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Abstract

Historic districts are key urban spaces that convey cultural heritage and support tourism
and social interaction. As the spatial interface shapes form and perception, this study
explores youth-oriented visual behaviour and cognitive preferences regarding historic
street interfaces. Using Kuan-Narrow Alley in Chengdu as a case study, we analysed
eye-tracking data to assess visual engagement with interface elements. Architectural com-
ponents received the highest attention for Total Fixation Duration, Fixation Count, and
Visit Count, while commercial elements yielded a longer Average Fixation Duration. A
multiple linear regression model identified Historical Linguistic Landscape (β = 1.088),
Street Permeability (β = 0.401), and Street Width-to-Height Ratio (β = 0.178) as significant
predictors of perceived usability, with Historical Linguistic Landscape proving most influ-
ential. These findings underscore the value of preserving cultural significance in streetscape
morphology and provide theoretical and practical insights from a youth-centric perspective.
By integrating eye-tracking with morphological analysis, the study offers a novel approach
to understanding visual perceptions in historic districts. Despite limitations in sample
size and scope, the study provides solid insights, with future research needed to broaden
contexts for greater generalisability.

Keywords: historic district; street interface; visual behaviour; perceptual preference
evaluation; youth-friendly; cultural identity

1. Introduction
Segmental planning in urban development results in significant variations in urban

spatial structure [1,2]. Streets are both key markers of urban development and vital spaces
for public interaction. However, under incremental development, indiscriminate con-
struction is often misaligned with market needs, while homogenised interfaces erode the
distinctiveness of historic districts. Historic districts are culturally sensitive urban areas
distinguished by a dense presence of heritage architecture, coherent traditional spatial
patterns, and an integration of natural and cultural landscapes [3,4]. They embody the
city’s historical continuity and cultural identity through the interplay of cultural elements
and physical space [5]. As early as 1933, the International Institute of Modern Architecture
(IIMA) advocated preserving historically and culturally significant buildings and districts
through appropriate planning strategies [6]. With the shift in urban production and con-
sumption structures, public demand for cultural experiences and symbolic engagement
has surged [7]. However, traditional street forms often struggle to adapt to the dynamic
and ever-changing nature of contemporary urban development [8]. It is therefore crucial to
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examine which forms of street interfaces resonate with present-day users and how urban
culture can be sustained and expressed through the everyday streetscape.

As the interwoven carrier of material space and cultural representation in historic
districts, the street interface functions not only as the visual boundary that defines regional
characteristics but also as the organizational medium for social activities and spatial func-
tions. Its form and function directly influence cultural legibility and spatial sustainability.
In architectural theory, the interface is commonly defined as the transitional boundary
between a building’s interior and its external environment, constituting a fundamental
element of spatial configuration [9]. Among these, the ground-floor interface plays a pivotal
role in shaping pedestrian-level spatial perception and the experiential quality of the street
environment [10]. The street interface not only reflects the architectural style, lifestyle, and
aesthetic concepts of a specific historical period but also embodies the distinctive street tex-
ture shaped through urban development [4]. As research on urban street spaces continues
to advance, scholars have come to recognise that streets function not only as channels for
urban mobility, but also as spatial environments whose physical characteristics—such as
scale, texture, permeability, and colour—play vital roles in shaping spatial perception [11],
guiding visual cognition [12], enhancing affective experiences [13], and facilitating social
interaction [14]. However, current research lacks a thorough analysis of historic district
interfaces from the perspective of specific user groups. Given the crucial role of historic
districts in cultural communication, there is an urgent need to analyse them through the
lens of users’ perceptual preferences. Such an approach would help identify the key driv-
ing elements of cultural communication and provide essential theoretical and empirical
support for future research and practice.

Environmental preference is defined as the positive emotional response elicited in
individuals upon receiving environmental stimuli, processing environmental information,
and accumulating environmental experiences [15]. It is a critical factor in spatial planning
and design. Perception refers to the cognitive process of attaining awareness or interpreting
sensory input [13], with visual behaviour serving as the primary and most direct means
by which humans acquire information about the spatial environment [16,17]. Advances in
physiological research have enabled eye-tracking technology to offer new methods for eval-
uating street interfaces by quantitatively analysing users’ visual preferences through eye
movement data [18–20]. Compared to surveys and interviews, eye-tracking reduces bias
from users’ expertise and expression, while enabling the visualisation of landscape attrac-
tiveness through heat and trajectory maps generated from transient data [21]. Numerous
scholars have applied eye-tracking technology to the evaluation of spatial perception [16].
Hongguo Ren conducted an eye-tracking experiment on rural public spaces and proposed
an emotion-driven design strategy for their enhancement [22]. Noland et al. integrated sub-
jective qualitative analysis with quantitative eye-tracking data, providing a comprehensive
assessment of urban public environments [23]. In summary, eye tracking is a feasible tool
for spatial perception assessment, but research on youth visual cognition remains limited.
As key urban space users, young people’s preferences are vital for guiding historic district
renewal and adaptive design.

As key drivers of urban development, youth contribute fresh momentum to cultural
continuity through their unique cognition and innovation. However, most studies on urban
space have focused on groups like the elderly and children, overlooking the perspectives
of youth [24,25]. Overlooking young people’s spatial preferences risks disconnecting urban
development from cultural transmission, undermining their identity needs and hindering
heritage continuity and sustainable urban growth. As emphasised by Shtebunaev et al.
(2023) [26] and Kamani Fard and Paydar (2024) [27], young people possess distinct urban
perceptions shaped by evolving cultural values, digital mediation, and unique place attach-



Buildings 2025, 15, 3224 3 of 25

ment mechanisms, making them a critical demographic for understanding and shaping
historic district regeneration [26,27]. These factors encourage youth to seek visually engag-
ing, shareable, and experientially rich urban spaces, while influencing how they interpret
and emotionally connect with cultural symbols in historic environments. As emerging
agents of cultural inheritance, youth warrant a deeper exploration of their engagement with
and valuation of urban space [28]. Davison, in his community heritage study, emphasised
the need for young people to reflect on the regenerative potential of heritage buildings and
the need to reconceptualise architectural spaces from a youth-oriented perspective [29].
Amiruddin et al. further observed that Generation Z (Gen-Z) youth reshape the spatial
narrative of historic districts through distinctive urban travel patterns [30]. However, this
group exhibits a preference for cultural experiences that prioritise instant gratification [31].
Social media-driven digital culture fosters fragmented, feedback-oriented consumption
among youth, potentially weakening their engagement with the deeper values of historic
environments. Guiding them to balance rapid experiences with deeper appreciation is key
to sustaining historic district development. However, existing studies are largely concep-
tual and lack empirical evidence on youth visual cognition, particularly regarding spatial
interfaces and cultural symbols. To bridge this gap, this study integrates eye tracking,
subjective evaluations, and a spatial analysis to examine youth preferences in historic
district streetscapes.

In conclusion, this study examines Kuanzhai Alley in Chengdu as a representative
Chinese historic district and establishes the relationship between street interface elements
(e.g., D/H value, Street Permeability, and Visual Complexity of Colour) and visual per-
ception preferences from a youth-friendly perspective. By integrating quantitative street
indicators with eye-tracking technology, this research employs both subjective and objec-
tive approaches to explore optimization strategies for the interface morphology of historic
districts. The findings aim to provide a theoretical foundation and practical reference for
the inheritance and renewal of historic districts, address existing research gaps, and expand
the cognitive framework within this field.

To achieve these aims, this study sets out to examine the visual behaviour and cognitive
preference mechanisms of youth towards streetscape interfaces in historic districts, using
Kuanzhai Alley in Chengdu as a case study. By constructing a multidimensional analytical
framework grounded in the “culture-form-ecology” model, and integrating eye-tracking
data with subjective evaluations, the study seeks to identify how key areas of interest (e.g.,
architectural, commercial, and linguistic elements) and spatial interface features (e.g., D/H
Ratio, Street Permeability, and Historical Linguistic Landscape) influence youth satisfaction.
This research also addresses the current gap regarding intergenerational perspectives in
historic district studies, offering empirical insights to support youth-friendly and culturally
sustainable renewal strategies.

To operationalise these aims and build on prior studies of spatial perception, cultural
identity, and interface morphology, this study proposes the following hypotheses:

H1. Spatial interface features—such as D/H Ratio, Street Permeability, and Visual Continuity—
significantly influence youths’ perceived satisfaction with historic district streetscapes.

H2. Visually salient architectural and commercial elements attract greater visual attention among
youth, serving as key cognitive anchors in spatial perception.

H3. Cultural/symbolic features embedded in the street interface—particularly those reflecting
historical identity (e.g., signage and linguistic landscapes)—positively shape youth spatial cognition
and strengthen affective engagement.
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2. Materials and Methods
2.1. Study Area

This study focuses on Kuanzhai Alley, one of Chengdu’s three major historic conser-
vation districts and an officially designated “Characteristic Chinese Commercial Pedestrian
Street.” As illustrated in Figure 1, covering approximately 3.2 hectares and consisting of
three parallel lanes (broad, narrow, and well alley), it is widely regarded as a national
example of historic preservation and adaptive reuse. As the only remaining spatial imprint
of Chengdu’s ancient “Millennium Shaocheng,” the site integrates Qing-era courtyard
dwellings, Western Sichuan vernacular architecture, and hybrid Sino-Western elements.
Since its inclusion in Chengdu’s Historic and Cultural City Conservation Plan in the
1980s, Kuanzhai Alley has undergone functional transformation and spatial revitalization,
showcasing the integration of heritage conservation with contemporary urban life.

Figure 1. Case study area.

Today, Kuanzhai Alley also functions as a key site for cultural continuity and youth
engagement. Its hybrid streetscape blends traditional architectural forms with modern
commercial programming, attracting a large youth demographic through creative events
and festivals. With its distinctive spatial form, cultural symbolism, and youth relevance, it
serves as an ideal case for examining the relationship between historic district interfaces
and youth visual perception and spatial behaviour.

2.2. Eye-Tracking Experiments

Eye-tracking technology enables the quantitative analysis of visual behaviour by
recording eye movement trajectories and gaze distributions when observing a scene. Based
on the pupil–corneal reflection (PCR) method, it accurately captures gaze coordinates and
fixation durations [32]. This technique supports the real-time tracking of visual attention,
gaze patterns, and cognitive processes, providing objective data for studies on spatial
perception and behavioural preferences. In this study, eye-tracking metrics are used to
examine youth visual engagement with cultural symbols in historic districts (e.g., traditional
motifs and inscribed plaques), offering empirical insights into the sustainable transmission
of cultural heritage. The experimental procedure is detailed in the following sections.
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2.2.1. Experimental Image Collection

Empirical studies in visual perception research have confirmed that images and videos
can reliably simulate real-world environments, with virtual stimuli eliciting physiological
and psychological responses comparable to those of actual settings [33]. Accordingly,
standardised image acquisition was conducted in Kuanzhai Alley to ensure consistent
visual stimuli. To reduce external variability (e.g., weather, pedestrian flow, and lighting),
photographs were taken on a clear weekday morning (8:00–10:00 AM) with the camera
positioned at a height of 1.6 m. Sampling began at the main entrance with 20 m inter-
vals, supplemented by intersection points to capture diverse streetscape views. A total of
67 high-resolution images (3600 × 2400 px) were collected; after excluding visually ambigu-
ous or overly complex scenes, 40 valid samples were retained for the satisfaction survey.
From these, 18 visually salient images were selected for eye-tracking experiments.

2.2.2. Recruitment of Experimental Subjects

Studies indicate that eye-tracking experiments with over 30 participants yield highly
consistent results [34]. Accordingly, 40 young participants (20 per gender) were recruited
to control for gender effects. After data screening, 36 valid samples with eye-tracking accu-
racy above 70% were retained, including 19 with relevant professional backgrounds and
17 non-professionals, to limit bias from domain expertise. To assess sample adequacy, a post
hoc power analysis (α = 0.05) was performed, showing that with N = 36, the study achieved
statistical power > 0.95 for detecting medium effects in paired-sample tests (Cohen’s
d = 0.50) and approximately 0.85–0.90 in one-way ANOVA with a medium effect size
(Cohen’s f = 0.25), both exceeding the conventional 0.80 threshold. Participants were famil-
iarised with the eye-tracking system prior to the experiment but were not informed of the
study’s purpose to avoid perceptual bias. All had normal or corrected vision (≥1.0) and no
ocular impairments; professional lenses were used to ensure optimal visual clarity.

2.2.3. Experimental Preparation

The experiment employed the aSeeGlasses wearable eye-tracking system (60 Hz,
7invensun Technology Co., Ltd., Beijing, China) with image stimuli presented on a 14-inch
MacBook Pro (3024 × 1964 px, Apple Inc., Cupertino, CA, USA). Data were processed via
the aSeeStudio platform to generate gaze reports and heat maps. All participants provided
written informed consent. Experimental conditions were standardised: ambient lighting
was maintained at ~400 lux using a digital illuminance meter (Extech Instruments, Nashua,
NH, USA), and noise levels were kept below 40 dB with an HS5671B spectrum analyser
(RIGOL Technologies, Beijing, China) to minimise environmental interference.

2.2.4. Conducting the Eye-Tracking Experiment

Participants first completed a three-point calibration while wearing the head-mounted
eye-tracking device. To reduce environmental stress, instrumental music was played during
stimulus presentation. Two unannounced warm-up images were shown prior to the experi-
ment to facilitate acclimation. The 18 experimental images were then displayed in randomised
order for 20 s each, with 2 s blank intervals to minimise visual adaptation effects.

2.2.5. Filling in the Satisfaction Scale

After the eye-tracking session, participants completed a five-point Likert scale rating
of 40 valid images based on overall visual preference. This subjective assessment captured
individual perceptions of historic district interface features and provided multi-dimensional
data for subsequent analysis, linking visual behaviour with cognitive preference. The approach
supports a systematic investigation of preference patterns relative to interface characteristics.



Buildings 2025, 15, 3224 6 of 25

2.3. Methodology

This study employed a structured workflow of data collection, experimental analysis,
and modelling (Figure 2). Valid samples were derived from site mapping, eye tracking, and
perceptual evaluation. Using aSeeStudio, images were segmented into AOIs, and six visual
metrics were extracted to capture youth visual behaviour. Street interface characteristics were
analysed across 40 images, forming a “culture–form–ecology” framework based on seven
indicators. Python 3.12 (Python Software Foundation, Wilmington, DE, USA)-based modelling
involved data preprocessing, multiple linear regression, and SHAP analysis to interpret feature
influence, providing insights for the adaptive reuse of historic district interfaces.

Figure 2. The flow diagram of the study.

2.3.1. Eye-Tracking Technology

1. Visual Areas of Interest Mapping

In eye-tracking analysis, areas of interest (AOIs) structure image content for systematic
comparison of youth attention across spatial interfaces [18]. This study categorises areas of
interest into three domains—built environment, natural elements, and socio-behavioural
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elements—with the built environment further classified into four specific types (Table 1).
Modern buildings without historical or cultural value were excluded due to commercial
redevelopment. AOI segmentation (Figure 3, Table 1) supports detailed analysis of youth
visual engagement, guiding street-level spatial optimization strategies.

Table 1. AOI element classification.

Primary Elements Secondary Elements

Built Environment

Architectural Elements

Door and Window Openings, Eaves,
Entrance Portals, Plaques and

Couplets, Architectural Decorative
Components (Permanent)

Street Elements Paved Roads

Commercial Elements Storefront Signage, Display
Windows, Promotional Stalls

Landscape Elements
Street Furniture, Decorative Walls,

Temporary Installations
(e.g., Lanterns)

Natural Elements Tree Canopies, Flower Beds, Lawns

Socio-Behavioural Elements Pedestrians, Motor Vehicles

 
Figure 3. Classification of AOI Elements.

2. Eye-Tracking Metric Selection

Visual behaviour is a key indicator for identifying attentional focus and emotional
bias, offering an objective reflection of pedestrians’ emotional responses to architectural
heritage [35]. Within the eye-tracking framework, gaze metrics effectively capture physio-
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logical responses, with fixation duration widely recognised as a reliable proxy for visual
attractiveness [36,37]. As summarised in Table 2, this study employs six eye-tracking
indicators—Total Fixation Duration (TFD), Average Fixation Duration (AFD), First Fixa-
tion Duration (FFD), Time to First Fixation (TFF), Fixation Count (FC), and Visit Count
(VC)—with definitions and interpretations provided in the table.

Table 2. Definitions of eye-tracking metrics and corresponding emotional responses.

Eye-Tracking Metric Indicator Definition Emotional Performance

Total Fixation Duration

Indicates the Total Fixation Duration on a
specific street element within the

observation period, reflecting its overall
attentional engagement from a

temporal perspective.

Higher TFD values indicate that the
element of interest is more

visually attractive.

Average Fixation Duration

Calculated as Total Fixation Duration
divided by Fixation Count, this metric
reflects the average fixation time and

indicates the level of cognitive
engagement with a given element.

Higher AFD values indicate greater
information complexity and cognitive

processing demand.

First Fixation Duration
Captures the duration of the initial

fixation on a street element, reflecting the
participant’s first visual interaction.

A higher FFD indicates a greater visual
impact or uniqueness of the element.

Time to First Fixation
Measures the time from stimulus onset to

the first fixation on the target element,
indicating its visibility and recognizability.

Lower TFF values indicate that an element
is more easily recognizable.

Fixation Count
Counts the number of fixations on a street
element, indicating the frequency of visual
attention during the observation period.

Higher FC values signify richer detail or
increased visual complexity.

Visit Count

Indicates the number of returns to a street
element, reflecting the frequency of

repeated visual engagement during the
observation period.

Higher VC values reflect greater visual
prominence and salience within

the environment.

2.3.2. Historic District Interface Characterisation and Indicator Construction

This section categorises street interface indicators, recognising interface morphology
as a key factor in shaping pedestrian spatial perception [11–13]. Building on prior studies
and its dual measurability, this study develops a spatial evaluation framework based
on the integrated dimensions of form, culture, and ecology, as illustrated in Figure 4.
The framework is theoretically underpinned by environmental preference theory [15]
and legibility theory [38]. Environmental preference theory, which identifies coherence,
complexity, legibility, and mystery as key factors shaping environmental appeal, supports
the form dimension by explaining how spatial morphology and visual structure influence
preference and informs the ecology dimension through the perceptual response to natural
and physical environmental cues. Legibility theory, which emphasises the clarity of spatial
organisation in aiding orientation and engagement, reinforces the form dimension by
linking spatial configuration to navigability and underpins the culture dimension by
explaining how symbolic and historical elements contribute to mental maps and place
identity. By quantifying interface characteristics, the framework clarifies the relationship
between street design and youth perceptual preferences, providing a theoretical basis for
exploring design–behaviour interactions.
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Figure 4. Form–culture–ecology interaction framework.

Based on historic district morphology, the Distance-to-Height Ratio (D/H) is a key
metric for evaluating spatial scale, defined as the ratio between the street width (distance
between buildings, D) and building height (H) on both sides of the street [4]. An optimal
street scale is typically achieved when D/H ranges between 1 and 2 [12,13] and when street
widths fall within 20–25 m [39–41]. In this study, D/H is calculated using average building
height and street width within 20 m of each image point. To quantify horizontal spatial
variation, the Street Width Change Rate (SWCR) is used, calculated as the ratio of the width
range (max–min) to the average width [42–44]. The Sky View Factor (SVF) captures vertical
openness, defined here as the proportion of visible sky in an image. Using Python, images
are converted to grayscale and threshold-segmented; the ratio of white pixels represents
sky visibility [45,46]. Street Permeability (SP) reflects the visual accessibility of ground-floor
interfaces through transparent elements like doors and windows [47]. High SP can promote
prolonged pedestrian engagement, especially among youth [44]. This study calculates SP
by measuring the area of door and window openings within 20 m on both the ground and
second floors of street-facing buildings.

Cultural character is a defining attribute of historic districts, often expressed through
architectural details, paving materials, colour schemes, and other visual cues. In the present
study, where architectural style and materials are largely consistent across samples, analysis
focuses on two key distinguishing features: the Historical Linguistic Landscape and Visual
Complexity of Colour. Historical Linguistic Landscape (HLL) represents the proportion
of signage (e.g., shop signs and billboards [48]) containing culturally relevant elements,
indicating the street’s cultural atmosphere [49–51]. Visual Complexity of Colour (VCC) is
assessed using the Herfindahl–Hirschman Index (HHI) based on Python-extracted colour
data, capturing multidimensional variation in colour richness and distribution [14,52,53].
HHI was employed to quantify multi-dimensional colour distribution, which indirectly
incorporates regional palette characteristics and thus reflects the cultural context of Sichuan’s
architectural heritage.

Ecological features, particularly greenery, play a vital role in activating urban spaces.
The Green View Index (GVI) is a widely adopted metric for quantifying vegetation’s
impact on visual perception and psychological well-being [54,55]. We quantified the visible
proportion of greenery using HSV colour space conversion in Python. Green pixel ratios
were computed from defined hue thresholds to assess ecological visibility [56], and the
specific calculation method is summarised in Table 3.
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Table 3. Selected indicators for street interface characterisation.

Category Indicator Calculation/Formula

Form Attributes

Distance-to-Height Ratio
D/H =

Davg
Havg

× 100%
(Where Davg represents the average street width, and

Havg denotes the average building height.)

Street Width Change Rate

Wr =
Wmax−Wmin

Wavg

(Where Wr, Wmax, Wmin, and Wavg denote the width
variation rate, maximum, minimum, and average street

widths, respectively.)

Sky View Factor

P = Ns
Nt

× 100%
(Where P represents sky visibility, Ns denotes the sky
pixel volume area, and Nt represents the total screen

pixel area.)

Street Permeability

P = Ad−Aw
At

× 100%
(Where P denotes interface permeability, Ad is the total

area of ground-floor doorways, Aw the area of
windows, and At the total ground-floor façade area.)

Cultural Attributes

Historical Linguistic
Landscape

R = Nc
Nt

× 100%
(Where Nc denotes the number of historical linguistic

landscape elements, and Nt the total number of
linguistic landscape elements.)

Visual Complexity of Colour

Cc =

∣∣∣∣( n
∑

i=0
S2

)
− 1

∣∣∣∣
(Where Cc represents Visual Complexity of Colour, n is
the number of extracted primary colours, and S is the

area occupied by each colour.)

Ecological Attributes Green View Index

GVI = Ag
At

× 100%
(Where GVI represents the Green View Index, Ag

denotes the polygonal area of green vegetation, and At
represents the total image coverage area.)

2.3.3. Data Analysis Methods

• Analysis of Variance

Analysis of Variance (ANOVA) is a statistical method that partitions total variance
to assess the effects of multiple factors on an outcome variable. Unlike pairwise tests, it
evaluates all groups simultaneously, reducing Type I error and enhancing robustness.

• Data Testing and Conversion

The Shapiro–Wilk test, known for its high statistical power especially with small
samples, is used to assess the normality of street characteristic data. It is more effective
than tests like the Kolmogorov–Smirnov test in detecting deviations from normality. The
formula is as follows:

W =

(
∑
[n/2]
i=1 ai

(
X(n+1−i)

)
− Xi

)2

∑n
i=1(xi − x)2 (1)

where n is the sample size, Xi denotes the ith observation, and x is the sample mean.
The Box–Cox transformation is employed to stabilise variance and normalise highly

dispersed street-level data, ensuring key assumptions for parametric analysis. It effec-
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tively enhances normality, satisfies chi-square test conditions, and improves linearity. The
transformation formula is as follows:

y(λ) =

{
yλ−1

y , λ ̸= 0

ln(y), λ = 0
(2)

where y: original data and λ: transformation parameters.
The Durbin–Watson statistic is used in multiple linear regression to detect autocor-

relation in residuals, which are assumed to be independent under classical regression
assumptions. It quantifies serial correlation and helps assess model validity. The calcula-
tion formula is as follows:

D − W =
∑n

t−2(et − et−1)
2

∑n
t=1 e2

t
(3)

where n: sample size and et: period t residual of e (et = yt − yt; yt: actual observed value of
the dependent variable; yt: predicted value).

• Multiple Linear Regression

This study employs multiple linear regression (MLR) to examine how historic district
interface features affect young people’s perceived space use. As a key method in statistical
learning, MLR captures the influence of multiple spatial variables on user satisfaction,
quantifying both the strength and direction of each factor’s impact. The resulting model
provides empirical support for spatial design and planning. The corresponding regression
equation is as follows:

Y = β0+β1X1+β2X2 + · · ·+ βkXk + ϵo (4)

where Y represents the dependent variable; β0 is the intercept, representing its expected
value when all predictors are zero; β1, β2,. . ., βk are regression coefficients indicating the
influence of each independent variable on Y. ϵo denotes the error term.

• SHapley Additive exPlanations

The SHAP (SHapley Additive exPlanations) method decomposes model predictions
into the contributions of individual features, visually conveying both the magnitude and
direction of each feature’s impact. In this study, SHAP analysis is used to identify which
interface characteristics of historic districts significantly influence perceived picture sat-
isfaction. A multiple linear regression (MLR) model was constructed to quantify these
relationships, with SHAP further applied to interpret the model outputs. This approach
offers empirical insight into the role of interface features in shaping visual perception and
supports evidence-based design strategies for enhancing user satisfaction.

3. Results
3.1. Youth Visual Perception Preferences

By overlaying valid eye-tracking data from 36 young participants, a heat map was
generated to visualise the distribution of their visual attention. Red areas indicate high lev-
els of attention, while yellow and green reflect moderate to low levels of attention [17]. As
shown in Figure 5, narrower street environments (e.g., Samples 1 and 2) drew concentrated
visual attention to plant elements, with gaze points primarily clustered along the central
street axis. In contrast, larger and more complex spaces elicited more dispersed attention.
The heat maps for Samples 7, 9, 10, and 17 show consistent attention was paid to display
windows, highlighting the strong salience of commercial elements. However, in Sample 16,
in which commercial windows dominated the view, their visual attention became more
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dispersed. In Samples 8, 9, 12, and 13, architectural elements such as gateways, plaques,
and couplets garnered greater visual attention, largely due to the Historical Linguistic
Landscape (HLL), which conveys explicit semantic content and enhances cognitive engage-
ment. In contrast, other culturally significant components—such as eaves, doorframes,
and ornamental door carvings—elicited comparatively limited visual interest. Overall,
commercial stimuli dominate their visual perception, while historical and cultural elements
receive comparatively limited attention.

Figure 5. Heat map of viewpoints. This figure aggregates the fixation data from all participants, with
red areas indicating regions with higher levels of attention and longer fixation duration, and green
areas showing lower levels of attention.

Figure 6a illustrates gaze duration across areas of interest (AOIs), revealing distinct
attention patterns among the young participants. Architectural elements showed the
highest Total Fixation Duration (TFD = 3259.79) and First Fixation Duration (FFD = 1554.4),
indicating strong and immediate engagement due to their informational richness. In
contrast, street elements—despite reflecting the cultural context—received limited attention
and recorded the highest Time to First Fixation (TFF = 2659.51), suggesting low visual
salience. Among the four eye-tracking metrics, architectural and commercial elements
stood out: architecture led in terms of the TFD and TFF, while commercial features showed
the highest Average Fixation Duration (AFD = 618.31) and faster initial engagement.
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Figure 6. Distribution of interest across eye-tracking elements. This figure presents Fixation Duration
characteristics (TFD, AFD, FFD, and TFF) and Fixation Counts (VC and FC) across six categories of
interface elements: commerce, architecture, landscape, street, natural, and social.

Figure 6b illustrates the frequency of return visits to visual elements by the young
participants. Fixation Count measures the total number and duration of their gazes, while
Visit Count reflects distinct gaze returns. Across all elements, FC values consistently
exceed VC values, indicating a tendency toward prolonged and focused attention on
individual features. Architectural elements (FC = 4458 and VC = 3042), botanical elements
(FC = 2096 and VC = 1589), and commercial elements (FC = 1618 and VC = 1282) ranked
highest in both metrics, highlighting their strong visual appeal. Despite shorter fixation
durations, plant elements were frequently revisited. Architectural features attracted the
most sustained attention, outperforming commercial elements in consistently engaging
viewers. These patterns reflect the influence of spatial structure and informational density
on visual behaviour in historic districts.

As shown in Table 4, the ANOVA results (p < 0.01) indicate significant differences
across spatial elements, with the box plots in Figure 7 visualising this variation. Archi-
tectural elements showed the highest central values for TFD (41.363), FFD (15.480), FC
(123.833), and VC (84.472). However, their interquartile ranges exceeded 50, indicating
high variability in visual engagement. Commercial elements, second in overall attention,
showed greater clustering than architectural features. They also recorded the highest AFD
(18.038), underscoring their visual appeal. Natural elements, though less fixated on initially
(TFF = 73.875), had high revisit rates, indicating delayed yet repeated engagement. Social
life elements had the lowest dispersion across metrics due to their controlled exclusion in
image sampling, resulting in a limited data concentration.

Table 4. ANOVA results and means for each eye-tracking indicator.

TFD ATD FFD TFF FC VC

p-value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
F-value 92.761 23.719 25.305 37.836 81.738 96.159

Mean value of factors

Commerce 41.363 18.038 11.559 34.610 44.944 35.611
Architecture 90.550 13.927 15.480 43.178 123.833 84.472
Landscape 33.844 10.106 8.794 49.827 36.722 30.083

Street 21.755 9.638 8.638 73.875 34.750 23.778
Natural 38.172 5.337 9.997 65.189 58.222 44.139
Social 3.393 6.933 2.092 14.690 4.250 3.694
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Figure 7. Box plot of eye-tracking element metrics. Note: Asterisks indicate levels of statistical
significance (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).
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Figure 7 uses horizontal lines and asterisks to indicate the ANOVA results, highlighting
statistically significant differences among visual elements. The analysis reveals marked
variation across eye-tracking metrics, with architectural elements consistently showing
higher values, likely due to their distinctive visual features that draw sustained attention.
In contrast, street elements exhibit lower values, reflecting limited visual appeal within
the historic district interface. These findings provide critical insight into how young users
allocate attention and process spatial information in response to urban visual stimuli.

3.2. Interface Characteristics and Subjective Preference Analysis Results
3.2.1. Satisfaction Preference Results

Figure 8 illustrates the relationship between historic district interface characteristics
and youth satisfaction preferences. Figure 8a depicts the variations in four morphological
interface characteristics—D/H Ratio (DHR), Street Width Change Rate (SWCR), SkyView
Factor (SVF), and Street Permeability (SP)—as satisfaction levels increase. The DHR shows
a non-linear trend, with peak satisfaction at 0.9–1.2. A lower SWCR is linked to higher
satisfaction, indicating a preference for a consistent street width. In contrast, SVF exhibits
minor fluctuations with an overall stable trend, whereas SP demonstrates a clear upward
trajectory, emphasizing its critical role in shaping young people’s spatial perceptions.
Figure 8b shows that among cultural and ecological features, the Historical Linguistic
Landscape (HLL) rises sharply with satisfaction level, while the Visual Complexity of
Colour remains stable. The Green View Index plateaus above a satisfaction score of 3.6,
suggesting the limited impact of greenery. Overall, morphological features vary more
significantly than cultural or ecological ones, underscoring the dominant role of spatial
configuration in shaping youth preferences.

Figure 8. Map of satisfaction-driven variations in street interface characteristics. This figure illustrates
the relationship between street-interface features and satisfaction under the form–culture–ecology
framework. (Panel a) displays form indicators (DHR, SWCR, SVF, and SP), while (Panel b) groups
culture and ecology indicators (HLL, VCC, and GVI), enabling comparison between feature values
and satisfaction.

3.2.2. Data Pre-Processing

Before applying machine learning algorithms, data preprocessing is essential to ensure
data integrity and reliability. First, the acquired spatial feature dataset is examined for
missing values, and outliers are identified and corrected. Next, the Shapiro–Wilk test is
conducted to assess the distribution of coefficient values, generating the results presented
in Table 5. The p-value (<0.05) for the Historical Linguistic Landscape indicator indicates a
deviation from a normal distribution. Given that non-normally distributed independent or
dependent variables may affect the accuracy of regression models, the Box–Cox transfor-
mation method [57] in Python is applied to normalise the non-conforming data, ensuring
that the dataset meets the assumptions required for multiple regression analysis.
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Table 5. Results of the Shapiro–Wilk normality test.

DHR SWCR SVF SP HLL VCC GVI Satisfaction

Statistic 0.97 0.96 0.96 0.94 0.91 0.96 0.96 0.95
p value 0.36 0.15 0.19 0.05 <0.01 0.35 0.23 0.1

Finally, the Pearson correlation coefficient was computed for the independent variables
to assess the presence of multicollinearity within the dataset. The Pearson correlation heat
map was subsequently generated to visualise the relationships among variables. It is
generally accepted that when the absolute value of the correlation coefficient approaches
one (typically > 0.8), a strong linear relationship between variables is likely. Figure 9
illustrates that the absolute values of the correlation coefficients for most variables remain
below 0.8, indicating that multicollinearity is not a significant concern. Furthermore,
to complement the Pearson correlation analysis, the variance inflation factor (VIF) was
calculated for all predictors, as shown in Table 6, yielding values ranging from 1.09 to
2.36, well below the commonly accepted threshold of 5 (or the stricter criterion of 10).
These results further confirm the absence of problematic multicollinearity, ensuring that
the dataset is suitable for reliable regression modelling.

Figure 9. Pearson correlation heat map of key variables.

Table 6. Variance inflation factor (VIF) results for the independent variables.

Variable DHR SWCR SVF SP HLL VCC GVI

VIF 1.604 1.22 1.87 1.20 1.30 1.22 1.72

3.2.3. Multiple Linear Regression Modelling

Table 7 presents the multiple linear regression results based on interface characteristics
and youth satisfaction. The model shows a strong fit (R2 = 0.756, p < 0.001), explaining
75.6% of the satisfaction variance. A low mean square error (MSE = 0.08) indicates a
high prediction accuracy. The Durbin–Watson value (DW = 1.90) suggests no significant
autocorrelation, confirming the model’s statistical robustness.
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Table 7. Results of multivariate regression analysis.

R2 0.756 MSE 0.08 Model Intercept 3.931

Satisfaction
regression coefficient

DHR SWCR SVF SP HLL VCC GVI
0.178 −0.393 0.169 0.401 1.088 −1.181 −0.138

Durbin–Watson value 1.90

The regression results reveal varied impacts of spatial characteristics on youth satis-
faction. Among the spatial form variables, Street Permeability (β = 0.401, p < 0.01), D/H
Ratio (β = 0.178, p < 0.01), and Sky View Factor (β = 0.169, p < 0.05) had significant positive
effects, with Permeability showing the strongest influence, indicating a preference for open
interfaces. In contrast, Street Width Change Rate (β = −0.393, p < 0.001) negatively im-
pacted satisfaction, suggesting a dislike for irregular cross-sectional shifts and a preference
for linear spaces with moderate aspect ratios (1:1.2–1:1.5) and continuity. Culturally, the
Historical Linguistic Landscape (β = 1.088, p < 0.001) had the highest positive effect, high-
lighting the value of integrating tangible and intangible heritage. Conversely, high Visual
Colour Complexity (β = −1.181, p < 0.001) reduced satisfaction, likely due to cognitive
overload from excessive modern stimuli. At the ecological level, the Green View Index
(β = −0.138, p < 0.1) showed a weak negative effect, possibly reflecting poor visual integra-
tion between the vegetation and the historic architecture.

The residual analysis shows that the Q–Q plot confirms no significant deviation from
normality (Shapiro–Wilk W = 0.966, p = 0.271), as shown in Figure 10. The Breusch–Pagan
results (pLM = 0.260, pF = 0.278) and the residual-fitted value plot reveal no signs of het-
eroscedasticity. Overall, the residuals satisfy normality and homoscedasticity, supporting
the reliability of the model for interpretation and prediction.

Figure 10. Validation of model assumptions through residual diagnostics. Panel (a) shows the Q–Q
plot of residuals confirming no significant deviation from normality, while panel (b) presents the
residuals versus fitted values indicating no heteroscedasticity.

3.3. SHAP Analysis Reveals the Spatial Perception of Historic Districts

The SHAP (SHapley Additive exPlanations) analysis (Figure 11) reveals notable het-
erogeneity in the generation of youth satisfaction within historic districts. Globally, the
Historical Linguistic Landscape (HLL) emerged as the most influential variable (mean
SHAP = 0.28 ± 0.05), with a right-skewed distribution and a concentration of attention
near SHAP = 0.3, highlighting its role in eliciting positive spatial perceptions. In con-
trast, Visual Colour Complexity contributed minimally and displayed limited variation.
Among morphological features, Street Interface Permeability (0.09 ± 0.03) and Sky Visibility
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(0.01 ± 0.03) had positive impacts, though the latter’s effect was marginal. Moderate perme-
ability elicited mixed responses, while high permeability was associated with consistently
positive perceptions. Conversely, an increased D/H Ratio (0.048 ± 0.005) correlated neg-
atively with satisfaction levels, suggesting a preference for narrower street proportions.
Low street width variation corresponded with negative SHAP values, and higher varia-
tion (SHAP ≈ −0.046) showed limited benefit, indicating that excessive fluctuation may
diminish spatial coherence. Lastly, as shown in Figure 11b, the Green View Index was
inversely associated with satisfaction levels, suggesting that youth in historic districts
prefer moderate to low levels of greenery, contrary to trends in other urban settings.

Figure 11. SHAP value distribution for predictor contributions.

Figure 12. Influence map between Historical Linguistic Landscape and visual elements.
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Figure 12 ranks the eye-tracking samples in terms of the proportion of the Histor-
ical Linguistic Landscape (HLL) based on their SHAP values to reassess its impact on
youth visual perception. Missing values were imputed with the means, and a third-order
polynomial was applied to fit the non-linear trend. The results show that architectural
attention (TFD, AFD, and FFD) declined as HLL increased, reaching the bottom around
30%, then rising after 50%. FC and VC followed a similar pattern, peaking around 15% HLL
(TFD ≈ 190 s; FC ≈ 290). TFF decreased with higher HLL, indicating stronger visual
salience. In contrast, commercial elements showed stable AFD and FFD, with peaks in TFD,
FC, and VC at ~55% HLL, followed by sharp declines. The amount of attention given to
landscape, street, natural, and social life elements generally declined. The decrease was
most pronounced for street elements, likely due to vertical HLL features overshadowing
horizontal cues. Changes in responses to natural elements were minor, possibly influenced
by other spatial characteristics beyond linguistic features.

4. Discussion
The inadequate consideration of young people’s perceptions in historic district plan-

ning has resulted in diminished market appeal, hindered cultural dissemination, and
challenges in integrating youthful vitality into these spaces. As key contributors to urban
vibrancy and future heritage stewards, young people’s spatial preferences are vital for
effective revitalization. This study bridges spatial attributes and perceptual responses by
combining subjective data (eye tracking and satisfaction surveys) with objective spatial
metrics. A relationship model is developed to elucidate the connection between inter-
face morphology and perceptual preferences, followed by SHAP visualization analysis
to systematically explore young people’s perception patterns in historic districts. The
findings clarify how interface design shapes youth spatial experience, offering guidance
for youth-oriented historic district renewal.

The relationship between architectural heritage and commercial tourism is com-
plex [58]. The heat map of visual fixation points reveals that young people’s attention
is predominantly concentrated in the central region of images, a pattern consistent with
findings from previous studies [59,60], with architectural facades—especially those fea-
turing cultural elements—drawing the most attention [11,13,61]. Architectural elements
recorded the highest TFD (90.55), FFD (557.28), FC (4458), and VC (3041), particularly
plaques and permeable openings. In contrast, street elements received less attention despite
cultural significance. In terms of AFD, the commercial element (AFD = 618.31) emerged
as the most visually competitive area. Young people showed prolonged engagement with
commercial features, likely attributable to their higher interactivity and stronger alignment
with youth preferences, consistent with Davison’s findings [29]. Although architectural
elements scored well in most metrics, they induced a lower cognitive load per fixation,
limiting engagement depth. To enhance cultural transmission among youth, a segmented
strategy is proposed: reduce commercial intensity in culturally significant zones to preserve
authenticity, while leveraging commercial interfaces in less historic areas to boost vitality
and local economy. To operationalise the segmented strategy in historic districts, we pro-
pose a context-sensitive approach to spatial zoning along the street interface. In culturally
significant segments—characterised by high architectural integrity, distinctive plaques,
and permeable openings—the commercial intensity should be deliberately reduced to
preserve visual authenticity and minimise cognitive distraction from heritage elements.
Interventions may include limiting modern signage, regulating shopfront renovations,
and prioritizing cultural display spaces or interpretive installations. Conversely, in less
historically intact segments, commercial interfaces can be actively leveraged to stimulate
pedestrian flow and local economic vitality. This could involve clustering youth-oriented
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retail, food, and cultural/creative businesses, supported by street furniture and façade
transparency enhancements to extend their dwell time. Such targeted spatial differentiation
ensures that both heritage preservation and economic activation are optimised according
to the morphological and cultural profile of each segment, offering a practical framework
for historic street management.

Establishing a clear link between street interface features and pedestrian perception is
essential for effective urban design. This study explores the multidimensional heterogeneity
of youth perceptual preferences in historic districts and confirms the applicability of the
“morphology-culture-ecology” framework. Morphologically, youth prefer D/H Ratios of
1.5–2.0, consistent with prior findings [11–13]. Variations in street width negatively affect
young people’s satisfaction, reinforcing the “principle of moderate stability” in historic dis-
trict forms, wherein disruptions in interface continuity reduce spatial legibility [38]. Street
permeability also shapes perception: high-permeability interfaces expose interior activity
and attract attention (especially commercial elements), while low-permeability designs
enhance focus on historical features and cultural transmission. Similarly, in the Shapowei
historical block, alternating spatial expansions and contractions, coupled with highly open
and distinctive façades, were found to draw pedestrian attention, encourage lingering,
and enhance street vitality, underscoring the shared role of morphological variation and
façade openness in shaping behaviour [62]. Culturally, the Historical Linguistic Landscape
(HLL) has the strongest impact (SHAP = 0.28 ± 0.05), contributing 42.7% to satisfaction.
This finding resonates with Nasar’s “Environmental Symbolism Theory” [63], reinforcing
the idea that symbolic cultural markers embedded in historic districts play a pivotal role
in shaping spatial identity and user experience. One possible explanation is that such
preference patterns may be influenced by a social media-driven visual symbol dependency,
which encourages selective attention to visually distinctive elements. However, this in-
terpretation remains speculative in the present study and warrants empirical validation
in future research. Moreover, the observed nonlinear pattern may reflect a psychological
attention threshold: when cultural markers are too sparse, they fail to capture attention,
and when they are overly dense, they may induce visual overload before symbolic richness
becomes salient [64]. Urban design factors such as contrast and layout may modulate these
effects [65]. Unique colours and visual images serve as a reflection of the city’s history [66].
However, due to the limited colour variation in the study area, the observed impact of
colour was not significant, indicating that further research on young people’s perceived
preferences regarding regional colour landscapes is needed. Ecologically, green visibility
(SHAP ≈ 0.01) had minimal effect, suggesting that greening should prioritise harmony
over volume. This finding, which differs from normative greenery research, may reflect
the specificity of heritage districts where vegetation sometimes obscures cultural elements
rather than enhancing satisfaction.

These contradictions underscore the core challenges of historic district regeneration:
optimizing cultural identity must be balanced with incremental improvements, and street
interface forms (e.g., Interface Permeability and D/H Ratios) must reconcile street preserva-
tion with regeneration and perceived comfort. Extreme modification of any single element
(e.g., excessive variation in street widths or overly dense greenery) can lead to systemic
imbalance, so the preservation and utilisation of historic districts require a multi-objective
synergistic design to achieve a symbiosis between heritage value and quality of experi-
ence. This study overcomes the limitations of traditional questionnaire-based assessments
of cultural impacts by quantifying the match between historic district interface features
and young people’s perceptions through the acquisition of visual data via eye-tracking
technology, coupled with SHAP value analyses of site features.
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This study has several limitations requiring further exploration. Methodologically,
while a basic machine learning model establishes a linear link between young people’s
perception and street features, the limited sample size—particularly in eye-tracking data—
undermines the robustness of the findings. Future research should therefore collect larger
and more diverse datasets, ideally through multi-site data collection, to enhance model
stability. Moreover, the present study only examined the significant positive effect of HLL,
without exploring potential non-significant or negative associations. Future work should
incorporate non-linear modelling and interaction terms (e.g., HLL Street Permeability)
to capture a broader spectrum of potential effects. Additionally, although SHAP values
quantify the impact of the Historical Linguistic Landscape, the current index system
mainly emphasizes physical attributes (e.g., scale, function, and structure). Future work
should extend the framework to include intangible cultural heritage, enabling a dynamic
cultural vitality index that captures interactions between static symbols (e.g., plaques) and
dynamic practices (e.g., workshops). Furthermore, our interpretation of fixation metrics is
inferential rather than directly validated; future studies should complement eye tracking
with interviews or psychological assessments to empirically verify these links. While
Western Sichuan’s architectural style offers key insights, the study’s geographic scope
limits the study’s generalisability. Broader cross-regional analyses are needed to assess
youth preferences for diverse regional symbols. Future comparative studies can adopt
the same culture–form–ecology framework as their structured analytical lens, enabling
the systematic cross-regional validation of young people’s perceptual patterns. Finally,
the process of translating visual experiences into cultural identity formation from the
perspective of young people remains an open research question.

5. Conclusions
This study examines young people’s perceived preferences for historic districts, provid-

ing a scientific basis for youth engagement in the preservation, utilisation, and dissemination
of historical streets. Through a multi-dimensional analysis that integrates subjective evalu-
ation scales, eye-tracking indicators, and spatial characteristics, this research offers a novel
perspective on cultural conservation and adaptive reuse. Eye-tracking data reveal the dual
nature of young people’s visual perceptions of historic districts: architectural elements attract
high-frequency attention, while commercial elements maintain sustained visual appeal. The
symbolic decorative features of the architectural interface serve as primary visual anchors, re-
flecting a cognitive decoding mechanism that underscores the dialectical relationship between
“symbolic engagement” and “in-depth cognition” among youth in the digital era. This finding
provides a cognitive science foundation for balancing the authenticity of heritage conservation
with the efficacy of contemporary communication strategies.

The systematic integration of objective street interface analysis and subjective percep-
tion scales reveals the underlying mechanisms shaping young people’s preferences for
historic district features. Empirical evidence derived from a multi-dimensional ‘culture-
form-ecology’ framework indicates that young people favour street environments charac-
terised by a high degree of historical authenticity, appropriately scaled spatial configura-
tions, minimal variation in interface patterns, and strong visual permeability. Moreover,
material cultural symbols play a crucial role in enhancing young people’s recognition of
architectural heritage elements. Historic streets and alleys function not only as physical
spaces but also as cognitive media that sustain and revitalise collective memory. This study
provides a cognitive scientific foundation for informed decision making in the sustainable
revitalization of historic districts. Additionally, it offers new perspectives and theoretical
insights into the interactive influence of cultural, morphological, and ecological factors on
young people’s perception.
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The perception system of youth groups in historic districts holds significant value,
and this study explores an innovative approach to heritage preservation by integrating
generational perspectives. A cognitive science-based heritage value assessment reveals a
coupling effect between young people’s spatial perception mechanisms and cultural her-
itage interpretation strategies. The incorporation of young people’s perspectives challenges
the traditional dominance of professional elites in heritage discourse, enabling conservation
practitioners to refine their preservation priorities. This aligns with cultural identity theory,
which posits that individuals construct and negotiate their sense of belonging through
engagement with cultural symbols and place-based narratives. The study demonstrates
how youth interactions with historic streetscapes can strengthen cultural identity, thereby
reinforcing the theoretical foundation for heritage-led regeneration strategies. Emphasizing
youth engagement also contributes to the long-term sustainability of heritage transmission.
Through technological empowerment, intergenerational collaboration, and global dialogue,
cultural heritage can evolve from a static “monument to the past” into a dynamic “living
laboratory for the future.” This transformation not only facilitates the continuation of
cultural legacies but also harnesses the insights of younger generations to reconcile the
tensions between preservation and development, offering a more resilient pathway for the
survival of human civilization.

Building on these findings, future research could extend the proposed methodology
to a wider range of geographical and cultural contexts, enabling cross-comparative studies
that capture regional variations in young people’s perception. To enhance its applicability,
the integration of eye tracking with advanced spatial analytics may further improve the
precision and adaptability of the framework. Such refinements would also facilitate the
identification of potential thresholds—for instance, in cultural signage density or other
spatial attributes—that define optimal conditions for fostering youth engagement and
offer more fine-grained design guidance. In practical terms, this approach holds promise
for supporting urban renewal, designing pedestrian-friendly historic environments, and
enriching cultural tourism experiences. Looking ahead, a potential “cultural credit system”
could also be explored to promote the intergenerational transmission of heritage, in which
digital content created by young people in historic districts may be translated into tangible
opportunities for engagement within physical urban spaces. At this stage, this concept
should be regarded as a forward-looking and exploratory idea rather than a ready-to-
implement model, serving primarily as inspiration for future interdisciplinary research.
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