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Abstract Traditional Jiangnan garden architecture in China offers distinct spatial impressions
that hold significance in contemporary architectural expression. Yet, the understanding and
analysis of these spaces have historically relied on subjective, sensory experiences, often lack-
ing precise, quantitative research. Consequently, establishing clear logical connections be-
tween visual cognition and emotional perception within these spatial experiences has been
a challenge. This study introduces virtual reality spatial simulation and quantification tech-
niques, summarizing key Jiangnan garden spatial characteristics and prototypes. It includes
a series of virtual reality experiments focusing on cognitive experiences within Jiangnan gar-
den spaces. A comprehensive analysis of isovisit quantitative data, questionnaires, and behav-
ioral information explores the logical relationships between emotional perceptions (calmness,
surprise, interest, confusion) and visual cognition qualities (openness, complexity, theatri-
cality) in garden space impressions. This research aims to reveal deeper connections between
garden space qualities, visual cognition, and emotional experiences, offering valuable insights
for the application of historical traditional spatial features in contemporary architecture. It
bridges the gap between sensory experiences and rational analysis, enhancing our understand-
ing of the intricate spatial narratives within Jiangnan gardens.
ª 2024 The Author(s). Publishing services by Elsevier B.V. on behalf of KeAi Communications
Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Background: sensory experience and
rational measurement of garden impressions

The experience and quantification of garden impressions
represent a significant avenue for contemporary architects
to reinterpret and express the traditional characteristics of
garden spaces in architectural practice, thereby shaping
the experiential aspects of traditional garden spaces (Chen,
1999; Kong et al., 2020). However, numerous attempts to
quantitatively analyze traditional garden spaces using
technological means have yet to establish a direct
connection with human subjective perceptual impressions
(Liang and Zhang, 2017). The extent to which garden ar-
chitecture’s spatial qualities can evoke special experiential
impressions remains unclear. This study delves into under-
standing the spatial qualities of gardens through quantita-
tive analysis by studying experiential perceptions and
behavioral feedback information related to human emo-
tions, thereby aiding contemporary architectural spatial
design in creating Jiangnan gardens impressions.

Currently, in the realm of research concerning archi-
tectural spatial experiences, architects and researchers
have employed an array of spatial analysis tools to assess
the spatial attributes within and outside of buildings, as
well as the spatial qualities at the urban scale (Benedikt,
1979; Hillier, 2007). These objective evaluations help un-
derstand the impacts of spatial experiences on individuals,
and most literature indicates the relevance of spatial
qualities to navigation and memory (Gérard, 2020), yet
often without consideration of specific architectural types
and particular experiential sensations. Furthermore,
investigating the impact of space on human behavior using
spatial analysis tools requires data from real-world expe-
riences on-site, which, to some extent, limits the freedom
and scope of the research (Sheng et al., 2018).

To address the issue of evaluating spatial quality and
experiential impressions within Jiangnan garden architec-
tural spaces, the application of virtual reality technology in
relevant research holds the potential to resolve the afore-
mentioned concerns. This research proposes a method for
virtual experiential experiments, focusing on emotional
perceptions in experiential impressions. Through virtual
reality simulations of traditional gardens and human
experiential experiments, the collected experiential infor-
mation is subjected to quantitative analysis, thereby
establishing a preliminary link between architectural
spatial qualities and human emotional perception. In
essence, it entails measuring the spatial impressions of
gardens through the means of virtual and real-world
interactive techniques.

This study intends to make innovative attempts in the
following aspects: in terms of virtual garden spatial scene
design, unlike simple replication of physical garden scenes,
this study designs classic garden scene unit models and
virtual experiential sequences to facilitate the experi-
mental investigation; in the quantification of physical
spatial features, this research employs the isovist analysis
method to describe individuals’ visual perceptions of small-
scale garden spaces (Zhang, 2004); in terms of virtual re-
ality experiment design, it draws inspiration from data
sampling research methods in experimental psychology;
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in the analysis of experimental results, a methodology
involving the utilization of visualization graphics and data
analysis techniques was employed to scrutinize the objec-
tive and subjective data collected during the experiments.

2. Literature review

2.1. Virtual reality research method for spatial
experience

The core features of VR technology include immersion and
interaction (Chan, 1997). Virtual space offers higher de-
grees of freedom, and the application of virtual reality (VR)
technology in designing experiential experiments necessi-
tates attention to its technical characteristics, scene
composition, and navigation methods. In VR, immersive
roaming experiences are often achieved through the con-
struction of multiple scenes, resembling modular room
units in architectural space. Moreover, virtual space allows
hyperlinked connections between spaces, not limited by
traditional physical adjacency (Yu, 2022).

A significant advantage of VR lies in its ability to engage
participants in the architectural space evaluation process.
VR models can accurately replicate real buildings
(Westerdahl et al., 2006), and researchers can use partici-
pants’ spatial feedback to understand how architecture
impacts their mental states and work efficiency (Adi and
Roberts, 2014). Considering user experience is crucial in
exploring the mutual interaction between individuals and
their environment, and VR’s potential as a research tool
can be fully realized only by accounting for subjective
human experiences (Kuliga et al., 2015).

VR serves as an essential research method in studying
the relationship between spatial form and perception, and
various researchers have established preliminary research
methods. Wiener and Franz (2004) used virtual scenes to
investigate the mutual relationship between environmental
spatial characteristics and spatial behaviors, demonstrating
a strong correlation between human behavior and isovist
measurement values. Choi (2016) employed head-mounted
VR combined with questionnaires and statistical measure-
ments to study scale variations and texture effects on
human spatial perceptions between VR and real spaces.
Zhong (2018) provided a reference for applying VR in
architectural spatial experience and evaluation, while Pei
(2020) proposed a method using multi-dimensional physio-
logical perception measurement to optimize design through
VR. Gérard (2020) used VR to study human learning and
memory in space, focusing on visual openness and
complexity, although the research parameters were limited
to general visual factors, and the spatial objects studied did
not concentrate on any specific architectural type. Notably,
isovist analysis advantages lie in quantitatively describing
complex spatial forms as spatial qualities in architecture,
mainly reflecting human visual perceptions. Since up to 80%
of the information that the human brain receives from
external environment is processed visually (Haupt and
Huber, 2008), data related to visual factors can form the
most direct connection with experiential sensations.

Additionally, relevant studies suggest that virtual en-
vironments can influence participants’ sense of presence
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and induce different emotional experiences (Alcañiz
et al., 2003). Vecchiato et al. (2015) found that the
appreciation of virtual architectural environments elicited
brain activities related to vision, involving multiple
mechanisms such as bodily regulation, emotions, and
cognitive responses. Dinis et al. (2013) used VR tools and
found that the more elements present in a hospital room,
the more positive the emotional response. Different in-
door architectural forms profoundly influence individuals’
emotional states (Banaei et al., 2020). However, the study
of this issue in neuroarchitecture is still a young field
(Chatterjee et al., 2021). The associated technical
equipment incurs high costs, and the experimental pro-
cedures are more complex. Additionally, research on the
experiential perception of spatial experiences through the
neural structure of the brain is still in its early stages, and
the relevant data metrics have not yet matured. While our
research experiment focuses on contrasting the partici-
pants’ sensory experiences in space, which are chal-
lenging to capture with the aforementioned equipment,
with the rational quantitative data based on a level visual
analysis. Interview questionnaires are currently the pri-
mary effective means to understand sensory experiences.

In summary, the utilization of VR technology to simulate
virtual environments has the potential to elicit specific
sensations in experiencers that align with real-world ex-
periences, while also facilitating the collection of experi-
ential feedback from participants. However, limited
research has applied this technology to investigate the
relationship between specific types of architecture, spatial
form features, and experiential sensations. This study fo-
cuses on Jiangnan gardens, aiming to establish a connection
between the two to gain a deeper understanding of the
spatial patterns that shape unique experiential sensations
in gardens.
Fig. 1 Prototype refineme
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2.2. Spatial characteristics and prototype
extraction of Jiangnan garden architecture

Chinese classical gardens create diverse visual experiences
through the dynamic combination of various architectural
elements (Wu, 2008). Gardens can also be experienced as
“scenes”, leading to new cognitive understandings of the
gardens (Guo et al., 2021). The construction of garden
scene units exists in the form of individual “courtyards” and
“gallery” (Liu and Wang, 1993; Tong, 1984). These units,
compared to larger garden complexes, have a closer rela-
tionship with the human-scale perception and architectural
form, making them suitable prototypes for studying garden
scene units (Fig. 1).

The overall perception of a garden is presented through
a series of distinct spatial sequences. By adhering to spe-
cific principles, the garden connects isolated scenic spots
into continuous lines through viewing routes, and organizes
multiple viewing routes organically into complete se-
quences (Peng, 1986). In the following sections, two typical
spatial sequences in the garden will be selected: one with a
clear trend of “To rise, first restrain”, and the other pre-
senting an “uncertain winding experience”.

In the realm of spatial quantitative analysis, several
researchers have attempted to digitally analyze garden
spaces. Jiangnan gardens can be analyzed using space
syntax at the level of visibility (Zhang, 2004), and the
isovist analysis method can reveal the variation patterns of
specific spaces, such as entrance spaces (Liu, 2021). The
relevant studies initially utilized isovist analysis to assess
the spatial qualities of garden spaces (Jin, 2009).

Meanwhile, human subjective experiential sensations can
be measured. Chinese classical gardens affect human sen-
sory experiences (Mao, 2021), influencing emotional re-
sponses. Researchers, through experiments, questionnaires,
nt of garden scene units.
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and equipment, have obtained quantified information on
people’s emotional experiences in gardens using compara-
tive and analytical methods (Liu et al., 2022; Xu and Liu,
2020). Integrating virtual reality technology, virtual experi-
ences of gardens become possible. Simultaneously, by uti-
lizing isovist analysis, the spatial quality of gardens can be
quantified. We aim to evaluate the objective existence of
garden spaces by measuring the experiential feedback of
individuals in virtual gardensdunderstanding the patterns
that emerge from the process of gardens as scenes or se-
quences affecting the emotional experiences of visitors.

3. Experimental research method

3.1. Overall design of virtual reality experiment

We have developed a virtual garden space “check-in”
experience experiment using VR technology (Fig. 2). This
experiment is designed in a scenarized manner to construct
spatial sequences. It allows participants to explore and
interact within this virtual environment while collecting
relevant behavioral data for subsequent analysis. The pri-
mary focus of this experiment revolves around the “check-
in” behavior, particularly highlighting the locations within
the space where users tend to pause and their roaming
patterns. Additionally, subjective questionnaires are
employed to understand the emotional experiences of
participants within the garden. The feedback gathered
from these experiences reflects the impressions of garden
experiences that this study is concerned with, including
feelings of surprise, calmness, interest, and confusion.
Fig. 2 Virtual experience expe
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The analysis of experimental results utilizes data anal-
ysis and visual representations to elucidate the relationship
between bodily experiences and the quality of physical
space. Based on the analysis, this paper discusses two main
aspects: firstly, it explores the value of further quantifying
physical space qualities through virtual simulation experi-
ences and assesses the appropriateness of current quanti-
fication methods (such as isovist); secondly, it interprets
the quantified impressions of the garden experience, with a
focus on the relationship between emotional perceptions
and spatial quality information based on visual cognition.

3.2. Construction of virtual reality scene units and
sequences in Jiangnan gardens

3.2.1. Spatial form and scene units
Traditional Jiangnan gardens are characterized by rich and
diverse spatial features, with a permeation between indoor
and outdoor spaces that is challenging to distinctly sepa-
rate. Therefore, the virtual space scene is shaped into
multiple scene units and organized into a spatial sequence
of a classic garden to create a rich spatial experience.
Additionally, while studying garden spaces as the research
subject introduces numerous influencing variables, this
paper primarily focuses on specific parameters derived
from isovist analysis. These parameters, combined with
feedback from the virtual reality experience, mutually
validate each other. This serves to accomplish the objective
of analyzing sensory experiences through rational analysis,
thereby further elucidating the spatial impression patterns
inherent in gardens.
rimental research flowchart.



Table 1 Correspondence between isovist measurements
and visual spatial quality.

Isovist measures Abbreviation Visual spatial quality

Area (m2) A Openness
Perimeter (m) P Complexity
Compactness Com Integrity
Occlusivity (m) O Theatricality
Drift (m) Dr Enticement
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Among the various elements studied in traditional Jian-
gnan gardens, the “six principles” of “mountains, water,
trees, rocks, buildings, and paths” are often mentioned (Li,
2014). This study focuses on architectural elements. The
impact of space on experiential perception during the vis-
itor’s journey lies in the visible occluded portions and
unoccluded portions, as well as the resulting spatial re-
lationships of proximity, scale, and virtuality. Based on the
analysis method of isovist, architectural elements are
abstracted into solid and translucent elements. Therefore,
specific forms and construction details, such as window
patterns and column capitals, of various buildings are not
explicitly represented. Instead, the study abstractly ex-
tracts the parts of garden architecture that influence
spatial visual perception and express them in a simplified
form during the virtual space modeling process. As this
study focuses on the impact of architectural space on the
experience, essential landscape elements in gardens, such
as mountains, water, and stones, will be placed in spatial
positions that significantly influence the experience.

The fundamental constituent units of a garden originate
from enclosed courtyards (Liu, 2021; Peng, 1986). There-
fore, the scene units chosen are the “courtyards” and
“gardens” within the Jiangnan garden, as they possess a
moderate scale and are suitable for studying their impact
on human behavior. By examining the scales of numerous
courtyards in Jiangnan gardens, a unit size of 20 � 20 m2 is
selected as the basic size of a scene unit, which may be
appropriately adjusted.

In this study, the isovist analysis method will use area
value, perimeter value, compactness, and occlusivity as
measurements, which specifically reflect visual openness,
visual complexity, spatial integrity, and spatial theatricality
(Wiener and Franz, 2004). Additionally, the drift value (Dr)
of space is closely related to the behavior of the
Fig. 3 Selected garden units
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experiencers and can help predict their movement patterns
(Dalton and Dalton, 2001) (Table 1). In this experiment, the
spatial scene sequences are organized based on the varia-
tion trends of these measurement values between scene
units.

3.2.2. Preliminary quantitative analysis based on isovist
method
The experiment incorporated 7 scenes, with their plan
prototypes drawn from three classical gardens (Jichan-
gyuan, Canglang Pavilion, and Shizilin), resulting in these 7
scenes featuring layouts reminiscent of classical garden
courtyard elements (Fig. 3). Subsequently, the isovist
analysis software was utilized to analyze these 7 scenes,
providing an initial understanding of their spatial qualities
(Fig. 4). The configuration of experiential scenes in this
study aims to simulate the experiential sequence of clas-
sical gardens. Therefore, the spatial experience corre-
sponds to the actual positions and spatial sequences of the
real garden. The starting point in the isovist diagram aligns
with the entrance position of the corresponding real garden
and is consistent with the entrance location for the VR
roaming experience.

Among them, the design layout of Scene A is similar to
the entrance scene of Jichangyuan, exhibiting high spatial
openness and visual integrity, but low visual complexity and
spatial theatricality. Specifically, this scene has a signifi-
cant depth, but the architectural elements within the vi-
sual range are simple, resulting in a straightforward and
enclosed space mainly composed of surrounding walls.

Scene B’s design layout is akin to the courtyard in front
of Bingli Hall in Jichangyuan, characterized by high visual
complexity and spatial theatricality, lower visual integrity,
and relatively moderate spatial openness. This scene fea-
tures a moderately sized spatial area in the visual field,
with multiple columns forming a corridor space and rich
visual experiences due to the design of partial walls, which
contributes to a decrease in spatial integrity, resulting in a
fragmented yet dynamic space.

Scene C represents a typical courtyard used for spatial
transitions in a Jiangnan garden, with low visual openness,
relatively low visual complexity, and minor spatial theat-
ricality. Partial views towards the outside can be obtained
through wall openings in this scene.

Scene D is a fully enclosed courtyard with a relatively
broad line of sight and high spatial openness. Due to the
presence of colonnades, the spatial visual integrity is not
and plan in the experiment.



Fig. 4 Isovist visualization analysis of garden units.
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particularly high, and there is an increased level of visual
complexity.

Scene E has low visual openness and visual richness. The
visual integrity and spatial theatricality are not significantly
different from the previous scene. However, this scene
features two small-scale spaces connected by a narrow,
single-sided open corridor, making it a subject of research
due to its unique spatial form.

Scene F’s design layout resembles the platform in front
of the Lotus Hall in Shizilin. The visual openness is relatively
high, and the spatial theatricality is low. This scene is
characterized by simple and pure spatial elements,
comprising a building volume and a platform in front of the
hall. The presence of several open doors adds a certain
level of visual complexity while reducing the visual
integrity.
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Scene G’s design layout involves a long corridor space,
similar to the scene experienced after viewing the archi-
tectural cluster in Canglang Pavilion. As a linear experi-
ential space, the isovist values are selected from points
situated beneath the corridor space for analysis. This
scene has relatively high visual openness and visual
complexity, with lower visual integrity and spatial
theatricality.

The above-mentioned scene sequences will be arranged
in the order described as Sequence I, which the experi-
menters define as a sequence of spatial scenes with
increased visual openness, yielding the spatial effect of “To
rise, first restrain”. Participants will progressively enter
and complete their experiences in this sequence. Sequence
II, on the other hand, consists of the following scenes: E, F,
C, D, B, G, A. In this sequence, there is a recurrent
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fluctuation in visual openness and complexity, giving rise to
the “uncertain winding experience” sequence. The
following reveals the basis for arranging two spatial se-
quences in this way.

3.2.3. Selection of scene units and organization of
sequences
The experience of spatial sequences specifically refers to
the creation of a series of scenes along a path to evoke
diverse spatial atmospheres. Typically, this is achieved
through the transition between concealed and open spaces,
employing spatial contrasts and meandering paths to create
experiences such as “To rise, first restrain” and “Uncertain
winding experience”. In a virtual space, the same scene
units can be organized with different connections to ach-
ieve such effects (Yu, 2022).

This study has devised two sets of spatial sequence
scenarios to reflect the changing trends in isovist mea-
surements. The two sets of scenario sequences in this
experiment each exhibit two significant sequential fea-
tures. Sequence I draws from the spatial sequence varia-
tions of the Lion Grove, aiming to engender a spatial effect
of “To rise, first restrain”. This is manifested by a sudden
increase in area values in the middle-to-late stages of the
sequence (Fig. 5, up). Sequence II, “Uncertain winding
experience”, anticipates scenes with greater spatial
openness and references the organizational form of Can-
glang Pavilion, where visual openness and complexity
exhibit recurrent fluctuations. Visual openness and
Fig. 5 Isovist measurement variations of main path in Lion
Grove (up) and Canglang Pavilion (down). The yellow curve
represents the area value, and the blue curve represents the
line of sight depth (Vista Length).

901
complexity undergo iterative fluctuations (Fig. 5, down),
thus giving rise to a spatial experiential effect character-
ized by “uncertain winding experience”. Such two sets of
scene sequences do not require the experimenter to
redesign scenes; instead, the existing scene units are
retained. Different experiential sequences for participants
are achieved by modifying the linking order of scenes dur-
ing the roaming process (Fig. 6).

3.3. Experimental procedures and data collection
for virtual reality spatial experience

The experiment focuses on two main research questions.
Firstly, it aims to identify the underlying patterns of
architectural spatial qualities that lead to enhanced ex-
periences for participants within garden architecture. This
aspect of the study will be investigated based on the spe-
cific data recorded from participants’ “check-in” behavior
during the experiment. Secondly, the relationship between
garden scene sequences and subjective emotional percep-
tion will be explored. This aspect of the research will be
addressed through the data obtained from post-experience
subjective questionnaires.

Prior to the actual testing, participants will complete a
demographic questionnaire, which includes information
about age, gender, occupation, and relevant background
in architecture, as well as whether they have visited real
gardens in physical world before. Following this, partici-
pants will put on the virtual reality experience equipment
and begin the experiment. Upon entering the virtual
space, participants will initially encounter an instructional
scene where no distinctive spatial features exist, repre-
senting Unity’s default initial scene. During this phase,
participants will be taught how to use the hand controller
for movement and photography, as well as other interac-
tive functions.

Subsequently, participants will be instructed to experi-
ence the entire scene within 120 s and select the most
favorable spot for photography, which will be termed
“check-in”. After hearing the camera interaction sound,
they will indicate the completion of the task. Following
this, they will be teleported to the next scene through
designated teleportation components with specific markers
for easy identification. The experiment comprises a total of
7 scenes. After experiencing all 7 scenes, participants will
return to the initial scene, signifying the completion of
their virtual garden experience (Fig. 7).

Upon finishing the experience, participants will be
required to fill out a questionnaire concerning their per-
ceptions and feelings during the experiment, providing
subjective feedback for different scene experiences. The
experiment recorders will electronically backup the ques-
tionnaire results and participants’ experiential data after
the conclusion of the experiment. Simultaneously, the
entire visual footage of the participant’s experience is
recorded in the background. The subjective responses from
the questionnaire will be compared with the video, and
researchers will filter valuable authentic experiential
information from the subjective answers to enhance the
credibility of the experimental data.



Fig. 6 Diagram of the space sequence extraction process.

C. Shen and C. Yu
3.3.1. Objective behavioral data
There were 27 participants in the study, with an average age
score of 3.15 (SD Z 0.60; 3 Z “21e30 years”, 4 Z “31e40
years”). Among them, 15weremale and 12were female. The
professional background of the participants consisted of 21
architecture professionals and 6 participants from non-
architecture-related fields. In terms of occupation, 23 par-
ticipants were students, and 4 were from non-academic
professions. After each experiential experiment session,
researchers will place particular emphasis on collecting
behavioral data from participants in the following aspects:

(1) Duration of stay in each scene.
(2) Locations where participants completed the “check-

in” photography in each scene.
(3) Records of the “check-in” landscapes.
(4) Movement path and stopping points of individuals in

each scene.

3.3.2. Subjective evaluation data
The assessment of spatial experiential perception can be
accomplished by requesting participants to subjectively
rate a series of scene experiences. Similar methods have
been proposed by Wiener et al. (2004), where rating is an
important means of quantifying subjective experiences. In
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this experiment, spatial assessment is conducted based on
human subjective experiences, involving the design of five
levels to depict users’ perceptions of the space.

The questionnaire consists of two parts. The first part is
designed to collect participants’ background information,
enabling specific discriminative analysis for different re-
sponses to various scenes. The second part consists of
questions to be answered after completing the tasks, using
a scoring system ranging from �2 to 2. The main questions
include the following:

(1) Does the overall presentation of the scenes resemble
your impression of a garden?

(2) Does the sequence of different scene types in this
experiment match your impression of the sequence of
experiences in a garden?

(3) Do you experience a sense of surprise as the series of
scenes approach its end?

(4) Do you experience a sense of calmness as the series of
scenes approach its end?

(5) Which scene do you find the closest to your impres-
sion of a garden? Why?

(6) Which scene do you find the least similar to your
impression of a garden? Why?



Fig. 7 Interaction process of participants in unit scenes.
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4. Results and analysis

In addition to the quantitative data derived from isovist
analysis in the preliminary stages of the experiment, the
results of the virtual spatial experiment are divided into
two components for quantitative analysis: subjective
questionnaire-based conclusions and objective data anal-
ysis. The subjective component primarily focuses on
comparing the differences in experiential feedback be-
tween the two scene sequences, while the objective
component concentrates on the behavioral performance of
participants across various scenes.

4.1. Analysis of subjective questionnaire results on
emotional perception

Firstly, the conclusions drawn from the subjective ques-
tionnaire reveal significant differences in the overall gar-
den impression and the cultivation of calmness between
the two different spatial sequences. According to the table
statistics, the significance value (P-value) for calmness is
0.016, which is less than 0.05, indicating a significant dif-
ference in cultivating calmness between the two se-
quences. It is also observed that the P-value for the overall
garden impression in the t-test analysis is 0.096, which is
greater than 0.05 but less than 0.1, reaching the level of
marginal significance. The smaller P-value implies that
there are differences in the proximity of the two sequences
903
in shaping the overall garden impression. Therefore, it can
be concluded that the two sets of sequences designed in
this experiment elicit different overall garden experiential
impressions and feelings of calmness. Figure 8 presents the
responses to four important subjective questions.

Comparing the mean scores of the two sequences
(Table 2), it is evident that Sequence II exhibits signifi-
cantly higher scores in both overall garden impression and
calmness compared to Sequence I. However, due to the
limited sample size, this experiment’s results do not
provide sufficient evidence to validate the correlation
between spatial sequence proximity to the garden expe-
rience order and surprise feeling.

Simultaneously, this study discovered a potential corre-
lation between the garden-like scenes and the visual
openness and complexity. Through subjective inquiries
about the most garden-like scenes in different sequences
(Table 3), participants in Sequence I identified Scene G as
the closest to the garden experience, attributing it to the
expansive water surface and winding corridors, leaving a
profound garden impression. The second closest scene was
Scene F, mainly because of the harmonious integration of
water, trees, and buildings, along with the expansive view,
resulting in a strong experiential effect. In Sequence II,
Scene E was perceived as the most garden-like, with par-
ticipants citing its refined spatial layout, diverse scenes,
and the presence of window openings that added visual
layers. On the other hand, Scene A was considered lacking



Fig. 8 Box plots of subjective perception questionnaire information. The y-axis represents the scores given by the participants,
ranging from “not close at all” to “completely feel” the experience, with a score range from �2 to 2. The x-axis represents
different evaluation indicators under different sequences. The medium-thick line represents the median, the box represents the
25th and 75th percentiles, and the solid lines extend from the 25th to 75th percentiles to a range of 1.5 times the interquartile
range. Outliers are represented by dots, with “B” indicating mild outliers and “*” indicating extreme outliers.

Table 2 Statistical mean of subjective experience feed-
back information.

Sequence Sample size m s

Impression of
a garden

Sequence I 14 0.5714 0.93761
Sequence II 13 1.0769 0.49355

Similarity of
garden
order

Sequence I 14 0.2143 1.12171
Sequence II 13 0.4615 1.12660

Surprise feeling Sequence I 14 0.5000 1.16024
Sequence II 13 0.3077 1.49358

Calm feeling Sequence I 14 0.2857 0.91387
Sequence II 13 1.0769 0.64051

m represents the average value, s represents the standard
deviation.
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garden-like characteristics in both sequences due to its
monotonous elements and lack of visual hierarchy.

4.2. Analysis of objective behavioral data in visual
perception

As shown in Fig. 9, the array display presents the locations
where participants checked in and took photos during the
experience. The blank areas in the array indicate instances
where the check-in task could not be completed within the
designated time frame.

We first recorded the isovist measurements at each
checkpoint and conducted a normality test on these data.
During the process, we found that “compactness” did not
exhibit a normal distribution in any of the scenes. This
904
suggests that the participants’ preferred spatial effects in
the mentioned spaces are not significantly related to
spatial integrity. Therefore, we decided not to consider the
influence of this factor on the participants’ experiences in
the subsequent research.

The results showed that the visual openness, complexity,
and spatial theatricality in Scenes B, C, E, and G exhibited
characteristics of a normal distribution. Figure 10 presents a
comparison of the important locations and their correspond-
ing visualizations in Scenes B, C, E, and G. In the subsequent
sections, wewill select several key location points for further
analysis.

The locations of the checkpoints are closely related to
visual openness, and in several important areas, places with
significantly enhanced visual openness are where the
experiential joy of participants is most pronounced in the
garden spaces. For instance, the entrance of Scene B, the
entrance of Scene D, the corner of Scene E, and the evenly
distributed viewpoints along the corridor in Scene G all
provide open visual “check-in” positions, creating moving
frame views of reference during the movement process.
Through observation, we noted that this phenomenon is
attributed to the pleasurable visual experience generated
by the changes in visual obstructions in the garden archi-
tecture, which corresponds to the design techniques of
“concealment” and “exposure” commonly found in tradi-
tional gardens.

Therefore, utilizing Isovist in evaluating the virtual and
real aspects, as well as the spatial relationships of
architectural spaces and landscapes, shows significant
research potential. An intriguing pattern is that the lo-
cations immediately visible to the participants after the
scene transition are often chosen as important “check-in”



Table 3 Visualization of subjective perception questionnaire information.

Question Most similar to garden scenes The least similar to garden scenes

Sequence I G > F G: Open water surface and
winding galleries.
F: Integration of water bodies,
trees, and buildings; wide
vision.

A > F The element in Scene A is single.

Sequence II E > F Z G Z B Refined spatial layout, diverse
scenes.

A > F Scene F is too broad and lacks hierarchy.

Fig. 9 “Check-in” locations of participants and array of captured photos.
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points. This suggests that the positioning of the entrance
to a courtyard in the garden is of utmost importance and
often corresponds to an area with high visual complexity.
In addition to spatial entrances, if the space provides a
framed view, participants are also inclined to choose it
for “check-in”, and the openings in the walls on the plan
also reflect a significant increase in visual openness
(Fig. 11).

An important finding worth mentioning is the positive
correlation between the time spent in scenes and spatial
theatricality. By analyzing the time spent by participants in
each scene and calculating the percentage of time spent in
each scene relative to the total experiential time to
represent the “check-in” time rate, a line graph was
created as shown in Fig. 12. For the purpose of comparative
analysis, the average and median values of the time spent
by participants in each scene were also calculated. By
comparing these statistical results with the overall isovist
measurements of the scenes, it’s evident that the variation
trend of “check-in” time rate is highly similar to the trend
of spatial occlusivity. Simultaneously, a linear regression
analysis was conducted between the two, resulting in linear
regression equations. The R2 value for Sequence I was
0.8112, while for Sequence II, it was 0.726. This implies
905
that the duration of a participant’s stay in a given scene can
be explained using spatial theatricality.

5. Discussion

5.1. Quantitative analysis of spatial quality
characteristics in Jiangnan gardens and a
comparative study with virtual simulation
experiments

In this study, to quantify the objective physical spatial
qualities of gardens, the isovist, a spatial information
measurement tool based on visual relationships, was
introduced. The experimental results also demonstrated
that this tool can effectively assess the architectural spatial
qualities of gardens. With the aid of this tool, the overall
spatial quality characteristics of a spatial unit can be
evaluated, as well as the quality characteristics of specific
locations within the space.

From the outset, the study selected the overall isovist
value of a courtyard scene to differentiate the spatial
qualities of different scene units, thereby shaping different
spatial sequences. The experimental results indicated that



Fig. 10 “Check-in” points and isovist analysis diagrams of Scenes B, C, E, and G.
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participants under different sequences indeed obtained
varying experiential perceptions, such as significant dif-
ferences in the sense of calmness experienced in different
garden sequences. This suggests a direct implication that
by designing spatial sequences and using the variation
pattern of isovist measurements as a scale, differentiated
spatial experiential effects can be created. Meanwhile, the
localized isovist measurements of each scene unit also hold
significant reference value. Figure 10’s visualizations sum-
marized a simple abstraction of spatial quality information
data about stopping points.

An important objective of designing the virtual experi-
ential experiment in this study was to validate the effec-
tiveness of isovist as a tool for measuring spatial quality
information. By comparing the measurements of virtual
experiential data with the spatial information reflected by
isovist, a subtle correspondence between human’s unique
906
experience and spatial characteristics was established. The
preliminary findings suggest that the complex experiential
perceptions of human beings, as biological entities with
sophisticated physiological systems, may be potentially
predictable in spatial contexts.

The generalizability and limitations of the experi-
mental findings, particularly regarding the scope of
applicability, are noteworthy. Both the quantity of ques-
tionnaire feedback on subjective experiential perceptions
and the statistical information regarding participants’
movements and dwell times are constrained by the current
study. Further research endeavors should aim to augment
and enhance data acquisition and processing capabilities
in subsequent investigations. In future research, more
precise equipment, and instruments, such as electroen-
cephalogram (EEG) and eye-tracking devices, can be uti-
lized to collect additional information about human



Fig. 11 Diagram of visual measurement variation at typical stopping points.
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perception (Li et al., 2020). By comparing this data with
spatial physical information, the research outcomes will
be more persuasive.

Furthermore, in this study, isovist was used as a quan-
titative tool for the objective physical information of
Jiangnan garden spaces. Although it demonstrated advan-
tages in simplicity and convenience, the description of
spatial information remains limited. Spatial physical infor-
mation can be extended from two-dimensional planar
measurements to three-dimensional space. Additionally, at
the visual level, this tool can only reflect the spatial effects
of architecture, while data on visual-related materials,
lighting effects, and other aspects can be more compre-
hensively and deeply quantified. Techniques such as se-
mantic segmentation (Badrinarayanan et al., 2017) can be
employed to describe spatial physical features.

5.2. Comparison of emotional perception and visual
cognition in garden impressions

Building upon a rational analysis foundation, this study
seeks to elucidate the experiential perceptions tradition-
ally obtained in garden spaces by employing a single virtual
reality simulation experiment and translating them into
specific spatial visual quality values. Based on the analysis
of the experimental results, the study summarized the
spatial quality patterns based on visual cognition corre-
sponding to several categories of emotional experiences,
including surprise, calmness, interest, and confusion (Table
4).

Regarding the creation of surprise experiences, it relies
on the “To rise, first restrain” experiential effect, with the
core being to align peak experiences with terminal experi-
ences and shape steep visual openness and strong spatial
theatricality towards the end of the experience. For
907
instance, in Sequence I, the observation platform in Scene F
provides a view of the vast lake surface. The creation of
spatial theatricality requires the use of architectural ele-
ments to generate visual compositions. In Scene G, the
corridor space produces dynamic framing views effect
through pillars, while in Scene E, participants prefer indoor
perspectives with window frames and window components
to achieve the best framing effect. Similar elements can also
be found in traditional gardens. The “To rise, first restrain”
effect is more suitable for creating localized experiences,
such as the entrance space of the Lingering Garden.

The sense of calmness within a garden setting is intri-
cately tied to the shaping of spatial sequences, necessi-
tating the creation of multi peak experience throughout
the process, such as enhancements in openness, intricacy,
and theatricality. In the context of gardens, experiential
interest is reflected in the fluctuation of visual openness
and the exceptionally high visual complexity. Through
observations of designated viewpoints, the spatial
composition primarily manifests effects of “framing”,
“concealment”, and “revelation."

Surprisingly, spatial theatricality can effectively
explain the participants’ feelings of confusion, as
demonstrated in the comparative analysis of the “check-
in” time rate and spatial quality results. Perhaps due to
difficulties finding an exit or seeking the best experiential
spot, participants often linger in these highly dramatic
spaces. In spaces characterized by intricate and variable
spatial forms, participants lose their sense of direction,
becoming trapped in the labyrinthine charm of the
garden.

The aforementioned conclusions are drawn based on a
limited sample size, and the findings presented in this study
have a degree of generalizability within a specific context.
They aim to elucidate the process of conducting



Fig. 12 Illustration of check-in time ratios for each scene by participants.
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Table 4 Summary of the relationship between emotional perception and spatial quality values in garden spaces.

Emotion Spatial form Visual spatial quality Illustrated example

Surprise feeling “To rise, first restrain” Openness

Calm feeling “Uncertain winding
experience”

Multi peak experience

Interest “Framing views”,
“concealment”, and
“exposure"

Openness complexity
theatricality

Confusion Intricate and varied
forms

Theatricality
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experimental research through virtual experiences. With a
broader range of virtual experiences and data analysis in
the future, the patterns of garden impressions will become
more specific, thereby offering a clearer and deeper un-
derstanding of the relationship between space and emo-
tions as demonstrated in this study.

6. Conclusion

6.1. Exploring the methodology of virtual reality
and related technologies for quantitative analysis
of spatial cognitive experience

This study aims to conduct a simulated quantitative investi-
gation of spatial cognitive experiences through the utilization
909
of virtual reality and related technologies in a virtual and real
interactive context. Using traditional garden architecture
spaces as an example, this paper validates that leveraging
spatial visual cognition can reflect individuals’ emotional and
perceptual experiences. The preliminary experimental find-
ings provide insights into the patterns that underlie the cre-
ation of spatial impressions in gardens, offering guidance for
spatial design and evaluation.

Firstly, with regard to virtual reality technology itself,
its crucial value lies in providing individuals with remote
embodied experiential perception. This study demonstrates
the potential for virtual experiential information to imbue
physical spaces with perceptual significance. Furthermore,
in the process of constructing the VR experimental envi-
ronment, this paper draws from research methodologies in
digital image logic that can be applied to experiential
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research in complex architectural spaces, encompassing
scene composition, scene sequence shaping, and funda-
mental virtual roaming methods.

Secondly, in terms of research methodology, this study
employs quantitative research methods in two key aspects:
the measurement of objective visual field analysis in the
physical world and the measurement of subjective experi-
ential perceptions. The research based on the isovist
analysis method offers a means to quantify objective in-
formation about physical space quality based on human
visual cognition. The experiential behavioral data and
subjective feedback obtained from the virtual reality
platform serve as metrics for subjective experiential per-
ceptions, using a combination of subjective visual repre-
sentations and data analysis. The comparative analysis of
research results draws upon interdisciplinary concepts and
methods from experimental psychology and human factors
engineering. However, the quantitative relationship be-
tween spatial and experiential dimensions and the quanti-
fication of subjective and objective data remain limited,
and further research is needed to enrich and deepen the
study of the relationship between space and experience.

Finally, the methods presented in this study offer
broader exploration possibilities. With technological ad-
vancements, the advantages of VR technology in terms of
repeatable experiences, realistic feedback, and low virtual
experience costs will become more pronounced. Virtual
reality technology can derive optimal solutions for spatial
experiences through simulated simulations, guiding
the design of real-world spaces. With more extensive
simulation and experiential testing, the vast amount of
data generated will provide more precise predictive power
for spatial experiences, enhancing the specificity and ob-
jectivity of analysis and evaluation. Unfortunately, the
current level of technology dissemination restricts the
generalizability of research conclusions. It can be foreseen
that, in conjunction with new technologies such as artificial
intelligence, it may even be possible to achieve parametric
generation of spatial parameters for specific experiential
perceptions.

6.2. Quantitative research and value exploration of
historical traditional spaces and its prospects in
contemporary architecture

The precise quantitative study and value exploration of
historical traditional spaces hold significant academic
significance and practical prospects in contemporary
architectural design. The understanding of traditional
Chinese garden spaces emphasizes aesthetics, poeticism,
and the experiential integration of time, distinguishing it
from Western Euclidean geometric spaces. Traditional
space representation is qualitative, characterized as an
“existential space” intertwined with time, place, and
meaning. In contrast, Western representation relies on
scientific aesthetics and employs abstract, precise, and
mathematical-logical quantitative projection methods.
This study aims to employ abstract precision and mathe-
matical logic to analyze the qualitative spatial qualities in
gardens (Wu, 2004). The meticulous quantitative study
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and value exploration of historical traditional spaces hold
significant academic value and practical potential in
contemporary architectural design, serving purposes such
as interpreting the past, guiding practice, and forecasting
evaluation.

For historical traditional spaces, as places that have
evolved over time, the emphasis is on human experiences
within them. This unique sensory experience, enduring
through the ages, imbues spaces with aesthetics, poeti-
cism, and time-tested endurance. The virtual experiential
experiments in this paper measure the subjective qualita-
tive spatial perceptions to uncover the quantitative char-
acteristics of garden impressions.

For guiding contemporary practice, the research utilizes
virtual studies of traditional spaces to inform the design of
contemporary physical spaces. The study reveals that
characteristic spatial effects from historical traditional
spaces can be quantitatively expressed through regular
numerical features. Specific experiential spatial effects in
gardens are systematically explored through virtual expe-
riences and related to the spatial qualities described by
isovist analysis, thereby achieving a quantitative descrip-
tion of garden spaces.

For predictive evaluation in design, this study employs
virtual methods to seek the quantification of information in
real physical spaces and explores how real physical spaces
influence human emotional experiences. Although the
research conclusions only apply to the contemporary
application of the characteristics of traditional Chinese
garden spaces, the application of the research methods
revealed here can predict behaviors, dwell times,
emotional experiences, and more in spaces. Furthermore,
they provide a beneficial forward-looking perspective and
reference for seeking innovative directions in future
architectural design.
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