participants in a thorough manner. The
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onboarding sessions were structured with two parts: a simple questionnaire and a
tutorial. The questionnaire requires participants to fill their personal information
(e.g. name, gender and age), as well as individual preference and tolerance for var-
ious types of outdoor comfort, such as thermal comfort, visual quality and acoustic
impact. Afterwards, we provided a tutorial for each participant, explaining them
in detail — how to download and enable Cozie application on their smartwatches,
how the experiment will be conducted, how data will be collected and how to
prepare themselves for this experiment. In particular, participants were guided
to understand specific terms (e.g. outdoor comfort, JITAIs), as well as the work-
flow of the microsurvey, including each question and its corresponding response
options.

3.4. Multi-source data acquisition

The collected data can be grouped into four dimensions.

First, 3D geoinformation is used to represent the intricate nature of urban mor-
phology. Using OpenStreetMap (a globally crowdsourced dataset with rich data
on buildings (Biljecki et al., 2023a)), we construct an urban digital twin model on
campus and incorporate building semantics such as functions and the number of
storeys. Such a model not only provides a 3D representation of urban contexts,
but can also serve as a platform to accommodate multidimensional data (e.g. mi-
crosurvey responses and weather conditions).

Second, we leverage street-level panoramic imagery captured by the univer-
sity, reflecting urban environments on the ground. The Mask2Former model (Cheng
et al., 2022), which is pre-trained on the CityScapes dataset (Cordts et al., 2016),
is used for semantic segmentation of panorama images, representing urban sur-
roundings, such as the portion of buildings at the street level.

Third, we collect real-time weather data, thanks to the installed 41 weather
stations at ground and roof levels across the campus (Han et al., 2024; Lim et al.,
2024). The stations are spread out to collect microclimate data (i.e. temperature,
humidity, global solar radiation, and wind) at locations that represent various ur-
ban settings. Further, we include solar irradiance as an additional environmental
factor, which is a metric for investigating the shading effect of trees and buildings.
Adopting an open-source method (Fujiwara et al., 2024a), we estimate the value
of street-level solar irradiance using panoramic imagery and solar irradiance data
from rooftop weather stations. Hence, we are intended to cover a dynamic and
holistic overview of microclimate on campus, associated with the outdoor com-
fort perception.
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Fourth, we utilise the Cozie application to gather physiological and psycho-
logical data from participants. In particular, physiological information primarily
includes heart rate measurements when participants are conducting outdoor activ-
ities. Surrounding noise is another feature to indicate their acoustic environments.
The psychological information comes from microsurvey responses regarding in-
dividuals’ subjective awareness of their comfort perception.

4. Results

4.1. Phase 1: Human comfort outdoors varies from individuals and environmen-
tal features

We visualise the mechanism of Phase 1 in Figure 6, detailing the spatial rela-
tionship between outdoor comfort perception and the surrounding environments.
At this stage, urban digital twins serve as a platform to locate the geolocations
of perceived comfort and visualise the relationship between outdoor comfort and
urban surroundings. Taking one of the participants as an example (Participant No.
6, a 40-49-year-old female), it is evident that their comfort perception varies in
diverse geolocations and dynamic conditions. For instance, this participant ob-
tained a number of positive perceptions of comfort on campus, particularly when
they were located around buildings that were commonly constructed with shelters
or semi-open spaces. Further, the participant tends to perceive neutral and nega-
tive comfort when they are close to the roads and are affected by different features
depending on the right-here-right-now conditions (e.g. rain or noise).

Filtering out invalid responses from the participants, we collected 1,003 re-
sponses regarding their outdoor comfort. It finds that 61.6% of responses to
comfort perception are positive, suggesting that participants enjoy their urban
surroundings when conducting outdoor activities. However, a portion of 38.2%
responses indicates neutral (25.1%) and negative (13.3%) perception of urban en-
vironments. In this regard, we dive into non-positive comfort perception, aim-
ing to figure out the associated influencing features accordingly. Grouping into
neutral and negative comfort perception, we demonstrate the distribution of influ-
encing features in Figure 7. Weather conditions emerge as the most significant
factor influencing participants’ outdoor comfort, with urban noise exerting a no-
table impact as well. In detail, 79.2% of negative outdoor comfort perception is
attributed to weather conditions, such as sun exposure and rain. Regarding neu-
tral outdoor comfort perception, the impact of weather accounts for 51.5%, while
noise (34.7%) is another feature that cannot be ignored. Such findings imply that
weather is a critical determinant in shaping outdoor comfort perception, while
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Figure 6: A 3D visualisation of perceived outdoor comfort and urban environments, taking one of
the participants and their movement and input as an example. Sources: Google Street View.

urban noise plays a significant role in influencing the degree of perceived discom-

The impact features of neutral human comfort outdoors

The impact features of negative human comfort outdoors
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Figure 7: Influencing features contributing to neutral and negative human comfort outdoors, cat-
egorised by weather, noise, air quality, street design, and other factors. Each square represents
a percentage of the total contributing features, illustrating the relative impact of different urban
features on comfort perception.
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Further, we analyse participants’ responses regarding the subdivided elements
of weather and street design that affect outdoor comfort. Figure 8 illustrates the
distribution of these features across two categories of non-comfortable percep-
tions. For weather-related discomfort, we examine the relationship between out-
door comfort and specific weather factors. The results indicate that air temperature
is the most significant contributor to participants’ non-positive comfort, while sun
exposure has a comparatively less noticeable impact overall. However, among
participants who report negative comfort due to weather conditions, air temper-
ature and sun exposure contribute relatively equally to their uncomfortable per-
ception. From the perspective of street design which is considered as the visual
quality, both the sense of safety and street aesthetics have rather even contribu-
tions to participants’ discomfort. Notably, responses indicating negative comfort
perception highlight a concern about urban greenery, which plays a critical role in
enhancing human health (e.g. promoting psychological restoration) and address-
ing climate change (e.g. mitigating carbon emissions).

Temperature

Neutral

None of the above—

Weather

Humidity,

No RalnI

Sun exposure

Sense of safety

Neutral

Street design

Street aesthetics

Olherl

No Lack of greeneryl

Figure 8: The impact of weather- and streetscape-related features on neutral and negative outdoor
comfort perception.
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4.2. Phase 2: JITAIs help understand human comfort outdoors but fail to nudge
behaviour changes

In Phase 2, we leverage the triggering mechanism and information loop in
urban digital twins to tailor intervention messages. A number of watch-based no-
tifications were sent to inform participants regarding their right-time-right-here
(i.e. real-time and location-specific) outdoor comfort perception and the associ-
ated features, along with our recommendations. At the end of each day, during
Phase 2, participants were required to complete a phone survey encompassing 5
questions, validating the effectiveness of the interventions. We apply a 5-point
scale to measure the agreeableness of each question. Figure 9 summarises the
results and clarifies the distribution of the degree of agreeableness.

During the day, | changed my behaviour after receiving the
intervention messages.

The intervention messages help me understand my comfort
perception of outdoor urban environments.

In general, my comfort perception of urban environments is
good today.

The intervention messages are helpful today.

The intervention messages are annoying today.

0% 25% 50% 75% 100%

. Strongly disagree Disagree Neutral Agreee . Strongly agree

Figure 9: Participants’ responses to JITAIs, presenting how intervention messages influenced be-
haviour change, comfort perception, and understanding of outdoor environments, as well as their
perceived helpfulness and tolerance toward the messages.

While human comfort outdoors as a novel concept in this work representing
diverse types of comfort as a whole, the designed interventions significantly help
participants to better understand their urban surroundings and the impact of per-
ceived outdoor comfort. For example, a portion of 53.1% positive responses evi-
dence the value of JITAIs in understanding outdoor urban environments. A total
of 59.2% responses highlight participants’ good tolerance of interventions during
the days, implying an appropriate number of interventions was considered in the
methodology design. Meanwhile, as suggested by surveys, participants perceive
overall positive comfort (52.7%) when they are outdoors.

However, JITAIs fall short when it comes to influencing behaviour in our ex-
periment. For behaviour changes, 43.8% of responses indicate that they did not
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change their behaviour after receiving interventions. Only a percentage of 14.5%
responses suggest that they took actions to adjust their outdoor activities after
being nudged by the notifications. A detailed look at the responses reveals that
participants who were less likely to change their behaviour belonged to the 18-24
age group (71.4%) and all reported enjoying being outdoors. However, this cohort
was also more often to feel overwhelmed by urban surroundings. In contrast, par-
ticipants who were more likely to follow the interventions demonstrated a higher
tolerance for urban environments and were predominantly female across different
age groups.

4.3. Individual attributes and the interventions

Further, we investigate the relationship between participants’ profiles and their
responses to evaluate interventions and understand their determinants (Figure 10).
The individual profiles are collected from onboarding sessions before the experi-
ments. In this regard, we tend to understand the personal attributes of each par-
ticipant, such as willingness to be outdoors, and sensitiveness to weather, smells,
visual quality and urban noise. Processing responses from onboarding questionar-
ies and end-of-day surveys, we analyse the correlation across personal attributes
and the attitudes towards JITAISs.

e Helpful message and improved understanding of human comfort outdoors
(correlation coefficient: 0.72). Such a strong positive correlation suggests
that the helpfulness of JITAIs significantly enhances participants’ under-
standing of outdoor comfort. The better they understand the comprehensive
outdoor comfort generated from the environments, the more they will find
the notifications help promote their comfort perception.

e Helpful message and changed behaviour (correlation coefficient: 0.31). Like-
wise, when participants acknowledge the effectiveness of interventions, they
are more willing to adjust their behaviour. Further, the implications indicate
that how helpful the interventions are plays a role in nudging behaviour
changes.

¢ Enjoy outdoors and sensitive to urban noise (correlation coefficient: -0.49).
It is noted that participants who are less sensitive to urban noise tend to en-
joy outdoor environments more. In this context, acoustic comfort impacts
participants’ enjoyment of urban environments, therefore significantly con-
tributing to the overall perception of outdoor comfort.
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During the day, | changed my behaviour after receiving the
intervention messages.

Changed behaviour

The intervention messages help me understand my
comfort perception of outdoor urban environments.
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In general, my comfort perception of urban environments is
good today.
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Helpful message- The intervention messages are helpful today.

Annoying message- The intervention messages are annoying today.

Enjoy outdoors In general, do you enjoy being outdoors in Singapore?

Aware of subtleties Do you seem to be aware of subtleties in your outdoor

surrounding environment?
Sensitve to weather Are you easily overwhelmed by weather conditions, such
as sunlight, wind or rain?

Sensitve to smells Are you easily overwhelmed by smells, such as air
pollution, sewage treatment or the smell of cut grass?
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Figure 10: Correlation analysis between personal attributes and the effectiveness of JITAIs.

e Changed behaviour and sensitivity to urban noise (correlation coefficient:
0.33). The correlation implies that participants who are more sensitive to
urban noise are somewhat more likely to change their behaviour after being
notified of the JITAIs. Further, the result suggests that sensitivity to noise
may motivate people to take actions outdoors, tending to reduce exposure
to noise or mitigate the impact on their perceived comfort.

4.4. Feature impact on human comfort outdoors

Taking into account the heterogeneity of participants, a key innovation in this
work is the development of personalised models for each participant. Our ap-
proach ensures that individuals receive tailored interventions based on their unique
comfort perceptions, associated urban features, and spatial locations. The results
highlight the variability in outdoor comfort perception among participants, as well
as the differing determinants of their comfort. Therefore, the performance of each
model varies depending on the quantity and quality of the collected responses.
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We summarise the evaluation metrics for each model in Figure 11, and provide
detailed analyses of feature importance using two randomly selected participants
as examples. The accuracy of outdoor comfort prediction ranges from 46.3% to
91.1%, with an average accuracy of 73.4%. For Participant 06, the model achieves
an accuracy of 83.2%, along with other common evaluation metrics (e.g. preci-
sion, recall and Fl-score). Investigating the importance of features, streetscape
(0.44), which influences visual comfort, contributes most to this participant’s out-
door comfort among the four defined dimensions. Such results imply that Par-
ticipant 06 may be more sensitive to visual quality compared to other aspects of
comfort. In contrast, Participant 13’s outdoor comfort is predominantly influenced
by weather conditions (0.52) and noise (0.30), while visual quality is not identi-
fied as a key factor affecting their comfort perception. Such findings underscore
the personalised nature of outdoor comfort determinants and the importance of
tailored models to account for individual differences.

Participant Accuracy  Precision Recall F1-score Participant 06

3D morphology

1 0.91 0.92 091 0.91
2 0.88 0.90 0.88 0.87 Microclimate

3 0.59 0.59 0.59 0.59
Streetscape

4 0.46 0.46 0.46 0.46

5 0.87 0.90 0.87 0.86

A Urban noise

6 0.83 0.84 0.83 0.83 |
] 0.0 0.1 0.2 0.3 0.4
7 0.57 0.57 0.57 0.56
8 0.78 0.78 0.78 0.78 3D morphology Participant 13
9 0.89 0.89 0.89 0.89
10 0.56 0.57 0.56 0.55 Microclimate
11 0.81 0.84 0.81 0.81
Streetscape
12 0.60 0.60 0.60 0.59
13 0.85 0.87 0.85 0.85 A Urban noise
14 0.68 0.68 0.68 0.68

0.0 0.1 0.2 03 0.4 0.5

Figure 11: A summary of performance metrics for individual models, with detailed breakdowns
of feature impact for Participants 06 and 13.
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5. Discussion

5.1. JITAIs framework and human-environment interaction

Our work demonstrates for the first time how just-in-time adaptive interven-
tions can be applied to capture the interactions between humans and urban en-
vironments in the larger urban context, in particular focusing on human comfort
outdoors. Addressing various aspects of outdoor comfort, such as thermal, visual
and acoustic dimensions, we introduce a comprehensive concept of human com-
fort outdoors to encapsulate diverse comfort perception generated from the urban
surroundings.

In general, participants reported positive levels of comfort perception out-
doors; however, their discomfort determinants varied depending on urban features
influenced by spatial and temporal dynamics. In this regard, our work highlights
the importance of individualisation in considering such variability, accounting
for participants’ diversity when delivering watch-based JITAIs. The end-of-day
phone surveys provide further insights into participants’ attitudes toward watch-
based interventions. The results suggest that nearly half of the interventions are
considered useful in maintaining positive comfort during outdoor activities. Fur-
ther, participants demonstrate a relatively high level of tolerance for JITAI noti-
fications, suggesting a balance between promoting behaviour changes and min-
imising annoyance (Hulme et al., 2018). However, we recognise that intervention
fatigue remains a potential risk, particularly in long-term or large-scale applica-
tions. Future work will explore adaptive strategies that consider both the tim-
ing and frequency of interventions. Participant responsiveness, preferences, and
contextual factors will be more explored and integrated into the model training
to deliver more accurate and meaningful messages. Further, we will consider
personalisation algorithms in the future work, such as reinforcement learning or
relevance tuning, improving the model performance to capture and exploit the
human-environment complexity over time and space.

However, we notice that participants are less likely to change their behaviour
after receiving notifications, even when they acknowledge the effectiveness of
the interventions. Compared to the deployment of JITAIs in other domains (e.g.
medicine), our findings highlight challenges unique to urban-scale applications (Per-
ski et al., 2022), which need to incorporate strategies for broader implementations.
In particular, individuals present a higher degree of autonomy when moving in the
outdoor urban environments leading to the situational variability, which impacts
the adherence to the intervention messages. For example, when we send a noti-
fication addressing outdoor discomfort that may be caused by sun exposure and
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recommend seeking shaded areas, participants’ responses may depend on vari-
ous factors, including the purpose of their ongoing outdoor activities (e.g. leisure
walking or rushing to a destination), the opportunity and access to respite places
(e.g. the proximity of shaded areas), as well as their willingness to act on the ad-
vice. Further, while humans have the capability to adapt their environments, our
JITAISs serve as suggestible and context-aware messages to support their decision-
making. In this proof-of-concept, the portion of changing behaviour is rather
smaller than acknowledging the helpfulness of JITAIs. However, such results
imply that our interventions help participants be more aware of their subjective
experience and understand how the urban characteristic may impact their outdoor
comfort. This innovation highlights the feasibility of urban JITAIs at this stage,
as well as the potential to achieve behaviour changes and maintain urban health
in the long term when integrating tailored strategies (e.g. taking into account the
purpose of outdoor activities).

Therefore, successful behaviour changes in response to JITAIs require both
favourable objective conditions at the urban scale and personal willingness to
comply. Further exploration of adaptive strategies and detailed recommendations
can be considered in future research.

5.2. Planning and policy implications

In the context of JITAIs, the proximal outcome in this work is defined as
the improvement of human comfort outdoors, as reflected in participants’ self-
evaluation of JITAIs performance. Further, distal outcomes extend to diverse as-
pects such as mental well-being, restorative health, and increased opportunities
to engage in outdoor activities. Such long-term outcomes rely on the success of
urban design and planning, such as mitigating the impacts of urban heat or reac-
tivating urban streets to be more inclusive and vibrant. Therefore, strategic inter-
ventions in urban planning plays a role in enhancing outdoor health and promoting
public well-being.

Our findings resonate with international initiatives that focus on the quality
of local life and promote healthy and sustainable living, such as the 15-minute
city concept popularised in global cities (e.g. Paris and Barcelona) to prioritise
the needs of urbanites (e.g. their access to public facilities and friendly walking
streets) (Caprotti et al., 2024; Guzman et al., 2024). Meanwhile, our work aligns
with global healthy city initiatives, underscoring the importance of integrating ur-
ban technology, context-aware interventions, and individual perception into urban
planning to enhance public health and well-being (Kocak and Sancaktutan, 2025).
Drawing inspiration from the international precedents, our study provides insights
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into feasible planning interventions to sustain comfortable outdoor activities, such
as the creation of green corridors for shaded pathways, implementation of zoning
regulations to reduce noise pollution, or the development of accessible pocket
parks. Such strategic scenarios can be further evaluated in urban digital twins to
assess their feasibility and anticipated impacts. Therefore, we position our study
within the broader discourse of planning and policy making, highlighting new in-
sights and the alignment with worldwide initiatives. For example, the challenges
and successes identified in our framework echo planning practices in balancing
individual differences and urban development to improve the living environment
and overall liveability. Indeed, trade-offs should be considered to make inclusive
and sustainable decisions (e.g. equity in access, respite facilities, and behavioural
governance), which can be informed and evaluated from the implementation of
our JITAIs framework. Further, this work has the potential to contribute directly
to the policy dialogue on creating inclusive urban environments through responsi-
ble and human-centric technologies.

This study provides novel insights into the human-environment interplay, demon-
strating how watch-based interventions can improve individual comfort in a timely
manner while also informing long-term urban planning strategies. Adopting a
human-environment perspective, our work offers a pathway to guide future urban
development and design practices toward fostering more comfortable and inclu-
sive urban spaces. In detail, this study provides actionable recommendations for
researcher and practitioners of interest in adopting human-centric urban digital
twins with JITAIs, enhancing urban health and well-being across diverse urban
contexts:

e Integrating multisensory information into urban planning and design to un-
derstand urban discomfort and provide robust analytical evidence for decision-
making.

e Incorporating individual experiences and perception into planning and de-
sign to prioritise spatial equity and individual adaptation.

e Fostering inclusive and participatory planning processes to engage local
communities actively in revitalising urban areas and enhancing outdoor
comfort.

e Encouraging interdisciplinary partnerships among urban planners, public
health experts, and the general public to co-create integrative solutions that
comprehensively address outdoor comfort, health, and well-being.
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5.3. Implications for urban digital twins

Aligning with the concept of human-centric urban digital twins (Lei et al.,
2023b; Liu et al., 2023; Nochta and Oti-Sarpong, 2024), this work provides a use
case that addresses the two-way information exchange in urban digital twins, ad-
vanced through the JITAIs framework. In particular, we develop a JITAIs frame-
work to understand human perception of outdoor comfort and conversely inter-
vene in human behaviour to enhance comfort perception. While the current oper-
ation of urban digital twins is hindered by various challenges (Lei et al., 2023a),
the integration of the JITAIs framework completes the information loop between
humans, urban environments, and virtual models. Gathering human responses to
urban surroundings, we implement the JITAIs framework to trigger personalised
interventions considering their spatio-temporal dynamics and provide right-here-
right-now support. This bidirectional communication substantiates a key charac-
teristic of urban digital twins — the nearly real-time information exchange be-
tween physical and virtual entities, thereby advancing the realisation of urban
digital twins. Notably, our work contributes to the social and human-oriented
dimensions of urban digital twins, showcasing their potential for diverse applica-
tions across multiple domains, including public health, human behaviour analysis,
urban sustainability, and liveability. Such contributions tend to pave the way for
future research and innovation, giving prominence to the integration of human-
centric approaches in the development of urban digital twin technologies.

5.3.1. Scalability and challenges

While the JITAIs framework is implemented on a university campus, it presents
the potential to generalise to more complex and larger-scale environments. We
design the framework to be an applicable and transferable means, which can be
further tailored to adapt various urban contexts. In the related work, the deploy-
ment of frameworks at a relatively small scale is a common approach to evaluating
their feasibility (i.e. a proof-of-concept study), which can be easily controlled and
remain practical value (Fernandez-Anez et al., 2018; Van Winden and Van den
Buuse, 2017). In particular, such approach is widely recognised in digital twin
implementation and smart city practices, offering a pathway from conceptual val-
idation to broader application.

Understanding the scalability of our JITAIs framework in urban digital twins,
we discuss challenges that may be encountered when adopted at large scale, as
well as suggest practical solutions to achieve the scalable implementation, such
as spatial coverage, data availability (e.g. data infrastructure and real-time pre-
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diction), as well as computational demands (e.g. time for personalised predic-
tions) (Mazzetto, 2024; Xu et al., 2024).

Scaling the JITAIs framework in a larger level needs to incorporate a more
comprehensive representation of local urban settings. While the campus area
has the potential to represent a microcosm of a city (e.g. incorporating a variety
of physical buildings and social activities), the whole city is large, growing and
changing constantly. Cities are composed of diverse districts with varying urban
morphology, functions, and regulations, entailing challenges scaling the JITAIs
framework spatially. For example, the spatial distribution of land use types, such
as public space, industrial zones or residential areas, not only determines contex-
tual conditions but also impact patterns of human activities and their perceived
comfort. Therefore, establishing a one-size-fits-all digital twin becomes increas-
ingly challenging when spatial boundaries extend. Our framework incorporates
four dimensions to represent the campus area (e.g. forms and streetscape), how-
ever, it is highly customised, enabling more dimensions to appropriately reflect the
spatial context. For example, when adopting this framework in a city-level urban
digital twin, additional information should be taken into account to mirror the spe-
cific and localised urban environment, associated with outdoor comfort, e.g. land
use, traffic flow, air quality, or the accessibility to public services and recreational
facilities. Meanwhile, considering the spatial heterogeneity, a context-aware de-
sign approach can be considered when developing the interventions. Thus, the
intervention logic and communication strategies may be updated to accommodate
diverse physical, societal and cultural characteristics of specific districts, thereby
effectively understanding and improving human comfort outdoors.

Further, the future deployment at a city level may encounter the challenge of
data availability which are inherent to the heterogeneity of urban data input (Sanchez-
Sepulveda et al., 2024). In contrast to the information available in the campus
case, many parts of a city may lack sufficient infrastructure to acquire data (e.g.
uneven weather station distribution, network latency, and information integration
and interoperability), leading to data sparsity at the city level. The data challenge
may compromise the efficiency of two-way interaction modelling in a city-level
digital twin and, in turn, impact the quality of adaptive interventions. Taking into
account the potential obstacles, future implementations can incorporate hybrid
strategies to make the multi-scale adoption available. For example, while scal-
ability is a widely recognised challenge in urban digital twins, several solutions
have been discussed that contribute to the body of knowledge. For example, spa-
tial interpolation techniques (e.g. kriging) are adopted for missing data prediction
(e.g. weather data and noise data), where artificial intelligence has advanced the
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algorithm and accuracy thoroughly (Wei et al., 2025; Han et al., 2024). Further,
the use of synthetic data becomes a trend to solve the scalability problem, com-
bining with real-time data to learn more generalisable information (Almirall et al.,
2022).

The computational demands in relation to computing resources and process-
ing time need to be managed when implementing the framework in a city-scale
urban digital twin. While our current approach employs individualised models for
personalised interventions, scaling the strategy to amount of participants scattered
in the city, will raise feasibility concerns regarding model training and predic-
tion, on-time behaviour interventions, and data management. Therefore, future
work can explore modular and hierarchical modelling approaches (e.g. federated
learning, meta-learning), maintaining personalisation while optimising resource
use. Meanwhile, data facilities, such as distributed systems or cloud-edge hybrid
infrastructure can be included to manage personalised models in parallel at the
same time, managing computational demands at larger scales. Further, our work
acknowledges the importance of developing individualised models. However, the
further adoption of the JITAIs framework in a city can be modified to satisfy spe-
cific research objectives. For example, if the personalisation is not the main focus,
the implementation can consider hierarchical or multi-level modelling for predic-
tion and interventions, such as deploying hierarchical graph neural networks to
model the spatial heterogeneity and aggregate local behaviour to city-wide pat-
terns efficiently.

5.3.2. Data privacy and ethics

Considering the notion of JITAIs, which are closely tied to human behaviour,
further operations must also consider privacy concerns and ethical challenges (e.g.
information sensitivity) when integrating human-centric perspectives in urban dig-
ital twins. In this work, we involved 14 participants who completed both Phase
1 and Phase 2 experiments. Each participant contributed between 33 and 255 us-
able responses, depending on their level of engagement. While some participants
provided a limited number of responses, the analytical results are sufficient for a
proof-of-concept study, given the accumulation of microsurvey responses and the
campus-scale study area. While the response volume varies among participants,
our aim is not to generalise findings to a wider population, but rather to validate
the feasibility of a two-way JITAIs framework and demonstrate its integration in
urban digital twins.

However, when scaling the JITAIs framework in a city-scale urban digital
twin, a larger number of participants will be included, introducing uncertain im-
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pediments to operation (Dembski et al., 2020). For example, sensitivity related
to personal information is an inevitable challenge in this case. A key novelty of
this two-way framework lies in the spatial triggers, which enable interventions
based on participants’ geolocations. However, it will raise concerns regarding the
potential leakage of personal information, particularly accommodating a broad
range of participant demographics (e.g. gender, age, and cultural background) in
a larger and more diverse urban environment. Therefore, challenges related to
ethical information and data security should be considered when developing a
human-centric urban digital twin, especially when leveraging humans as agents to
formalise two-way interaction. Future work should incorporate established stan-
dards and protocols for the ethical use, sharing, and protection of human data,
e.g. federated learning, data anonymisation and information consent (Liu et al.,
2024; Cui et al., 2018). Meanwhile, integrating features that enable participatory
feedback will be essential for fostering public trust and adaptability (Nochta and
Oti-Sarpong, 2024; Lei et al., 2023a). Developing tailored strategies that priori-
tise transparency and responsiveness, human-centric urban digital twins can better
address privacy concerns and enhance societal acceptance in large-scale deploy-
ments (Sharma et al., 2022).

5.4. Limitations and future work

This study represents an experimental proof of concept and the first attempt
to investigate the spatio-temporal dynamics of bidirectional interaction between
humans and urban environments through the lens of just-in-time adaptive inter-
ventions (JITAIs). However, several limitations are identified, providing opportu-
nities for improvement in future research.

The first limitation lies in the bias inherent in urban data collection. In this
study, we deploy street view imagery collected by cars to represent visual quality.
However, such images are only available on roadways, which cannot fully cover
pedestrian-only paths. Therefore, when participants are in car-restricted areas,
there may be incomplete representations of participants’ surroundings (Ito et al.,
2024b). In this regard, future research can consider a ‘humans as sensors’ ap-
proach (Lei et al., 2023b), encouraging participants to actively collect data, such
as using wearable devices (e.g. GoPro cameras) to capture on-site SVI. Hence,
it will enhance the spatial coverage and completeness of urban data, providing a
comprehensive representation of urban contexts.

Second, the concept of human comfort outdoors introduced in this study en-
capsulates a variety of comfort perception in a sensible and changing manner.
However, due to data availability, the current JITAIs are limited to notification
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types related to thermal, acoustic, and visual perception. In future work, we tend
to incorporate more dimensions that contribute to outdoor comfort perception,
such as overcrowdedness, emotional stress, walkability, accessibility, and social
inclusion. An expansion of outdoor comfort aspects will provide a more holistic
understanding of how people experience the urban environments and enable more
comprehensive interventions.

Third, while the campus area satisfies our research aims at this stage of such
developments in this novel research line, we are aware of potential limitations
when generalising broader applications. For example, the demographic distribu-
tion in our study is uneven, with 78.6% female and 21.4% male participants span-
ning diverse age groups. Further, the campus itself represents a well-constructed
environment, ensuring a good-quality layout and aesthetics. However, it may limit
the generalisability of findings, as the influence of visual quality on outdoor com-
fort may be less tangible on campus compared to other urban areas. Moreover,
daily campus life tends to involve more regular routines centred around work and
study. Despite our efforts to include a diverse range of participants (e.g. both stu-
dents and staff from various demographic groups), such patterns may not fully
capture the variability of behaviour and comfort perception observed in city-scale
environments. When extending the study to larger and more heterogeneous urban
areas, we will take into account diverse demographics and complex urban contexts
to ensure the robustness and generalisability of the results.

Finally, our study is focused on Singapore, a highly-urbanised tropical city-
state, thus, the results may not be fully transferable elsewhere, especially other
climates and urban morphologies.

6. Conclusion

Urban digital twins have emerged as an innovative technology, demonstrat-
ing the potential to facilitate planning and enhance decision-making. We advance
urban digital twins, enabling a two-way information exchange between humans
and virtual models, a rarity. The two-way interaction between virtual and physi-
cal systems is a key characteristic to deliver the promise of a ‘true’ urban digital
twin. However, it is not fully addressed in research and practice. Complementing
the mainstream discussion on one-way urban digital twins (e.g. monitoring and
visualisation), this work is the first endeavour of proposing a bidirectional frame-
work to model the two-way interaction between humans and urban digital twins,
leveraging humans as sensors. In particular, we adapt the concept of just-in-time
adaptive interventions (JITAIs), integrating human perception of outdoor comfort
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to realise this bidirectional information loop in urban digital twins, which is still
rare (Haraguchi et al., 2024).

While JITAIs have been widely used in health-related domains, our study is
among the first to apply this concept within the context of urban digital twins to
complete the information loop between humans and urban environments. Here,
humans serve as ‘sensors’ who contribute subjective comfort data (e.g. thermal,
visual, and acoustic) back to the urban digital twin. Meanwhile, our urban dig-
ital twin processes human responses alongside physical urban information (e.g.
streetscapes, microclimate conditions) in near real-time, thereby creating a two-
way information flow. Aligning with person-environment fit theory and JITAISs,
we thus design a two-phase human outdoor comfort JITAIs framework for the in-
formation loop in urban digital twins. This framework not only quantifies how
urban surroundings affect human comfort perception but also enables actionable
interventions to improve comfort perception, leveraging urban digital twins. In
the implementation of our JITAIs framework, we take a university campus as the
study area and involve 14 participants in the experiments who were required to
wear Apple Watches and answer microsurveys (supported by the Cozie applica-
tion, adapted by the team) while conducting outdoor activities. Their responses
feed directly into the urban digital twin, making it possible to generate comfort
predictions and tailor interventions over time.

In Phase 1, we collected participants’ responses regarding measuring their
comfort perception and associated urban features — such data are incorporated
into our digital twin to calibrate models of geolocation-based comfort levels.
Phase 2 is advanced by JITAIs and urban digital twins to deliver watch-based
notifications. The predictive models identify when and where discomfort is likely
to occur, and the system then sends participants personalised messages that offer
context-specific strategies to mitigate discomfort. For example, if the urban digi-
tal twin forecasts unpleasant sound environment in an upcoming location, partic-
ipants receive interventions from a pre-developed corpus of noise-related notifi-
cations. This represents a true bidirectional interaction in urban digital twins —
comfort perception continually update the digital twin models, and the system, in
turn, sends targeted prompts back to humans to improve their comfort just-in-time.
We also design end-of-day phone surveys in Phase 2, evaluating and validating the
effectiveness of our interventions, thereby closing the loop in urban digital twins.

We collected more than 1,000 responses from Phase 1, merging with contex-
tual urban data (e.g. streetscape and weather data) and integrating these combined
datasets into our digital twin to develop prediction models advanced by the ran-
dom forest algorithm. We build separate models for each participant within the
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urban digital twin, enabling personalised interventions to be sent to participants
in Phase 2, addressing spatio-temporal dynamics. Analysing participants’ evalu-
ation of JITAIs, the results indicate that most notifications help them better un-
derstand the perception of outdoor comfort (e.g. how their comfort is affected by
urban environments). Yet, JITAIs largely fail to induce behaviour change — only
14.5% of responses indicate adherence to the interventions. We also find that
compliance with interventions is related to individual heterogeneity, for example,
preference for being outdoors, or varying sensitivity to urban subtleties (e.g. vi-
sual changes). In turn, the impact of urban features on comfort perception differs
among participants, illustrating how the digital twin can account for both common
and individualised factors. Through this bidirectional interplay — where human-
generated information updates urban digital twins, and the twin provides tailored
interventions, this framework has enhanced real-time outdoor comfort (i.e. prox-
imal outcome) and continuously inform urban design and planning to promote
public health and well-being in the long term (i.e. distal outcome). In summary,
JITAISs are useful in understanding comfort perception but fall short in confidently
influencing behaviour of people. However, despite the latter, this research delivers
novel results that will help drive future work in this novel research line.

The JITAIs framework substantiates the potential to be integrated into urban
digital twins, facilitating a two-way exchange of information between physical
and virtual entities through a lens of humans. This work enriches the capacity of
urban digital twins to represent and respond to spatio-temporal dynamics, bridg-
ing the gap between individual behaviour, urban environments, and innovative
technology. Further, this study paves the way for multidisciplinary applications of
urban digital twins across domains, opening the door for multidisciplinary appli-
cations. Such a human-centric approach underscores the potential of urban digital
twins in fostering liveable and inclusive cities.

Acknowledgements

We gratefully acknowledge the participants of the survey and the input data.
We thank the members of the NUS Urban Analytics Lab for the discussions, es-
pecially Xiucheng Liang for helpful suggestions. The Institutional Review Board
of the National University of Singapore has reviewed and approved the ethical
aspects of this research (Reference Code: NUS-IRB-2024-104). This research
is part of the projects: (1) Multi-scale Digital Twins for the Urban Environment:
From Heartbeats to Cities, which is supported by the Singapore Ministry of Ed-
ucation Academic Research Fund Tier 1; (2) Large-scale 3D Geospatial Data for

36



Urban Analytics, which is supported by the National University of Singapore
under the Start Up Grant R-295-000-171-133; (3) From Models to Pavements:
Advancing Urban Digital Twins with a Multi-Dimensional Human-Centric Ap-
proach for a Smart Walkability Analysis, which is supported by the Humanities
Social Sciences Seed Fund at the National University of Singapore (A-8001957-
00-00). This research has been supported by Takenaka Corporation. This research
was secondarily supported by the National Research Foundation, Prime Minister’s
Office, Singapore, under its Campus for Research Excellence and Technological
Enterprise (CREATE) programme.

References

Abdelrahman, M., Macatulad, E., Lei, B., Quintana, M., Miller, C., and Biljecki,
F. (2024). What is a Digital Twin Anyway? Deriving the Definition for the
Built Environment from over 15,000 Scientific Publications. arXiv preprint
arXiv:2409.19005.

Aletta, F., Kang, J., and Axelsson, 0. (2016). Soundscape descriptors and a con-
ceptual framework for developing predictive soundscape models. Landscape
and Urban Planning, 149:65-74.

Almirall, E., Callegaro, D., Bruins, P., Santamaria, M., Martinez, P., and Cortés,
U. (2022). The use of Synthetic Data to solve the scalability and data availabil-
ity problems in Smart City Digital Twins. arXiv preprint arXiv:2207.02953.

Appel-Meulenbroek, R., Le Blanc, P, and de Kort, Y. (2019). Person—
environment fit: Optimizing the physical work environment. Organizational
behaviour and the physical environment, pages 251-267.

Appel-Meulenbroek, R., Steps, S., Wenmaekers, R., and Arentze, T. (2021). Cop-
ing strategies and perceived productivity in open-plan offices with noise prob-
lems. Journal of Managerial Psychology, 36(4):400—414.

Axelsson, O. (2015). How to measure soundscape quality. In Proceedings of the
Euronoise 2015 conference, pages 1477-1481.

Axelsson, O., Nilsson, M. E., and Berglund, B. (2010). A principal components
model of soundscape perception. The Journal of the Acoustical Society of Amer-
ica, 128(5):2836-2846.

37



Balaskas, A., Schueller, S. M., Cox, A. L., and Doherty, G. (2021). Ecologi-
cal momentary interventions for mental health: A scoping review. PloS one,
16(3):e0248152.

Banerjee, T. (2001). The future of public space: Beyond invented streets and
reinvented places. Journal of the American planning association, 67(1):9-24.

Batty, M. (2018). Digital twins.

Belgiu, M. and Drdgut, L. (2016). Random forest in remote sensing: A review
of applications and future directions. ISPRS journal of photogrammetry and
remote sensing, 114:24-31.

Biljecki, F., Chow, Y. S., and Lee, K. (2023a). Quality of crowdsourced geospa-
tial building information: A global assessment of OpenStreetMap attributes.
Building and Environment, 237:110295.

Biljecki, F., Zhao, T., Liang, X., and Hou, Y. (2023b). Sensitivity of measuring
the urban form and greenery using street-level imagery: A comparative study

of approaches and visual perspectives. International Journal of Applied Earth
Observation and Geoinformation, 122:103385.

Bonaiuto, M., Aiello, A., Perugini, M., Bonnes, M., and Ercolani, A. P. (1999).
Multidimensional perception of residential environment quality and neighbour-

hood attachment in the urban environment. Journal of environmental psychol-
ogy, 19(4):331-352.

Breiman, L. (2001). Random forests. Machine learning, 45:5-32.

Brown, G., Schebella, M. F., and Weber, D. (2014). Using participatory gis to
measure physical activity and urban park benefits. Landscape and urban plan-
ning, 121:34-44.

Cain, R., Jennings, P., and Poxon, J. (2013). The development and application of
the emotional dimensions of a soundscape. Applied acoustics, 74(2):232-239.

Campbell, A. T., Eisenman, S. B., Lane, N. D., Miluzzo, E., and Peterson, R. A.
(2006). People-centric urban sensing. In Proceedings of the 2nd annual inter-
national workshop on Wireless internet, pages 18—es.

Caprotti, F., Duarte, C., and Joss, S. (2024). The 15-minute city as paranoid
urbanism: Ten critical reflections. Cities, 155:105497.

38



Carpenter, S. M., Menictas, M., Nahum-Shani, 1., Wetter, D. W., and Murphy,
S. A. (2020). Developments in mobile health just-in-time adaptive interventions
for addiction science. Current addiction reports, 7:280-290.

Chen, L., Lu, Y., Sheng, Q., Ye, Y., Wang, R., and Liu, Y. (2020). Estimat-
ing pedestrian volume using street view images: A large-scale validation test.
Computers, Environment and Urban Systems, 81:101481.

Chen, L. and Ng, E. (2012). Outdoor thermal comfort and outdoor activities: A
review of research in the past decade. Cities, 29(2):118-125.

Cheng, B., Misra, 1., Schwing, A. G., Kirillov, A., and Girdhar, R. (2022).
Masked-attention mask transformer for universal image segmentation. In Pro-
ceedings of the IEEE/CVF conference on computer vision and pattern recogni-
tion, pages 1290-1299.

Coccolo, S., Pearlmutter, D., Kaempf, J., and Scartezzini, J.-L. (2018). Thermal
comfort maps to estimate the impact of urban greening on the outdoor human
comfort. Urban forestry & urban greening, 35:91-105.

Conners, R. W., Trivedi, M. M., and Harlow, C. A. (1984). Segmentation of a
high-resolution urban scene using texture operators. Computer vision, graphics,
and image processing, 25(3):273-310.

Coppersmith, D. D., Dempsey, W., Kleiman, E. M., Bentley, K. H., Murphy, S. A.,
and Nock, M. K. (2022). Just-in-time adaptive interventions for suicide preven-
tion: Promise, challenges, and future directions. Psychiatry, 85(4):317-333.

Cordts, M., Omran, M., Ramos, S., Rehfeld, T., Enzweiler, M., Benenson, R.,
Franke, U., Roth, S., and Schiele, B. (2016). The cityscapes dataset for semantic
urban scene understanding. In Proceedings of the IEEE conference on computer
vision and pattern recognition, pages 3213-3223.

Cui, L., Xie, G., Qu, Y., Gao, L., and Yang, Y. (2018). Security and privacy in
smart cities: Challenges and opportunities. /EEE access, 6:46134-46145.

Cureau, R. J., Pigliautile, I., Kousis, I., and Pisello, A. L. (2022). Multi-domain
human-oriented approach to evaluate human comfort in outdoor environments.
International Journal of Biometeorology, 66(10):2033-2045.

39



Cvitkovich, Y. and Wister, A. (2001). The importance of transportation and pri-
oritization of environmental needs to sustain well-being among older adults.
Environment and Behavior, 33(6):809-829.

Dembski, F., Wossner, U., Letzgus, M., Ruddat, M., and Yamu, C. (2020). Ur-
ban digital twins for smart cities and citizens: The case study of herrenberg,
germany. Sustainability, 12(6):2307.

Diaz-Sarachaga, J. M. (2025). Developing an assessment governance framework
for urban digital twins: Insights from smart cities. Cities, 156:105558.

Dubey, A., Naik, N., Parikh, D., Raskar, R., and Hidalgo, C. A. (2016). Deep
learning the city: Quantifying urban perception at a global scale. In Computer
Vision—-ECCV 2016: 14th European Conference, Amsterdam, The Netherlands,
October 11-14, 2016, Proceedings, Part I 14, pages 196-212. Springer.

Duncan, M. J., Spence, J. C., and Mummery, W. K. (2005). Perceived environment
and physical activity: a meta-analysis of selected environmental characteristics.
International journal of behavioral nutrition and physical activity, 2:1-9.

Dzyuban, Y., Ching, G. N., Yik, S. K., Tan, A. J., Banerjee, S., Crank, P. J., and
Chow, W. T. (2022). Outdoor thermal comfort research in transient conditions:
A narrative literature review. Landscape and Urban Planning, 226:104496.

Edwards, J. R., Cable, D. M., Williamson, 1. O., Lambert, L. S., and Shipp, A. J.
(2006). The phenomenology of fit: linking the person and environment to the

subjective experience of person-environment fit. Journal of applied psychology,
91(4):802.

Edwards, J. R., Caplan, R. D., Harrison, R. V., et al. (1998). Person-environment
fit theory: Conceptual foundations, empirical evidence, and directions for future
research. Theories of organizational stress, 28:28—67.

Farahani, L. M., Izadpanahi, P., and Tucker, R. (2022). The death and life of
australian suburbs: Relationships between social activity and the physical qual-

ities of australian suburban neighbourhood centres. City, Culture and Society,
28:100426.

Fernandez-Anez, V., Fernandez-Giiell, J. M., and Giffinger, R. (2018). Smart city
implementation and discourses: An integrated conceptual model. the case of
vienna. Cities, 78:4-16.

40



Ferré-Bigorra, J., Casals, M., and Gangolells, M. (2022). The adoption of urban
digital twins. Cities, 131:103905.

Fujiwara, K., Ito, K., Ignatius, M., and Biljecki, F. (2024a). A panorama-based
technique to estimate sky view factor and solar irradiance considering transmit-
tance of tree canopies. Building and Environment, 266:112071.

Fujiwara, K., Khomiakov, M., Yap, W., Ignatius, M., and Biljecki, F. (2024b). Mi-
croclimate vision: Multimodal prediction of climatic parameters using street-
level and satellite imagery. Sustainable Cities and Society, 114:105733.

Galea, S., Ahern, J., Rudenstine, S., Wallace, Z., and Vlahov, D. (2005). Urban
built environment and depression: a multilevel analysis. Journal of Epidemiol-
ogy & Community Health, 59(10):822-827.

Gehl, J. (2011). “three types of outdoor activities, “‘life between buildings,” and
“outdoor activities and the quality of outdoor space”: from life between build-
ings: Using public space (1987). In The City Reader, pages 586—608. Rout-
ledge.

Gillerot, L., Rozario, K., De Frenne, P., Oh, R., Ponette, Q., Bonn, A., Chow,
W., Godbold, D., Steinparzer, M., Haluza, D., et al. (2024). Forests are chill:
The interplay between thermal comfort and mental wellbeing. Landscape and
Urban Planning, 242:104933.

Goldstein, S. P., Brick, L. A., Thomas, J. G., and Forman, E. M. (2021). Ex-
amination of the relationship between lapses and weight loss in a smartphone-

based just-in time adaptive intervention. Translational behavioral medicine,
11(4):993-1005.

Goldstein, S. P, Evans, B. C., Flack, D., Juarascio, A., Manasse, S., Zhang, F.,
and Forman, E. M. (2017). Return of the jitai: applying a just-in-time adaptive
intervention framework to the development of m-health solutions for addictive
behaviors. International journal of behavioral medicine, 24:673—682.

Guzman, L. A., Oviedo, D., and Cantillo-Garcia, V. A. (2024). Is proximity
enough? A critical analysis of a 15-minute city considering individual per-
ceptions. Cities, 148:104882.

Hadavi, S. (2017). Direct and indirect effects of the physical aspects of the envi-
ronment on mental well-being. Environment and Behavior, 49(10):1071-1104.

41



Han, J., Chong, A., Lim, J., Ramasamy, S., Wong, N. H., and Biljecki, F. (2024).
Microclimate spatio-temporal prediction using deep learning and land use data.
Building and Environment, 253:111358.

Haraguchi, M., Funahashi, T., and Biljecki, F. (2024). Assessing governance
implications of city digital twin technology: A maturity model approach. Tech-
nological Forecasting and Social Change, 204:123409.

Hardeman, W., Houghton, J., Lane, K., Jones, A., and Naughton, F. (2019). A sys-
tematic review of just-in-time adaptive interventions (jitais) to promote physical
activity. International Journal of Behavioral Nutrition and Physical Activity,
16:1-21.

He, B.-J., Zhao, D., Dong, X., Xiong, K., Feng, C., Qi, Q., Darko, A., Sharifi, A.,
and Pathak, M. (2022). Perception, physiological and psychological impacts,
adaptive awareness and knowledge, and climate justice under urban heat: A
study in extremely hot-humid chongqing, china. Sustainable Cities and Society,

79:103685.

Henshaw, V. (2013). Urban smellscapes: Understanding and designing city smell
environments. Routledge.

Hulme, K., Safari, R., Thomas, S., Mercer, T., White, C., Van der Linden,
M., and Moss-Morris, R. (2018). Fatigue interventions in long term, phys-

ical health conditions: a scoping review of systematic reviews. PloS one,
13(10):0203367.

Ignatius, M., Lim, J., Gottkehaskamp, B., Fujiwara, K., Miller, C., and Biljecki, F.
(2024). Digital Twin and Wearables Unveiling Pedestrian Comfort Dynamics
and Walkability in Cities. ISPRS Annals of Photogrammetry, Remote Sensing
& Spatial Information Sciences, 10.

Ismail, T. and Al Thani, D. (2022). Design and evaluation of a just-in-time adap-
tive intervention (jitai) to reduce sedentary behavior at work: experimental
study. JMIR Formative Research, 6(1):e34309.

Ito, K., Kang, Y., Zhang, Y., Zhang, F., and Biljecki, F. (2024a). Understanding
urban perception with visual data: A systematic review. Cities, 152:105169.

Ito, K., Quintana, M., Han, X., Zimmermann, R., and Biljecki, F. (2024b). Trans-
lating street view imagery to correct perspectives to enhance bikeability and

42



walkability studies. International Journal of Geographical Information Sci-
ence, 38(12):2514-2544.

Jayathissa, P., Quintana, M., Abdelrahman, M., and Miller, C. (2020). Humans-as-
a-sensor for buildings—intensive longitudinal indoor comfort models. Build-
ings, 10(10):174.

Jian, I. Y., Chan, E. H., Xu, Y., and Owusu, E. K. (2021). Inclusive public open
space for all: Spatial justice with health considerations. Habitat International,
118:102457.

Judge, T. A. et al. (1994). Person—organization fit and the theory of work ad-
justment: Implications for satisfaction, tenure, and career success. Journal of
Vocational behavior, 44(1):32-54.

Kahana, E. (1982). A congruence model of person-environment interaction. Aging
and the environment: Theoretical approaches, pages 97-121.

Kang, Y., Zhang, F., Gao, S., Lin, H., and Liu, Y. (2020). A review of urban phys-
ical environment sensing using street view imagery in public health studies.
Annals of GIS, 26(3):261-275.

Kawakubo, S., Sugiuchi, M., and Arata, S. (2023). Office thermal environment
that maximizes workers’ thermal comfort and productivity. Building and Envi-
ronment, 233:110092.

Ketzler, B., Naserentin, V., Latino, F., Zangelidis, C., Thuvander, L., and Logg,
A. (2020). Digital twins for cities: A state of the art review. Built Environment,
46(4):547-573.

Klasnja, P., Hekler, E. B., Shiffman, S., Boruvka, A., Almirall, D., Tewari, A.,
and Murphy, S. A. (2015). Microrandomized trials: An experimental design for
developing just-in-time adaptive interventions. Health Psychology, 34(S):1220.

Kocak, B. and Sancaktutan, E. (2025). Healthy Cities and World Health Organi-
zation Healthy Cities Project. Cities, 163:106043.

Kondo, K., Mabon, L., Bi, Y., Chen, Y., and Hayabuchi, Y. (2021). Balancing
conflicting mitigation and adaptation behaviours of urban residents under cli-
mate change and the urban heat island effect. Sustainable Cities and Society,
65:102585.

43



Lam, C. K. C,, Yang, H., Yang, X., Liu, J., Ou, C., Cui, S., Kong, X., and Hang,
J. (2020). Cross-modal effects of thermal and visual conditions on outdoor
thermal and visual comfort perception. Building and Environment, 186:107297.

Lei, B., Janssen, P., Stoter, J., and Biljecki, F. (2023a). Challenges of urban digital
twins: A systematic review and a delphi expert survey. Automation in Construc-
tion, 147:104716.

Lei, B., Liu, P, Liang, X., Yan, Y., and Biljecki, F. (2025). Developing the ur-
ban comfort index: Advancing liveability analytics with a multidimensional

approach and explainable artificial intelligence. Sustainable Cities and Society,
120:106121.

Lei, B., Su, Y., and Biljecki, F. (2023b). Humans as sensors in urban digital twins.
In International 3D Geolnfo Conference, pages 693—706. Springer.

Lei, Y., Tekler, Z. D., Zhan, S., Miller, C., and Chong, A. (2024). Experimental
evaluation of thermal adaptation and transient thermal comfort in a tropical
mixed-mode ventilation context. Building and Environment, 248:111043.

Lewin, K. (1943). Defining the’field at a given time.’. Psychological review,
50(3):292.

Li, J., Sun, S., and Li, J. (2021). The dawn of vulnerable groups: The inclusive
reconstruction mode and strategies for urban villages in china. Habitat Inter-
national, 110:102347.

Li, K. and Liu, M. (2024). Combined influence of multi-sensory comfort in winter
open spaces and its association with environmental factors: Wuhan as a case
study. Building and Environment, 248:111037.

Lim, J., Ignatius, M., Gottkehaskamp, B., and Wong Hien, N. (2024). Interactive
Urban Heat Island Assessment: Dynamic Data Fusion in Digital Twins. In
ASim Conference 2024, volume 5, pages 419-426. IBPSA-Asia.

Liu, J., Kang, J., Behm, H., and Luo, T. (2014). Effects of landscape on sound-
scape perception: Soundwalks in city parks. Landscape and urban planning,
123:30-40.

Liu, K., Yan, Z., Liang, X., Kantola, R., and Hu, C. (2024). A survey on
blockchain-enabled federated learning and its prospects with digital twin. Dig-
ital Communications and Networks, 10(2):248-264.

44



Liu, P., Zhao, T., Luo, J., Lei, B., Frei, M., Miller, C., and Biljecki, F. (2023).
Towards human-centric digital twins: leveraging computer vision and graph
models to predict outdoor comfort. Sustainable Cities and Society, 93:104480.

Liu, Y., Liu, X., Gao, S., Gong, L., Kang, C., Zhi, Y., Chi, G., and Shi, L. (2015).
Social sensing: A new approach to understanding our socioeconomic environ-
ments. Annals of the Association of American Geographers, 105(3):512-530.

Luo, J., Liu, P, and Cao, L. (2022). Coupling a physical replica with a digital
twin: A comparison of participatory decision-making methods in an urban park
environment. ISPRS International Journal of Geo-Information, 11(8):452.

Luo, J., Liu, P, Xu, W., Zhao, T., and Biljecki, F. (2025). A perception-powered
urban digital twin to support human-centered urban planning and sustainable
city development. Cities, 156:105473.

Ma, H., Zhang, Y., Liu, P, Zhang, F., and Zhu, P. (2024). How does spatial struc-
ture affect psychological restoration? a method based on graph neural networks
and street view imagery. Landscape and Urban Planning, 251:105171.

Ma, X., Chau, C. K., and Lai, J. H. K. (2021). Critical factors influencing the com-
fort evaluation for recreational walking in urban street environments. Cities,
116:103286.

Marcal Russo, L., Dane, G., Helbich, M., Ligtenberg, A., Filomena, G., Janssen,
C. P, Koeva, M., Nourian, P., Patuano, A., Raposo, P, et al. (2025). Do urban
digital twins need agents? Environment and Planning B: Urban Analytics and
City Science, page 23998083251317666.

Mazzetto, S. (2024). A review of urban digital twins integration, challenges, and
future directions in smart city development. Sustainability, 16(19):8337.

McCormack, G. R., Rock, M., Toohey, A. M., and Hignell, D. (2010). Character-
istics of urban parks associated with park use and physical activity: A review
of qualitative research. Health & place, 16(4):712-726.

Miller, C., Chua, Y. X., Frei, M., and Quintana, M. (2022). Towards smartwatch-
driven just-in-time adaptive interventions (jitai) for building occupants. In
Proceedings of the 9th ACM International Conference on Systems for Energy-
Efficient Buildings, Cities, and Transportation, BuildSys ’22, pages 336-339.
ACM.

45



Miller, C., Chua, Y. X., Quintana, M., Lei, B., Biljecki, F., and Frei, M. (2025).
Make yourself comfortable: Nudging urban heat and noise mitigation with
smartwatch-based Just-in-time Adaptive Interventions (JITAI). Building and
Environment, 284:113388.

Moroni, S., Rauws, W., and Cozzolino, S. (2020). Forms of self-organization:
Urban complexity and planning implications. Environment and Planning B:
Urban Analytics and City Science, 47(2):220-234.

Miiller, A. M., Blandford, A., and Yardley, L. (2017). The conceptualization of a
just-in-time adaptive intervention (jitai) for the reduction of sedentary behavior
in older adults. Mhealth, 3.

Nahum-Shani, 1., Hekler, E. B., and Spruijt-Metz, D. (2015). Building health be-
havior models to guide the development of just-in-time adaptive interventions:
A pragmatic framework. Health psychology, 34(S):1209.

Nahum-Shani, 1., Smith, S. N., Spring, B. J., Collins, L. M., Witkiewitz, K.,
Tewari, A., and Murphy, S. A. (2018). Just-in-time adaptive interventions (ji-
tais) in mobile health: key components and design principles for ongoing health
behavior support. Annals of Behavioral Medicine, pages 1-17.

Nandhakumar, J. and Jones, M. (1997). Too close for comfort? distance and

engagement in interpretive information systems research. Information systems
journal, 7(2):109-131.

Niitamo, A. (2024). On a critical walk: The politicisation of pedestrian planning
as a tension in participatory planning. Cities, 149:104968.

Nikolopoulou, M., Baker, N., and Steemers, K. (2001). Thermal comfort in
outdoor urban spaces: understanding the human parameter. Solar energy,
70(3):227-235.

Niu, T., Chen, Y., and Yuan, Y. (2020). Measuring urban poverty using multi-
source data and a random forest algorithm: A case study in guangzhou. Sus-
tainable Cities and Society, 54:102014.

Nochta, T. and Oti-Sarpong, K. (2024). Participation matters: The social construc-
tion of digital twins for cities. Environment and Planning B: Urban Analytics
and City Science, page 23998083241305695.

46



Nochta, T., Wan, L., Schooling, J. M., and Parlikad, A. K. (2021). A socio-
technical perspective on urban analytics: The case of city-scale digital twins.
Journal of Urban Technology, 28(1-2):263-287.

Oloonabadi, S. A. and Baran, P. (2023). Augmented reality participatory plat-
form: A novel digital participatory planning tool to engage under-resourced
communities in improving neighborhood walkability. Cities, 141:104441.

Ortman, S. G., Lobo, J., and Smith, M. E. (2020). Cities: Complexity, theory and
history. Plos one, 15(12):¢0243621.

Oseland, N. and Hodsman, P. (2018). A psychoacoustical approach to resolving
office noise distraction. Journal of Corporate Real Estate, 20(4):260-280.

Oswald, F., Hieber, A., Wahl, H.-W., and Mollenkopf, H. (2005). Ageing and
person—environment fit in different urban neighbourhoods. European journal
of ageing, 2:88-97.

Otterbring, T., Bodin Danielsson, C., and Pareigis, J. (2021). Office types and
workers’ cognitive vs affective evaluations from a noise perspective. Journal of
Managerial Psychology, 36(4):415-431.

Ovstedal, L. and Ryeng, E. O. (2002). Understanding pedestrian comfort in eu-
ropean cities: How to improve walking conditions. In European Transport
Conference, pages 9-11.

Park, S. and Lee, S. (2017). Age-friendly environments and life satisfaction
among south korean elders: Person—environment fit perspective. Aging & men-
tal health, 21(7):693-702.

Patel, U. R., Ghaffarianhoseini, A., Ghaffarianhoseini, A., and Burgess, A. (2024).
Digital Twin Technology for sustainable urban development: A review of its
potential impact on SDG 11 in New Zealand. Cities, 155:105484.

Perovic, S. and Folic, N. K. (2012). Visual perception of public open spaces in
niksic. Procedia-Social and Behavioral Sciences, 68:921-933.

Perski, O., Hébert, E. T., Naughton, F., Hekler, E. B., Brown, J., and Businelle,
M. S. (2022). Technology-mediated just-in-time adaptive interventions (jitais)

to reduce harmful substance use: a systematic review. Addiction, 117(5):1220—
1241.

47



Phillips, D. R., Cheng, K. H., Yeh, A. G., and Siu, O.-L. (2010). Per-
son—environment (p—e) fit models and psychological well-being among older
persons in hong kong. Environment and Behavior, 42(2):221-242.

Pijanowski, B. C., Farina, A., Gage, S. H., Dumyahn, S. L., and Krause, B. L.
(2011). What is soundscape ecology? an introduction and overview of an
emerging new science. Landscape ecology, 26:1213-1232.

Radun, J. and Hongisto, V. (2023). Perceived fit of different office activities—the
contribution of office type and indoor environment. Journal of Environmental
Psychology, 89:102063.

Sanchez-Sepulveda, M. V., Navarro-Martin, J., Fonseca-Escudero, D., Amo-
Filva, D., and Antunez-Anea, F. (2024). Exploiting urban data to address
real-world challenges: Enhancing urban mobility for environmental and social
well-being. Cities, 153:105275.

Schneider, B. (1987). The people make the place. Personnel psychology,
40(3):437-453.

Seo, B. K. (2022). Co-creation of knowledge in the urban planning context:
The case of participatory planning for transitional social housing in hong kong.
Cities, 122:103518.

Sevtsuk, A., Kollar, J., Pratama, D., Basu, R., Haddad, J., Alhassan, A., Chancey,
B., Halabi, M., Makhlouf, R., and Abou-Zeid, M. (2024). Pedestrian-oriented
development in beirut: A framework for estimating urban design impacts on

pedestrian flows through modeling, participatory design, and scenario analysis.
Cities, 149:104927.

Sharma, A., Kosasih, E., Zhang, J., Brintrup, A., and Calinescu, A. (2022). Dig-
ital twins: State of the art theory and practice, challenges, and open research
questions. Journal of Industrial Information Integration, 30:100383.

Shooshtarian, S., Lam, C. K. C., and Kenawy, 1. (2020). Outdoor thermal comfort
assessment: A review on thermal comfort research in australia. Building and
Environment, 177:106917.

Stough, T., Cressie, N., Kang, E., Michalak, A., and Sahr, K. (2020). Spatial
analysis and visualization of global data on multi-resolution hexagonal grids.
Japanese Journal of Statistics and Data Science, 3(1):107-128.

48



Tartarini, F., Frei, M., Schiavon, S., Chua, Y. X., and Miller, C. (2023). Cozie
Apple: An iOS mobile and smartwatch application for environmental quality
satisfaction and physiological data collection. In Journal of Physics: Confer-
ence Series, volume 2600, page 142003. IOP Publishing.

Tzachor, A., Sabri, S., Richards, C. E., Rajabifard, A., and Acuto, M. (2022).
Potential and limitations of digital twins to achieve the sustainable development
goals. Nature Sustainability, 5(10):822-829.

Ulrich, R. S., Simons, R. E., Losito, B. D., Fiorito, E., Miles, M. A., and Zelson,
M. (1991). Stress recovery during exposure to natural and urban environments.
Journal of environmental psychology, 11(3):201-230.

Van Vianen, A. E. (2018). Person—environment fit: A review of its basic tenets.
Annual Review of Organizational Psychology and Organizational Behavior,

5(1):75-101.

Van Winden, W. and Van den Buuse, D. (2017). Smart city pilot projects: Explor-

ing the dimensions and conditions of scaling up. Journal of Urban Technology,
24(4):51-72.

Villanueva-Merino, A., Urra-Uriarte, S., Izkara, J. L., Campos-Cordobes, S.,
Aranguren, A., and Molina-Costa, P. (2024). Leveraging local digital twins
for planning age-friendly urban environments. Cities, 155:105458.

Wang, L. and Miller, L. C. (2020). Just-in-the-moment adaptive interventions
(jitai): a meta-analytical review. Health Communication, 35(12):1531-1544.

Wang, M. and Vermeulen, F. (2021). Life between buildings from a street view
image: What do big data analytics reveal about neighbourhood organisational
vitality? Urban Studies, 58(15):3118-3139.

Wang, R., Lu, Y., Zhang, J., Liu, P.,, Yao, Y., and Liu, Y. (2019). The relationship
between visual enclosure for neighbourhood street walkability and elders” men-

tal health in china: Using street view images. Journal of Transport & Health,
13:90-102.

Wei, J., Bora, A., Oommen, V., Dong, C., Yang, J., Adie, J., Chen, C., See, S.,
Karniadakis, G., and Mengaldo, G. (2025). XAI4Extremes: An interpretable

49



machine learning framework for understanding extreme-weather precursors un-
der climate change. In ICLR 2025 Workshop on Tackling Climate Change with
Machine Learning.

White, G., Zink, A., Codecd, L., and Clarke, S. (2021). A digital twin smart city
for citizen feedback. Cities, 110:103064.

Wozniak, S. and Szymanski, P. (2021). Hex2vec: Context-aware embedding h3
hexagons with openstreetmap tags. In Proceedings of the 4th ACM SIGSPA-
TIAL International Workshop on Al for Geographic Knowledge Discovery,
pages 61-71.

Wu, R., Wang, J., Zhang, D., and Wang, S. (2021). Identifying different types of
urban land use dynamics using point-of-interest (poi) and random forest algo-
rithm: The case of huizhou, china. Cities, 114:103202.

Xiong, B., Newton, S., and Skitmore, M. (2022). Towards a conceptual model
of the job performance of construction professionals: A person-environment fit

perspective. International Journal of Construction Management, 22(7):1308—
1322.

Xu, H., Omitaomu, F., Sabri, S., Zlatanova, S., Li, X., and Song, Y. (2024).
Leveraging generative Al for urban digital twins: a scoping review on the au-
tonomous generation of urban data, scenarios, designs, and 3D city models for
smart city advancement. Urban Informatics, 3(1):29.

Xu, Z. and Smit, E. (2023). Using a complexity science approach to evaluate the
effectiveness of just-in-time adaptive interventions: A meta-analysis. Digital
Health, 9:20552076231183543.

Xue, P, Jia, X., Lai, D., Zhang, X., Fan, C., Zhang, W., and Zhang, N.
(2021). Investigation of outdoor pedestrian shading preference under several

thermal environment using remote sensing images. Building and environment,
200:107934.

Yang, M.-J., Sutton, S. K., Hernandez, L. M., Jones, S. R., Wetter, D. W., Ku-
mar, S., and Vinci, C. (2023). A just-in-time adaptive intervention (jitai) for
smoking cessation: Feasibility and acceptability findings. Addictive behaviors,
136:107467.

50



Yang, W. and Kang, J. (2005). Acoustic comfort evaluation in urban open public
spaces. Applied acoustics, 66(2):211-229.

Ye, X., Du, J., Han, Y., Newman, G., Retchless, D., Zou, L., Ham, Y., and Cai,
Z. (2023). Developing human-centered urban digital twins for community in-
frastructure resilience: A research agenda. Journal of Planning Literature,
38(2):187-199.

Zabetian, E. and Kheyroddin, R. (2019). Comparative evaluation of relationship
between psychological adaptations in order to reach thermal comfort and sense
of place in urban spaces. Urban Climate, 29:100483.

Zhang, Z., Zhang, W., Zhang, S., Chen, Y., Wang, X., Fujii, Y., and Furuya, N.
(2024). Person-environment fit theory in built environment: a scoping review.
Journal of Asian Architecture and Building Engineering, pages 1-17.

Zhao, T., Liang, X., Tu, W., Huang, Z., and Biljecki, F. (2023). Sensing urban
soundscapes from street view imagery. Computers, Environment and Urban
Systems, 99:101915.

51



	Introduction
	Background and literature review
	The concept of just-in-time adaptive interventions
	Human-environment interaction in urban analytics
	The perception of outdoor comfort in urban environments

	Methodology
	A JITAIs framework for human comfort outdoors
	Watch-based microsurvey and intervention design
	Experimental deployment
	Multi-source data acquisition

	Results
	Phase 1: Human comfort outdoors varies from individuals and environmental features
	Phase 2: JITAIs help understand human comfort outdoors but fail to nudge behaviour changes
	Individual attributes and the interventions
	Feature impact on human comfort outdoors

	Discussion
	JITAIs framework and human-environment interaction
	Planning and policy implications
	Implications for urban digital twins
	Scalability and challenges
	Data privacy and ethics

	Limitations and future work

	Conclusion

