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Abstract: In the context of the rapid development of the construction of urban underground spaces in
China, people’s demands for the quality of these spaces have become increasingly prominent. As an
important part of underground spaces, the different materials used in underground street interfaces
give rise to different spatial experiences, which are important for creating a comfortable underground
space atmosphere. However, current research on the perception of underground street spaces lacks
an exploration of the influence of materials, and most research on materials focuses on the interface
design of above-ground commercial streets. In this study, material characteristics were extracted as
independent variables, 17 scenes were orthogonalized, and the efficient simulation characteristics of
VR were used to build a scene model for the experiment. Participants’ evaluations of the scenes were
measured during the experiment, and conclusions were drawn through scene ranking and one-way
ANOVA. The results showed that the use of white, high-finish materials with non-directional textures
and low bumpiness for the side interface was more in line with the participants’ preferences. This
study provides new ideas for the design of high-quality underground commercial streets.

Keywords: underground street; interface material; spatial perception; virtual reality

1. Introduction

At present, the construction of underground spaces in Chinese cities has entered
a stage of rapid development, and the number of underground public service facilities,
including underground commercial streets and underground complexes, is increasing;
however, the problem of the environmental quality of underground spaces still exists, and
the public’s demand for physical and psychological underground space environments
of good quality is becoming more and more prominent. The interface is an important
part of underground commercial streets, and its material directly affects people’s feelings
of street space and street vitality. However, the current research on spatial perception
of underground streets has not involved the influence of materials, and the research on
side interfaces is mostly concentrated on above-ground commercial streets. Therefore, it
is necessary to use scientific methods to evaluate, study, and design interface materials
for underground streets to obtain better spatial quality and increase psychological visual
comfort. Furthermore, because of the complex environment of underground spaces, this
study used the efficient simulation characteristics of virtual reality (VR) technology to
establish more virtual scenes for simulation and obtain more possibilities.

2. Literature Review
2.1. Perception of Underground Space

Underground space is the focus of research in urban stock development and has
received some attention from scholars who have conducted a number of studies on the
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perception of common underground spaces such as subways [1], commercial spaces [2],
and tunnels [3]. Starting from the basic physical environment (for example, sound [4,5],
light [6,7], and heat [8,9]) and human perception (for example, vision [10] and hearing),
these studies have used techniques such as electroencephalogram, virtual reality, the
laboratory environmental control method [11], and generative adversarial networks [12]
to track changes in people’s psychological and physical perception of space. The current
development and utilization of urban underground spaces is focused on underground
buildings, with underground commerce as the main target [13]. Underground commercial
streets are the most frequent commercial spaces where people stay for longer periods of
time. Therefore, the design and decoration of underground streets have a more substantial
impact on the emotional experience of customers. [14] Visuals dominate in non-sensory
conditions. The visual system relies on diagnostic image features to estimate physical
properties in a distal world [15]. Zhou et al. [10] proposed a multi-category measurable
method for evaluating the overall visual comfort of underground spaces, with which the
overall perception of comfort related to color, brightness, scale, and spatial form could be
finely classified and quantitatively evaluated. As the material of the interface is one of the
most important visual elements in the internal environment of the underground street, this
study aimed to finely classify and quantitatively evaluate the overall spatial perception of
underground streets.

2.2. Material Perception

Materials have been shown to significantly influence people’s perception of a space [16]
and have been studied in depth by many scholars. Fan et al. [17] conducted a preliminary
study on methods for applying decorative materials to more reasonably satisfy people’s
physical and mental demands. Hwang, YR. [18] confirmed that the visual perceptions of
participants were changed more by characteristic textures and textures with regular shapes
than by the other typologies of textures. Wang et al. [19] found that the effect of wall texture
on perceptual spaciousness varied depending on the wall material, and the textural effect
was affected by room size. These studies confirmed that the way materials are applied
and textural changes have an impact on people’s spatial perceptions. However, research
on material and spatial perception has mainly been focused on by researchers in interior
environmental art design, and there is a lack of exploration in the underground field.

2.3. Applications of Virtual Reality

Field tests have authenticity, timeliness, and validity, which can eliminate the bias
of subjective estimation. However, experimental research is time consuming, expensive,
and requires complicated experimental conditions. In contrast, virtual reality is more
cost effective. Virtual reality is a term used to describe a computer-generated virtual
environment that can be moved through and manipulated by a user in real time [20]. Virtual
technology has taken advantage of its efficient, realistic, and non-destructive properties,
and it is becoming more common in the study of underground space perception. Felnhofer
et al. [21] showed that VR was able to elicit intended emotions. Sun et al. [22] discussed
the influence and effects of the interface morphology of underground squares on spatial
experiences. Xu et al. [23] showed that both green visual acuity and the street interface had
a significant influence on street healing. Wang et al. [7] used VR to demonstrate that fire
visibility exerts a significant influence on occupants’ premovement time, while other factors
are not significantly influential in the case of predictable fires. Fang et al. [24] presented
an interactive virtual environment and showed that when view was limited, more exits
and arranging the exits evenly helped to shorten the time taken to seek the available exits.
With the development of the social economy, VR technology can be used to simulate the
underground space scenario well and provide practical solutions while promoting the
development of research on underground spaces.

In summary, current research on the perception of underground street spaces lacks an
exploration of the influence of materials, and most of the research on materials focuses on
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the interface design of the above-ground commercial street [25]. The side interface of an
underground commercial street refers to the side or vertical interface of the underground
commercial street space. This study aimed to explore the influence of the side interface
material of an underground street on people’s spatial perception. In this investigation,
we firstly collected information on underground street interface materials through field
research and classified the materials into color, finish, concavity, texture, and secondary
texture according to their properties. Then, we analyzed the following two specific issues
to provide a new perspective on the mechanism of the influence of the interface on people’s
spatial perception in an underground street environment.

Q1: Do different combinations of material properties in an underground street interface
have an effect on people’s spatial perception of the underground street?

Q2: Are there significant differences in the effects of different variations of material
attributes on people’s spatial perception of an underground street and what are people’s
preferences?

Sun et al. [26] explored the correlation between the morphological elements of un-
derground commercial street paving and spatial perception and visual comfort with the
help of a VR platform, which laid the theoretical foundation for this paper. In this study,
VR technology was used and questionnaires conducted to obtain more realistic emotional
responses from the participants. It was a useful attempt to explore the influence of materials
on people’s spatial perception of underground streets from the perspective of interface
materials. The results of our study can not only complement the existing research on
potential factors affecting people’s emotions in underground streets, but also provide new
design ideas for high-quality underground street design.

3. Methodology

This study aimed to investigate the influence mechanism of the spatial psychological
perception of the interface material design of underground streets. We first conducted field
research and online research on underground streets in Xuzhou, China; Shanghai, China;
Hohhot, China; and Fukuoka, Japan to summarize the interface materials commonly used
in underground streets, and then deconstructed them into physical independent variables
to construct experimental scenarios according to the material characteristics. We found that
the characteristics of underground streets in Xuzhou were similar to those in Shanghai and
other cities; furthermore, the underground streets in Xuzhou were convenient for research.
Therefore, Xuzhou underground street was used as the prototype of the experimental
scene, which kept its physical size and store layout while switching the interface material.
Then, VR was used to simulate the scene and a questionnaire was used to obtain people’s
evaluation of their spatial perception. Finally, the data obtained from the questionnaire
were processed. Exploratory factor, one-way analysis of variance and mean comparison
analysis were used to explore the effect of side interface material on spatial perception
(Figure 1).

3.1. Preparation
3.1.1. Experimental Instrument

The experiments were carried out in the immersive virtual reality platform of the VR
Lab of the China University of Mining and Technology, which includes a virtual simulation
engine (Vizard 5.4), graphics workstation, head-mounted virtual reality glasses (Oculus
Rift DK2), and four optical position tracking systems (PPT Studio N).

3.1.2. VR Scene Building

The study aimed to investigate the influence mechanism of the psychological percep-
tion of an underground street interface material design space. The lighting conditions in
the experimental scenes and the physical scale of the underground street as a non-research
object were kept as controlled variables in each experimental scene. Therefore, in this study,
all experimental scenes were set to artificial lighting with LED lamps: the illumination



Buildings 2022, 12, 1432 4 of 19

level of a 0.75 m horizontal surface in the traffic area of all scenes was maintained at 250 lx,
the illumination level of a 0.75 m horizontal surface in the store was 750 lx, and the color
temperature of the lamps was unified at a neutral color temperature of 4000 K.
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Figure 1. Research Framework.

A typical underground street case was used as a prototype for the experimental
scene, which kept its physical size and store layout while switching the interface material;
this arrangement was more convenient for keeping the control variables consistent and
gave the final research results more practical reference significance. The experimental
scene captured the underground crossing of Fashion Avenue in Xuzhou, Jiangsu Province,
combined with an underground shopping mall as part of the prototype, with a column
distance of 8400 mm, column section of 800 mm × 800 mm, net street width of 7600 mm,
and net street height of 4200 mm (Figure 2).
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3.1.3. Participants

A total of 111 people of all ages and industries were invited to participate in this
study. The participants included 78 females and 33 males, all of whom had good visual and
mental status without abnormalities. The recruited participants were then tested for color
blindness and color weakness, and those who were color blind or could not accurately
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distinguish colors were identified and excluded from the data of subsequent experiments.
Finally, 111 questionnaires were distributed and collected, of which 74 were valid and
37 were invalid, with a valid response rate of 66.7%. The gender ratio of participants
was basically balanced, with slightly more women than men, and 84% did not have any
in-depth exposure to architecture.

3.1.4. Questionnaire Design

We divided the psychological perception of space into three dimensions: overall
spatial perception, side interface perception, and scale perception. Among them, the overall
spatial perception dimension included four psychological perceptions (openness, ease,
fun, and closeness); the side interface perception dimension included five psychological
perceptions (color warmth, orderliness, roughness, lightness, and transparency); and the
scale perception dimension included three psychological perceptions (length, width, and
height) (Table 1).

Table 1. Comparison of vocabulary and psychological perception.

Questionnaire Descriptors Psychological Perception

Overall spatial perception

Too crowded–too open Openness
Too depressing–too relaxing Relaxation

Too boring–too exciting Fun
Too distant–too close Closeness

Interface perception

Too cold colors–too warm colors Warmth
Too messy–too regular Orderliness
Too rough–too smooth Roughness

Too dark–too bright Lightness
Too closed–too transparent Transparency

Scale perception
Too short–too long Length perception

Too narrow–too wide Width perception
Too short–too high Height perception

The experimental questionnaire was used to describe the participants’ degree of
psychological spatial perception according to a Likert scale. A nine-point scale, the variation
of 5-point scale, was used so that adjacent options were less radically different (or more
gradually different) from each other as compared to a 5-point scale. This larger (step by
step) spectrum of choices offers more independence to a participant to pick the ‘exact’ one
(which he prefers most) rather than to pick some ‘nearby’ or ‘close’ option [27].

In the questionnaire, a set of descriptors was divided between the left and right ends,
and each psychological perception quantity was scored from −4 to 4 according to the
degree from one extreme description to the most satisfactory and appropriate to the other
extreme description. The most satisfactory value was 0. During statistical analysis, the data
were entered as 1–9, with 5 being the most satisfactory value, to avoid statistical errors
caused by positive and negative signs. The more the value converged to 5, the higher the
psychological perception of satisfaction.

3.1.5. Reliability and Validity Analysis

To test the effect of the changes in interface materials on the participants’ moods,
multiple statistical analyses were conducted using SPSS. The side interface material color,
side interface material finish, side interface bumpiness, side interface material texture,
side interface material secondary texture, and top interface reflectance were considered as
categorical independent variables, while the indicators of mood changes were considered
continuous dependent variables.

An analysis of reliability was first conducted to verify whether the questionnaire scale
data were true and reliable. Cronbach’s alpha coefficient was used to test the quality of the
reliability of the scale data. The results of the test (Table 2) showed that the lowest alpha
value for the data from the three dimensions was 0.921. An alpha coefficient higher than
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0.8 indicated that the reliability quality of the data of this experiment was high and the
sample data from the questionnaire on the three dimensions were true and reliable.

Table 2. Cronbach reliability analysis.

Name Corresponding Items α Factor

Overall spatial perception 4 0.921
Interface perception 5 0.958

Scale perception 3 0.938

After passing the reliability test, factor analysis was conducted for the data from the
psychological scale to verify the validity and to analyze whether the questionnaire’s item
design was scientific and reasonable. The results of the factor analysis showed that the
KMO value of 0.876 was much greater than 0.6, and the p-value of 0 was much less than
0.05, as calculated by Bartlett’s sphericity test, which indicates that it was appropriate to use
factor analysis for the data concentration study and for the validation of the experimental
satisfaction scale data.

3.2. Variable
3.2.1. Independent Variables

The research data were analyzed to summarize the physical properties of the building
materials and deconstruct them into the physical independent variables needed to build
the experimental scenes. According to the surface dominance theory of visual perception,
the visual system can more effectively represent the visual space below the high horizontal
line of the eye [28]. People also locate objects more accurately in space below eye level than
in space above. Therefore, the side interface and bottom interface are more important than
the top interface in this study. Since the previous study explored the spatial perception of
paving on an underground street, this study focused on the influence of the side interface
materials on spatial perception. The original bottom interface of Fashion Avenue in central
Xuzhou was maintained in all scenes, and the uniform roof design was conserved as well.
The properties of a material are generally reflected in color and texture, while its finishing
often constitutes a secondary texture (Table 3).

Table 3. Independent variables of experimental scenes.

Interface Independent
Variable Horizontal Category

Bottom interface Original bottom interface of Fashion Avenue in central Xuzhou

Side interface

Color Cold (No. 0613) Warm (No. 1085) Black (No. 1716) White (No. 1321)

Finish Low (Ra = 3.2 µm
or more)

Medium (Ra = 3.2 µm~
Ra0.8 µm)

High
(Ra = 0.8 µm~Ra0.2 µm)

Mirror (Ra = 0.2 µm
or less)

Concavity
Low (change in

undulation less than
1 cm)

High (undulation change
greater than 1 cm)

Texture No texture Non-directional Directional
Secondary texture No texture Non-directional Directional

Top surface Uniform top

When multi-factor and multi-level experimental studies were required, the experimen-
tal design used an orthogonal table to filter out representative multi-factor and multi-level
combinations from the full-scale experiment to achieve the same effect as conducting the
full-scale experiment with the minimum number of trials. Therefore, the orthogonal analy-
sis of the independent variables representing the material physical properties resulted in
a series of combinations that were used to construct an ideal experimental scenario with
the same physical dimensions and store layout as the original scenario, but with different
material independent variables. The orthogonal design results for the material independent
variables of the final experimental scenes are shown in Table 4.
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Table 4. Orthogonal design results of independent variables in experimental scenes.

Color Finish Convexity Texture Secondary Texture Top Interface

S1 Warm High Low No texture No texture Low reflectivity
S2 Black Medium Low Directional Directional Low reflectivity
S3 White Medium Low Non-directional No texture Mirror
S4 Black Low Low No texture Non-directional Mirror
S5 Warm Low High Non-directional Directional Mirror
S6 Black High High Non-directional No texture Low reflectivity
S7 Cold Medium High No texture No texture Mirror
S8 Warm Medium High No texture Non-directional Low reflectivity
S9 Cold Mirror Low Non-directional Non-directional Low reflectivity
S10 Cold High Low No texture Directional Mirror
S11 White Mirror High No texture Directional Low reflectivity
S12 Black Mirror High No texture No texture Mirror
S13 Cold Low High Directional No texture Low reflectivity
S14 Warm Mirror Low Directional No texture Mirror
S15 White High High Directional Non-directional Mirror
S16 White Low Low No texture No texture Low reflectivity
S0 Restore the status quo of Fashion Avenue in central Xuzhou

We constructed simulated experimental scenarios in an immersive VR scene according
to the results of the orthogonal experimental design. Using the 3ds Max software, the
experimental scene model was constructed, and the physical autocorrelation properties of
the scene obtained from the orthogonal design were simulated via baked rendering and
real-time rendering. Scene roaming screenshots are shown in Table 5.

Table 5. Scene roaming screenshots.

Scene 1 Screenshot Scene 2 Screenshot Scene 3 Screenshot Scene 4 Screenshot
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3.2.2. Dependent Variable 
The dependent variable is people’s spatial perception in the underground street. 

When designing the questionnaire, the spatial psychological perception is divided into 
three dimensions: overall spatial perception, side interface perception and scale 
perception, with a total of 12 variables (Table 1). The nine levels of Likert scale were 
quantified for these variables, and the experimental data were obtained by the 
participants’ scores. 

3.3. Research Design 
3.3.1. Procedure 

Before the experiment started, the experimenter explained the manual interactive 
handle control method and introduced the experimental process to the participants. After 
confirming the participants’ readiness, we had them wear VR glasses for 3–5 min to 
experience the virtual street scene and adjusted the appropriate viewpoint height and 
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3.2.2. Dependent Variable

The dependent variable is people’s spatial perception in the underground street.
When designing the questionnaire, the spatial psychological perception is divided into
three dimensions: overall spatial perception, side interface perception and scale perception,
with a total of 12 variables (Table 1). The nine levels of Likert scale were quantified for
these variables, and the experimental data were obtained by the participants’ scores.

3.3. Research Design
3.3.1. Procedure

Before the experiment started, the experimenter explained the manual interactive
handle control method and introduced the experimental process to the participants. After
confirming the participants’ readiness, we had them wear VR glasses for 3–5 min to
experience the virtual street scene and adjusted the appropriate viewpoint height and
movement speed according to the participant’s eye height and verbal report so that it was
as close as possible to their realistic roaming experience.

After confirming that the participants were fully adapted to the virtual scene roaming
experience and had no adverse reactions, the experimenter switched to the experimental
scene and started the formal experiment. The participants were required to roam freely and
experience the experimental scenes for 1 min to form a complete perceptual picture of the
scenes; then, the experimenter asked the participants questions about their psychological
perceptions. The participants provided scores verbally without leaving the experimental
scenes, and the experimenter recorded the answers. The duration was about 2 min. After
completing the scale for an experimental scene, participants independently chose to leave
or not to leave the virtual scene and rest for half a minute to avoid the fatigue caused by the
long duration of a single experiment, which could affect the accuracy of the experimental
data. After the rest interval, the participants randomly roamed to the next experimental
scene and completed the scale until all 17 experimental scenes were completed. The total
experiment time for a single person ranged from 55 to 90 min.

3.3.2. Data Analysis

The questionnaire design has been analyzed for reliability and validity, which proves
that the questionnaire data are reliable, and the questionnaire design is scientific. This
paper studies the influence of the interface material of the side of the underground street
on people’s spatial perception. Exploratory factor analysis (EFA) is a technique used
to identify the essential structure of multivariate observed variables and process them
for dimensionality reduction. Thus, EFA is able to synthesize variables with intricate
relationships into a few core factors and effectively reduce the influence of factors. Their
variance interpretation rates are used as weights to calculate the composite score of scenes
and rank the scenes. The ranking results are used to make preliminary inferences about
people’s preferences for material classification.

When the types of physical independent variables differed, in order to determine whether
the corresponding psychological perceptual quantities were significantly different—and thus
to determine which psychological perceptual quantities were significantly affected by the
types of physical independent variables—the original data scores from the psychological
perception questionnaires for similar scenarios were classified according to color, finish,
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convexity, texture and secondary texture to take the mean value, and one-way ANOVA
was performed on this mean value. The items with significant effects were identified and
the means were counted to determine the trend of the effect of the physical independent
variables on the psychological perception quantities.

4. Results
4.1. Scene Sequencing Study
4.1.1. Exploratory Factor Analysis

In order to investigate the influence of interface materials on overall spatial perception,
the differences in 12 psychological perception quantities between different experimental
scenarios were investigated and an attempt was made to rank a total of 17 experimental
scenarios from S0–S16 in a comprehensive manner.

From Table 6, it can be seen that warmth, orderliness, roughness, lightness, closeness,
and fun were the highest load factors under factor 1 and all were greater than 0.4, which
meant that factor 1 corresponded to the interface perception dimension. Length perception,
width perception, and height perception were the highest factor load factors under factor 2
and all were greater than 0.4, which indicated that factor 2 corresponded to the expected
scale perception dimension. The sense of openness and ease had the highest loading
coefficients under factor 3 and all were greater than 0.4; that is, factor 3 corresponded to
the expected overall spatial atmosphere perception dimension. Accordingly, the logical
internal structure identified by the validity analysis was basically consistent with the
expected internal logical structure in the sense of architectural profession, which indicated
that the validity of the data structure of the experiment was good.

Table 6. Factor analysis results.

Name
Factor Loading Factor Commonality (Common

Factor Variance)Fac 1 Fac 2 Fac 3

Height 0.392 0.837 0.057 0.858
Width 0.19 0.914 0.27 0.944
Length 0.292 0.884 0.221 0.916

Transparency 0.829 0.401 0.062 0.852
Lightness 0.894 0.293 0.145 0.906

Roughness 0.814 0.265 0.296 0.82
Orderliness 0.798 0.308 0.278 0.81

Warmth 0.872 0.288 0.198 0.882
Closeness 0.843 0.148 0.404 0.896

Fun 0.858 0.214 0.352 0.907
Ease 0.579 0.181 0.745 0.924

Openness 0.232 0.274 0.913 0.962

Therefore, factor 1 was named as the interface perception factor, factor 2 as the scale
perception factor, and factor 3 as the overall space perception factor. After adjusting
the sense of fun and roughness from the overall spatial perception dimension to the
interface perception dimension, the questionnaire data from experiment A were re-tested
for reliability. The test results (Table 7) showed that the lowest alpha value for the data
from the three dimensions was 0.91; since the alpha coefficient was higher than 0.8, which
is regarded as indicating high reliability, the scale data remained true and credible under
the three dimensions after adjustment.
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Table 7. Factor Analysis Variance Interpretation.

Factor Number
Original Eigenroot Sum Of Squares of Rotating Loads

Value Variance
Explanation %

Cumulative Variance
Explained % Value Variance

Explanation %
Cumulative Variance

Explained %

1 8.272 68.935% 68.935% 5.659 47.158% 47.158%
2 1.453 12.111% 81.046% 2.987 24.894% 72.052%
3 0.951 7.921% 88.967% 2.03 16.914% 88.967%

4.1.2. Scene Sequencing

Taking the variance explained ratio of each of the three common factors in the ex-
ploratory factor analysis (EFA), i.e., overall spatial perception factor, interface perception
factor, and scale perception factor, as the cumulative variance explained ratio, the weights
of the three factors were 47.158%/88.967%, 24.894%/88.967%, and 16.914%/88.967%, re-
spectively. Thus, the composite score formula was:

SCORE = Fac1 × 47.158/88.967 + Fac2 × 24.894/88.967 + Fac3 × 16.914/88.967 (1)

The ranking of the 17 scenarios as calculated by the composite score formula from S0
to S16 is shown in Table 8.

Table 8. Cronbach reliability analysis.

Name Corresponding Items α Factor

Overall spatial perception 2 0.91
Interface perception 7 0.938

Scale Perception 3 0.97

Since the weights in this method were formed only by the ratio of variance interpreta-
tion rates (Table 9) and have no practical significance in terms of construction expertise,
this ranking only indicates that the top-ranked scenes scored higher on the items for which
the factor analysis could accurately summarize the information from the recorded data.

Table 9. Ranking of scene comprehensive scores.

Name FAC1 FAC2 FAC3 Score

S16 3.308443 3.828041 1.885133 3.183202
S11 3.232623 3.827969 1.986272 3.162221
S15 3.064558 3.716025 2.236237 3.089335
S0 3.327036 3.734591 1.223805 3.041181
S3 3.045684 3.703238 2.020933 3.03482
S13 2.828975 3.714045 2.470856 3.008512
S8 2.823921 3.711186 2.330471 2.978344
S10 2.910919 3.600526 2.248587 2.977927
S1 2.744775 3.687714 2.195364 2.904138
S5 2.663677 3.783036 2.253103 2.8988
S2 2.667857 3.676213 2.244317 2.869455
S9 2.594068 3.680663 2.300877 2.842341
S7 2.562892 3.755509 2.194307 2.826498
S6 2.433714 3.875176 2.247096 2.801545
S14 2.5584 3.588185 2.130509 2.765168
S4 2.455969 3.798464 2.062164 2.756719
S12 2.267732 3.564738 2.222055 2.62194

As can be seen from Table 10, the color of the top four scenes was white, while the
scores of black scenes were generally lower, and the participants had a higher recognition
of white scenes and a poorer spatial experience in black scenes. From the scenes with higher
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scores, it was concluded that materials with medium and high gloss and low bumpiness
were more popular. As for the material texture, it had to be matched with secondary texture;
a combination where one had an obvious direction and the other had no texture was more
preferred by the participants.

Table 10. Physical independent variables of each scene.

Score Color Brightness Unevenness Texture Secondary
Texture

S16 3.183202 White Low Low None None
S11 3.162221 White Mirror High None Directional
S15 3.089335 White High High Directional Non-directional
S0 3.041181
S3 3.03482 White Medium Low Non-directional None

S13 3.008512 Cold Low High Directional None
S8 2.978344 Warm Medium High None Non-directional

S10 2.977927 Cold High Low None Directional
S1 2.904138 Warm High Low None None
S5 2.8988 Warm Low High No directional Directional
S2 2.869455 Black Medium Low Directional Directional
S9 2.842341 Cold Mirror Low Non-directional Non-directional
S7 2.826498 Cold Medium High None None
S6 2.801545 Black High High Non- directional None

S14 2.765168 Warm Mirror Low Directional None
S4 2.756719 Black Low Low None Non-directional

S12 2.62194 Black Mirror High None None

4.2. Relationship between the Physical Independent Variables of the Scene and Psychological
Perception as the Dependent Variable

On the basis of scene ranking, one-way ANOVA and mean value comparison were
used to determine whether there were significant differences in the spatial psychological
perception data of different physical independent variables and what were the trends of
the differences.

4.2.1. One-Way ANOVA

According to the one-way ANOVA for color classification (Table 11): there were
10 significant differences among the samples in the color classification of the side interface
material for height, transparency, lightness, roughness, orderliness, warmth, closeness, fun,
ease, and openness. The p values of significance were less than 0.01 for all variables except
for orderliness, which was less than 0.05.

Table 11. Variance analysis of color classification.

Color Classification (Mean ± Standard Deviation)
F p

Cold (n = 74) Warm (n = 74) Black (n = 74) White (n = 74)

Height 4.76 ± 0.75 4.75 ± 0.65 4.60 ± 0.66 4.97 ± 0.55 3.944 0.009 **
Width 4.89 ± 0.77 4.99 ± 0.78 4.90 ± 0.78 4.98 ± 0.63 0.364 0.779
Length 4.99 ± 0.81 5.15 ± 0.82 5.16 ± 0.97 5.08 ± 0.64 0.73 0.535

Transparency 4.39 ± 1.13 4.36 ± 0.95 4.12 ± 1.02 5.00 ± 0.70 11.314 0.000 **
Lightness 4.11 ± 1.15 4.76 ± 1.11 3.77 ± 1.12 5.25 ± 0.74 29.669 0.000 **

Roughness 4.68 ± 1.01 5.05 ± 0.81 4.59 ± 0.89 4.84 ± 0.79 3.828 0.010 *
Orderliness 4.45 ± 1.12 4.75 ± 0.97 4.76 ± 1.03 5.01 ± 0.79 4.068 0.007 **

Warmth 4.16 ± 1.24 5.71 ± 1.10 3.60 ± 1.32 4.74 ± 1.00 43.475 0.000 **
Closeness 4.56 ± 0.98 4.65 ± 1.09 3.90 ± 1.36 5.30 ± 1.26 17.61 0.000 **

Fun 4.40 ± 1.27 5.06 ± 1.38 3.98 ± 1.38 4.81 ± 1.09 10.076 0.000 **
Ease 4.38 ± 1.43 4.61 ± 1.35 3.68 ± 1.41 5.47 ± 1.27 21.691 0.000 **

Openness 5.08 ± 1.36 5.16 ± 1.15 4.88 ± 1.27 5.59 ± 1.18 4.315 0.005 **

* p < 0.05 ** p < 0.01.
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One-way ANOVA on the material finish of the side interface (Table 12) shows that
there were four significant differences among the samples in the finish of the side interface
material for transparency, roughness, warmth, and openness. The p values of significance
were less than 0.05 for warmth, while the other three items had p values less than 0.01. The
p values were 0.041, 0.05, and 0.01 for warmth and less than 0.01 for the other three items.

Table 12. Variance Analysis of finish classification.

Finish (Mean ± Standard Deviation)
F p

Low (n = 74) Medium (n = 74) High (n = 74) Mirror (n = 74)

Height 4.76 ± 0.61 4.84 ± 0.59 4.74 ± 0.56 4.75 ± 0.74 0.38 0.768
Width 4.76 ± 0.61 4.88 ± 0.70 4.99 ± 0.67 4.94 ± 0.81 1.506 0.213
Length 4.94 ± 0.71 5.11 ± 0.82 5.11 ± 0.75 5.09 ± 0.83 0.814 0.487

Transparency 5.06 ± 0.78 4.42 ± 0.92 4.55 ± 0.76 4.42 ± 1.07 8.678 0.000 **
Lightness 4.46 ± 0.76 4.37 ± 0.90 4.58 ± 0.78 4.30 ± 1.04 1.432 0.233

Roughness 4.35 ± 0.79 4.63 ± 0.96 4.83 ± 0.78 5.01 ± 1.01 7.445 0.000 **
Orderliness 4.69 ± 0.71 4.74 ± 1.02 4.82 ± 0.88 4.57 ± 0.96 0.965 0.41

Warmth 4.84 ± 0.84 4.53 ± 0.75 4.73 ± 0.73 4.50 ± 0.99 2.792 0.041 *
Closeness 4.72 ± 0.80 4.51 ± 1.11 4.62 ± 1.00 4.45 ± 1.08 1.074 0.36

Fun 4.58 ± 1.01 4.54 ± 1.09 4.68 ± 1.02 4.44 ± 1.12 0.667 0.573
Ease 4.58 ± 1.10 4.55 ± 1.30 4.63 ± 1.13 4.40 ± 1.23 0.49 0.689

Openness 4.55 ± 1.13 5.13 ± 1.24 5.36 ± 1.17 4.98 ± 1.26 5.943 0.001 **

* p < 0.05 ** p < 0.01.

There were two significant differences in the roughness and orderliness of the side
interface material concavity samples; the p values were 0 and 0.036, respectively (Table 13).

Table 13. Variance analysis of concave/convex degree classification.

Concavity (Mean ± Standard Deviation)
F p

Low (n = 74) High (n = 74)

Height 4.80 ± 0.55 4.74 ± 0.56 0.499 0.481
Width 4.97 ± 0.66 4.90 ± 0.67 0.443 0.507
Length 5.11 ± 0.73 5.07 ± 0.80 0.12 0.729

Transparency 4.56 ± 0.75 4.37 ± 0.86 1.971 0.162
Lightness 4.50 ± 0.74 4.30 ± 0.85 2.322 0.13

Roughness 5.06 ± 0.70 4.49 ± 0.86 19.167 0.000 **
Orderliness 4.89 ± 0.80 4.59 ± 0.95 4.462 0.036 *

Warmth 4.62 ± 0.71 4.62 ± 0.78 0.001 0.978
Closeness 4.58 ± 0.94 4.49 ± 1.00 0.354 0.553

Fun 4.61 ± 1.05 4.51 ± 0.98 0.394 0.531
Ease 4.51 ± 1.12 4.55 ± 1.15 0.04 0.843

Openness 5.19 ± 1.18 5.16 ± 1.14 0.028 0.867
* p < 0.05 ** p < 0.01.

There were significant differences for warmth in the texture samples (Table 14).

Table 14. Variance analysis of texture classification.

Texture (Mean ± Standard Deviation)
F p

None Non-Directional Directional

Height 4.78 ± 0.50 4.77 ± 0.66 4.76 ± 0.71 0.016 0.984
Width 4.94 ± 0.69 4.91 ± 0.69 4.97 ± 0.72 0.141 0.868
Length 5.11 ± 0.67 5.05 ± 0.89 5.10 ± 0.75 0.11 0.896

Transparency 4.50 ± 0.72 4.36 ± 1.03 4.49 ± 0.81 0.626 0.536
Lightness 4.44 ± 0.70 4.63 ± 0.90 4.35 ± 0.86 2.242 0.109

Roughness 4.82 ± 0.64 4.66 ± 0.98 4.85 ± 0.73 1.284 0.279
Orderliness 4.82 ± 0.80 4.53 ± 1.10 4.79 ± 0.90 2.084 0.127
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Table 14. Cont.

Texture (Mean ± Standard Deviation)
F p

None Non-Directional Directional

Warmth 4.65 ± 0.64 5.01 ± 0.93 4.60 ± 0.79 5.739 0.004 **
Closeness 4.60 ± 0.88 4.45 ± 1.23 4.49 ± 0.99 0.432 0.65

Fun 4.53 ± 0.96 4.50 ± 1.23 4.69 ± 1.02 0.691 0.502
Ease 4.58 ± 1.03 4.48 ± 1.51 4.49 ± 1.16 0.143 0.867

Openness 5.21 ± 1.11 5.19 ± 1.31 5.09 ± 1.15 0.216 0.806
** p < 0.01.

The samples with different secondary textures on the side interface (Table 15) showed
no significant differences in the sense of height, width, length, transparency, lightness,
roughness, orderliness, warmth, closeness, fun, ease, or openness, with p values greater
than 0.05.

Table 15. Variance analysis of secondary texture classification.

Secondary Texture (Mean ± Standard Deviation)
F p

None Non-Directional Directional

Height 4.74 ± 0.54 4.78 ± 0.65 4.82 ± 0.61 0.364 0.695
Width 4.92 ± 0.66 4.93 ± 0.75 4.99 ± 0.69 0.201 0.818
Length 5.06 ± 0.72 5.14 ± 0.77 5.11 ± 0.72 0.19 0.827

Transparency 4.43 ± 0.81 4.44 ± 0.92 4.56 ± 0.70 0.579 0.561
Lightness 4.41 ± 0.78 4.34 ± 0.92 4.44 ± 0.77 0.26 0.771

Roughness 4.79 ± 0.72 4.74 ± 0.82 4.84 ± 0.82 0.35 0.705
Orderliness 4.62 ± 0.86 4.78 ± 0.97 4.95 ± 0.85 2.432 0.09

Warmth 4.64 ± 0.80 4.49 ± 0.79 4.70 ± 0.74 1.396 0.25
Closeness 4.49 ± 0.94 4.53 ± 1.07 4.64 ± 0.90 0.495 0.61

Fun 4.55 ± 1.02 4.46 ± 1.07 4.68 ± 1.01 0.864 0.423
Ease 4.46 ± 1.17 4.52 ± 1.19 4.68 ± 1.13 0.705 0.495

Openness 5.14 ± 1.13 5.16 ± 1.23 5.27 ± 1.11 0.258 0.773

4.2.2. Mean Value Comparison

The mean value of the original scale data was obtained for the psychological percep-
tion data that had a significant effect on the classification of each physical independent
variable, and a line graph was drawn. The closer the mean value was to 5, the higher the
psychological satisfaction level, and the further the mean value deviated from 5, the lower
the psychological satisfaction level.

The analysis of the mean value of the color classification of the side interface material
(Figure 3) produced the following results:

1. In terms of height perception satisfaction, white scene > warm scene = cold scene >
black scene. The mean values of the warm, cold, and black scenes were all less than 5,
indicating that the scenes tended to make the participants feel uncomfortable with
the short height of the underground street.

2. For satisfaction with interface transparency, white scene > warm scene = cold scene >
black scene. The mean values of the warm, cold, and black scenes were all less than 5,
indicating that the scenes tended to make participants feel uncomfortable because the
underground street interface was too closed.

3. In terms of satisfaction with lightness, the white scenes were more satisfactory than the
warm scenes, the cold scenes, and the black scenes. White scenes tended to make par-
ticipants feel too bright and uncomfortable, and warm, cold, and black underground
street scenes tended to feel too dark and uncomfortable to the participants.

4. In terms of roughness satisfaction, warm color scene > white scene > cold color scene
> black scene. Black and cold underground street scenes tended to feel too rough and
uncomfortable to participants.
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5. In terms of satisfaction with the sense of orderliness, white scene > warm scene =
black scene > cold scene. Warm scenes, black scenes, and cold scenes tended to feel
too messy and uncomfortable to participants.

6. In terms of satisfaction with color warmth, white scene > warm color scene > cold
color scene > black scene. White, cold, and black underground street scenes tended
to make the participants feel discomfort because the color was too cold, and warm
underground street scenes tended to make the participants feel discomfort because
the color was too warm.

7. Regarding the satisfaction with closeness, white scene > warm scene = cold scene >
black scene. The white underground street scene tended to make the participants feel
too close and uncomfortable, and the warm, cold, and black scenes tend to make the
participants feel too detached and uncomfortable.

8. In terms of satisfaction with the sense of fun, warm color scene > white scene > cold
color scene > black scene. The cold color and black underground street scenes tended
to make the participants feel too bored and uncomfortable.

9. In terms of satisfaction with ease, warm scenes ≥ white scenes > cold scenes > black
scenes. The white underground street scene tended to make the participants feel
relaxed and comfortable, and the warm, cold, and black underground street scenes
tended to make the participants feel too depressed and uncomfortable.

10. As for the satisfaction with openness, cold scenes ≥ warm scenes > black scenes >
white scenes. The white scene tended to make the participants feel too open and
uncomfortable.
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The mean value of the white scene was closer to 5 than the other three scenes,
which showed that people were more satisfied with the overall spatial perception of
the white scene.

The analysis of the mean value of the material finish classification of the side interface
(Figure 4) gave the following results:

1. In terms of satisfaction with the transparency of the interface, low finish material >
high finish material > mirror material = medium finish material. The side interfaces of
the underground street made up of medium- and high-gloss materials and mirrored
materials tended to make the participants feel too closed-in and uncomfortable.

2. In terms of satisfaction with the roughness of the interface, mirror material > high-
gloss material > medium-gloss material > low-gloss material. The side interfaces of
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the underground street composed of high-, medium-, and low-gloss materials tended
to feel too rough and uncomfortable to participants.

3. In terms of satisfaction with the color warmth of the interface, low-gloss material >
high-gloss material > medium-gloss material = mirror material. The side interfaces
made up of medium- and high-gloss materials and mirror materials tended to make
the participants feel uncomfortable because the color was too cold.

4. Regarding the satisfaction with openness, mirror material > medium-gloss material >
high-gloss material > low-gloss material. The underground street scene with high-
gloss material on the side interface tended to make the participants feel too open and
uncomfortable, while the underground street scene with low-gloss material on the
side interface tended to make the participants feel too crowded and uncomfortable.
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The average values for all four types of glossy side interface materials tended to be
close to 5; however, the average value of high-gloss materials tended to be closer to 5 and
less volatile, which showed that the participants preferred scenes with high gloss.

The analysis of the mean value of the classification of the degree of material concavity
of the side interface (Figure 5) showed that:

1. In terms of roughness satisfaction, side interfaces with low material bumpiness > side
interfaces with high material bumpiness. The underground street scenes with a high
degree of concavity or convexity of the side interface tended to make the participants
feel too rough and uncomfortable.

2. As for the satisfaction with the sense of order, the side interface with a low degree of
material concavity > the side interface with a high degree of material concavity. The
side streets with a high degree of bumpiness made the participants feel too messy and
uncomfortable.

In conclusion, the satisfaction level for the side interface with low material bumpiness
was higher, and the mean value was closer to 5, which indicates that it was preferred by
the participants.

The analysis of the mean value of satisfaction with the warmth and coldness of the
color of the side interface material and texture classification (Figure 6) showed that the
satisfaction with the color warmth and coldness of the side interface composed of materials
with no directional texture > materials without texture = materials with directional texture.
Underground street scenes with no texture or directional texture to the side interface
material tended to make the participants feel uncomfortable with the colors being too cold.
The mean value of non-directional texture was closer to 5, indicating people preferred
non-directional texture to satisfy their needs for color warmth.
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5. Discussion
5.1. Research Innovation

The present study was related to but different from the currently established studies.
As proposed by Zhou et al. [10] in their study, this study used VR technology to finely
classify and quantitatively evaluate the overall perception of comfort. Learning from the
analysis method of Zhang et al. [29], the experimental data were initially analyzed before
digging deeper into the connections behind them. Thus, we first analyzed the evaluation
data obtained through questionnaires in VR experiments to rank and analyze the overall
scene evaluation. Based on this analysis, the material categories were subdivided, and a one-
way ANOVA was conducted. Unlike Akiyama. et al. [30], who reported that the physical
parameters affecting the visual perception of wooden architectural flooring were “contrast”,
“fiber gloss”, and “surface gloss”, in this paper, the relationship between interface materials
and spatial perception was explored in more detail by classifying the material properties of
side interfaces to provide more precise suggestions for the design of underground streets.

Although previous studies [31] have addressed the influence of interface design on
the visual perception of streets, this study changed the study area to an underground space,
and the study object was specific to the material properties, which breaks the boundary of
this research line. In addition, this study included color blindness and color weakness tests
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in the experimental design to avoid the errors caused by color-blind subjects. In order to
allow subjects to provide more realistic data, this study combined scene modeling with a
real built commercial street prototype to conduct experiments using VR equipment.

Overall, this study built on our previous study [26] and explored the effect of the side
interface material on spatial perception. Although the top and bottom interface styles still
have a slight effect on spatial perception, this study effectively controlled the variables
and showed participants an underground street space created with side interface materials
that had different characteristics, and found that the use of white, high-gloss, and non-
directional texture with low concavity for the side interface was more in line with people’s
preferences.

5.2. Limitations and Future Directions

In order to avoid subjects feeling bored by the long experiment and questionnaire,
which could lead to experimental errors, only a single color was chosen for the construction
of the experimental scene of the underground street. During the construction of the
experimental scene of the underground street, only black, white, cold, and warm colors
were chosen for the interface materials. If a multi-gradient color composition classification
was chosen for each color category, more convincing and richer research conclusions could
be drawn, and an investigation of the interrelationship between the physical characteristics
of interface color and spatial psychological perception and the influence trend might
become possible.

Due to the current epidemic, offline experiments caused difficulties due to an unstable
network status and low values of the questionnaire response rate for remote experiments.
Remote experiments should be considered in future questionnaire design.

In order to better control the variables, we minimized the influence from the top and
bottom interfaces. However, lighting is a passive strategy that is important for improving
the vitality, performance, and visual comfort of residents [9]. Different lighting environ-
ments may also have an impact on spatial perception. In future studies, lighting should be
added to the independent variables for exploration.

The focus of this paper was on the subjective evaluation of the participants; however,
different life experiences also have an impact on people’s spatial perception. Some existing
studies have recorded oculomotor and dermatomotor EEG activity to obtain more objective
data. We suggest that objective physiological data should be combined with subjective
evaluations in future studies.

6. Conclusions and Implications
6.1. Conclusions

This study discussed in detail the interrelationship between interface materials, spatial
psychological perceptions, and influence trends in underground commercial streets through
virtual experiments and questionnaire surveys. The answers to the two research questions
can be summarized as follows:

1. Different material attributes of the side interface of underground streets have an
impact on people’s spatial perception. Most of the top-ranked scenes were white and
had a medium–high gloss and low bumpiness.

2. From the material properties, color classification showed a significant variability in the
amount of space perception for 10 qualities; thus, it was concluded that color changes
had a greater impact on space perception. The side interface material finish showed
significant differences for four perceptual qualities, the concavity sample showed
significant differences for two items, and the texture sample showed significant
differences for one item, which shows that these material attributes also contributed
different degrees of influence on spatial perception.

From the mean value analysis, the mean value of the white scene was closer to 5 than
the other three scenes, which showed that the participants were more satisfied with the



Buildings 2022, 12, 1432 18 of 19

overall spatial perception of the white scene. Textures with high glossiness, low bumpiness,
and no directionality were also preferred.

6.2. Implications

Overall, the findings of this study have a number of implications:

1. When deciding the interior color of underground streets, priority should be given to
white walls.

2. In order to create a more comfortable underground street space atmosphere, the side
interface of the underground street should preferably use materials with high gloss,
low bumpiness, and non-directional texture.

Although it was verified that the physical characteristics of underground street in-
terface materials have a significant effect on the psychological perception of space, it is
still necessary to consider the balance between various satisfaction levels to create a com-
fortable underground commercial street space. We hope that these findings will provide
strategies for planning and design interventions for underground commercial streets to
create healthier high-density cities.
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