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Abstract

The relationship between the multimodal perceptual characteristics of traditional build-
ing materials and material-level place meaning remains unclear. Existing research largely
focuses on the immediate perception of materials and lacks a framework for systemati-
cally analysing the association between multimodal perceptual characteristics and mate-
rial-level place meaning. This study collected visual texture and material-related acoustic
features from traditional tiles and wall bricks in the KuanZhai Alleyways, Chengdu. Com-
bining eye-tracking and electroencephalography (EEG) experimental data, the k-means
algorithm was employed to perform multimodal perceptual clustering, whilst a question-
naire survey was used to construct the Material Sense of Place Index (MSPI), in order to
explore the associations between building material types, multimodal perceptual patterns
and local significance at the material level. The study found that materials can be catego-
rised into three multimodal perceptual patterns across the integrated dimensions of vis-
ual, auditory and physiological perception: brick materials are predominantly assigned to
the texture-exploration cluster, whilst tile materials are predominantly assigned to the au-
ditory-relaxation cluster; the overall MSPI of traditional bricks and tiles is generally higher
than that of modern materials, and the material-related place identity dimension received
the largest weight in the construction of the composite MSPI; the interaction between ma-
terial category and sensory cluster was statistically significant, but the incremental explan-
atory power was small, indicating that material category is the primary distinguishing
factor for MSPI differences, whilst sensory cluster provides only limited supplementary
explanation. The framework proposed by the study —‘multimodal perception data collec-
tion—cluster analysis—assessment of material-place association’—provides a research
pathway and empirical reference for analysing the relationship between material types,
multimodal perceptual patterns and material-level place meaning.

Keywords: traditional building materials; sensory clustering; multimodal perception;
material-place association

1. Introduction

Rapid urbanisation erodes local character and cultural identity, challenging sense of
place and making it urgent to reconsider the built environment as a cultural vehicle. Tra-
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ditional building materials serve as a key link between the physical environment and cul-
tural memory; the techniques and craftsmanship behind these materials reflect the char-
acteristics of their era, region and ethnic group [1], documenting social change and cul-
tural heritage, and playing a vital role in shaping the historical and cultural atmosphere.
In architectural practice, using locally sourced materials is a way of establishing a connec-
tion with the local area, and is more likely to gain psychological acceptance [2]; heritage
conservation and urban planning authorities often tend to favour indigenous building
materials that are symbolic, represent outstanding traditional craftsmanship, and are rec-
ognised by the local community; see, e.g., [3]. Although there is widespread emphasis in
practice on the central role of local building materials in strengthening a sense of place,
existing academic research on the relationship between building materials and local sen-
timent remains limited, with most studies confining themselves to qualitative discussions
of the emotional memories associated with materials in specific regions [2,4]; the quanti-
tative pathway linking the sensory characteristics of materials to indicators of urban sense
of place remains unclear. In practice, material selection relies largely on experience be-
cause systematic information on the affective qualities of materials and suitable material
databases are lacking.

In recent years, research into material perception has expanded from the analysis of
a single sense to the integration of multi-channel information—including visual, auditory
and tactile cues—focusing on how a material’s texture, colour and acoustic properties
work together to elicit emotional and behavioural responses in individuals. Research has
included the cognitive evaluation of the intrinsic properties of materials [5] and studies
on the connection between the perception of material properties and emotions [5,6]. In
architecture, three trends are evident: (1) studies of material perception within spatial ex-
perience [7]; (2) studies linking sensory properties to emotions, material scale and prefer-
ence, and user perception to physical material properties [8,9]; (3) neuroarchaeological
interpretations of the cognitive significance of materials [10]. These studies have deepened
our understanding of the multidimensional nature of material perception and its psycho-
logical and behavioural impacts; however, existing multimodal research has largely fo-
cused on common materials such as wood and metal, whilst the unique cultural percep-
tions associated with traditional building materials are often overlooked.

In light of the above issues, this study seeks to establish a clear ‘material-perceptual—-
psychological” analytical framework linking research on material perception and local
sentiment. Taking traditional Chinese bricks and roof tiles —which hold a prominent sta-
tus as cultural symbols—as the subject, and using modern bricks and roof tiles as a com-
parative category, this study captures the visual textures and material-related acoustic
characteristics of the materials through image and audio recording. By combining eye-
tracking data with electroencephalographic (EEG) measures of relaxation, a multimodal
perception index is constructed; k-means clustering is then applied to the materials to
identify typical multimodal perception patterns. Building upon this, the Material Sense of
Place Index (MSPI) is constructed based on three dimensions —historical memory associ-
ation, material-related place identity and material-related place attachment—and the re-
lationships between material categories, perceptual patterns and the MSPI are analysed.
This paper defines the MSPI as the perceptual potential of materials to evoke place-related
meanings at the micro-scale, rather than as a direct measurement of an individual’s com-
plete sense of place.

This study therefore aims to focus on three core themes:

()  What typical multimodal clustering patterns do building material samples exhibit in
terms of visual, auditory and physiological indicators?

(I) How is material-related sense of place characterized across the dimensions of history,
identity, and attachment, and does the MSPI differ across material categories?
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(IlT) Within the MSPI assessment framework, how do different perceptual clustering pat-
terns correlate with the MSPI levels of the materials?

The significance of this study lies in the following: In theory, by incorporating mate-
rial perception and a sense of place within a single analytical framework, this study pro-
vides a material-scale research perspective for understanding how building materials con-
tribute to the construction of local meaning through sensory cues and cultural contexts;
In methods, by utilising MFCC, GLCM, eye-tracking, EEG, SEM and linear mixed models,
the study establishes a multimodal quantitative pathway spanning from the physical and
physiological perception of materials to their psychological and cultural evaluation,
thereby providing a reference for interdisciplinary quantitative research in areas such as
urban materials, public spaces and cultural heritage. In practice, the study’s insights into
the interactive relationship between a material’s cultural context, sensory experience and
a sense of place help to understand how materials contribute to the construction of local
meaning against the backdrop of rapid urbanisation, thereby providing guidance for ur-
ban practices such as the regeneration of historic neighbourhoods and the selection of
building materials.

2. Literature Review
2.1. Sense of Place and Material-Place Association

‘Sense of place” provides a comprehensive theoretical framework for studying the
relationship between people and place; it refers to the cognitive, emotional and behav-
ioural connections formed by individuals or groups through ongoing interaction with a
specific environment [11], and encompasses place attachment [12], place identity [13,14]
and place dependence [15]. A sense of place is the result of a co-constructed relationship
between individuals, communities and the place itself [16]; consequently, it is not only
related to people’s socio-cultural experiences, but the characteristics of the physical envi-
ronment can also be linked to place attachment and satisfaction through the meanings
people ascribe to the place [17]. The built environment shapes people’s perception of a
place’s uniqueness and sense of belonging through spatial characteristics that are distinc-
tive, continuous and evocative of memory [18]. When the scale is reduced to the material
level, texture, colour, form and acoustic feedback constitute micro-clues for the perception
of place, whilst local materials, construction techniques and traces of use carry specific
historical and social significance [4]. Whilst building materials cannot, on their own, con-
stitute a complete sense of place, they can serve as a micro-material medium that connects
sensory experiences, historical memory and local significance. Existing research has dis-
cussed, for example, how the use of bamboo reflects the continuity of local resources and
traditional building knowledge; how the sensory characteristics and local origins of
clinker brick walls contribute to the formation of everyday heritage meaning; and how
the choice of materials can also refer to the geographical and historical context in which a
building is situated [19-21]. These studies primarily address the construction traditions,
heritage value or symbolic significance of materials, whilst there is relatively little research
on the relationship between multimodal perceptual measurement and individual evalua-
tions of local significance. Accordingly, this paper refers to the link between the multi-
modal perceptual characteristics of materials and the evaluations of local significance they
evoke as the ‘material-place association’. This concept focuses on whether people can per-
ceive a connection to a specific place through the sensory and cultural cues of materials,
rather than implying that the materials themselves possess a sense of place.

The most commonly used frameworks for measuring a sense of place in contempo-
rary environmental psychology typically assess the connection between an individual and
a place through dimensions such as place identity, place attachment and place depend-
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ence, focusing primarily on long-term relationships with a place. The objects of measure-
ment are usually spatial units such as communities, neighbourhoods, parks or natural
landscapes [11,22,23], and cannot be directly applied to individual materials. With regard
to the evaluation of the sense of place evoked by materials, this paper takes into account:
historical memory association, whereby urban architecture and material remains can
serve as physical clues evoking a place’s history, whilst the patina, wear and signs of use
on a material’s surface provide a tangible expression of the passage of time [24]; material-
related place identity, whereby different building materials can convey culturally relative
symbolic meanings, and traditional materials and fagade elements can also contribute to
the representation of regional identity and local character [20,25,26]; material-related place
attachment, that is, participants’ emotional inclinations towards the spaces created by ma-
terials, with existing research on place attachment providing a reference for the design of
the study’s items [22,23]. Consequently, the historical memory association, material-re-
lated place identity and material-related place attachment are adopted as the three dimen-
sions for evaluating the local significance evoked by materials. All three are operational-
ised dimensions proposed in this paper based on the research subjects and objectives, ra-
ther than a direct adoption of a validated scale measuring the sense of place associated
with materials.

In summary, given that the relationship between the multimodal perceptual charac-
teristics of traditional building materials and local significance at the material level re-
mains unclear, this paper focuses on exploring the ‘material-place association’, examining
how the physical and cultural characteristics of materials contribute to the perception and
evaluation of local significance. With regard to the evaluation of the sense of place evoked
by materials, this paper integrates the history, identity and attachment into the ‘Material
Sense of Place Index” (MSPI), which is used to assess the potential of materials to carry
and activate a sense of place. This paper analyses the visual and auditory characteristics
of materials, as well as eye-tracking and electroencephalographic (EEG) responses, and
then examines the relationship between material type, perception patterns and the MSPL
The experiments in this paper measure material-mediated associations rather than the
complete experience of a place. The MSPI reflects the potential of materials to evoke a
sense of place at the micro-scale; it is not equivalent to an individual’s sense of place or
cultural resilience in relation to a complete location. Its purpose is to serve as a material
indicator for measuring the extent to which people perceive place-related meanings.

2.2. Material Perception Research

Sensory experiences are a key means by which individuals form a sense of place and
emotional connections [27], and constitute an important component of place perception
[28]. Building materials provide sensory stimuli for such emotional connections through
their texture, colour, tactile roughness and acoustic properties. Research indicates that
sensory channels such as sight and hearing can trigger emotional connections to specific
places [29]. Sensory elements such as sound and smell can evoke a sense of spatial identity
associated with ancestral rites and clan memories [30,31]. The texture, pattern, colour and
brightness of building material surfaces can prolong the duration of gaze on focal points
[2], and a close link has also been demonstrated between sensory stimulation from mate-
rials and emotional responses [32]. Experiments by Fleming [33] demonstrated a bidirec-
tional relationship between perceived quality and material category, providing a cogni-
tive basis for the clustering modelling of multimodal perceptual data in this study [34-36].
These studies examined the relationship between material properties and users” percep-
tion of their environment, enriching our understanding of the association between subjec-
tive perceptions of materials and their objective attributes.
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Research focusing on a single sense or a single dimension struggles to capture the
complexity of multimodal perception of materials. Fujisaki et al. [5,37] examined how con-
flicting visual and auditory cues affect material perception, pointing out that multimodal
integration of material categories aligns more closely with a multiplicative model than
with simple averaging; this provides important insights into the measurement of feature
similarity when constructing multisensory material classification models. The multimodal
frameworks proposed by Zheng [38] and Maleki [39], which integrate visual, tactile and
auditory information, put forward an approach to multimodal recognition and ‘sensory-
guided sensory’ sampling, emphasising that material cognition stems from the compre-
hensive integration of multiple senses, with different modalities exerting mutual guidance
and synergy. With advances in sensor and bioengineering technologies, physiological
measurements such as eye tracking, heart rate variability (HRV) and electroencephalog-
raphy (EEG) have come to be widely used in research on environmental and material per-
ception. By integrating subjective evaluations with objective physiological responses
within a single framework, these methods provide the methodological foundation for the
use of eye tracking and EEG to quantify material perception in this study [9,40,41].

In summary, research into material perception has expanded from examining the re-
lationship between the objective properties of materials and subjective evaluations to en-
compassing multimodal integration and physiological responses. However, whilst most
studies focus on the immediate physiological experiences associated with materials —such
as emotions—there remains a lack of systematic quantitative research into how these mul-
timodal perceptual characteristics contribute to the construction of local meaning, and
how material types and perceptual patterns interact in the formation of a sense of place.
Using separately collected visual texture, material-related acoustic features, eye-tracking
and EEG data, this paper constructs an analytical-level multimodal perceptual represen-
tation and combines it with the MSPI to examine associations between material type, mul-
timodal perceptual patterns and material-place meaning.

2.3. Application of the k-Means Clustering Method

k-means is a commonly used unsupervised clustering method suitable for continu-
ous numerical variables; it identifies latent groupings based on the distances between
samples and compares the feature combinations of different categories via cluster centres
[42,43]. In recent years, clustering methods have been employed in research on the colour
of historic buildings and psychological evaluation [44], whilst k-means has also been ap-
plied to the classification of material images [45], demonstrating its ability to bridge the
gap between the computational analysis of material characteristics and perceptual evalu-
ation.

The data in this study comprise physical measurement indicators of the materials, as
well as psychological and physiological responses from participants (such as eye-tracking
trajectories and EEG relaxation levels), forming a high-dimensional, multi-source dataset.
Consequently, the multi-source indicators were standardised and incorporated into a uni-
fied feature space, and k-means clustering was employed to identify combinations of per-
ceptual features of the materials. Given that this method is relatively sensitive to variable
scales, the number of clusters and initial centres [42,43], this study determined the clus-
tering scheme using Z-score standardisation, the elbow method, the silhouette coefficient
[46] and Bootstrap stability assessment, whilst testing the robustness of the results
through sensitivity analysis. The k-means cluster centres facilitate the comparison of fea-
tures across different perceptual patterns and enable further analysis of the relationship
between perceptual clusters and the evaluation of the local significance of materials. This
method extends the classification of materials from physical form to a comprehensive
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analysis of physical, behavioural and physiological indicators, thereby providing a quan-
titative basis for the multimodal perceptual classification of architectural heritage materi-
als and the evaluation of their local significance.

2.4. Research Framework

The framework developed in this paper—‘multimodal perception data collection—
cluster analysis—assessment of material-place association’—comprises three phases.

Phase 1: Collection of visual and auditory data for tiles and bricks.

For the visual modality, high-resolution images of the tiles and bricks were acquired;
texture contrast features were extracted using Grey-Level Co-occurrence Matrix (GLCM);
and the number of fixations was obtained through eye-tracking experiments to serve as
an indicator of the level of visual exploration. For the auditory modality, material-related
sound stimuli were recorded; sound features were extracted using Mel-frequency cepstral
coefficients (MFCCs); and corresponding relaxation response indicators were obtained
through auditory relaxation experiments.

Phase 2: Multimodal Perceptual Clustering.

The aforementioned multimodal features were fused, and the k-means clustering
method was employed to identify material types and sensory patterns based on percep-
tual similarity. Visual and auditory stimuli are presented separately; multimodal integra-
tion occurs solely at the analytical level and does not imply synchronisation of audiovisual
perception.

Phase 3: Evaluation and correlation of the Material Sense of Place Index (MSPI).

MSPI is constructed based on subjective scales to analyse the correlation between
material categories, perceptual patterns and evaluations of local significance at the mate-
rial level.

The research process described above is illustrated in Figure 1.
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3. Methods
3.1. Research Subjects

This study selected the KuanZhai Alleyways historic district in Qingyang District,
Chengdu, Sichuan Province, China, as the area for data collection (see Figure 2). This area
has preserved a relatively intact layout of Qing Dynasty courtyards and alleyways, as well
as the architectural style of Western Sichuan dwellings. During modern regeneration, it
has implemented a conservation strategy based on ‘integrity — authenticity —diversity —
sustainability’ [47,48], thereby forming a mixed-use space that combines the historic built
environment with contemporary commercial and leisure settings. This provides a stable
contextual framework for comparing the textural characteristics and perceptual effects of
traditional materials and modern materials within the same urban context.
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Figure 2. Overview of the material samples.

The study focuses on bricks and roof tiles used in typical building envelope compo-
nents within the region, covering both ‘traditional building materials” and ‘modern imi-
tative materials’. The criteria for sample inclusion are: (1) the samples must include exter-
nal walls and pitched roofs of streets and alleys; (2) the surfaces must be free from exten-
sive secondary coatings or coverings, so as to reflect the intrinsic texture of the materials;
(3 the samples must be intact and visible, facilitating standardised sampling and record-
ing; (4) for modern imitative materials, components that have been replaced or newly
added during recent renovations were selected. These modern antique-style samples
serve as a category for comparison rather than as a control group. They were chosen be-
cause such samples have been widely used in recent renovation projects within the study
area. A total of 60 sets of material samples were ultimately selected (see Figure 2). The
unequal sample size reflects the actual availability of materials in the study area. Tradi-
tional bricks and tiles were the main target of this study and were relatively abundant. In
contrast, fewer modern replacement or newly added components met the inclusion crite-
ria—namely, intact and visible surfaces without extensive secondary coatings—during
the sampling period. The modern samples therefore serve as a comparison category rather
than a balanced control group, and the smaller modern sample size may limit statistical
power for comparisons involving modern subtypes.

(1) Traditional wall bricks (20 sets) and traditional roof tiles (20 sets): These consist
primarily of blue bricks and blue roof tiles, which were in use from the Ming and Qing
dynasties through to the Republic of China period. The materials are made from clay or
earthenware as the basic raw materials, produced through traditional processes such as
clay preparation, moulding, drying and firing [49]. The types of roof tiles covered include
common components such as flat tiles, curved tiles, eaves tiles and tile finials; their sur-
faces generally exhibit varying degrees of weathering, dust accumulation and biocoating
(such as lichen and moss), reflecting the characteristics of long-term use.

(2) Modern bricks (10 sets) and modern tiles (10 sets): These consist primarily of ce-
ramic roof tiles and resin-based modern tile. Resin-based modern tiles use polyvinyl chlo-
ride (PVC) resin and modifiers as their base materials; they are formed through extrusion
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or compression moulding, with ‘aged” embossing applied to simulate traditional textures.
Antique-style wall tiles are typically produced by moulding to replicate traditional ma-
sonry textures, followed by surface colouring or ageing treatments [50]. In this study,
modern materials designed to resemble antique ones were used as a category for compar-
ison, rather than as a control group in the strict sense.

3.2. Building Material Sample Data Collection
3.2.1. Visual Texture Features

Sixty sets of material images were collected. Photography was carried out using a
SONY SELP1650 lens paired with a camera body with a resolution of >24 million pixels.
Brick samples were collected from KuanZhai Alleyways in Chengdu on a sunny day with
low levels of atmospheric particulate matter; tile samples were collected from KuanZhai
Alleyways and photographed under a D65 standard light source in the laboratory to en-
sure stability in colour temperature and illuminance. The distance between the camera
and the sample surface was uniformly set at 50 cm, with the camera positioned directly
opposite the sample (90°). All photographs (see Figure 3) were post-processed in Adobe
Photoshop to a size of 2000 x 2000 pixels to standardise image dimensions [51].

Figure 3. Sample images.

Texture features were extracted using the GLCM method. In this study, conducted
within the Python 3.13.5 environment using OpenCV 4.12.0 (cv2) and scikit-image 0.25.2,
images were quantised to L =256 grey levels. The GLCM was calculated at a pixel spacing
of d =1 and for directions 6 € {0°, 45°, 90°, 135°}, and the results for each direction were
averaged to obtain direction-invariant statistics. Based on the results of preliminary ex-
periments and relevant research, this study selected contrast as the core texture metric to
describe the clarity, intensity of undulation and visual distinctiveness of material textures,
and thus employed it for subsequent cluster analysis [51]. Whilst this metric provides a
unified quantitative comparison across different materials, the GLCM metric alone cannot
encompass all the characteristics of material textures.

3.2.2. Sound Characteristics Associated with Materials

To capture the sounds produced by the interaction between building materials and
environmental factors, this study recorded two types of scenarios: (1) a uniform wind
speed of 2 m/s blowing against a brick wall, recording the sound of ‘wind passing through
wall cracks’; (2) under natural rainfall conditions, recording the sound of ‘rain striking
roof tiles’. These scenarios were selected because Chengdu has a rainy climate, brick walls
and tiled roofs are typical building-envelope interfaces in the KuanZhai Alleyways, and
wind and rain are common everyday environmental sounds in the area; nevertheless, they
represent only a limited subset of material-related auditory conditions. Recordings were
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made using a ZOOM H5 digital recorder mounted on a tripod, employing mono close-
miking to maximise the proportion of direct sound. The recording specifications were 48
kHz/24-bit WAV, with a dynamic range of 2110 dB [52]. The input level was controlled
within the range of —12 to -6 dB peak to avoid clipping and ensure consistency in subse-
quent feature comparisons. At the same location and during the same time period, low
and stable background noise was ensured. Each group of building materials corresponded
to one material-related sound stimulus, totalling 60 audio clips. As the recordings were
made using mono close-range pickup and had undergone noise reduction, amplitude nor-
malisation and clip extraction, they were referred to in the experiment as ‘material-related
sound stimuli’ rather than ‘soundscapes’ containing complete spatial and contextual in-
formation. Furthermore, whilst brick materials were recorded as wind passing through
wall joints and roof tiles as rain striking the tile surface, material form was confounded
with the type of material-related sound stimulus; the auditory results merely reflect cor-
relations under the specified recording conditions and should not be interpreted as causal
effects inherent to the materials themselves.

All audio files underwent standardised pre-processing in Adobe Audition CC 2023,
during which invalid segments and sections containing obvious ambient noise were re-
moved, the amplitude was normalised to —12 dBFS, and the files were trimmed to 10-s
valid segments. MFCC were used as the audio features; these simulate the frequency res-
olution characteristics of the human ear and can effectively capture perceptual dimensions
related to timbre and texture [52,53]. Empirical studies on MFCCs have further demon-
strated that these features can significantly predict perceptual dimensions of soundscapes
such as relaxation, dynamism and communicativeness, with overall predictive perfor-
mance superior to that of commonly used ecoacoustic indicators [54]. In a Python/librosa
0.11.0 environment, the parameters were set to a sampling rate of 48,000 Hz, a frame
length of 1,024 samples (=21 ms) and a frame shift of 512 samples, to extract 13-dimen-
sional MFCCs (including MFCC0). Combining existing soundscape research with the
scale design of this study, the V1 metric within the MFCC features —which is associated
with the degree of relaxation induced by sound [54] —was included in the main analysis.

3.3. Multisensory Experiment
3.3.1. Physiological Indicators

Physiological data were recorded in real time using eye-tracking metrics and electro-
encephalography (EEG) equipment. The eye-tracking experiment utilised a Tobii Pro Fu-
sion desktop eye-tracker with a sampling rate of 250 Hz. All participants completed a
standard nine-point calibration prior to the formal experiment; those who failed to achieve
the accuracy recommended by the equipment were excluded from the analysis. Eye-track-
ing data were recorded and processed using Tobii Pro Lab, and the number of fixations
was selected to characterise the frequency of visual sampling by participants on the sur-
face of the material. The number of fixations reflects the degree to which the gaze is con-
centrated or dispersed across the surface of the material and the difficulty of identifying
elements, but does not directly indicate the degree of emotional association.

The auditory relaxation experiment utilised the Brainlink Lite portable EEG head-
band. The three dry electrodes on the forehead of the device correspond to F7-Fp1, with
a sampling rate of 512 Hz [55]. The headband employs the NeuroSky ThinkGear ASIC
module to calculate the power spectral density (PSD) values from the raw EEG data every
second [56], and outputs one meditation score (0-100) per second based on the eSense
algorithm; a higher score indicates that the participant is in a more relaxed state. Previous
research has shown that this type of device and its eSense parameters possess acceptable
validity for monitoring emotional and attentional states [57]. In this study, the sequence
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of meditation values recorded for each audio segment was averaged to serve as an indi-
cator of EEG relaxation in response to the corresponding material-related sound stimuli.

3.3.2. Questionnaire Survey

To evaluate the local significance evoked by the materials, this paper designed the
Material Sense of Place Questionnaire (MSPQ) based on the three dimensions identified
in Section 2.1 —historical, identity and attachment—in conjunction with a material-stimu-
lus task. Three items were devised for each dimension, making a total of nine questions
(see Appendix A, Table A1l). The items were designed to focus on the materials themselves
and the spaces they might evoke, and experts in relevant fields were consulted to review
the relevance of the items to the research subjects and the clarity of their wording. Partic-
ipants rated each item on a seven-point Likert scale based on their own perceptions (1 =
strongly disagree, 7 = strongly agree).

3.3.3. Experimental Procedure

Forty volunteers (aged 20—40, comprising 20 men and 20 women) were recruited
online and in person, including three groups: current students at universities in Sichuan
(n=21), visitors to Sichuan (n = 9) and local residents (n = 10). All participants had visited
KuanZhai Alleyways within the past two years and had some understanding of tradi-
tional Sichuan residential architecture. They were unaware of the purpose of the study
and were all right-handed individuals with normal or corrected vision and hearing.

The experiment was conducted in a laboratory at the School of Arts, Sichuan Univer-
sity, China. It began on 10 October 2025 and lasted for seven days. Throughout the exper-
iment, the room was kept quiet, the ambient temperature was maintained at approxi-
mately 24 °C, and non-essential electronic devices were switched off to minimise the im-
pact of ambient noise and electromagnetic interference on the acquisition of physiological
signals. Prior to the start of the experiment, a multifunctional sound level meter, a tem-
perature and humidity meter, and a lux meter were used to confirm that the environmen-
tal parameters were stable. The subject maintained a viewing distance of approximately
60 cm from the monitor, and the seat height was adjusted so that their line of sight was
roughly level with the centre of the screen.

The experimental session lasted approximately 50 min, with the time taken to com-
plete the questionnaire counted separately (see Figure 4). During the preparatory phase,
participants first signed an informed consent form, provided their basic details, and sat
quietly for 3 min to relax. A multifunctional sound level metre, along with temperature,
humidity and illuminance meters, was used to confirm that the environmental parameters
were stable. For the visual experiment (see Figure 4), participants wore an eye tracker and
underwent calibration. The image materials were presented in blocks, divided into “brick’
and ‘tile” groups, with randomised presentation within each block. Each image was dis-
played for 8 s, with a 3-s inter-stimulus interval. To minimise strategic differences arising
from free viewing, participants were uniformly instructed to perform two tasks: Task A—
Emotional Evaluation: ‘Please rate how “familiar” this material makes you feel on a scale
of 1 to 7; press the button to respond after viewing.” Task B—Historical Judgement: ‘Please
judge whether this material appears “traditional” or “modern”, and indicate your level of
confidence.” Participants were instructed to focus naturally on the texture, structure and
overall impression of the material’s surface. For the auditory experiment, participants
wore an EEG headband and rested in a quiet environment for 3 min [58]. The correspond-
ing material-related sound stimuli were then played; the brick and tile groups were pre-
sented sequentially, with randomised order within each group. Each audio clip lasted 10
s. During the experiment, participants were asked to remain quiet and listen attentively.
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Upon completion of the experiment, participants completed the Material Sense of Place
Questionnaire (MSPQ).
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Figure 4. Physiological Experiment Procedure and Experimental scenarios.

3.4. Data Processing and Algorithm Design
3.4.1. Data Preprocessing

In terms of auditory—physiological responses, the BrainLink Lite device records the
relaxation state of participants whilst they listen to material-related sound stimuli at a rate
of one eSense meditation value per second. First, the mean and standard deviation of the
meditation values for each participant within a 10-s stimulus window for a single material
were calculated; these were then averaged across all 40 participants to obtain the mean
EEG relaxation level and EEG relaxation variability (within-stimulus SD) at the material
level, representing the overall relaxation level and short-term fluctuations under material-
related sound stimuli, respectively. The Pearson correlation coefficient between MFCC V1
and the average EEG relaxation level was r = 0.346, indicating a limited degree of correla-
tion between the two. The two indicators reflect two complementary aspects. The limited
correlation and complementary information provided by the two indicators support their
equal weighting in the composite auditory relaxation index.

AVR i=(Z(MFCCV1_i) + Z(RelaxMean_i))/2

In the processing of eye-tracking data, this study operationalised the number of fixa-
tions as a measure of visual exploration, to reflect the frequency and overall extent of vis-
ual sampling by observers across the surface of the material. This metric emphasises the
frequency of visual search behaviour rather than the intensity of attentional resource allo-
cation or the spatial extent of fixations. To ensure the quality of the eye-tracking data, trials
with a tracking rate below 80 per cent were excluded. Given that bricks and tiles may
exhibit systematic differences in geometric shape, image composition and screen coverage,
this study constructed a linear regression model with material type (brick/tile) as the in-
dependent variable and number of fixations as the dependent variable. The residuals of
the number of fixations from this regression were then used as an indicator of visual ex-
ploration in subsequent analyses, in order to mitigate the potential influence of material
type differences on the eye-tracking results. This procedure also eliminated the average
difference in fixations between bricks and tiles; however, as this difference may itself carry
perceptual significance, the relevant results should be interpreted with caution.

Prior to cluster analysis, the four features listed in Table 1 were standardised using
Z-scores [59] to minimise the impact of differing units of measurement and numerical

https://doi.org/10.3390/heritage9110477


https://doi.org/10.3390/heritage9110477

Heritage 2026, 9, 477

13 of 33

ranges on the calculation of Euclidean distances in k-means clustering. The standardised
data were used for subsequent k-means clustering and stability tests; the resulting clusters
represent only descriptive patterns derived from the combination of multimodal indica-
tors and are not interpreted causally.

Table 1. Clustering characteristics and data sources.

Variables Concept Basis Data Sources
BrainLink Lite data;

Short-term fluctuations Complements the

EEG . ) the average was calcu-
. in the relaxation re-  overall level and re-
relaxation r ) .. lated for 40 people after
s sponse within the 10-s flects reaction stabil- . e
variability . . . ) computing the individ-
stimulation window ity

ual standard deviations
Local variations in grey Characterisation of

Texture contrast
scale and texture inten- the visual textural Mean GLCM contrast

(GLCM . . . _—
sity on the surface of properties of materi- across directions
contrast) .
materials als
Reflecting visual
Visual . . & . Residuals from the re-
. Visual sampling fre- search behaviour and . .
exploration level e . gression of eye-tracking
) quency on the surface mitigating the impact © . )
(adjusted . e fixations on material
o of materials of variations in brick
fixation count) . form
and tile morphology
. The overall level of . Standardised MFCC V1
Composite . . .. Exploratory integra-
, acoustic characteristics and the average EEG re-
auditory . ) tion of two types of . .
and physiological re- laxation level, weighted

relaxation index auditory information

laxation responses equally

3.4.2. K-Means Clustering Algorithm

To investigate the natural grouping of multimodal features at the perception level, k-
means clustering was performed using the four standardised features mentioned above
as input. Using Euclidean distance as the metric, the silhouette coefficient and intra-cluster
and inter-cluster differences were calculated for K = 2-10. The optimal K value was se-
lected by comprehensively evaluating cluster compactness, separation and interpretabil-
ity, and the characteristic performance of each class in terms of material properties and
subjective evaluation was recorded for the construction of multimodal perception types.
This study does not introduce any additional weight adjustments or improved algorithms;
it merely examines the impact of different feature combinations on the robustness of the
clustering when necessary. To investigate the influence of the construction method of au-
ditory indicators on the clustering results, this study conducted sensitivity analyses by
substituting the composite auditory relaxation index with MFCC V1, the average EEG
relaxation level, and the first principal component (PCA) of both, respectively. The results
are presented in Section 5.

3.4.3. Construction and Calculation of the Material Sense of Place Index (MSPI)

In order to quantify participants’ evaluations of the material-level place meaning, this
study constructed the Material Sense of Place Index (MSPI) based on three dimensions:
historical memory association, material-related place identity and material-related place
attachment. All three dimensions were measured using a seven-point Likert scale, with
each dimension comprising three items. The data were initially organised at the ‘partici-
pant-material” level, meaning that each record corresponded to one participant’s evalua-
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tion of one material. The average was calculated for the three items within the same di-
mension in each record, yielding scores for the ‘history’, ‘identity” and ‘attachment’ di-
mensions respectively.

A three-indicator single-factor model was estimated using AMOS 27.0 based on the
history, identity, and attachment dimension scores to derive weights for the composite
MSPI (see Appendix A, Figure Al). Because this model was just-identified (df = 0), its
global fit indices were not interpreted as evidence of unidimensionality. The model spec-
ified MSPI as a latent factor reflected by the history, identity and attachment dimensions,
with no additional covariance paths among the three dimensions. Questionnaire reliabil-
ity, standardised factor loadings and factor score weights are reported in Section 4.3.. To
calculate MSPI scores, the “participant-material” level scores for history, identity and at-
tachment were first standardised using Z-scores; the MSPI at the participant-material
level was then derived by applying the factor score weights provided by AMOS as linear
combination coefficients. The formula for calculating the MSPI of the jth participant for
the ith material is as follows:

MSPI]I =0.222 x Zhistory,ji + 0.399 x Zidentity,ji +0.263 x Zuttachment,ji

To examine whether the three dimensions are better represented by a single factor,
we conducted item-level confirmatory factor analyses using the nine items. Four types of
models were compared: (1) a one-factor model with all items loading on MSPI; (2) a three-
factor model with history, identity, and attachment as correlated factors; (3) three two-
factor models combining two dimensions and separating the third; and (4) a second-order
factor model with three first-order dimensions loading on MSPI. Model fit was evaluated
using robust x?, df, x¥/df, CFI, TLI, RMSEA, SRMR, AIC, and BIC. The results are reported
in Table 2.

Table 2. Comparison of confirmatory factor analysis models for MSPL

RMSEA

Model Robustx® df x¥df CFl ~ TLI RMSEA .’ ' SRMR  AIC BIC
[0.094,
One-factor 567319 27 21012 0938 0918  0.101 oq0s] 0039 7112835 712845
Three-factorcor- 10 o0 24 16687 0958 0937 0088 [0-081, 0 035 7091781 71,0913
related 0.096]
Two'facfr H+1/ ysoa77 26 17672 0951 0932  0.092 %)(;);95] 0.037 70,996.12 71,158.05
Two'fac/t;’r H+A se0013 26 21921 0939 0915 0102 [00101905] 0.038 71,12437 71,2863
Two-factor I+ A/ 0166 26 17429 0951 0933  0.091 [0:084, 0 035 70987.9 71149.83
H 0.099]
[0.081,
Second-order 400482 24 16687 0958 0937  0.088 0006, 003 7091781 71,0913

Note: H = history, I = identity, A = attachment. The second-order model reproduced the fit of the
three-factor correlated model because the higher-order portion with only three first-order factors
was just-identified. However, it yielded an improper solution (a standardised loading exceeding 1
and a negative residual variance), indicating that the higher-order factor was not empirically tenable.

It was therefore not interpreted as evidence for a general higher-order MSPI factor.

At the material level, the MSPI scores for the 40 participants corresponding to each
material were further averaged to obtain the mean material-level MSPI scores for each of
the 60 materials; these were used for descriptive comparisons between materials, bar chart
presentations and the ranking of materials. The participant-material-level MSPI scores
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were used in linear mixed-model analyses to preserve individual evaluation differences.
This hierarchical structure prevents the conflation of aggregated material scores with in-
dividual evaluation scores.

4. Results
4.1. Multimodal Perception Clustering Results

Taking into account the results of the silhouette coefficient, the elbow method and
the Bootstrap stability assessment, K =3 (mean adjusted Rand index (ARI) = 0.729) exhib-
ited the highest clustering stability whilst yielding silhouette coefficients comparable to
those of K=2 (mean ARI=0.627) and K=4 (mean ARI = 0.621), and was able to form three
distinct and interpretable perception patterns; therefore, K =3 was ultimately selected (see
Appendix A, Table A2). Based on four standardised features—EEG relaxation variability,
texture contrast, visual exploration level (adjusted fixation count) and composite auditory
relaxation index —k-means clustering divided the 60 material samples into three clusters.
The three clusters exhibited distinct response patterns in terms of their multimodal feature
combinations; the results of a one-way analysis of variance (ANOVA) indicated signifi-
cant differences between the three clusters, and Tukey’s honestly significant difference
(HSD) test was subsequently employed for pairwise comparisons (see Figures 5 and 6).
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Figure 5. Cluster Analysis Results: (a) PCA projection of the four-feature K-means clustering results

(K'=3); (b) standardised feature profiles of the three cluster centres..

Distribution of the Four Standardized Features across Clusters (K=3)

ANOVA p < 0,001

ANOVA p <0.001

ANOVAp < 0.001

ANOVAp < 0.001

oot aacy Re
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Figure 6. Box plots of the one-way ANOVA results for the clustering features: Pairwise brackets

show Tukey HSD adjusted comparisons: ** p < 0.01, *** p < 0.001; ns = not significant. Diamonds

indicate means.

(1) Cluster 0: Cue-focused cluster(n = 20)

Cluster 0 exhibited the lowest level of visual exploration, significantly lower than that
of Cluster 1 and Cluster 2 (both p < 0.001); texture contrast and EEG relaxation variability
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were also relatively low, whilst composite auditory relaxation index was close to the mean
for the entire sample. This cluster comprised four types of material, with traditional bricks
being slightly more prevalent, followed by traditional tiles and modern tiles, and a few
modern bricks; the composition of materials was relatively diverse (see Figure 7).

Cluster Type Material

Modem
bricks
MB06 MBO7
Traditional BO3 B06 B09 B13 B16 B17
bricks
Cluster 0
B19 B20
Traditional
tiles
T15 ™7 T18 T19 T20
Modem g
tiles
MTO1 MTO07 MT08 MT09 MT10
(a)
Cluster Type Material
Traditional
bricks
BO1 B02 B04 BO7 B08 B11
B12 B14 B15 B18
Modern MBO1 MB02 MBO03 MBO04 MBO05 MBO08
h =

MB09 MB10
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Cluster

Type
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Traditional
tiles

Modern
tiles

Material
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T07 T10 T T2
T3
MT02 MTO03 MT04 MT05 MT06

(©)

Figure 7. Material composition of the three clusters: (a) Cluster 0, cue-focused; (b) Cluster 1, texture-

exploration; (c) Cluster 2, auditory-relaxation.

This cluster comprises a large number (n = 12) of materials with distinct traditional
patterns or structural features at their ends. This phenomenon appears to contradict the
relatively low level of visual exploration; however, when considered in conjunction with
the distribution of hotspots (see Figure 8), it is evident that observers’ gaze was primarily
concentrated on the localised areas where these patterns and structural features were lo-
cated. This suggests that distinctive local cues may have focused visual sampling on a few
key areas rather than prompting frequent scanning across the whole surface. A small
number of unpatterned materials (n = 8), on the other hand, may have attracted fewer
fixations due to the absence of prominent visual anchors and information conducive to
sustained exploration on their surfaces. It should be noted that a lower number of fixations
here merely indicates a lower volume of visual sampling; it cannot be directly interpreted
as low attention, rapid recognition or a lack of interest. Its specific psychological implica-
tions should be assessed in conjunction with the distribution of hotspots and the charac-
teristics of the materials. Overall, this cluster can be summarised as ‘cue-focused cluster’.

(2) Cluster 1: Texture-exploration cluster (n = 18)

Cluster 1 exhibited the highest texture contrast, significantly higher than that of Clus-
ter 0 and Cluster 2 (p <0.001). The level of visual exploration was not significantly different
from that of Cluster 2, falling within the upper-middle range, but was significantly higher
than that of Cluster 0 (p < 0.001). The EEG relaxation variability was at an intermediate
level, whilst the composite auditory relaxation index score was the lowest across all three
clusters. This cluster consists entirely of brick materials, comprising 10 traditional bricks
and 8 modern bricks (see Figure 7).

The surfaces of the materials in this cluster often feature variations in colour, signs of
historical weathering, patterns, moss or artificial ageing treatments, creating dense and
diverse textural information. The high textural contrast provides observers with a greater
amount of distinguishable visual information, prompting them to sample the scene more
frequently and engage in sustained observation; at the same time, this cluster exhibits a
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lower overall level of auditory relaxation under specified material-related sound stimuli.
Consequently, this cluster can be summarised as the “texture-exploration cluster’.

(38) Cluster 2: Auditory-relaxation cluster (n = 22)

Cluster 2 exhibited the highest levels of composite auditory relaxation index (all p <
0.001), whilst also displaying high levels of visual exploration; however, it had the lowest
texture contrast, which was significantly lower than that of Cluster 1 (p <0.001). This clus-
ter consisted predominantly of roof tiles, including 15 traditional tiles and a small number
of modern tiles and traditional bricks (see Figure 7).

The materials in this cluster predominantly exhibit relatively gentle surface textures
and variations in grey scale; their visual exploration does not rely on high-contrast tex-
tures, but rather stems more from details such as colour, form, contour and temporal as-
pects. Under the specified condition of ‘rain striking roof tiles’, this cluster exhibits a high
level of composite auditory relaxation index; naturally, this result cannot be separated
from the influence of the sound of rain itself and the shape of the roof. The predominant
tile type is the concave drip tile. The instantaneous reflection and resonance of sounds
such as raindrops on the ceramic tile surface produce a clear, percussive sound with tran-
sient peaks. Based on its overall characteristics, this cluster can be summarised as the au-
ditory-relaxation cluster; this designation merely describes the auditory—physiological
correlation under the recording conditions and does not imply that the tile material pos-
sesses an independent relaxing effect.

(a)
Cluster 0, cue-
focused cluster
representative
materials.

(b)
Cluster 1, texture-
exploration
cluster
representative
materials.

(c)

Cluster 2, auditory
relaxation cluster
representative
material.

Figure 8. Eye-tracking heat maps for representative materials: (a) Cluster 0, cue-focused cluster
representative materials; (b) Cluster 1, texture-exploration cluster representative materials; (c)

Cluster 2, auditory-relaxation cluster representative materials..
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4.2. The Relationship Between Multimodal Perception Clusters and Material Types

To examine the relationship between sensory clusters and material types, this study
conducted tests of independence using contingency tables for ‘sensory cluster x material
type (traditional/modern)’ and ‘sensory cluster x material form (brick/tile)’. The results of
the former analysis showed that there were no significant differences in the distribution
of traditional and modern materials across the clusters (x%(2) =2.139, p = 0.343, Cramér’s
V =0.189), and the adjusted residuals for each cell did not exceed +2. This indicates that,
within this sample, traditional/modern material type was not significantly associated with
sensory-cluster membership.

By contrast, sensory cluster was significantly associated with material form (brick/tile)
(x2(2) =32.727, p < 0.001, Cramér’s V = 0.739), indicating a strong association between sen-
sory pattern and brick/tile form. Brick material was significantly over-represented in Clus-
ter 1 (+5.071), whilst tile material was significantly over-represented in Cluster 2 (+4.822);
the composition of bricks and tiles in Cluster 0 did not deviate significantly from the over-
all expectation. It can thus be seen that brick materials are predominantly clustered in the
texture-exploration cluster, characterised by high contrast and strong texture, such as
Cluster 1, whilst tile materials are predominantly clustered in the auditory-relaxation clus-
ter, such as Cluster 2. However, this distribution is simultaneously influenced by both
material morphology and the type of material-related sound stimulus and should be un-
derstood as a statistical association under the specific experimental conditions.

4.3. Analysis of the Results of the Questionnaire and the MISPI Assessment

The item-level CFA comparison showed that the three-factor correlated model fitted
the data better than the one-factor model (CFI = 0.958 vs. 0.938; RMSEA = 0.088 vs. 0.101;
SRMR = 0.033 vs. 0.039). It also fitted significantly better than the one-factor model, scaled
Ax?(3) = 146.647, p < 0.001, and all three two-factor alternatives, scaled Ax?(2) = 48.832—
150.957, all p < 0.001. The second-order model reproduced the three-factor fit but yielded
an improper solution and was not interpreted. Thus, history, identity, and attachment are
highly correlated but empirically distinguishable dimensions. MSPI was therefore re-
tained as a theoretically defined composite index for subsequent analyses, rather than as
a validated unidimensional or higher-order latent construct. In the original three-indicator
AMOS model used to derive weights for the composite MSPI, identity received the largest
standardised loading ([3 =0.880), followed by attachment (3 = 0.836) and history (p =0.812)
(see Table 3 and Figure 9). The small differences indicate that no single dimension should
be regarded as uniquely dominant; these coefficients are weighting-model parameters,
not causal contributions to MSPL

Table 3. Questionnaire reliability and results of the MSPI measurement model.

) ) Cronbach’s Corrected Item-Total Standardised Factor
Dimension Items ] ) Score
a Correlation Range  Factor Loading .
Weights
History 3 0.792 0.564-0.676 0.812 0.222
Identity 3 0.738 0.493-0.615 0.880 0.399
Attachment 3 0.779 0.523-0.693 0.836 0.263

Note: The composite reliability (CR) of the overall MSPI is 0.881, and the average variance extracted
(AVE) is 0.711. CR and AVE were calculated based on the standardised factor loadings of the three
dimensions. Cronbach’s a and the corrected item—total correlations were calculated based on 2400

‘participant-material” evaluation records.
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Figure 9. Standardised Factor Loadings and Squared Multiple Correlations from the Three-Indica-
tor AMOS Model.

Following the method described in Section 3.4.3, the MSPI values for the 2400 ‘par-
ticipant-material’ records were first calculated; subsequently, the ratings of the 40 partic-
ipants were averaged by material to obtain 60 material-level MSPI mean values. The re-
sults show that the material-level mean MSPI values ranged from approximately —0.92 to
0.75 (see Figure 10). As the three dimensions were standardised prior to weighting, posi-
tive values indicate a higher level relative to the overall level of the study sample, whilst
negative values indicate a lower level; these do not constitute an absolute threshold for
the presence or absence of a sense of place. In terms of material distribution, traditional
bricks and traditional roof tiles were predominantly found in the positive range, whilst
modern bricks and modern roof tiles were predominantly found in the negative range.
This indicates that there are certain differences in the MSPI distributions between tradi-
tional materials and modern materials; the statistical significance of these differences will
be further tested in the linear mixed model in Section 4.4.1.
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Figure 10. Material-level MSPI Bar Chart.
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4.4. The Relationship Between Multimodal Perceptual Patterns and MSPI
4.4.1. Joint Effects of Material Type and Sensory Cluster on MSPI

MSPI distributions overlapped substantially across the three clusters (see Figure 11).
This suggests that there may be a certain correlation between sensory clusters and the
sense of place associated with the materials, but differences in MSPI scores cannot be fully
explained by the materials’ cluster affiliation alone. To further test the effect of sensory
clusters whilst simultaneously controlling for material type and differences at both the
participant and material levels, this study retained 2400 ‘participant-material” hierarchical
records comprising 40 participants x 60 materials, and fitted a linear mixed-effects model
(LMM) using the Ime4 and ImerTest packages in R. The model took MSPI as the depend-
ent variable, with material type (traditional bricks, traditional tiles, modern bricks and
modern tiles), sensory cluster and their interaction term set as fixed effects, whilst subject
ID and material ID were set as random intercepts; the overall significance of the fixed
effects was assessed using the nested model likelihood ratio test under maximum likeli-
hood estimation.

MSPI Distribution by Sensory Cluster

MSPI

T T T
Cluster 0 Cluster 1 Cluster 2
Sensory Cluster

Figure 11. MSPI distribution across different sensory clusters: Each semi-transparent grey point
represents an individual participant-material Z-MSPI observation and is horizontally jittered to
reduce overlap; darker areas indicate overlapping observations.

The results indicate that the main effect of material type on MSPI was significant, x2(3)
=78.093, p <0.001; the main effect of sensory cluster was not significant, x*(2) = 5.696, p =
0.058; and the interaction between material type and sensory cluster was significant, x*(3)
=10.742, p = 0.013 (see Table 4). Following the inclusion of the interaction term, the mar-
ginal R? increased from 0.232 to 0.246, representing an increase of approximately 1.4 per-
centage points in the proportion of variance explained by fixed effects; the final model had
a marginal R? of 0.246 and a conditional R? of 0.411. Material type, sensory clusters and
their interaction jointly explained approximately 24.6% of the variance in MSPI; after ac-
counting for random variations between participants and specific materials, the model’s
overall explanatory power was approximately 41.1%. Consequently, material type consti-
tutes the primary distinguishing dimension for MSPI differences; whilst sensory clusters
did not exhibit a significant independent main effect, their combined relationship with
material type was statistically significant. Given the small actual increase in explanatory
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power attributed to the interaction term, this result should not be interpreted as indicating
a strong interaction or a decisive moderating effect.

Table 4. Likelihood ratio tests of fixed effects in linear mixed-effects models.

Marginal Conditional

Model Effect X2 df p Sig R R?
Additive  Material_Type -
model Main Effect 78.093 3  <0.001 0.232 0.411
Cluster Main Ef- 5.696 5 0.058
fect
Interaction Material_Type x
Cluster Interac- 10.742 3 0.013 * 0.246 0.411
model ton

Note: The additive model includes two fixed effects —material category and sensory cluster —whilst
the interaction model further includes the interaction term between the two; in both models, partic-
ipant ID and material ID are set as random intercepts. The x2 values are based on a nested likelihood
ratio test under maximum likelihood estimation. Marginal R? for the additive model = 0.232; mar-
ginal R? for the interaction model = 0.246; conditional R?=0.411. * p < 0.05, *** p < 0.001.

The estimated marginal means (see Figure 12) show that, within the actual observed
data set, the mean MSPI for traditional materials is generally positive, whilst that for mod-
ern materials is generally negative, indicating that the traditional-modern nature of the
materials constitutes the primary dividing line in the MSPI evaluation. Comparing inter-
cluster variations within the same material type, the differences between clusters for tra-
ditional bricks and traditional tiles are relatively pronounced, whilst the variations for
modern bricks and modern tiles are more gradual. This suggests that, in this sample, the
association between sensory clusters and the MSPI of traditional materials may be more
pronounced. Among these, only the single interaction coefficient for ‘traditional roof tiles
x Cluster 2' reached statistical significance; the remaining interaction coefficients were not
significant, indicating that this interaction primarily reflects differences in specific mate-
rial combinations rather than a universal moderating effect across all material types.

Interaction of Material Type and Sensory Cluster on MSPI

[ ]
0.44
A
! |
® .
Material Type
& -9~ Traditional Brick
D e - Traditional Tile
§ Meodern Brick
= -8~ Modern Tile
0.4+
®
®
T ! T
Cluster 0 Cluster 1 Cluster 2

Sensory Cluster

Figure 12. Type x Cluster-MSPI Interaction Line Chart.
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It should be noted that the sample lacks the three combinations: ‘traditional roof
tiles—Cluster 1’, ‘modern bricks—Cluster 2’ and ‘modern roof tiles—Cluster 1’. Conse-
quently, Figure 12 and the interpretation of the interactions apply only to the material
combinations actually observed; it is not appropriate to extrapolate findings to the missing
combinations.

4.4.2. Associations Between Multimodal Perceptual Patterns and the MSPI and Their
Application

Combining the aforementioned clustering characteristics with the LMM results, ma-
terial type emerges as the primary distinguishing dimension for MSPI differences, whilst
multimodal perception patterns provide a supplementary explanation. By integrating the
perceptual characteristics of each cluster, a preliminary ‘sensory-MSPI’ composite map
can be constructed, providing a reference for urban material assessment and design strat-
egies (see Figure 13). Materials with positive MSPI values are distributed across three sen-
sory clusters and different PCA sensory regions, and are not concentrated in any single
fixed perceptual mode; modern bricks and tiles with more negative MSPI values are sim-
ilarly distributed across clusters. Therefore, sensory clusters alone cannot independently
determine MSPI levels; in this sample, higher MSPI values are more commonly observed
in combinations where traditional materials co-occur with specific sensory characteristics.

Multimodal Sensory—MSPI Map

PC2 (28.3% variance explained)

=24

Sensory Cluster
® S ol
@ Cluster2
o ©)
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@® ® .
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® . ‘\Di"“ . @ ® ® O 075
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.
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PC1 (40.8% variance explained)

Figure 13. Two-dimensional Sensory —MSPI Map (PCA Scatter Plot): Material codes: B = Tradi-
tional Brick, MB = Modern Brick, T = Traditional Tile, MT = Modern Tile; Bubble size is linearly
scaled: larger bubbles indicate higher mean MSPI.

Looking at specific combinations, under the rain-striking-tile-surface conditions ex-
amined in this study, some traditional clay tiles exhibited higher composite auditory re-
laxation index levels and MSPI; however, this co-occurrence cannot be attributed entirely
to the tile material itself. Some traditional bricks and tiles featuring patterns, eave-end
ornaments or distinct signs of ageing also exhibited high MSPI values, suggesting that
these localised characteristics may serve as visual cues associated with historical, cultural
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and social contexts; their effect does not stem solely from the intensity of visual stimula-
tion, but may be linked to the memory cues and sense of time embodied by the materials.

Conversely, whilst some modern bricks in Cluster 1 exhibit high textural contrast,
their mechanically aged or disordered, rough textures were associated with more visual
sampling and do not necessarily correspond to higher ratings for history or identity. Alt-
hough some bricks and tiles in Cluster 0 feature patterns or localised visual anchors, their
relatively low MSPI may reflect less distinctive material cues or historical associations.
Although some modern roof tiles in Cluster 2 exhibited a high level of composite auditory
relaxation index under the specified material-related sound stimuli, they still displayed a
low MSPL The above results indicate that high textural complexity, distinct visual cues or
high auditory relaxation indices do not necessarily correspond to higher evaluations of a
material’s sense of place.

In the context of urban spatial design, this sensory-MSPI spectrum can serve as an
auxiliary tool for material evaluation. In traditional neighbourhoods, historic settings and
general urban public spaces, a higher MSPI value can be used in conjunction with a ma-
terial’s visual and auditory characteristics as a supplementary reference; when combined
with the material’s texture, signs of wear and the acoustic experience within its environ-
ment, this approach allows for consideration of how visual cues and everyday sounds
collectively contribute to the expression of a place. For example, the relationship between
roof tiles, eaves and rainfall can be incorporated into design considerations regarding lo-
cal acoustic experiences; however, as this study does not conclude that roof tiles are ma-
terials with an independent relaxing effect, verification in practice must take into account
the actual rainfall, structural and acoustic conditions of the specific space. For urban
spaces characterised by narrative, commemorative or formal qualities, materials with a
high MSPI and cue-focused properties may be considered, with particular attention paid
to patterns, traces of craftsmanship and other easily recognisable cues that carry symbolic
significance; for newly developed spaces—such as new urban streets, commercial districts
and public spaces within residential areas—it is inadvisable to rely solely on surface-level
imitation of traditional materials to establish a connection with the place; instead, consid-
eration should also be given to the origin of the materials, their construction methods and
their relationship to contemporary contexts of use.

5. Discussion

Based on the results of cluster analysis, MSPI measurements and linear mixed models,
the discussion below focuses on three aspects: the sensory pathways in material percep-
tion, the psychological representations of material sense of place, and the associations be-
tween perceptual characteristics and evaluations of material-level place meaning:

(1) Sensory Pathways in Material Perception

The results of sensory clustering indicate that material samples can be categorised
into three sensory clusters: cue-focused, texture-exploration and auditory-relaxation. In
contrast to the intuitive understanding that the texture, pattern, colour and brightness of
building material surfaces prolong gaze duration [2], this study found that there is not a
simple linear relationship between visual texture and the number of fixations. When con-
sidered in conjunction with the distribution of eye-tracking hotspots, some materials with
distinct patterns or structural features, although receiving fewer fixations, exhibited rela-
tively concentrated fixation locations. This suggests that local cues may reduce extensive,
repetitive visual sampling. Of course, a lower number of fixations merely indicates a lower
volume of visual sampling and cannot be interpreted in isolation as low attention, rapid
recognition or a lack of interest. On the other hand, higher texture contrast can increase
the amount of information available for observation and promote texture sampling, but
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this does not necessarily translate into positive preferences or associations. Therefore, ma-
terial design should not merely pursue visual stimulation, but should strike a balance be-
tween visual richness, comprehensibility and cultural significance. The material composi-
tion of sensory clusters indicates that bricks are more frequently categorised under the
‘textural-exploration” type, whilst roof tiles are more commonly classified under the ‘au-
ditory relaxation’ type. The wear, moss growth and variations in colour tones on the sur-
face of bricks provide visual cues for identifying signs of material use. Within the context
of Chengdu’s rainy climate and the architectural landscape of western Sichuan—charac-
terised by traditional dwellings with eaves and tiles—the sound of rain striking the tiles
and the echoes beneath the eaves constitute everyday auditory experiences associated
with roof tiles. Consequently, material design in urban spaces should not only consider
visual characteristics such as texture and colour but also focus on the relationship between
materials, architectural structure and environmental sounds, thereby enabling multiple
sensory cues to collectively contribute to the expression of place meaning.

Sensitivity analysis further indicates that, whilst keeping the number of clusters, the
standardisation method and the remaining input features constant, re-clustering was per-
formed using MFCC V1, average EEG relaxation, and the first principal component (PCA)
of both, respectively, in place of the composite auditory relaxation index. Compared with
the baseline approach, the ARI values for the three alternative methods were 0.805, 0.734
and 1.000, respectively, whilst the silhouette coefficients were 0.269, 0.262 and 0.299. The
results indicate that the clustering structure retains a high degree of consistency even
when a single auditory metric is employed; as the first principal component of PCA is
mathematically equivalent to the equally weighted average metric after standardisation,
it yields completely consistent clustering results.

(2) DPsychological Representations of Material-Level Place Meaning

The CFA results indicate that history, identity, and attachment are highly correlated
but empirically distinguishable components of material-level place meaning. The relative
importance of material-related place identity within the MSPI measurement framework
suggests that people’s evaluation of materials is not based solely on their age, but also on
whether they are considered local, whether they align with their perception of the city,
and whether they can represent a shared identity. History, identity and attachment thus
collectively constitute different manifestations of a material’s sense of place, rather than
forming a definitive, unidirectional causal chain. The research findings also show that tra-
ditional materials with an authentic historical context generally achieved higher MSPI
scores, whilst modern materials that merely imitate traditional styles in form scored rela-
tively lower. Yal¢in [60] distinguishes between “existing authenticity” and ‘perceived au-
thenticity’, noting that spatial authenticity is not only determined by the existing physical
environment but is also continuously interpreted and constructed within local memory,
social narratives and cultural contexts. Whilst his research did not directly measure per-
ceived responses to building materials, this perspective provides an important frame of
reference for understanding the material differences identified in this study. The historical
traces, continuity of use and connections to local culture inherent in traditional materials
may make them more readily recognisable as material cues of local authenticity, thereby
contributing to the formation of local meaning. Consequently, the higher MSPI scores for
traditional materials should not be simply attributed to the age of the materials; rather,
they are more likely to reflect the interplay between the materials’ physical characteristics,
historical continuity and local cultural memory. Accordingly, future research could exam-
ine whether these three dimensions show differential predictive validity across material

types.
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In contrast, the historical role of ancient towns within cities has shifted from archi-
tectural spaces primarily serving residential functions to tourist resources with develop-
ment potential; whilst modern materials, period-style finishes and staged events may rep-
licate the visual imagery of a specific era or region, they risk severing the continuity of
authentic lived experience. As Relph discusses in his work on “placelessness’, when spaces
are primarily shaped by technical planning and commercial logic, and are detached from
the continuity of real-life experience, people may consume a certain ‘impression of place’
within them, but may not necessarily establish a stable sense of place with them [61]. From
this perspective, the cultural psychology revealed by this study carries certain practical
implications—the ‘authenticity’ of materials relates not only to their age, craftsmanship
and physical form, but also depends on whether they continue to play a part in residents’
daily lives and remain connected to concrete experiences of use and social relationships.
Materials are therefore not merely decorative or stylistic symbols; they may also serve as
material mediators linking past experiences, present life and future imaginings.

(3) Associations between Perceptual Characteristics and Evaluations of Material-Level

Place Meaning

The sensory properties of a material cannot directly predict its performance on the
MSPL however, the two are not entirely unrelated, but may be linked to sensory charac-
teristics, material type and environmental context. The results indicate that material type
constitutes the primary distinguishing dimension for MSPI differences, whilst sensory
patterns provide only limited supplementary explanation; similar sensory characteristics
may correspond to different MSPI values because the role of sensory cues is influenced by
the material’s historical and cultural context. The patterns, sounds and signs of ageing in
traditional materials can establish connections with existing local knowledge and lived
memories, thereby contributing to the formation of cultural meaning; even if modern ma-
terials imitating traditional ones possess similar textures or sounds, their sensory charac-
teristics may remain confined to the level of recognition if they lack a history of use and
social connections. Therefore, the relationship between multimodal perception and the
material sense of place can be understood as a process of sensory translation grounded in
cultural context. Stedman [17] argues that the built environment does not directly gener-
ate a sense of place, but rather functions through the meanings people ascribe to it. Ray-
mond et al. [62] further point out that local meaning is formed through the combined in-
fluence of the built environment, individual experience and socio-cultural processes. This
study provides additional insight from the material scale, demonstrating that textures,
signs of ageing and associated auditory experiences can constitute sensory cues for local
meaning; however, their role depends on the historical and cultural context in which the
materials are situated. Sensory characteristics alone cannot adequately compensate for de-
ficiencies in the cultural context, and historical value may prove difficult for observers to
recognise if it lacks perceptible expression.

In today’s highly mobile society, the duration of people’s stays and the trajectories of
their lives are becoming increasingly fragmented; the pre-modern foundation of ‘long-
term residence in one place’ is being steadily eroded, and the pathways through which a
sense of place is formed are facing reconstruction. In this context, multisensory design—
through the careful consideration of materials’ textures, colours, soundscapes and tactile
qualities—may help people to grasp clues linked to the city’s character and local memo-
ries even during brief stays. In urban regeneration and design practice, we should avoid
design that prioritises technology over all else, and instead focus on harmonising sensory
characteristics with the specific meanings of the local context. Modern materials and a
contemporary aesthetic are not inherently at odds with a sense of place; for cities such as
Chengdu, where cultural traditions and urban development are continuously intertwined,
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the key to fostering a sense of place lies in balancing the relationship between historical
authenticity, contemporary life and diverse aesthetic sensibilities.

Based on the above analysis, material strategies can be developed in at least three
directions: firstly, in the selection and use of building materials, we must avoid reducing
tradition to a mere replication of history. We should emphasise the structural logic, traces
of craftsmanship and history of use of materials, whilst avoiding the substitution of local
significance with increased textural complexity or surfaces imitating antiquity. Secondly,
materials should be situated within the context of residents” everyday use, rather than
being confined to display spaces intended solely for tourists, ensuring that material
choices remain connected to residents’ actual perceptions and experiences of use. Thirdly,
building materials should be situated within a longer-term local narrative. A sense of
place concerns not only memories of the past, but also the present situation and visions of
the future. Material strategies should align with residents’ expectations regarding future
lifestyles, place identity and the character of the city.

This study has several limitations. Firstly, visual and auditory stimuli were presented
separately; thus, ‘multimodal’ refers to the integration of indicators at the analytical level,
while the effects of simultaneous multisensory stimulation remain unexamined. Further-
more, the close-up images of materials and audio recordings did not fully capture the
spatial context and everyday activities of real streets and alleys, thereby limiting their eco-
logical validity. Future research should employ field studies or conduct more comprehen-
sive multimodal experiments that combine virtual reality (VR), physical materials and in-
teractive environments. Secondly, as brick materials correspond to wind sounds and tile
materials to rain sounds, there is a confounding relationship between material form and
the type of material-related sound stimulus; consequently, the auditory results cannot be
interpreted as independent effects of the materials themselves. Subsequent studies should
compare materials under standardised stimulus conditions, whilst taking into account
practical environmental factors such as background noise, rainfall and building construc-
tion. Thirdly, the sample consisted predominantly of young adults, with insufficient rep-
resentation of residents aged 60 and over; differences in local experiences among residents,
tourists and students may also affect the interpretation of the MSPI. Future research could
expand the age range, analyse groups such as local residents separately, and incorporate
familiarity with the local area. Fourthly, as this study employed a cross-sectional design,
it can only demonstrate associations between variables and cannot determine the direc-
tion of causality. Future research could involve longitudinal intervention studies. Fifthly,
the material samples were limited to bricks and roof tiles, which may restrict the general-
isability of the findings to other traditional building materials, such as timber, stone or
rammed earth. The smaller number of modern samples may also reduce the precision of
comparisons involving modern materials. Future research could expand the range of ma-
terial types and geographical samples, while adopting a more balanced sampling design.

6. Conclusions

This study focuses on the brick and tile materials found in the KuanZhai Alleyways,
integrating image and audio features, eye-tracking and EEG data to identify sensory pat-
terns of the materials using k-means clustering; simultaneously, it constructs a Material
Sense of Place Index (MSPI) based on three dimensions—history, identity and attach-
ment—to analyse the relationship between material type, sensory patterns and evalua-
tions of local significance. The study reached three conclusions:

Firstly, the material samples formed three sensory clusters —cue-focused, texture-ex-
ploration and auditory-relaxation—reflecting the combination of perceptual characteris-
tics of the materials under the selected indicators and predetermined stimulus conditions,
as well as differences in the distribution of sensory clusters across different material types.
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Secondly, history, identity, and attachment collectively reflect material-related sense
of place; among these, identity exhibited the highest standardised factor loading. The
overall MSPI score for traditional materials was higher than that for modern materials
imitating antique styles, suggesting that the historical traces of the materials, their conti-
nuity of use and their connection to local culture all contribute to the evaluation of their
local significance.

Thirdly, material type is the primary distinguishing dimension for differences in
MSPI, whilst sensory clusters provide a supplementary explanation; although the interac-
tion between the two can be statistically detected, its actual explanatory power is limited,
indicating that the sensory characteristics of materials need to be understood in conjunc-
tion with their material type and cultural context.

It should also be noted that this study integrates separately collected visual, auditory
and physiological indicators at the analytical level; the MSPI reflects the perceptual po-
tential of materials to evoke place-related meanings at the micro-scale. Consequently, the
research findings cannot be interpreted as a direct measurement of the complete sense of
place or causal mechanisms.
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Appendix A

Equation Al presents the contrast formula employed in this paper:

Contrast = ¥_{i = 0} * {L~1} ¥_{j = 0} * {L~1} (i) - p(i, j: d, 6) (A1)

Table Al. Material Sense of Place Questionnaire (MSPQ).

Score
Label Indicator Explanation (1 = Strongly Disagree,
7 = Strongly Agree)

I believe this material can represent the cultural charac-
teristics of the local region (Sichuan).
This material conveys a sense of temporal continuity (a
connection from past to present).
The material evokes associations with Sichuan culture,
history and architecture.
This material (visual and auditory) evokes positive emo-

HISTORY1 1 2 3 4 5 6 7

HISTORY HISTORY?2
HISTORY3

IDENTITY1 . .
tions in me.

This material strengthens my sense of belonging to the
local Sichuan region.

IDENTITY3 I am more inclined to favour this material for use in ur- 1 2 3 4 5 ¢ 7

ban development and cultural enhancement.

ATTACH- Ienjoy moving about and lingering in the urban spaces

IDENTITY IDENTITY2

MENT1 created by this material.
ATTACH- ATTACH- The envu‘onmen.t cre:ated by this material is an integral
part of experiencing the charm of spaces such as 12 3 4 5 6 7
MENT MENT?2 .
KuanZhai Alleyways.
ATTACH- If such spaces created from these materials were to di- 5> 3 4 5 ¢ 7
MENT3 minish in our cities, I would find it regrettable.
MSPI
1
identity history attachment

Figure A1. Three-Indicator AMOS Path Diagram for MSPI Construction: The values of 1 indicate

coefficients fixed for model identification..

Table A2. Evaluation of K-means cluster solutions based on silhouette coefficients and bootstrap

stability.

K Silhouette Bootstrap SD Min-Max Cluster Sizes
ARI Mean

2 0.275 0.627 0.246 —0.017-1.000 28/32

3 0.299 0.729 0.158 0.280-1.000 20/18/22

4 0.281 0.621 0.115 0.311-1.000 19/12/13/16

Note: Bootstrap repeated 1000 times.
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