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Risk decision-making behavior in heritage tourism
destinations based on eye-tracking experiments in
Gulangyu, China

Yanan Du'?, Yuan Li'"2™ Mengsheng Yang"?, Yaomei Wang"?, Huanxia Bai'? & Jingxiong Huang® 3

With the increasing frequency and severity of both natural and man-made disasters, risk
decision-making behavior (RDMB) in heritage tourism destinations (HTDs) has gained
growing attention. Traditional studies lack a comprehensive quantification from a “human-
centered” perspective and ignore individual perceptual differences in earthquake scenarios,
particularly in HTDs with complex architectural layouts and diverse road systems. Taking
Gulangyu as a case study, this paper integrates behavioral decision theory (BDT) with the
Stimulus-Organism-Response (SOR) theory to construct a model for analyzing RDMB. The
Santa Barbara Sense of Direction Scale (SBSOD) was employed to assess participants’
directional ability, and video stimuli were used to evoke participants' risk perceptions. A Fully
Convolutional Network (FCN) was applied to semantically quantify street view images
(SVIs), while eye-tracking technology was used to monitor participants’ eye movements,
physiological responses, and behaviors. Additionally, a multiple linear regression model was
utilized to analyze the influence of street view elements (SVEs) on RDMB. The results show
that (1) in terms of psychological cognition, individuals with stronger sense of direction
exhibited fewer hesitation behaviors and more stable heart rates. (2) regarding physical
space, the elements affecting decision-making behavior in street views were ranked as fol-
lows: buildings, roads, sky, vegetation, other elements, and signage. (3) in terms of physio-
logical response, participants primarily used buildings and signage to identify their location,
followed by vegetation and the sky for environmental observation. Theoretically, this study
extends the application of SOR theory and BDT and proposes an analytical path involving
psychological cognitive stimulation, physical space quantification, and physiological response
(P-P-P). Methodologically, it integrates eye-tracking technology with deep learning (DL)
algorithms. Practically, this study provides a basis for improving disaster resilience, enhancing
tourist safety perception, and increasing the efficiency of emergency response in HTDs.
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Introduction

actors such as global climate change, urbanization, and

population growth have exacerbated the frequency and

severity of natural and human-made disasters (Lee et al,
2016; Zhang and Li, 2022). In 2019, natural disasters claimed
approximately 11,000 lives; in 2020, more than 138 million
individuals were impacted by natural disasters, resulting in eco-
nomic losses estimated at 370 billion RMB (Ritchie et al., 2022;
Wijkman and Timberlake, 2021). Furthermore, during the same
year, 9 heritage sites and 11 World Heritage properties were
subjected to 20 natural disaster events, posing significant chal-
lenges to the conservation and sustainable management of heri-
tage tourism destinations (HTD) (Li et al.,, 2023b). The United
Nations Sustainable Development Goals (SDG 3 and 11) stress
urban safety frameworks to foster inclusive, resilient, and sus-
tainable settlements (Hosagrahar et al., 2016). The Venice Charter
(Liang et al., 2023) and International Council on Monuments and
Sites (ICOMOS) (Singh, 2010) call for the implementation of
effective risk management mechanisms in disaster-prone HTDs.
However, heritage sites’ unique architecture, complex road sys-
tems, and disordered spatial layouts complicate disaster man-
agement compared to conventional tourist sites (Amen et al,
2023; Xu et al., 2020). Notably, emergency signage, as an auxiliary
facility in disaster management (Hegarty et al., 2005), enhances
refuge location recognition (Lynch, 1964; Raubal and Winter,
2002). Research shows that although only 38% of individuals
recognize signage, nearly all follow it (Xie et al., 2012). Therefore,
analyzing and quantifying risk decision-making behavior
(RDMB) in HTD is essential to optimize visual guidance, improve
evacuation efficiency, and promote sustainable development.

In the field of tourism, research on disaster management pri-
marily focuses on economic losses (Fuchs and Reichel, 2011; Lavy
et al,, 2023), disaster mitigation strategies (Kausar et al., 2024;
Ritchie and Jiang, 2019), physical and psychological risks (Mizrak
et al,, 2021; Qiu et al., 2021), and technological applications (Feng
et al.,, 2020; Wachtel et al., 2021). Cui et al. (Cui et al., 2016)
analyzed the impacts of natural disasters on tourists’ risk per-
ception and the economy. Daly et al. (Daly et al., 2023) proposed
disaster risk mitigation strategies like structural reinforcement
and community involvement, using the Nepal earthquake as a
case study. Trumbo et al. (Trumbo et al., 2016) studied cognitive
and emotional responses to disaster risks using a cognitive-
affective scale. Chan et al. (Chan et al., 2020), with the Kumamoto
earthquake, recommended early warning systems and GIS
monitoring to improve post-disaster recovery efficiency. Tradi-
tional risk decision-making studies rely on qualitative methods,
including surveys (Doi et al., 2015; Mahmud and Aljunid, 2018),
cognitive mapping (Montello, 2005), and think-aloud methods
(van Elzakker, 2004). With the rise of digital technologies,
methods like spatial syntax (Irsyad and Hitoshi, 2022), behavioral
mapping (Chen and Cheng, 2020a), two-step moving search
(Wang et al., 2024b), and Dijkstra’s algorithm (Cao et al.,, 2021)
enable quantitative analysis via spatial topology and behavioral
simulation. However, most of the existing methods are limited to
macro risk control and lack the study of the micro relationship
between spatial layout and individual behavior. Recent advance-
ments in data analysis have fostered human-centered research,
delving into behavioral motivations and emotional responses.
Compared with studies relying only on self-reported measures or
final route outcomes, eye-tracking provides objective evidence of
attention allocation during decision-making. This enables a
mechanistic analysis of how environmental cues influence route
choice. Eye-tracking, a key tool for evaluating tourist experience
and perception, has been applied in optimizing visitor experience
(Xie et al,, 2023), improving advertising effectiveness (Calderén-
Fajardo et al., 2024; Chen et al., 2024), managing visitor flow
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(Wang et al., 2024a), designing exhibitions (Rainoldi et al., 2020),
and product development (Yang et al., 2022). In recent years, the
role of this technology in risk decision-making research has
gradually emerged, e.g., improving navigation systems (Marchiori
and Cantoni, 2020; T6rok et al., 2018), identifying risks (Xie et al.,
2024), enhancing safety signage perception (Lai et al, 2024),
strengthening disaster prevention and control (Fang et al., 2022;
Li et al,, 2023a), preserving cultural heritage (Li et al., 2024; Li
et al,, 2022a), and analyzing the impact of spatial environment on
individual wayfinding behavior (Dong et al., 2022; Peebles et al.,
2007; Wang et al., 2018). However, current research focuses on
disaster mitigation strategies, with limited studies on RDMB in
HTD from a human-centered perspective, particularly regarding
individual orientation differences, complex environmental
impacts, and the lack of quantitative analyses to assess the impact
of street view elements (SVEs) on tourists’ decision-making in
disaster contexts using eye-tracking and image segmentation.

To further analyze RDMB in HTD, this study combines the
Santa Barbara Sense of Direction (SBSOD) scale, semantic seg-
mentation of street views, and eye-tracking technology to explore
decision-making mechanisms from a human-centered perspec-
tive. First, the SBSOD scale controls directional sense variables,
establishing the relationship between individual behavior and the
environment (Zhang et al., 2023b). Then, semantic segmentation
was applied to extract street view visual cues and quantify the
impact of the environment on attention distribution (Qiu et al,,
2023; Yin et al.,, 2023). Finally, eye-tracking analysis was used to
examine the role of SVEs in guiding attention and optimizing
evacuation routes (De la Fuente Sudrez, 2020). It should be noted
that eye-tracking metrics were used to describe task specific
attention allocation and information search, with interpretation
bounded by observable behavior and statistical associations. The
study contributions include the following. (1) SBSOD was used to
control key individual differences, providing a basis for behavioral
analyses. (2) The application of the SOR framework and beha-
vioral decision theory was extended to develop an analytical
framework linking cognitive stimuli, quantified physical space,
and physiological responses. (3) An analysis workflow was pro-
posed that integrates cue quantification, attention allocation
analysis, and behavioral outcome comparison. (4) Coordinated
optimization recommendations were developed for residents,
tourists, site managers, and government agencies to inform
emergency evacuation management and spatial improvement
in HTD.

Literature review

Mitigation strategies and disaster management for HTDs.
Tourism crises refer to events that threaten normal operation, not
only affecting tourists” sense of safety and appeal to the destina-
tion, but also potentially leading to a decline in the tourism
economy and business interruptions (Mair et al., 2016; S6nmez
and Allen, 1994). For example, the 1999 Taiwan earthquake
(magnitude 7.6) led to a 15% decrease in international tourists
(Huang and Min, 2002); the 2011 Great East Japan Earthquake
(magnitude 9.0) resulted in a 27.8% decrease in international
inbound tourists (Abe and Potroz, 2021); and the 2015 Nepal
earthquake (magnitude 7.8) caused nearly 9000 deaths, the
destruction of hundreds of heritage sites, and $6.3 billion in
tourism losses, 45.6% of total losses (Sharma and Tham, 2021).
To address the impact of disasters on tourism, various disaster
reduction strategies have been proposed. Choi et al. (Choi et al.,
2023) analyzed tourists’ disaster response behaviors during
earthquakes using questionnaires and logistic regression, pro-
posing disaster education, optimized shelter configurations, and
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improved information dissemination. Ma et al. (Ma et al., 2020)
suggested strategies like pre-disaster preparedness, emergency
response, and image restoration to enhance tourists’ risk per-
ception. Amelia et al. (Amelia et al., 2024), integrating GIS with
multi-risk assessments, proposed safety planning and community
resilience strategies based on risk maps. While pre-disaster
planning is essential for disaster management (Santana, 2004), the
2011 Great East Japan Earthquake showed the significant impact
of inadequate evacuation guidance on evacuation efficiency and
safety (Makinoshima et al, 2021). Therefore, it is crucial to
optimize evacuation path design and guidance. Nahum et al.
(Nahum et al, 2020) used beacon navigation to improve eva-
cuation routes and enhance evacuation efficiency. Mohammed
et al. (Mohammed et al., 2023) identified congestion areas
through pedestrian simulations and proposed suggestions for
optimizing channels, adding signs, adjusting exits, and diverting
evacuation flows. However, existing research has shortcomings in
areas such as tourists’ risk perception (Cioccio and Michael,
2007), evacuation planning (Wang and Ritchie, 2012), risk per-
ception assessment (Matyas et al., 2011; Xie et al., 2021), and
disaster management methods (Blackman et al., 2011; Hall et al,,
2019; Urbina and Wolshon, 2003), lacking a “human-centered”
approach to RDMB in HTD.

RDMB based on psychological and cognitive processes. In
RDMB, differences in sense of direction directly affect wayfinding
efficiency (Castelli et al., 2008; Verghote et al., 2019). The SBSOD
scale, proposed by Hegarty in 2002, is widely validated as an
effective tool for assessing spatial orientation ability (Davies et al.,
2017; Hegarty et al., 2002; Meneghetti et al., 2014). Studies show
that individuals with a higher sense of direction scores perform
better in wayfinding speed, accuracy (Kozhevnikov and Hegarty,
2001), backtracking behavior (BTB) (Kato and Takeuchi, 2003),
and strategy application (Jamshidi et al.,, 2020). Lin and Wang
(Lin and Wang, 2011) found that individuals with a stronger
sense of direction respond faster and experience lower cognitive
load when using electronic maps. Koletsis (Koletsis et al., 2017),
using Tobii Pro Glasses hardware, observed that users with
weaker spatial abilities tend to overlook environmental cues and
prefer small-scale landmark-based navigation. Tahir (Tahir and
Krogstie, 2023) noted a negative correlation between weaker
spatial ability and Perceived cognitive load and hesitant behavior.
Ishikawa T (Ishikawa and Zhou, 2020) found that individuals
with a weaker sense of direction struggle to significantly improve
orientation ability through training. The SBSOD scale improves
experimental accuracy, provides theoretical support for efficient
wayfinding system design, thus serving as a basis for personalized
training and route guidance, and enhancing disaster emergency
response capabilities (Shamsuddin and Din, 2016). However,
existing research has limitations: (1) the applicability of the scale
in complex environments, such as HTD, remains inadequately
verified; (2) there is insufficient empirical support for interven-
tions addressing spatial ability differences; and (3) inadequate
integration of risk decision-making and cognitive behavior
theories.

RDMB on physical space. In The Image of the City, Kevin Lynch
proposed five elements of urban design: paths, edges, districts,
nodes, and landmarks (Anagnostopoulos et al., 2017), forming
the basic structure of urban space (Manghi and Denis, 2003) and
reflecting human cognition of space (Siegel and White, 1975).
Traditional environmental perception research relies on methods
including questionnaires, interviews, and field observations
(Brancato et al., 2022; Chen and Cheng, 2020b; Ji et al., 2021).
However, with the development of deep learning (DL) and big

data technologies, image segmentation has significantly improved
analysis efficiency (Zhang et al, 2023a). Raubal (Raubal and
Winter, 2002), based on Sorrows and Hirtle’s framework, pro-
posed a landmark salience model, suggesting that visual,
semantic, and structural factors are the main determinants of
landmark use. Fan (Fan et al,, 2023) analyzed SVIs using com-
puter vision models to reveal the correlation between urban visual
characteristics and community socio-economic conditions, indi-
cating that urban features predict indicators like travel behavior,
poverty, crime rates, and health. Wu (Wu et al., 2024), combining
Baidu SVI, DL, and spatial syntax, analyzed different population
groups’ perceptions of urban street resilience and street accessi-
bility, proposed a framework for integrating resilience perception
into street planning. Image segmentation and DL extracts spatial
elements from SVIs, supporting the quantification of urban
design elements, enhancing analysis efficiency, and reducing
human intervention. These provide a data foundation for RDMB,
evacuation paths, and shelter planning, aiding governments and
communities in formulating precise disaster emergency plans and
enhancing safety in heritage sites. However, current research faces
limitations in integrating traditional methods with modern
technologies, perception with street planning, and applying image
segmentation and DL.

RDMB based on physiological characteristics. Technological
advances provide new perspectives on human-computer inter-
action, with eye-tracking considered a window into internal
cognitive processes (Rayner, 1998). Delikostidis (Delikostidis,
2011) employed a mobile eye-tracking approach, coupled with
audible thought, to assess the usability of a real-world mobile
navigation system. Liao (Liao et al., 2022c) investigated partici-
pants’ map-matching strategies using a mobile eye-tracker,
focusing on higher cognitive processes related to spatial orien-
tation and self-localization during wayfinding. Zhou et al. (Zhou
et al., 2020) studied gender differences in map navigation per-
formance under time pressure in a real indoor subway environ-
ment. Liao (Liao et al., 2019) leveraged DL to infer user tasks
from eye-tracking data during pedestrian navigation. Yu (Yu
et al.,, 2023) used eye-tracking to simulate subway station way-
finding and found differences in behavior under varying pressure
levels. In the context of RDMB, Ding (Ding, 2020) and Chen
(Chen et al., 2020) used wearable eye-tracking devices to assess
evacuation sign design effectiveness and proposed optimization
strategies for sign placement, color, graphics, and flashing. Zhao
(Zhao et al., 2020) utilized GPS and eye-tracking devices to
investigate tourists’ interactions with signage systems during
wayfinding in public spaces, analyzing the correlation between
visual attention and wayfinding efficiency. Eye-tracking experi-
ments provide evidence for the development of evacuation stra-
tegies aligned with human cognitive mechanisms and instinctive
responses by capturing dynamic behaviors during evacuation and
revealing attention allocation, information processing, and
decision-making processes, thus reflecting cognitive states and
behavioral intentions in RDMB (Bednarik et al., 2012; Duchowski
and Duchowski, 2017; Opach and Nossum, 2011). However,
existing research has limitations in understanding cognitive
processes, differences in pressure and task contexts, and effec-
tively integrating eye-tracking data with other behavioral data.

RDMB analysis based on svis and eye-tracking. With the
development of eye-tracking and image segmentation techniques,
spatial elements in SVIs are accurately extracted, revealing the
influence of the urban environment on individual behavior and
risk decision-making, providing new research perspectives
for urban perception, safety assessment, and emergency
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management. For example, Liao (Liao et al., 2022b) used eye-
tracking data to infer users’ spatial familiarity with urban envir-
onments, applying DL methods to analyze key eye-tracking fea-
tures that influence spatial familiarity judgments. Yao (Yao et al.,
2019) constructed a human-computer adversarial scoring fra-
mework, combining DL and iterative feedback to quickly and
efficiently assess urban perception. Naik et al. (Naik et al., 2016)
proposed a computer vision algorithm to measure the perceived
safety of street views. Gou A (Gou et al, 2022a) used neural
networks to analyze the green view index and its influencing
factors on streets in Jing’an District, Shanghai, providing scientific
evidence for human-centered planning and street green space
renovation. The combination of eye-tracking and image seg-
mentation technologies enables precise extraction of spatial ele-
ments from street views, analyzing individual attention allocation
and RDMB in disaster scenarios. From the perspectives of both
visual and spatial environments, this approach provides data
support for urban perception (Karim, 2023), interface optimiza-
tion (DOrner et al., 2024), safety monitoring (Wu et al., 2022a),
and emergency evacuation (Huang et al, 2021), supporting
governments and communities in optimizing evacuation routes,
shelter layouts, and enhance public safety. However, existing
research lacks sufficient validation in complex scenarios such as
HTD and disaster emergencies, while failing to integrate these
technologies with cognitive behavior theories and psychological
models, overlooking the impact of situational factors such as
stress and anxiety on RDMB.

In summary, although existing research has made progress in
applying eye-tracking, image segmentation, and DL technologies
to risk decision-making, there are still shortcomings regarding
theoretical frameworks, technology integration, and practical
applications. This is especially true for “human-centered” risk
decision-making research in HTD, where the “psychological-
physical-physiological” factors have not been fully considered.

Theoretical framework

Kevin Lynch’s five elements of spatial organization laid the foun-
dation for wayfinding behavior research, emphasizing the role of
environmental elements in cognition and path selection. Based on
this, Arthur and Passini (Arthur and Passini, 1992) proposed
treating signage, maps, textual descriptions, architecture, and urban
spaces as wayfinding information, dividing the process into three
stages: information processing, decision-making, and decision
execution. However, wayfinding processes are not entirely rational.
Simon (Simon, 1955), through behavioral decision theory (BDT),
revealed the influence of cognitive biases, emotions, and environ-
mental factors on decision-making. Wang (Wang et al,, 2016)
applied BDT to analyze commuters’ behavior and risk preferences
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in path selection, explaining decision-making under time pressure
and safety concerns. Unlike the application of theories such as the
theory of planned behavior (TPB) (Tan et al, 2022; Zar-
emohzzabieh et al., 2021), game theory (Ibrahim et al., 2019; Zheng
and Cheng, 2011), and protection motivation theory (Kurata et al.,
2023) in emergency evacuation research, BDT focuses on
explaining bounded rationality during evacuation, revealing the
roles of psychological, physical, and physiological factors in
decision-making. Although BDT can effectively explain cognitive
biases and emotional factors in individual decision-making, there is
no systematic research framework for the behavioral decision-
making process in emergency evacuation scenarios.

The Stimulus-Organism-Response (SOR) model was first
proposed by Woodworth (Woodworth, 1918) to explain how
external stimuli trigger different responses through an indivi-
dual’s internal state. Mehrabian and Russell (Mehrabian and
Russell, 1974) extended this theory based on environmental
psychology, exploring the impact of environmental stimuli (S) on
an individual’s (O) emotions and cognition, which drive beha-
vioral response (R), emphasizing the influence of the environ-
ment on human emotions and behavior. Pahrudin (Pahrudin
et al, 2023) applied the SOR model to analyze the impact of
disaster information on tourists’ emotions and cognition, subse-
quently altering their evacuation behavior. Li (Li et al., 2021a)
found, through the SOR model, that the stimulus of the pandemic
environment affects individuals’ emotions, thereby influencing
their purchasing behavior. In tourism decision-making behavior
research, environmental changes and emotional fluctuations act
as stimuli, with tourists as the organism, and responses including
changes in evacuation and purchasing behavior. Thus, the SOR
framework effectively reflects the impact of environmental
changes on tourists” behavior.

The TPB explains the formation of behavioral intentions, and
the SOR theory gives a theoretical framework for environmental
stimuli to influence behaviors through emotion and cognition, and
the combination of both helps to comprehensively understand the
behavioral process of RDMB. This study, based on the BDT and
the SOR framework, combines the SBSOD scale, scenario simu-
lation, eye-tracking experiments, semantic segmentation technol-
ogy, and DL algorithms to construct an analytical pathway of P-P-
P, exploring individuals’ risk perception and path selection during
earthquake emergency evacuation. Specifically, the stimulus (S)
induces emotional responses through video simulations; the
organism (O) uses semantic segmentation to extract spatial ele-
ments from SVIs and assesses the impact of environmental factors
on attention distribution; the response (R) is monitored through
eye-tracking technology to capture physiological, eye-tracking,
and behavioral responses, revealing the risk perception and
decision-making process (Fig. 1). This framework provides
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Fig. 1 Theoretical framework.
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technical support and scientific evidence for optimizing environ-
mental design, alleviating evacuation anxiety, and developing
precise evacuation plans to enhance public safety.

Materials and methods

Study area. Gulangyu (N24°26'517, E118°3'43”) is located in
Xijamen, Fujian Province, with an area of 1.88 square kilometers.
Known as the Museum of International Architecture, Gulangyu
was listed as a UNESCO World Heritage site in 2017 for its
“Historic International Settlement” status, attracting a large
number of domestic and international tourists (Li et al., 2021b; Li
et al,, 2023c), as shown in Fig. 2. Due to its island topography,
most of Gulangyu’s streets were formed before the 1930s, pre-
senting a narrow, winding layout designed primarily for pedes-
trians. This not only increases the difficulty of evacuating tourists
but also heightens the risk of tourists getting lost due to old
buildings and an uneven signage system. Every year, tourists seek
help due to getting lost (Li et al., 2017; Li Yuan et al., 2017; Shi
et al., 2023). Moreover, the vulnerability of Gulangyu’s historical
buildings and its unique geographical location expose it to higher
risks during disasters. Under disaster conditions, once transpor-
tation is disrupted, anxiety and the difficulty of seeking shelter
will significantly increase. These characteristics make Gulangyu
an exemplary case for studying emergency evacuation and risk
management. Its rich historical buildings and high tourist traffic
provide a typical background. The complex street layout and
inadequate signage system highlight the necessity of improving
evacuation efficiency. Its special geographical location and
transportation modes offer real-world scenarios for studying

RDMB. Finally, its high-risk characteristics and cultural heritage
value provide a universal framework and practical reference for
research on risk management and tourist safety strategies.

Research framework. The procedure follows three steps (Fig. 3):
(1) Data input: The emergency evacuation routes at heritage sites
adhere to a “point-line-plane” linking method. Through onsite
signage and route surveys, simulating the perspective of evacuees,
data points are established at all island intersections to form
evacuation routes. (2) Experimental stage: Begins with the eva-
luation of participants’ sense of direction utilizing SBSOD. Par-
ticipants are introduced to the experimental scenario, where their
RDMB is observed via eye-tracking devices within a risk decision-
making platform. Based on this, the proportion of street elements
is quantified through image segmentation techniques to investi-
gate the impact of streetscape elements on RDMB. (3) Data
Output: The ordinary least squares (OLS) linear regression model
analyzes the correlation between the semantics of photographs
and eye-tracking data to identify key factors influencing RDMB at
HTD. Subsequently, based on these insights, recommendations
for the optimization of emergency signage are proposed.

Data sources. Photographs of intersections across Gulangyu
served as the primary data source. It can help desktop eye-
tracking technology circumvent equipment and technical pro-
blems (e.g., battery life, inaccurate GPS positioning, etc.), complex
environmental factors (e.g., traffic, weather, light, and noise, etc.),
and individual differences (e.g., walking speed, herd mentality,
etc.), that may occur in real-world environments (FRANCIONI
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and LENZERINI, 2008; Yu et al., 2018). To control the herd
mentality in RDMB, image collection occurred between 6 am and
10 am from 20 September to 20 November 2023, ensuring that
the captured images were free from human elements and inter-
ference. A total of 107 junction nodes and 500 sampling points
were collected through 9 rounds of research. All photographs
were taken using a lens with a focal length of 24 mm, with the
collection height controlled at 1.6 m. A total of 1326 images were
collected (Zhu et al., 2020), as shown in Fig. 2h. On this basis, 804
images devoid of human elements were selected as the initial
dataset. Analyzing the heatmap of pedestrian streamlines on
Gulangyu, the street park with the highest foot traffic was chosen
as the starting point (SP), and all the evacuation routes were
mapped, as depicted in Fig. 2d. After simulating the field routes,
the images were numbered (Fig. 2g). Meanwhile, the numbering
of the intersections and evacuation routes was carried out on the
GIS platform. The platform for RDMB selection of Gulangyu
intersection photographs was created based on the connection
between the numbers above, and RDMB of participants was
observed through the selection.

Experimental design and procedure

Participants. To ensure the reliability of experimental results, this
study selected college students with comparable cognitive levels as
participants, enrolling only adults aged 18 and above with full
informed consent capacity. During the pre-experimental phase,
10 participants were recruited to evaluate equipment stability,
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data accuracy, and procedural feasibility. The formal experi-
mental phase involved 40 participants (19 females, 21 males) with
an average age of 24 years (SD = 2.36), representing academic
backgrounds in geography, psychology, engineering, arts, and
management. After data screening, 6 cases were excluded as
invalid, including 2 participants with incomplete records due to
task interruption, 3 participants with missing physiological data
due to signal loss, and 1 participant with invalid data due to
calibration failure. The final valid sample comprised 34 partici-
pants with balanced gender distribution, all possessing normal or
corrected-to-normal vision.

Equipment. The experiment used a Gazepoint GP3 HD non-
invasive desktop eye tracker to collect data at a sampling rate of
60 Hz. The experimental stimuli were presented on two 19.45-
inch monitors with a screen resolution of 1920 x 1080 pixels, and
the recording accuracy of the eye tracker was 0.5°. Recorded
variables included gaze location and gaze pattern measures, and
concurrently captured fixation behavior, click counts, heart rate,
electrodermal activity, and pupil related measures (Table 2).
These data were used to compute the area of interest based on
gaze metrics and to analyse the route choice process. Eye-tracking
and associated physiological measures characterized attention
allocation and information search during the task and were
analysed in relation to click behavior. Interpretation was limited
to gaze distribution and choice behavior during the task, and the
measures were not used as direct evidence of participants’ cog-
nitive states or emotional conditions.
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Fig. 5 Participants’ basic personal information.

Procedure. The experiment comprised three stages (Fig. 4). In
Stage 1, participants received an explanation of the study purpose,
procedures, and precautions, including foreseeable risks, and
provided written informed consent. Participants were informed
that a non-invasive desktop eye tracker would collect visual data
for subsequent area of interest (AOI) metric analysis and visua-
lization. The study was assessed as minimal risk, with possible
transient eye fatigue or mild discomfort, and the earthquake video
may induce emotional fluctuation. Participants could pause, rest,
or withdraw at any time without adverse consequences. No direct
personal benefit was promised. The anticipated benefit was to
provide verifiable evidence to support evacuation organization,
wayfinding optimization, and emergency management in HTDs.
Participants then completed a questionnaire on basic character-
istics and sense of direction, and watched a 3-minute earthquake
video to establish the risk scenario.

Stage 2 consisted of a desktop eye tracking task. Before the task,
seating posture and viewing distance were adjusted, and a five point
calibration was conducted to ensure tracking accuracy. The task
included two parts. First, after being informed of the evacuation
start point and the shelter destination on the Gulangyu map,
participants drew a planned escape route on the map to record
route planning preferences. Participants then proceeded to a route
choice interface that presented SVIs of multiple intersections
together with preset route options. Based on the information
identified from the images, participants selected routes by clicking
to simulate the evacuation process until reaching the shelter. Task
duration varied with individual response speed. Eye tracking data
and click behavior were recorded concurrently during the task.

Stage 3 was a post task questionnaire used to collect
participants’ evaluations of the experimental process and
feedback.
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Data processing. Data processing and metric computation took
place after the experiment. Eye-tracking and associated physio-
logical data were managed in a coded and de-identified manner
and stored on an encrypted, access controlled drive, with access
restricted to authorized research team members. Results were
reported only in anonymized or aggregated form. The data will be
retained for five years after study completion and then securely
deleted. Names were stored separately from the eye tracking
dataset. The analytical dataset contained no names and was
linked to name information only via coded identifiers. The code
to name the linkage file was encrypted and access was limited to
the minimum necessary personnel.

Recording quality was checked by verifying calibration validity
and identifying tracking interruptions. AOIs were then defined
based on the task interface and street view content using
consistent criteria across participants and intersections. After
AOQI definition, gaze point and gaze event data were exported
using the Gazepoint analysis software, and gaze heatmaps and
gaze plots were generated from de-identified records. The data
were then cleaned according to predefined rules by processing or
excluding blinks, brief signal loss, and obvious noise. Core AOI
metrics were computed, including total fixation duration, fixation
count, time to first fixation, and revisit count, and summary tables
were exported for statistical analysis.

Methods. The majority of the sample population comprised
students, with 50% undergraduates, 64% postgraduates, and 18%
PhD students. Architecture majors accounted for 32%, while
students from other disciplines comprised 68%. Questionnaire
data revealed that while 76% of participants had not undergone
emergency evacuation drills, 88% were familiar with emergency
shelter signs (Fig. 5). During disasters, over half (53%) of the
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participants tended to adhere to predetermined emergency eva-
cuation routes. Participants exhibited significant individual dif-
ferences in environmental perception and RDMB.

Psychological and cognitive stimuli data processing. To control for
experimental variables, individual spatial abilities were evaluated
using SBSOD, a self-report instrument (Dunn and D’Amelio,
2020). Most participants scored close to the mean SBSOD scale
was 4.04 (SD =0.89). Participants P4, P11 and P33 exhibited
excellent spatial ability, with scores exceeding 5.4; whereas par-
ticipants P14 and P24 demonstrated weaker spatial abilities,
scoring below 2.81. It means that the participants were selected to
have an intermediate to a high level of sense of direction, which is
possibly conducive to the accurate perception and understanding
of the environmental features of HTD.

Based on the P-P-P framework, this study induced participants’
emotional responses by playing earthquake-related videos
(Ferndndez-Aguilar et al, 2019). After watching the video,
participants filled out the Positive and Negative Affect Schedule
(PANAS). The results showed that most participants reported
feelings of depression, tension, fear, and panic (Fig. 6a).
Meanwhile, physiological monitoring revealed that 65% of
participants had a peak heart rate exceeding 100 beats per
minute (BPM) after watching the video (Fig. 6b). This indicates
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that video stimuli can effectively induce emotional responses,
providing simulation conditions for an emergency evacuation
scenario at both the psychological and physiological levels.

Through the difference between planned and actual behaviors in
RDMBs, combining the spatial “five elements”, integrating
spatiotemporal sequences and eye-tracking data, we construct a
series of escape trajectories composed of geotags (p = [p]), forming
a spatiotemporal sequence S = < (Xg, ¥, o), - s (X, Vs £
where (x, y) represents the coordinates of the visual gaze point
and t is the time point (Fig. 7). By the analysis of walking, BTB, and
hesitation behaviors (HB) in the chain of RDMB, this study uses
BTB to reflect the temporal stagnation and potential cognitive
conflicts in the escape process of the participants, and reveals the
role of environmental structure and cognitive abilities in RDMB
(Bahmani et al., 2023).

Physical space quantification data processing. Based on the P-P-P
framework, this study employs the DeepLabv3+ semantic seg-
mentation algorithm, which is based on the Fully Convolutional
Networks (FCN) architecture (Gou et al, 2022b), to quickly
identify environmental factors related to risk decision-making in
SVIs. This algorithm integrates the Xception backbone network
into the traditional Convolutional Neural Network (CNN) and
introduces an encoder-decoder structure, thereby improving the
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accuracy and processing efficiency of image edge segmentation
(Chen et al., 2017). Test results on the ADE20K scene semantic
annotation dataset indicate that DeepLabv3+ can segment ima-
ges into 151 categories, achieving an average recognition accuracy
of 77.21% (Tsang, 2019). Using this algorithm, the study per-
forms semantic segmentation on the collected SVI, categorizing
the identified visual elements into two main categories and six
subcategories (Table 1), to systematically explore the environ-
mental visual factors influencing RDMB in HTD (Xu et al., 2022).

Physiological response data processing. Eye tracking is used to
characterize visual information acquisition and attention allocation
during the earthquake scenario video and intersection choice tasks
(Dong et al., 2020; Kiefer et al., 2017; Yarbus, 2013; Ye et al., 2022).
Based on the S-O-R framework, response measures are grouped
into three categories, namely eye tracking metrics, physiological
measures, and behavioral indicators (Table 2). Eye tracking outputs
include time stamped gaze samples, fixation and saccade events,
and pupil diameter. In this study, AOI based metrics are used to
quantify time to first attention, dwell time, and fixation count, and
saccade magnitude(SACCADE_MAG) is used to describe visual
search demand. In addition, click counts at intersections are treated
as observable choice outcomes to support the interpretation of
route selection differences. Prior to analysis, records are screened
and subjected to quality control. Participant information is man-
aged using coded identifiers to reduce privacy risk.

Ordinary least squares linear regression model. To investigate the
mechanism of influence between elements in SVIs and RDMB
(Gou et al,, 2022b), OLS is employed to analyze the correlation
between the pixel elements of SVIs and eye-tracking experiment
data to determine factors that significantly impact RDMB

Table 1 Division of objects of interest.

Indicator Category  Object of Interest Classes

Immovable Cultural Road Road, Sidewalk, Floor,

Heritage Stairway, Stairs, Path
Building Building, Wall
Sky Sky

Modifiable Facilities  Plant Tree, Palm, Grass, Plant
Signboard Signboard, Poster

Other streetscape
elements (OSE)

Streetlight, Awning,
Light, Railing, Bannister

(Armougum et al,, 2019). The expression for this model is as
follows:

y; =Py +xf+&@i=1,2,..,n) (1)

where: y; represents elements within SVI; x; signifies the inde-
pendent variable, which indicates eye-tracking indices in SVI; ;
denotes the error term; P represents the coefficient of the inde-
pendent variable, and f; represents the intercept. The magnitude
of the coefficient indicates the degree of influence of the factor
(Han et al., 2020).

Results

The experimental results indicate that the average time for par-
ticipants to complete RDMB was 448 seconds (SD = 290 s), with
the time range from 47s to 1061s. Through spatiotemporal
sequence data analysis, the difference between the planned eva-
cuation route (Fig. 8a, behavioral intention) and actual behavior
(Fig. 8b, executed behavior) showed that 88.24% of participants’
planned routes were consistent with the shortest path, and the
more frequently participants visited Gulangyu, the higher the
consistency between their planned route and actual behavior.
However, 79.41% of participants deviated from the planned route
during the experiment (Fig. 8c). The study further selected 37
SVIs from 12 intersections with more than two return trips, and
analyzed the reasons for deviation from the P-P-P perspectives.

Analysis of psychological and cognitive stimuli. From the per-
spective of psychological cognitive stimulation, this study ana-
lyzes RDMB in HTD using the individual sense of direction.
Hegarty (Hegarty et al., 2002) proposed that the sense of direction
is directly related to wayfinding behavior, but experimental data
indicate that the behavioral patterns in heritage sites differ sig-
nificantly from those in urban environments (Fig. 9). Experi-
mental analysis shows a significant negative correlation (—0.562)
between the frequency of visits to Gulangyu and task completion
time, suggesting that participants who are more familiar with the
area are able to find emergency shelters more quickly. Moreover,
the duration of the experiment is positively correlated (0.845)
with the number of round trips, but negatively correlated
(—0.571) with visit frequency, reflecting the complexity of navi-
gation decisions in unfamiliar environments. Additionally, the
positive correlation (0.698) between hesitation frequency and
heart rate further validates the effectiveness of the experimental
design. More specific analysis reveals a significant negative cor-
relation between sense of direction and hesitation frequency

Indicator Category Indicator Name

Table 2 List of eye-tracking physiological behavioral data in RDMB.

Interpretive construct

Task phase

Time to 1st View (Li et al., 2022b)
Time Viewed (Tsai et al., 2012)
Fixations (A et al., 1980)

Eye-tracking indicators

FPOGD (Fixation Point of Gaze Duration)
(Destyanto and Lin, 2023)

LPD/ RPD (left eye pupil/ right eye pupil)
(Liao et al., 2022a)

Saccade Magnitude (Wu et al., 2022b)
Heart rate pulse (HRP)

Physiological indicators

Galvanic skin response (GSR)(Alvarsson
et al.,, 2010)

Average Clicks (Buscher et al., 2010)
Hesitant behavior

Backtracking behavior (BTB)

Behavioral indicators
(B

First attention
Sustained attention
Visual search demand cue

Fixation dwelling intensity
cue
Arousal cue

Visual search span cue
Physiological activation
cue

Stress and arousal cue

Choice outcome
Uncertainty cue
Error correction cue

Early decision phase

Target detection and information search
Discrimination, identification, and information
search

Fixation on key cues

Response changes during scenario induction and
task execution
Visual search
Overall response changes during task execution

Response changes before and after scenario
induction or across conditions

Intersection choice

Decision stalling

Deviation and correction
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Fig. 9 Heat map of correlation between direction sense and decision
behavior.

(—0.988) and heart rate (—0.737), indicating that individuals with
a stronger sense of direction tend to hesitate less and have lower
heart rates. Furthermore, the sense of direction is positively
correlated (0.439) with gender, suggesting that males generally
have a better sense of direction than females.

Analysis of physical space quantification. Through semantic
segmentation of 37 SVIs from 12 intersections, this study analyzes
the distribution of five types of environmental elements (Fig. 10).
The results show that architectural elements account for 54.19%,
and road elements for 25.49%, with a click-through rate of 64%,
indicating their significance in decision-making. Sky, vegetation,
and public facilities account for 9.97%, 9.62%, and 0.43%,
respectively, while signage elements, although constituting only
0.29%, have a click-through rate of 23.67%.

The results suggest that architectural and road elements play a
key role in risk decision-making in streetscapes where individuals
are prone to getting lost, particularly in HTD. Additionally,
participants are more likely to click on street views containing
signage, highlighting the importance of proper signage elements.

Analysis of physiological response. Through the analysis of
intersections where individuals are prone to getting lost, this
study explores street view characteristics from both eye-tracking
indicators and bioelectrical indicators. From the eye-tracking data
(Fig. 11a), the ranking of elements by average time to 1st view is
as follows: other (156.44s), signage (150.43s), sky (139.64s),
plants (138.74s), road (137.62s), and building (131.53s). the
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ranking by total fixation duration is: building (14.23 s), signage
(7.28s), sky (3.06s), plants (3.04s), road (3.00s), and other
(2.54's). The ranking by fixation count is: building (62.3 times),
signage (33.1 times), sky (14.56 times), plants (13.83 times), road
(13.56 times), and other (9.67 times). The ranking by Fixation
Point of Gaze Duration (FPOGD) is: building (0.29s), signage
(0.29s), other (0.29s), road (0.28s), sky (0.27s), and plants
(0.25's).

From these rankings, it can be inferred that in RDMB,
individuals first use buildings and signage to determine their
location, then observe the environment based on other elements
such as plants and sky, with the last elements being others and
roads. From the bioelectrical data (Fig. 11b), the ranking of SVEs
by their impact on pupil size is: sky (21.18px), other (21.09px),
building (20.98px), road (20.87px), signage (20.84px), and plants
(20.69px). The ranking by impact on SACCADE_MAG is: sky
(315.30px), other (295.90px), plants (293.23px), signage
(268.12px), building (260.67px), and road (255.64px). The
ranking by impact on heart rate variability is: other (259.28),
building (197.72), sky (180.09), signage (168.07), road (163.59),
and plants (163.57). The ranking by the impact on Galvanic Skin
Response (GSR) is: plants (1,191,288.06w), other (1,159,451.77w),
sky (1,077,194.19w), road (1,076,265.18w), signage
(1,069,198.77w), and building (1,064,385.91w). In conclusion,
the sky significantly attracts attention and stimulates emotions;
the road improves navigation decision-making efficiency; build-
ings and other increases cognitive load; plants help alleviate
stress; signage provides important information and directional
guidance.

Analysis of the correlation between physical space and phy-
siological characteristics. To explore the relationship between
physical space quantification and physiological response in
RDMB, this study conducted OLS regression analysis on the top
12 groups of SVIs with the highest click-through rates. The results
show that the variance inflation factor (VIF) for the heritage
environment indicators was less than 8, ruling out multi-
collinearity issues, indicating that the selection of indicators is
reasonable (Table 3). The linear regression model analysis indi-
cates that the model has a high explanatory power (R*> > 0.5),
especially for road and plant elements, where R* approaches 1,
and the F-value is significant. Based on the street views of HTD,
SVEs are categorized into immovable and movable elements.
The immovable elements include three categories: buildings,
roads, and the sky. (1) The building element is negatively
correlated with time to 1st view (f = —0.17, P=0.017) and time
viewed (p=—7.585, P=0.002), but significantly positively
correlated with fixations (p=2.114, P=0.000) and FPOGD
(B=361.763, P=0.003). This suggests that buildings serve as

| (2026)13:734 | https://doi.org/10.1057/s41599-026-06869-x



HUMANITIES AND SOCIAL SCIENCES COMMUNICATIONS | https://doi.org/10.1057/541599-026-06869-x

ARTICLE

Number 46-2 61-2 72-2 100-2 119-2 101-1
3 Y I
"! I;
SVI ”
Semantic
Segmentation
. e Ea
B ity X oo
Building . &1 Building . 41 Building =732 Building i Bu}'}‘ding Eggg Bui}dingm::gggx
Sign- S Sign- : i |Sign- Sign- + 10 1Gion- 984 e 1 “S e
Element board\ /// ky board\\\f - Sky board\ board Sl Sky board . . Sky - Sky
Proportion //“ > | // Il | Al Pz
Other Road |Other Road | Other Road| Other \ Road [Other Road | Other Road
Plant Plant Plant Plant Plant Plant
Number 98- Plant 114-3 107-2 124-2 150-2 164-2
» i \
[
SVI 3
| g
Semantic
Segmentation - ! ’
Building Zii zf:i Building Hisie Building e Building 121 Bulldmg-”" L Building tot1ipe
3ipe o 1143 e . o 164-2jpg
Sign- o WW Sign- : S na-3pe Sign- n, |07]]pg Sign- S Sign- o \SQJJpg Sign- : o iea3ine
Element  |Pomd 5 fbowa W fpoarg S0 board\ 7 |boara . Sky fboard Sky
Proportion Pz NS /// || /// U] pe 9 P |
Other Road | Other Road | Other Road | Other Road|Other Road | Other Road
Plant Plant Plant Plant Plant
Fig. 10 Schematic of SVIs for 12 representative intersections and semantic segmentation metrics.
a Time to 1st View/s Time-Viewed/s Fixation FPOGD/s
40 60 80 100 120 140 160 180 200 220 240-2 0 2 4 6 8 10 12 14 16 18 20 22-20 0 20 40 60 80 100 120 140 160 1800.0 0.2 0.4 0.6 0.8 1.0
2 Achitecture) -2 —{ P —— [$ i1 R
2 Road| | | 132.62 | ] 55 ' 8
5 N p o HI I 1 HI
© :
z Plant ! tﬁmL: hmm? ;{I}ls.ss | 743_&2;
[} -
2 Signage [ B 1 =k e
= [isignag I gk il ,
I e e e & g {
w N -
U — R | D

b LPD/RPD (px) SACCADE MAGps. HRP GSRIQ
|4 1(, |3 70 22 24 76 ’8 30 37 34 0 20 400 600 800 1000 0 200 400 600 0 2000000 6000000 10000000
Architecture Lms_w ] 1T _es067 — 2 ] 1064385.9 |
2 4|J_1 i ]} -
5 Road| —— | osy E—{EF-M—% H ] sy { e
| - =
R P T L e —
§ omn| il pe || e | e | o |

Fig. 11 Box plots of eye-tracking and physiological indices across different

visual focal points in RDMB, helping to quickly determine the
route, but also increasing the cognitive load and the complexity of
visual information processing. (2) The road element is positively
correlated with time to 1st view (P =205.879, P=0.013) but
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street view elements. a Eye-tracking indices. b Physiological indices.

negatively correlated with fixations (f=—12.506, P =0.006),
indicating that the visual appeal of roads is lower and requires
more attention to form a memory. (3) The sky element is
positively correlated with time viewed (f =2.411, P=0.027) and
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Table 3 Linear regression model integrating eye-tracking and image segmentation data.

OSE

SE
—0.007 0.008 0.381
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SE

—0.009 0.014

signboard

SE
—0.093 0.039 0.025**

Plant
SE

—0.056 0.021

road
SE

building

SE

variable

B

p

p

p
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0.014**

76.9 0.013**

205.879

0.017**

0.066
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—2.726 4274
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0.016

0.068 0.076*
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F
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0.000***

F

LPD Left Pupil Diameter, RPD Right Pupil Diameter.

***,**, and * represent 0.01, 0.05, and 0.1 significance levels, respectively.
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pupil diameter (= 0.655, P=0.040), indicating that the sky
stimulates exploratory interest and emotional arousal, enhancing
attention engagement.

The movable elements encompass vegetation, signage, and
other SVEs. (1) Vegetation demonstrates a negative association
with time to first view (p= —0.056, P=0.014), reflecting
reduced initial attentional capture by vegetative features. (2)
Signage exhibits an inverse relationship with time to first view
(B=—0.093, P=0.025), implying diminished salience in
primary decision-making phases and necessitating multiple
fixations for informational verification. (3) Other street view
components display a positive association with time viewed
(B=0.0041, P=0.008) alongside a negative correlation with
FPOGD (p = —8.076, P =0.036), suggesting potential distrac-
tion effects and elevated cognitive load despite pronounced
visual prominence.

Comprehensive analysis suggests that in optimizing immovable
elements in HTD, building layouts should be simplified, and clear
emergency signage should be installed to reduce cognitive load;
road signage should be enhanced to improve visual appeal; and
the emotional arousal effect of sky elements should be utilized to
alleviate evacuation stress. Regarding movable elements, the
positioning of plants and signage should be adjusted reasonably,
and the placement of other facilities at intersections should be
minimized to optimize sightlines and improve decision-making
efficiency in emergencies.

Discussion

RDMB in HTD is critical to personal safety. Existing studies
primarily examine RDMB in schools, underground spaces, and
indoor environments. However, due to the long construction
history and complex road networks of HTD, these environments
may pose significant threats to personal safety during disasters
and could lead to the destruction of heritage buildings, resulting
in broader damage (Ferreira et al., 2016). This study, based on
BDT and SOR theory, constructs an analytical pathway of P-P-P.
Using SBSOD, scenario simulation, visual perception, and
semantic segmentation technologies, SVEs are optimized based
on human perception to guide evacueess RDMB, thereby
improving decision-making efficiency, as shown in Fig. 12.

Impact of psychological and cognitive stimuli on RDMB. By
comparing planned evacuation routes with actual evacuation
behaviors and incorporating the concept of bounded rationality
from BDT, the study demonstrates that, in complex environ-
ments, decision-making is constrained by cognitive resources and
emotional factors, which limit the ability to select the optimal
path fully rationally. The study found that participants’ familiarity
with the location is positively correlated with the speed of finding
emergency evacuation sites. This conclusion aligns with the
research of Fang (Zhiming et al,, 2020) and Fu (Fu et al,, 2024),
indicating that environmental familiarity simplifies the decision-
making process and increases efficiency. Additionally, partici-
pants’ planned evacuation routes were consistent with the
shortest path, suggesting that when information is sufficient,
individuals can effectively identify the optimal evacuation route.
However, the complex terrain, unclear signage, and similar
architectural styles in HTD significantly weaken the sense of
direction, increasing decision complexity, and reflecting the dis-
ruptive effect of environmental factors on the decision-making
process. Further analysis shows that participants with a stronger
sense of direction exhibited less hesitation and lower heart rates
(—0.988, -0.737) during decision-making, indicating that spatial
orientation ability helps reduce cognitive load and physiological
stress, thereby improving decision-making efficiency. The results
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Fig. 12 The three dimensions of RDMB research.

suggest that individuals, when faced with complex environmental
stimuli, rely on experience and cognitive abilities to simplify
decision-making, operating within a state of bounded rationality.
Based on this, emergency management in HTD should focus on
enhancing residents’ spatial orientation abilities, optimizing sig-
nage systems, and improving emergency response efficiency and
safety through evacuation drills.

Impact of physical space quantification on RDMB. In risk
decision-making research, the impact ranking of SVEs is as follows:
building, road, sky, vegetation, others, and signage. Through click-
through rate analysis, the ranking of elements is as follows: road,
signage, building, sky, vegetation, and other elements, indicating
that despite the low proportion of signage in street views, its higher
click-through rate suggests that signage plays a key role in the
decision-making process. SVI provides participants with intuitive
visual cues. According to the heuristic decision-making model in
BDT, individuals in complex environments often rely on intuition
and experience for rapid decision-making. In this framework,
signage, as a prominent visual stimulus, simplifies the decision-
making process, especially in unfamiliar environments, where
signage provides effective navigation cues. Based on the experi-
mental results, it is recommended that an enhanced signage system
be added at the 12 intersections prone to getting lost in Gulangyu’s
emergency evacuation system design to improve tourists’ spatial
orientation abilities, thereby enhancing emergency response effi-
ciency and safety.

Impact of physiological responses on RDMB. Through eye-
tracking experiments, this study explores the impact of
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environmental visual characteristics on spatial orientation deci-
sions. Similar to the analysis of pedestrian trajectories and
environmental factors using monitoring video data by Wei W
et al. (Wei et al,, 2022), this study further reveals that an open sky
view can reduce psychological stress, supplementing the research
by Wei Y et al. (Wei et al.,, 2023)on how enclosed spaces trigger
anxiety responses. According to BDT, emotions and feelings play
an important role in decision-making processes during emer-
gencies, affecting decision efficiency and quality. Visual char-
acteristics of the environment simplify decision-making through
emotional regulation, reducing emotional burdens and enhancing
spatial cognitive abilities. Particularly in emergency evacuations,
clear visual cues can significantly improve decision-making effi-
ciency. Based on this, it is recommended that heritage tourism
destination designs ensure that similarly styled buildings are easy
to identify to help tourists quickly locate their positions. Com-
bined with bioelectrical indicators, the following optimization
strategies are proposed: (1) In areas with high tourist traffic,
shorten sunshades to open up sky views and reduce cognitive
load; (2) Ensure that plants do not block signage; (3) Minimize
the interference of other streetscape elements (OSE) (such as
trash and commercial facilities) with decision-making, maintain a
clean environment, and improve emergency response efficiency
and decision quality.

Strategies and implications

Optimization strategies. Building on an analytical framework
that integrates psychological and cognitive stimuli, assessment of
the physical environment, and physiological responses, a two level
optimization framework is formulated comprising a spatial
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Fig. 13 Optimization of High-Risk Intersections Using 3D Models and Eye-
Tracking.

environment layer and a stakeholder coordination layer. First, the
spatial environment layer relies on a real scene 3D model com-
bined with eye tracking heat maps and viewshed analysis to
identify and optimize twelve junctions with a high risk of dis-
orientation (Fig. 13). Second, the stakeholder coordination layer
employs multistakeholder collaboration to extend site level
measures to the area scale and to integrate them into routine
governance processes (Fig. 14).

Spatial environment layer

Immovable Cultural Heritage: (1) The visual appeal and com-
plexity of buildings increase the cognitive load of evacuees. For
example, at intersections 114 and 101, similar architectural styles
confuse the sense of direction. According to heuristic decision
theory, individuals rely on prominent environmental cues to
make decisions. It is recommended to install signage on key
buildings to improve directional perception and enhance spatial
orientation accuracy. (2) Road configuration plays a key role in
decision-making, but in high-pressure environments, road con-
cealment can hinder effective decisions. For instance, the wide
intersection at 72 requires optimization of emergency signage
placement to speed up response times. The narrowness of 107
Street limits sightlines, so it is recommended to place emergency
signage on the walls of buildings in high pedestrian traffic. (3)
Emotions significantly influence decision-making. Complex
environments can induce anxiety and reduce decision-making
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efficiency. The sightline heatmap at intersection 114 shows that
the enclosed spaces created by buildings restrict sky views,
increasing emotional pressure. Therefore, it is suggested to reduce
obstructions in this area to alleviate the psychological pressure
caused by sightline closure.

Movable facilities: (1) The obstruction caused by dense vegetation
affects sightlines, particularly at intersections 46, 100, and 150. It
is recommended to adjust the distance between vegetation and
signage to reduce interference. (2) In HTD, signage content
should be clearer. It is suggested to use symbols and pictograms
to enhance readability, and place signage in the order of build-
ings, roads, sky, plants, and other elements. (3) Other SVEs can
distract attention and reduce decision-making efficiency. Con-
sidering that older residential areas often have randomly placed
household items and commercial areas have sunshades that
obstruct sightlines, it is recommended to reduce unnecessary
infrastructure and maintain a clean environment to minimize
visual interference.

Stakeholder coordination layer. (1) Residents: Research indicates a
significant negative correlation (—0.562) between visit frequency
and evacuation efficiency, suggesting that residents familiar with
the environment are more likely to locate emergency shelters in
times of crisis. Therefore, it is recommended to encourage resi-
dents to actively participate in regular emergency evacuation
drills to enhance emergency response capabilities and take on the
responsibility of guiding tourists during disasters. Additionally,
disaster emergency knowledge should be disseminated through
community activities and online platforms to improve residents’
self-rescue, mutual aid, and cooperative rescue abilities, thereby
enhancing evacuation efficiency. Furthermore, research shows
that other SVEs (P =0.0041, P=0.008) are significantly posi-
tively correlated with Time Viewed, and significantly negatively
correlated with the total distance of FPOGD (B = —8.076,
P =0.036), suggesting that these elements may divert attention
and increase cognitive load. Therefore, it is recommended that
residents reduce the placement of items on the streets and
maintain a clean environment to reduce visual distractions.

(2) Tourists: Tourists can use applications or online platforms
to view emergency shelters and evacuation routes, ensuring a
transition from passive risk avoidance to active evacuation in
emergency situations. Research indicates that 65% of participants
exhibited a peak heart rate exceeding 100 BPM after watching the
video. Based on this, it is recommended that tourists remain calm,
follow guidance or signage, avoid overcrowding and confusion,
and proceed to emergency shelters in a safe and orderly manner.

(3) Scenic area management: The Gulangyu Management
Committee and urban planning managers should optimize the
emergency signage system. Research indicates that, although the
pixel proportion of emergency signage is relatively low, the click-
through rate is high, and 79.41% of participants deviated from the
expected evacuation path, making more than two detours,
indicating the importance of emergency signage in evacuation
decision-making. Therefore, it is recommended to install clear
signage at key intersections and in areas prone to confusion. Eye-
tracking data shows that tourists confirm orientation through
buildings and signage and refer to elements such as plants, the
sky, and roads. The study also found that the sky element is
significantly positively correlated with time viewed (p=2.411,
P =0.027) and pupil diameter (p = 0.655, P = 0.040), suggesting
that open views help reduce cognitive load. Therefore, it is
recommended to reduce obstructions from shading facilities to
ensure unobstructed sightlines. Additionally, the plant element is
negatively correlated with time to first view (B = —0.056,
P =0.014), indicating the need to trim plants to avoid blocking
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signage and improve visibility, thereby enhancing evacuation
efficiency and reducing psychological burden.

(4) Government: The government should promote the use of
SBSOD, scenario simulation, semantic segmentation, and eye-
tracking technologies to develop VR/AR evacuation simulation
experiences, enabling tourists to familiarize themselves with
evacuation routes and shelter locations before arriving at the
tourist destination, thereby enhancing emergency response
capabilities. Additionally, the government should establish a
dynamic monitoring mechanism to regularly assess the effective-
ness of the signage system and optimize evacuation plans based
on evaluation results. Furthermore, the government could install
smart signage at key locations in the scenic area to enable real-
time adjustments based on pedestrian flow and emergency needs,
improving evacuation efficiency and enhancing tourists’ sense of
safety. To ensure efficient emergency response, the government
should coordinate with scenic area management, medical, and
firefighting departments to establish a collaborative mechanism to
ensure coordination and efficiency in emergencies. Finally, the
government should organize and train emergency volunteer
teams to assist with evacuation and maintain order during peak
periods.

Theoretical implications. At the theoretical level, first, the
introduction of the SBSOD scale quantifies the impact of sense of
direction on risk decision-making, expanding the application of
BDT in individual differences and spatial perception. Second, by
combining BDT with SOR theory, an integrated analytical fra-
mework of P-P-P is constructed, overcoming the limitations of
traditional rational decision models and clarifying the impact of
heritage tourism destination street environments on risk
decision-making. Third, using semantic segmentation and eye-
tracking techniques, the relationship between spatial perception
and risk cognition is quantified, overcoming the limitations of

traditional qualitative methods and offering new theoretical
perspectives for behavioral science, environmental psychology,
and disaster management. Finally, the mechanisms of the inter-
action between psychological cognition, physical space, and
physiological features are clarified, enriching the theoretical fra-
mework of spatial perception and risk cognition and providing a
theoretical foundation for further research.

Practical implications. At the practical level, based on the the-
oretical research findings, specific optimization strategies are
proposed to address the emergency management needs in the
complex environments of HTD, aiming to improve emergency
response efficiency and enhance tourists’ sense of safety. At the
resident level, it is recommended to enhance self-rescue and
cooperative rescue capabilities by regularly conducting evacuation
drills and disseminating disaster emergency knowledge, thereby
improving the overall emergency response capacity of the com-
munity. At the tourist level, it is suggested to optimize the signage
system in the scenic area, particularly by adding clear and easily
recognizable signage at key intersections and areas prone to
confusion, to reduce cognitive load, improve navigation effi-
ciency, and ensure effective evacuation during emergencies. At
the scenic area management level, semantic segmentation and
eye-tracking technologies are used to provide quantitative sup-
port for spatial planning and environmental design, optimizing
tourists’ spatial experience and strengthening cultural heritage
protection. Finally, it is recommended that the government adopt
advanced simulation technologies to help tourists familiarize
themselves with emergency shelters and evacuation routes before
arriving at the destination, promoting the shift from passive risk
avoidance to active evacuation. Additionally, a dynamic mon-
itoring mechanism should be established, coordinating with
multiple departments, including scenic area management, medi-
cal, and firefighting services, to ensure multi-party collaboration,
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thereby improving emergency response efficiency and tourists’
sense of safety.

Limitations and prospects

Limitations. This study has several limitations. First, the case
context focused on built HTDs and did not include other desti-
nation types such as nature based tourism, leisure resort tourism, or
ecotourism. The applicability of the findings to other destination
settings therefore requires further examination. Second, the sample
comprised mainly university students, with a relatively con-
centrated age structure and cultural background. The extent to
which the results generalize to broader populations remains
uncertain. Third, the experiment used a video based scenario to
control variables and elicit responses, but this approach cannot
fully capture dynamic disturbances and multisensory stimuli in real
disaster environments. Fourth, the study relied primarily on visual
information and used eye tracking metrics to describe gaze dis-
tribution and information search during the task. These metrics
characterize attention allocation and should not be treated as direct
measures of emotional intensity or decision motivation. Because
auditory and tactile information were not included, and social
interaction and cooperation were limited under laboratory condi-
tions, group interaction factors were not fully represented. Fifth, at
the technical level, DeepLabv3+ was used to extract visible
streetscape elements, but performance may be affected by image
quality, occlusion, and model generalizability. In addition, recog-
nition of heritage building attributes such as age, category, and fine
morphological details remained limited, and the approach may
require substantial computational resources.

Prospects. To address the above limitations, future research can
be improved in the research object, experimental sample, design,
methodologically and technical methods. First, with respect to the
research object, expand the empirical scope beyond architectural
HTDs to include nature tourism, leisure resorts, and ecotourism
in order to improve contextual generalizability (Maria et al,
2016). Second, regarding the experimental sample, diversify
participant characteristics across age, cultural background, and
occupation to strengthen validity. Third, in terms of design,
complement video based laboratory protocols with in situ or
simulated settings that incorporate social interaction and group
collaboration; integrate augmented reality and metaverse plat-
forms to approximate the complexity of disaster scenes (Gu et al.,
2023; He et al., 2025). Fourth, methodologically, the experimental
design should incorporate additional biological signals, such as
electroencephalography (EEG) (Cruz-Garza et al., 2022; Kalantari
et al., 2022), electromyography (EMG) (Alibhai et al., 2020), and
acoustic or tactile feedback (Chelladurai et al., 2024), to increase
the sense of immersion and realism in disaster scenarios. Fifth,
from a technical perspective, future research should optimize
existing algorithms to reduce computational resource require-
ments and combine other DL models to improve the accuracy of
recognizing fine-grained features of heritage buildings (e.g., age,
style, material) (Abusaleh, 2024; Tan et al., 2024), thereby pro-
viding more precise support for RDMB in architectural HTD.

Conclusion

This study combines SBSOD, scenario simulation, semantic seg-
mentation, and eye-tracking experimental techniques to explore
the optimization pathway of RDMB in HTD. The analysis is
conducted from three aspects:

(1) Psychological cognitive stimulation: The unique planning
mechanisms of HTD may lead evacuees to experience dis-
orientation. Participants with stronger sense of direction exhib-
ited fewer hesitation behaviors and lower heart rates ( — 0.988,
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—0.737), and males generally had a better sense of direction than
females (P=0.439). The higher the frequency of visits to
Gulangyu prior to the experiment, the faster the participants were
at finding emergency shelters (— 0.562). The experiment dura-
tion was positively correlated with the number of detours (0.845)
and negatively correlated with visit frequency (—0.571). The
number of hesitation behaviors was positively correlated with
heart rate (0.698), indicating that more hesitation resulted in
higher heart rates, reflecting psychological stress in the risk
decision-making process.

(2) Physical space quantification: The ranking of SVIs affecting
RDMB is as follows: architecture (54.19%), roads (25.49%), sky
(9.97%), greenery (9.62%), OSE (0.43%), and signage (0.29%).
Notably, although participants initially showed limited attention
to emergency signage, focus on these signs increased as the fre-
quency of BTB grew.

(3) Physiological characteristic response: In RDMB at HTD,
participants initially use architectures and signage to determine
their location, then observe the environment using other elements
such as vegetation and the sky, and finally enhance their navi-
gation efficiency through other facilities and road elements.

(4) Correlation analysis of physical space and physiological
indicators: Immovable cultural heritage features, such as complex
building layouts and road configurations, increase cognitive load,
while open skies help alleviate the psychological burden of way-
finding and improve adaptability. Adjusting the location and
number of movable facilities, such as plants, signage, and other
SVEs, can effectively guide RDMB and enhance wayfinding effi-
ciency. Specifically, reducing vegetation coverage at intersections
and adding directional signs at complex junctions can help
improve RDMB and enhance the clarity of visual guidance.
Additionally, reducing the placement of OSE at intersections and
maintaining a clean and orderly street environment can help
shorten wayfinding time.

In summary, this study adopts a human-centered approach,
integrating BDT and SOR theory to construct an analytical fra-
mework of P-P-P. By comparing the differences between planned
and actual behavior paths, and utilizing eye-tracking experiments
and semantic segmentation techniques, the study explores the
impact of street view intersection features on BTB and dis-
orientation tendencies. This research provides a theoretical basis
for optimizing evacuation guidance systems in HTD, enhancing
tourists’ sense of safety, and improving disaster response effi-
ciency. It also offers practical optimization suggestions for the
planning and management of HTD, facilitating the effective
translation of theoretical research into practical application.

Data availability

De-identified datasets and supporting documentation are avail-
able through a private Figshare repository: https://figshare.com/s/
724376245a7a3b8fcc4b. Public release is restricted due to ethical
and privacy considerations. De-identified materials may be made
available upon reasonable request to the corresponding author,
subject to appropriate safeguards.
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