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ABSTRACT

Historical streets are an important component of urban form and
embody urban culture. A detailed quantitative analysis of visitors’
spatial perception in historical streets is crucial for enhancing the
spatial quality of streets. Focusing on Gulangyu Island, Xiamen, this
study proposed a physical-physiological-psychological research
framework for spatial perception by constructing a 3D virtual
geographic environment. Based on environmental behavior theories
and five dimensions of street design quality, it assessed the spatial
features of historical streets, visitors’ eye-tracking and physiological
sensing data, and psychological perception, summarized the
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mechanisms of how historical streetscapes influence visitors’
perception, and finally proposed corresponding streetscape
optimization strategies. The main findings are as follows. 1) Spatial
features of historical streets, including architectural style, layout

of commercial spaces, spatial scale, and interface transparency,
directly affect visitors’ visual experience and preferences. 2) Visual
attention is significantly positively correlated with the historical
streets’ imagery, openness, transparency, and complexity, and
significantly negatively correlated with enclosure; among these
factors, street openness, vitality, and lighting are key factors



influencing visitors’ physiological responses. 3) The physical-
physiological-psychological interaction mechanisms show that the
visual attractiveness and emotional stimulation of the streetscapes
can significantly influence individual perception and behavioral
decisions, which confirmed the “physical environment—eye-
tracking fixation—-emotional arousal” mechanism of visitors’ visual
preferences. Finally, spatial perception optimization strategies for
different types of streets are proposed to inform decision-making
for historical street renewals.

KEYWORDS

3D Virtual Geographic Environment; Historical Streets; Spatial
Perception; Physical-Physiological-Psychological Research
Framework for Spatial Perception; Environmental Behavior Theory;
Gulangyu Island

HIGHLIGHTS

» Builds a 3D virtual geographic environment for historical street
perception with a physical-physio—psych framework

* Architectural style, layout of commercial spaces, and spatial
openness affect visual attention and emotions

« Summarizes the physical-physio—psych interaction mechanisms
of spatial perception in historical streets

RESEARCH FUND

Project of “Research on Spatial Perception Evaluation and
Optimization of Visitors From the Perspective of Heritage Value,”
National Natural Science Foundation of China General Program
(No. 42171219)

EDITED BY Tina TIAN, Yinyu WANG

1 Introduction

With the advancement of urbanization in China, the focus of urban

planning has shifted from spatial growth to quality improvement!".

The built-up environment of historical streets not only has an
important influence on visitors’ walking behaviors'?, but also
embodies local historical memories and cultural characteristics,

playing a significant role in heritage conservation and tourism
development. However, historical streets are also facing challenges
related to functional changes", which not only alters the physical
environment of the streets but also profoundly impacts visitors’
sense of place attachment'®. Therefore, studying visitors’ spatial
perception and related influencing factors in historical streets

is of great theoretical and practical significance for the organic
renewal of historical streets and the enhancement of the tourism
experience.

2 Literature Review

Historical streets, as significant cultural heritages, have
attracted widespread scholarly attention. Scholars have explored
the walkability and visual appeal of historical streets using methods
such as virtual reality, eye-tracking, and semantic differential. For
example, Cheng Shi et al. used virtual reality and decision tree
algorithms to precisely measure walkability, providing practical
insights for urban micro-renewal; Zhang Zhang et al. conducted
field surveys to reveal the relationship between architectural
scale, facade composition, and visitors’ walking and stopping
behaviors, offering optimization suggestions for historical street
design; Yuan Li et al. conducted eye-tracking experiments to
analyze the complex relationship between visual appeal and
visitors’ perceptions of commercial historical streets'®. There are
also studies focusing on using 3D virtual geographic environments
and GIS technology for the display and management of historical
streets. For instance, Luis Marques et al. proposed a method for 3D
modeling and visualization of cultural heritage based on mobile
platforms and augmented reality technology'”’; Yu-Pin Ma utilized
BIM and 3D modeling to improve the cultural heritage preservation
process'®; Jingxian Tang et al. utilized Tencent street view images,
integrating SegNet machine learning with 2D and 3D analysis, to
assess the visual quality of hutongs in Beijing, including greenery,
openness, and enclosure!”. Overall, both domestic and international
research focuses on the physical representation of historical
street environments. Methods like virtual reality and eye-tracking
experiments explore human-scale spatial perception and behaviors,
providing both theoretical and technical bases for the future
protection and optimization design of historical streets.

Environmental psychology theory focuses on the relationship
between individuals and the environment, particularly the
mechanisms through which environmental factors influence
individual psychology™*™". In recent years, emerging technologies,
such as eye-tracking'"?, wearable cameras!"”, physiological
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[14

sensors™ and virtual reality[lsl, have enabled environmental

psychologists to more accurately and intuitively analyze individuals’

[16] [17]

visual attention' ™, spatial perception" ", and real-time emotional

responses to street environments!"®, providing strong support for
human-scale street renewal design'".

In research on spatial perception, scholars have examined
the spatial perception measurements of streets from multiple
perspectives. At the physical level, Reid Ewing and Susan Handy
applied expert rating method to measure the quality of urban street
design by proposing an evaluation framework consisting of five
dimensions: imageability, enclosure, human scale, transparency,
and complexity””*", This framework has been widely recognized
as a critical tool for assessing and enhancing the quality of urban
street design. From a physiological perspective, Zheng Chen
et al. integrated spatio-temporal trajectory data with affective
parameters, effectively mapping participants’ emotional responses
to given spaces®. This approach provides a new perspective for
environmental design research. From a psychological standpoint,
eye-tracking technology has been extensively applied in studies

(221 as well as preferences for

[23]~[25]

on visitors’ landscape preferences
environmental elements like street buildings

With advancements in 3D virtual geographic environments**'*”},

8129 and multi-sourced big data®™, researchers

machine learning
can now more easily construct virtual reality experimental
settings”" and perform semantic segmentation of eye-tracking

attention elements!®

. These technological developments not

only overcome the limitations of previous studies where street
perception experiments were often subject to pedestrian-related
factors!"*¥, but also help generate low-cost, controlled 3D virtual
geographic environments™. Furthermore, they enable a more
detailed representation of historical street features and micro-scale
environments"®, supporting behavior modeling®* and integrated
data analysis.

In summary, although existing street perception evaluation
methods and the application of new data and technologies have
provided valuable insights into the evaluations of historical street
perception, there is still a lack of studies that combine eye-tracking
and physiological sensing within virtual scenarios of historical
streets. Based on environmental behavior theories and the five
dimensions of street design quality, this study proposes a research
framework of spatial perception in historical streets within a virtual
geographic environment. It innovatively integrates eye-tracking
technology with virtual reality to precisely capture visitors’ visual
attention and to explore spatial perception, informing the spatial
optimization design of historical streets.

VOLUME 13/ ISSUE 2 / APRIL 2025

3 Research Methodology

3.1 Research Framework

This study proposed a physical-physiological-psychological
research framework for spatial perception on historical streets.
At the physical level, spatial attributes and environmental
characteristics of historical streets were calculated; five indicators, i.e.
imageability, enclosure, human scale, transparency, and complexity,
were used to evaluate street spatial features. At the physiological
level, eye-tracking and physiological sensing experiments were
conducted in a virtual geographic environment; physiological
indicators including fixation duration, pupil diameter, galvanic skin
response, heart rate, and heart rate variability were collected to
analyze the impact of varied spatial factors on perception. At the
psychological level, post-experiment evaluations were conducted to
analyze participants’ detailed perception on different spatial factors,
and then, spatial optimization suggestions for historical streets were
proposed (Fig. 1).

3.2 Study Area

Gulangyu is an island located in the southwestern corner of
Xiamen Island, China, covering an area of approximately 1.88 km?.
The island’s road system is primarily composed of 35 historic streets.
The streets are famous for their historical characteristics, and visitors
primarily experience them on foot™®”. Based on the Historical and
Cultural District Protection Plan for Gulangyu Island"®®, preliminary

field survey results, and relevant studies™*'*”

, a route that links up
the key architectural heritages of Gulangyu at maximum was selected
for research. Four street types are included on the route: traffic,
commercial-residential, residential, and mixed-use (Table 1, Fig. 2).
The total length of the route is approximately 3.5 km, and a virtual

tour takes 20 ~ 30 minutes at a normal walking speed.

3.3 Participants

A total of 41 students from Xiamen University were recruited both
online and offline as participants for the eye-tracking and physiological
sensing experiments. Among them, 73.2% were female and 26.8%
were male®. The experiment was conducted at the Xiamen Key
Laboratory of Integrated Application of Intelligent Technology for
Architectural Heritage Protection from November 22 to 29, 2022.
of the participants, 92.7% reported that they had visited Gulangyu

(D Most eye-tracking experiments recruited around 30 participants, with only a few
studies reaching 60 participants (e.g., Ref. [17]). Therefore, the sample size of this
study is considered reasonable and adequate.



Physical perspective

— Constructing a 3D virtual geographic environment

Psychological perspective

~~ Spatial perception questionnaire —

Semantic scale

11 pairs of adjectives
describing streetscape
characteristics

Table 1: Types and characteristics of historical streets in Gulangyu Island

Street type Characteristics

Traffic Mostly the narrow linear spaces shaped between buildings’
gable walls or fences, primarily connecting different places

Commercial- Often found in densely commercial areas, where streets feature

residential commercial usage on the ground floor and residential spaces on
upper floors

Residential Composed of linear clusters of residential units along both sides
of streets

Mixed-use Streets with a blend of diverse uses (e.g., commercial,

residential), including various heritage buildings

Commercial-
residential street

Traffic street

Guxin Rd. pasd, ©

Sanming Rd.
. O

Bishan Rd.

—»— Tour route
=== Traffic street

Commercial-
residential street

—— Residential street

=== Mixed-use street o s
tage build = %" FjianRd E
[ Key heritage building Huangyan Rd. : e
Study area O@ @23

=

-~ Eye-tracking and physiological sensing experiment
Spatial features of Eye-tracking and .
historical streets Street type physiological sensing data Visual attractors
Imageability Traffic street FPOGD Architectural
elements
Enclosure - LPD + RPD
residential street + Road elements
Human scale GSR
Residential street Natural elements
Transparency HR
Complexity Mixed-use street HRV Landmark elements
. J

— © Jing Guo, Yuan Li

Island before and an analysis of variance (ANOVA) showed that prior
visits had no significant impact on the evaluation results. When
assessing the virtual scenes’ authenticity, participants assigned

an average score of 4.09 (out of 5), indicating that the virtual
geographic environment in the experiment can effectively replicate
the real-world experience in the historical streets of Gulangyu Island
(Figs. 3, 4). To eliminate potential interference by visitor images

on participants’ gaze distribution and psychological perception,
ensuring their focus solely on the physical environment, the virtual
scenes used in the experiment did not include any depictions of visitors.

3.4 Multi-Sourced Data Collection and Integration

The experiment utilized a Gazepoint GP3 device to
simultaneously collect participants’ eye-tracking and physiological
sensing data.

Step 1: A 3D virtual geographic environment was built using the
Unreal Engine 4 (UE4) game engine””. After signing an informed
consent and completing eye-tracking calibration, participants
conducted a virtual tour along the research route. They filled out a
spatial perception questionnaire evaluating their experience in the
virtual environment when completing the tour.

Step 2: Following previous studies that use videos and virtual
tours as stimulus materials™"*™ the collected eye-tracking and
physiological sensor data used in this research were segmented
into 10-second intervals, recoding changes in spatial coordinates of
each segment and plotting eye-tracking heatmaps and physiological
indicator variations.

1. Research framework for spatial perception of historical streets.
2. Research route, created based on the standard map from the Xiamen Natural
Resources and Planning Bureau, map number Xiamen S [2022] 05.
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Please evaluate the level of authenticity of the virtual scene to the real-
world scene through the comparison images below:

Real-world scene Virtual scene

+ © Jing Guo, Yuan Li

Authenticity 1 =very low | 2 =low 3 = moderate 4 =high 5 = very high

3. Experimental screenshots of 41 participants.
4. Example of the authenticity assessment of the virtual scenes. In the survey, the
scoring criteria ranged from 1 (very low) to 5 (very high).

Step 3: The detailed physical environment of the research route
was analyzed by segment using SuperMap’s 3D GIS. Additionally,
machine learning-based semantic segmentation of streetscape
features was performed using the ADE20K dataset, which contains
over 27,000 finely annotated images and is widely recognized in
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academic studies on scene understanding™*"?,

Step 4: Based on the segmented data obtained from Step 2,
further statistical processing was conducted on the physiological
sensing data. The time window was set to 10 seconds to smooth
extreme values, reducing fluctuations and ensuring the accuracy and
reliability of the analysis results.

Step 5: All data were integrated into a GIS platform based on
a unified spatial coordinate system. The final dataset comprised
8,375 spatial coordinate points, along with their corresponding
eye-tracking and physiological sensing data, spatial indicators for
each street segment, and participants’ responses to the perception
questionnaire.

3.5 Indicator Selection and Measurement
3.5.1 Physical Indicators

Based on previous studjes/?/?"321138

1 the spatial characteristics of
the historical streets in the study area, and computational feasibility,
this study selected 15 indicators to characterize the spatial elements
of historical streets from the five dimensions of street design quality:
imageability, enclosure, human scale, transparency, and complexity
(Table 2).

3.5.2 Physiological Indicators

Referring to previous studies"™??P¥1*% this study selected the
following physiological indicators to identify participants’ attention
distribution and emotional arousal responses to historical street
spatial elements:

1) Fixation points on the objects of interest during gaze duration
(FPOGD): The duration time of fixation points on objects of interest,
typically measured in milliseconds. This indicator reflects how
the human eye allocates attention to objects of interest in the
environment.

2) Pupil diameter (LPD for left pupil diameter and RPD for the
right): Controlled by the visual nervous system, this is an indicator of
visual arousal levels.

3) Galvanic skin response (GSR): The electrical response of the
skin to external stimuli. In emotional research, this indicator is
commonly used to measure the intensity of emotional arousal.

4) Heart rate (HR) and heart rate variability (HRV): HR refers to
the number of heartbeats per unit of time, while HRV indicates the
degree of fluctuation between heartbeats over time. Both indicators
are widely used to assess emotional arousal levels.

3.5.3 Psychological Indicators
Upon previous research™”, this study adopted a questionnaire to



Table 2: Spatial feature indicators of historical streets

Dimension Spatial feature indicator Definition Calculation method
Imageability Pedestrian activity level The degree of human activity in the public space of the street Statistics from Baidu Map Heatmap
Proportion of historic buildings The percentage of historic buildings in the total building count Statistics of construction years of
in the study area, where historic buildings refer to the ones buildings
constructed in or before the early 20th century
Enclosure Street width The width of the street Using 3D GIS

Building height (same side)

The height of buildings on the same side of the street

Using 3D GIS

Building height (opposite side)

The height of buildings on the opposite side of the street

Using 3D GIS

Height-to-width ratio (same side)

The ratio of building height to street width on the same side

Using 3D GIS

Height-to-width ratio (opposite side)

The ratio of building height to street width on the opposite side

Using 3D GIS

Proportion of sky

The proportion of sky in the field of view

Semantic segmentation of scene
screenshots

Human scale

Sky openness

The degree of openness of the sky overhead

Using 3D GIS openness analysis

Long sightline

The longest length of the visible distance

Using 3D GIS sightline analysis

Visual field volume

The three-dimensional space in the viewshed

Using 3D GIS visibility analysis

Visual field area

The two-dimensional area in the viewshed

Using 3D GIS visibility analysis

Transparency Proportion of wall The proportion of walls within the viewshed Semantic segmentation of scene
screenshots
Complexity Proportion of building The proportion of buildings within the viewshed Semantic segmentation of scene
screenshots
Environmental color contrast gradient The color contrast between buildings and their surrounding RGB mean value analysis
environment
NOTES

1. During the virtual tour, the “same side” refers to the right side of the participant’s forward direction, while the left side refers to the “opposite side.”

2. The terms “three-dimensional space” and “two-dimensional area” are spatial geometric concepts derived from 3D GIS analysis. The former refers to the volumetric spatial extent in the viewshed,
enclosed by boundaries such as the ground (building bases), building walls, and rooftops; the latter refers to the horizontally projected area of the viewshed onto a flat plane, primarily indicating the
spatial coverage of visibility.

collect psychological perception data on streetscape experiences.
The questionnaire employed the semantic differential method

strong perception level (Fig. 5).

commonly used in psychological studies, providing 11 pairs

of adjectives to describe various streetscape characteristics.
Participants were required to evaluate each item and assign values
ranging from -3 to 3, where 0 represents a neutral perception
level, -1 and 1 represent a moderate perception level, -2 and 2

3.6.1 Spatial Hotspot Analysis

3.6 Statistical Methods and Models

represent a strong perception level, and -3 and 3 represent a very

This study employed the Getis-Ord G, method to analyze
whether the eye-tracking attention elements and physiological

045 LANDSCAPE ARCHITECTURE FRONTIERS / PAPERS



Please evaluate your perception while touring in the virtual scenes of
streetscape.

Semantic differential scale for streetscape perception

-3 -2 -1 0 1 2 3

Enclosed Open

Narrow Spacious

Lively Quiet

Crowded Uncongested

Messy Clean

Monotonous Diverse

Dark Bright

Less greenery Abundant greenery

Ordinary Unique

Uneasy Secure

Highly commercialized Less commercialized

5. Example of the spatial perception questionnaire.

sensing data exhibit significant spatial clustering. The Getis-Ord
G, method is commonly used in spatial hotspot analysis'**, which
calculates the values of surrounding elements for each data
point (or area) and determines their statistical significance, so
as to assess the intensity and location of spatial clustering. The

calculation formulas are as follows™*:

o - VX~ X 2 ot Wi
' n 2 n 2 ’ (1)
g |:an=1 Wi,_/_(2j=1 Wi,j) :|

n—1

)_( _ ijl xJ ) (2)
n
(3)
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where x; represents the attribute value of element j, w;; denotes the
spatial weight between elements i and j, and n is the total number of
elements. The result of G, is a z-score, where a significantly positive
z-score indicates that higher values (hotspots) are more intensely
clustered; conversely, a significantly negative z-score exhibits lower
values (coldspots), meaning a higher degree of clustering.

3.6.2 Discrete Choice Model

This study posits that spatiotemporal factors influencing
participants’ visual attention preference are highly complex.
Therefore, a discrete choice model was employed in this research
to analyze the impact of physiological feedback on visual selection

[44]

behaviors. Based on existing literature™" and data availability, the

multinomial logit (MNL) model for participants’ visual preference is
expressed as follows!*"":

P
S

where, the dependent variable y represents the participant’s

Py=i)=

(4)

selection for visual element i. Based on eye-tracking heatmap
statistics, the output is classified into two mutually exclusive
categories (selected or not selected), with corresponding values

of 1 or 0. In the multinomial regression analysis, the independent
variable x represents the participant’s physiological sensing data,
which is standardized; and the parameter § denotes the coefficient
of the independent variable.

4 Research Results

4.1 Spatial Hotspot Analysis

The analysis results (Fig. 6) indicate that participants had
significantly longer fixation durations when touring commercial-
residential streets (e.g., Longtou Road, Anhai Road). This suggests
that these streets’ distinct commercial styles and high-information-
density environmental elements (e.g., storefront signage and
entrance spaces) effectively captured participants’ long-
duration visual attention. In contrast, for mixed-use streets
like Fujian Road, Sanming Road, and Yongchun Road, the rich
historical features and diverse spatial elements (e.g., heritage
buildings, courtyards, landmarks) led to more frequent shifts
in participants’ gaze, resulting in significantly shorter fixation
durations.

For residential streets (e.g., Anhai Road) and mixed-use
streets (e.g., Fujian Road), a significant increase in PD was closely
associated with core impressive spatial elements, such as the blend
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@ Hotspot (99% significance)
@ Hotspot (95% significance)

@ Coldspot (99% significance)
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Coldspot (90% significance)

® No significance
[T Key heritage building
Hotspot (90% significance)

6. Physiological data hotspot analysis. Created based on the standard map from the
Xiamen Natural Resources and Planning Bureau, map number Xiamen S [2022] 05.

of historical and modern architecture, which provided rich visual
stimuli and fostered deep emotional connections for participants.
Conversely, for Bishan Road and Guxin Road, which are traffic
streets surrounded by greenery, the dimmer ambient lighting and
low-lying shrubs tended to draw participants’ attention, leading to
high-value clustering of PD measurements.

On commercial-residential streets such as Zhonghua Road,
Shichang Road, and Longtou Road, participants exhibited a

o © Jing Guo, Yuan Li

047

significantly higher GSR. These streets not only include a diverse
array of street-front shops and high-density building layouts, but
also have brighter lighting and greater visual accessibility, which
collectively contribute to a richer visual experience. Similarly, in an
eye-tracking study on Nanjing Road, Shanghai, Chen Zheng et al. also

”» o«

revealed how outdoor storefront signage shapes “unique,” “rich,”

and “distinctive” streetscapes that provided strong visual impression
for pedestrians!™?.

High-value HR and HRYV clusters were concentrated around
Lujiao Road and Fujian Road. The key heritage buildings in these
areas not only captured attention from most participants but also
reinforced emotional connections by evoking personal memories
and experiences. For example, some participants verbally reported
that while touring Fujian Road, they recalled their previous visits to

the Haitian-Tanggou Mansion.

4.2 Spatial Hotspot Analysis of Visual Attractors

Based on relevant literature*®

and the spatial features of
historical streets in Gulangyu Island, this study categorized
visual attractors in participants’ eye-tracking preferences into
architectural elements, road elements, natural elements, and
landmark elements, comprising a total of 16 subcategories.
Among them, architectural elements were further classified into
modern building, traditional building, Western-style building, and
architectural heritage component, based on their construction
period and architectural style'*” (Table 3). Road elements include
street, square, staircase/slope, and wall/railings; natural elements
consist of sky, vegetation, mountain/rocks, and sea; and landmark
elements encompass storefront signage, fountain, streetlight, and
road sign.

The spatial hotspot analysis of eye-tracking data (Fig. 7)
shows that high-value clusters of architectural elements were
primarily concentrated in zones with a higher density of historical
buildings, where distinctive architectural styles exerted a strong
visual attraction on participants. Road elements exhibited high-
value clusters at street intersections and the locations with
clearly defined spatial boundaries, where the high visibility
and spatial openness allowed participants to pass through or
linger, underscoring their importance in pedestrian flow. Natural
elements showed high-value clusters in beachfront and park areas,
demonstrating the strong visual appeal of natural landscapes to
participants. Meanwhile, landmark and iconic elements formed
high-value clusters in commercial-residential streets and spatial
nodes like the intersection of Guxin Road and Sanming Road, known
as the “most beautiful corner on the island.”

LANDSCAPE ARCHITECTURE FRONTIERS / PAPERS



Table 3: Classification of architectural elements

Street type

Characteristics

Traffic

Built in or after 1941, predominantly featuring modernist architectural styles

Commercial-residential

Southern Fujian traditional residences constructed before the Opium War (before 1840)

Residential Constructed by overseas Chinese from the late 19th century to the early 20th century, often exhibiting Western revivalist styles or a
blend of Chinese and Western architectural elements
Mixed-use Structural or decorative elements that are designated as part of heritage buildings

Road sign

VOLUME 13/ ISSUE 2 / APRIL 2025

7. Hotspot analysis
of eye-tracking
visual attention
elements,
created based
on the standard
map from the
Xiamen Natural
Resources

and Planning
Western-style building

Architectural heritage
component

Bureau, map
number Xiamen
S [2022] 05.

Storefront signage Fountain Streetlight

Hotspot analysis
@ Hotspot (99% significance) @ Hotspot (95% significance) Hotspot (90% significance)

@ Coldspot (99% significance] @ Coldspot (95% significance) Coldspot (90% significance)
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® No significance [[] Key heritage building
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4.3 Correlation Analysis Between Street Spatial Features and areas typically feature more interactive spaces and stronger visual

Visual Attractors stimuli, where visitors are often attracted by advertisements and

This study examines the correlation between street spatial signage with bright colors and distinctive fashions. This trend was
features and visual attractors, further revealing the influence of the particularly evident in commercial-residential streets such as
physical environment on psychological perception (Figs. 7, 8). Longtou Road and Shichang Road. In contrast, streets with a higher

1) Imageability: Pedestrian activity level showed a negative proportion of historic buildings, such as Fujian Road and Huangyan
correlation with street and vegetation but a positive correlation Road, became popular focal points for participants due to their rich
with storefront signage. Meanwhile, the proportion of historic historical and cultural significance and distinct architectural styles.
building was positively correlated with Western-style building, Western-style buildings and architectural heritage components often
architectural heritage component, mountain/rocks, and fountain. have strong historical symbolism, which is particularly prominent
These results suggest that in areas with higher pedestrian dynamics,  in Xiamen—as a city with a unique cultural and historical context,
commercial elements such as storefront signage are more likely to Xiamen’s historical sites and buildings exhibit a greater visual
attract participants’ visual attention. This is because commercial appeal, and the fusion of traditional and Western architectural
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styles provides a more diverse visual experience for visitors.

2) Enclosure: Street width showed a positive correlation
with Western-style building, architectural heritage component,
and fountain, while the height-to-width ratio (same side) was
positively correlated with square and storefront signage. The
street layout and architectural characteristics significantly
influenced participants’ visual attention—wider streets would
lead to a greater attention to buildings and public spaces, whereas
narrower streets would enhance the visual prominence of road
elements. For streets with rich heritage buildings, such as Fujian
Road, wider streets allowed participants to gaze not only culturally
significant buildings but also artificial structures such as fountains.
In contrast, for traffic streets such as Sanming Road, narrower
streets constrained participants’ sightline, making street itself and
vegetation the primary visual attractors. Additionally, a positive
correlation was observed between building height and height-to-
width ratio with storefront signage, particularly on commercially
active streets such as Longtou Road. On these streets, the spatial
disparity makes taller buildings and storefront signage more likely
to attract visual attention.

3) Human scale: Sky openness was positively correlated with
participants’ visual attention to sky, while the volume of the field
of view showed a positive correlation with traditional building,
mountain/rocks, and fountain. For streets with higher sky
openness, such as Fujian Road and Huangyan Road, traditional
buildings and natural elements became visual attractors. These
elements stood out due to their cultural and natural significance,
forming a strong contrast with the surroundings, leading to
frequent visual attention from participants. For example, in areas
where Sunlight Rock is clearly visible, the unique natural landscape
attracted significant visual attention. This finding confirms
Gulangyu Island’s identity as an “Architectural Museum of the
World,” which is represented not only in its diverse architectural
styles but also in the harmonious integration of natural and built-
up landscape elements, such as mountain/rocks and fountain.
These elements may have been deliberately considered during
the site selection of buildings, or carefully designed in different
historical periods. Additionally, for streets with expansive field of
view (e.g., Anhai Road), the sky that occupied a larger proportion
but contained less detailed information tended to attract more
visual attention.

4) Transparency: The proportion of wall was positively
correlated with the visual attention to wall/railings. For narrower
traffic streets, wall/railings, despite restricting participants’
sightline, became prominent attractors due to their ornamentation
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and architectural details. The concept of transparency concerns
how visual interfaces allow sightlines to penetrate, facilitating
visual connection and interaction. In environments with limited
visibility, where transparency is lacking, participants’ attention
is more likely to be drawn to decorative and detailed interfaces.
The importance of transparency for spatial creation is also
demonstrated by numerous international urban design practices.
For example, in Alexandria, Egypt, specific ground-floor window
ratio requirements have been implemented for commercial retail
buildings, not only improving the visibility of activities on the
street but also enhancing the vibrancy of the streetscape!*”.

5) Complexity: The proportion of building was positively
correlated with modern building but negatively correlated with
street, vegetation, and sea. Similarly, color contrast gradient
showed a positive correlation with modern building and a negative
correlation with road sign. For streets where buildings occupied a
higher proportion (such as residential streets), modern buildings
became main visual attractors due to their vivid color contrasts. In
contrast, for streets where road signs were the prominent visual
attractors, muted or simple color schemes are often intentionally
used to enhance the contrast gradient of these navigational
elements, ensuring effective information conveying.

4.4 MNL Model Analysis of Visual Attractors and Physiological
Indicators

To explore the relationship between psychological perception
and physiological indicators, this study employed an MNL model to
quantify the impact of different visual attractors on physiological
responses. The results revealed that only 7 visual attractors—
modern building, traditional building, street, wall/railings,
sky, vegetation, and storefront signage—exhibited significant
correlations with physiological indicators (Table 4).

Physiological responses were not particularly strong when
participants fixated on modern buildings. However, fixation
duration and HRV exhibited a significant negative correlation.
Modern buildings are typically characterized by simplistic,
structured, and smooth-lined facades, which lack organic elements
and variation, compared with natural landscapes. This visual
monotony may lead to reduced emotional arousal, consequently
lowering HRV.

When participants fixated on traditional buildings, walls
or railings, significant PD changes were observed in both eyes.
Previous studies have found that pupil size is generally larger
when viewing objects within the area of interest, compared with
those outside the area"”. Larger PD might relate to greater visual



Table 4: MNL model of the impact of eye-tracking selection behaviors on physiological data

Variable Modern Traditional Road Wall/ Sky Vegetation Storefront
building building railings signage
B SE B SE B SE B SE B SE B SE B SE
FPOGD 0.011  0.031 -0.110  0.074 0.043  0.027 0.008  0.026 -0.450"" 0.053 -0.071" 0.031 0.064 0.038
LPD -0.119  0.066 0.363* 0.146 0.110  0.058 -0.205"" 0.056 0.087  0.092 -0.047  0.065 0.155  0.084
RPD 0.116  0.066 -0.294* 0.143 -0.112  0.057 0.214™ 0.055 -0.174  0.090 -0.022 0.064 -0.240" 0.082
GSR 0.008  0.030 0.015 0.068 0.075" 0.026 -0.025 0.026 -0.185" 0.059 -0.029  0.031 0.084"  0.034
HR -0.052  0.030 0.100  0.070 0.131™ 0.027 0.023  0.025 -0.186"" 0.045 -0.043  0.030 -0.034 0.039
HRP -0.089" 0.033 -0.157  0.082 -0.013  0.027 0.050"  0.025 0.003  0.047 -0.046  0.032 0.105" 0.035
Constant (c) -1.3117" 0.030 -3.419™ 0.071 -0.749" 0.026 -0.443" 0.025 -2.529"" 0.049 -1.303™ 0.030 -2.028" 0.038
LR chi?(6) 15.470 13.270 35.970 23.410 118.730 18.720 23.940
Prob > chi? 0.017 0.039 0.000 0.001 0.000 0.005 0.001
Log likelihood ~ -3,484.395 -962.746 -4,220.049 -4,502.262 -1,846.143 -3,495.798 -2,429.947
Pseudo R 0.002 0.007 0.004 0.003 0.031 0.003 0.005
NOTES

1. * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001.
2. Other visual attractors that did not exhibit significant regression coefficients are not listed.

interest in traditional buildings, walls or railings, while smaller PD
could be associated with recalled memories and cognitive load™.
That is, visitors may need to consume more attention to process
and retrieve memories related to traditional architecture.

Street exhibited a significant positive correlation with GSR and
HR. This may be because visual stimuli on the street (e.g., pavement
patterns, directional signs) captured participants’ attention, and
led to increased GSR and HR.

Wall/railings showed a significant positive correlation with
HRV, meaning that higher and denser wall/railings were associated
with greater HRV values. This can be explained by the frame effect
created by tall and dense barriers, where lower street transparency
induced feelings of oppression and discomfort, thereby increasing
HRV.

Sky and vegetation exhibited a significant negative correlation
with fixation duration. Previous research has confirmed that
although sky and greenery often occupy a large portion in the field
of view, they contain relatively low information density, leading
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to shorter fixation durations”®”"", Additionally, sky, as an open
and calming element, had a significant negative impact on GSR
and HR, meaning that observing the sky led to decreases in both
physiological indicators.

When participants fixated on storefront signage, smaller RPD,
a slight increase in GSR, and a significant increase in HRV were
observed. This can be explained by the increased cognitive load
required participants to examine the signage in-detail, which
induced smaller PD*’; while storefront signage stimulated
participant interest, leading to increases in both GSR and HRV.

4.5 Regression Analysis of Psychological Perception and
Physiological Indicators
Through a preliminary regression analysis of psychological
perception and physiological indicators with OLS models, the
study found that only fixation duration, PD, and HR exhibited
statistically significant correlations with the psychological
perception items (enclosed-open, lively-quiet, and dark-bright)
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(Fig. 9). The R? values for these models were 0.14, 0.12, and 0.11,
respectively, indicating that Model 1 explained 14% of the variance
in fixation duration, Model 2 explained 12% of the variance in
RPD, and Model 3 explained 11% of the variance in HR.

In terms of street openness, Model 1 indicated a positive
correlation between fixation duration and perceived openness,
suggesting that spacious streetscapes led to longer visual fixations.
This implies that wide, open spaces may enhance attention and
induce pleasant feelings, aligning with the finding by Shanzhi Kang
et al.,, which demonstrated that open spaces contribute to positive
emotional experiences'",

Regarding street vitality, Model 2 showed that stronger
perception of bustling streetscape (indicating the presence of more
areas of visual interests on the street) corresponded to larger
PD. Previous studies have also confirmed that outdoor signage in
the streets enhances visitors’ attention®”, which in turn leads to
larger PD.

In terms of lighting, Model 3 revealed that greater perception of
brightness was associated with lower HR, suggesting that well-lit
streetscapes promote positive emotions, making the participants
more relaxed and calm.

5 Discussion

5.1 Analysis of the Physical-Physiological-Psychological
Interaction Mechanisms

Examining participants’ spatial perception in historical streets
and its influencing factors and based on the above experiment
results, this study further summarized the physical-physiological-
psychological interaction mechanisms underlying as follows.

1) Physical factors, particularly architectural style, layout of
commercial spaces, spatial scale, and interface transparency,
directly influence visitors’ visual experience and preferences.

2) Physiological indicators, such as fixation duration, HR, and
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PD variations, reflect visitors’ real-time emotional responses to
different visual attractors in the streets, revealing the potential
of local distinctiveness of historical streets in enhancing tourism
experiences.

3) Psychological factors serve as a bridge between the physical
environment and physiological responses. The correlation analysis
between psychological perception and physiological indicators
confirmed the “physical environment-eye-tracking fixation-
emotional arousal” mechanism of visitors’ visual preferences,
highlighting that street openness, vitality, and lighting are key
factors in enhancing pedestrian experience.

5.2 Optimization Strategies for Historical Streets

1) Traffic streets. These streets are characterized by numerous
walls and facades, abundant greenery, but a visually monotonous
spatial experience. To improve visual appeal, it is necessary to increase
street width and openness while enhancing wall transparency. For
instance, installing interactive facilities and display installations
while maintaining traffic efficiency can enhance street vitality.

2) Residential streets. These streets are often narrow, with low
openness, dense modern buildings, and limited natural elements.
Considering the needs of both local residents and visitors, facade
renovation can be implemented to improve street cleanliness
and openness. This can be achieved through strategies such as
creating small-size green spaces (e.g., pocket parks), integrating the
residential streets with the natural environment.

3) Commercial-residential streets. As places attracting visitors’
attention, these streets feature varied storefront signage and
lighting interplay. Optimization measures include enhancing
lighting control to prevent physiological discomfort caused by
dramatic lighting fluctuations of signage; and improving business
management for a better integration of modern commerce and
historical buildings.

4) Mixed-use streets. Such streets densely accommodate cultural
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architectural heritages. However, due to heritage protection
requirements, they often have massive walls and facades with

low transparency and weak interaction. To enhance visual appeal
while preserving historical structures, measures of increasing the
transparency of street interfaces can be taken. For example, by
leveraging VR and AR technologies to reconstruct historical scenes
and buildings, or to introduce digital heritage exhibitions and NPC-
guided interactions, visitors’ attention and engagement would be
enhanced.

6 Conclusions

This study employed an eye-tracking and physiological sensing
experiment to explore participants’ spatial perception in historical
streets and related influencing factors, capture individual visual
attention preferences, and uncovered the physical-physiological-
psychological interaction mechanisms underlying participants’
spatial perception in historical streets. The findings indicate that,
at the physical level, architectural and commercial elements in
historical streets significantly influence visitors’ spatial perception.
Specifically, streetscapes characterized by high imageability, low
enclosure, high openness, high transparency, and high complexity
attract greater visual attention and elicit stronger emotional
responses. At the physiological level, HR and PD reveal visitors’
visual preferences for different street types. In traffic streets, walls
and railings were the dominant visual attractors; in commercial-
residential streets, storefront signage was the primary visual
attractor; in residential streets, modern buildings attracted
more attention; and in mixed-use streets, participants exhibited
a preference for traditional buildings, particularly architectural
heritage components and natural elements. At the psychological
level, the perceived street openness, vitality, and lighting
influenced participants’ physiological responses, demonstrating
that the visual appeal and emotional arousal of the environment
significantly affect individuals’ visual preferences.

The physical-physiological-psychological research framework
for spatial perception proposed in this study enriches the
application of environmental psychology theories in historical
street research and offers a novel perspective for studies on
pedestrian-friendly historical streets. Methodologically, this study
developed a 3D virtual geographic environment and an integrated
eye-tracking and physiological sensing experiment, providing a
new quantitative approach to exploring environmental perception
in historical streets and improving the precision of research
results. In terms of application, the study offers human-centered
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urban renewal strategies for the four types of historical streets in
Gulangyu Island.

Despite its contributions, this study has some limitations.
Future research should further assess the fidelity of the 3D virtual
geographic environment and enhance experimental fluidity,
such as adopting head-mounted VR eye-tracking systems. More
historical streets should be studied with the research framework
proposed in this paper, and deep learning techniques can be
utilized to enhance the accuracy and efficiency of data analysis,
refining optimization strategies for historical streets.
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