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Abstract: This research addresses the challenges of peri-urbanisation, which often leads to a loss of
landscape character and residents' sense of place. To actively develop peri-urban landscapes as identity-
creating places, we employ high-fidelity virtual reality scenes and use advanced sensing techniques,
including electrodermal activity, heart rate variability, and eye-tracking. Unlike previous studies that
have focused on whole urban scenes, our study delves into individual landscape elements to understand
their impact on perception. Our analysis reveals correlations between participants' preferences, physi-
ological responses and eye-tracking indices, shedding light on the complex relationship between sub-
jective experience and visual attention patterns in peri-urban environments.
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1 Introduction

Peri-urbanisation is mostly characterised by the construction of uniform industrial estates,
single-family houses and shopping centres, whereby clear and recognisable patterns of dis-
tinct landscape elements disappear (ANTROP 2004). This landscape homogenisation leads
residents to lose their sense of place and their motivation to create more liveable peri-urban
environments (GOBSTER et al. 2007, GRET-REGAMEY & GALLEGUILLOS-TORRES 2022).
Therefore, our research endeavours to actively develop peri-urban landscapes as identity-
creating, distinctive places. We use modern virtual reality (VR) technology to generate high-
fidelity 3D urban environments with point cloud-based simulations in the game engine unity
following approaches of Schalbetter et al. (2022) and advanced sensing techniques, such as
electrodermal activity (EDA) (SPIELHOFER et al. 2021a), heart rate variability (HRV) (YU et
al. 2020), and eye tracking (CHAMBERLAIN et al. 2023), to explore human behaviour, percep-
tion, and cognition of individual landscape elements in peri-urban environments.

Current research focuses on better understanding the relationship between people and place
and tries to find out how these peri-urban landscapes can be actively developed as identity-
creating, distinctive places (SWITALSKI & GRET-REGAMEY 2021). Until now, studies have
mostly investigated the perception and evaluation of entire urban landscape scenes, using
physiological measures such as eye tracking, EDA or HRV in combination with cognitive
assessments (DUPONT et al. 2017, GRET-REGAMEY & GALLEGUILLOS-TORRES 2022, QIN et
al. 2023). DUPONT et al. (2017) use photographs of landscapes with varying degrees of ur-
banisation to analyse the gaze behaviour of viewers. They show that the degree of urbanisa-
tion correlates with visual complexity, which has an impact on gaze behaviour. ZHOU et al.
(2023) conducted an eye-tracking study using photos of an urban park to investigate the effect
of different landscape elements (water, vegetation, buildings, etc.) on gaze behaviour, per-
ception, and evaluation of the landscape elements or scenes. The results show that eye track-
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ing can be used to attribute the assessment of landscape quality to specific landscape ele-
ments. However, the authors advise that for a deeper understanding of the relationship be-
tween landscape elements, human perception, and assessment of landscape scenes, more re-
alistic landscape representations should be used.

QIN et al. (2023) use realistic dynamic scenes in the form of edited video recordings to in-
vestigate the perception and evaluation of landscape elements in motorway scenes. They
demonstrate that a combination of eye tracking with other physiological indicators (HRV,
EDA) as well as subjective judgements is a suitable method for the analysis of visual land-
scape judgements. Their results show that the combination of physiological indicators allows
conclusions about the visual attractiveness of landscape elements, which is also reflected in
subjective aesthetic evaluations.

Overall, there is little research on the effect of individual landscape elements on the percep-
tion and evaluation of peri-urban landscapes. Therefore, the goals of the study presented in
this paper were (1) to demonstrate the technical implementation of a laboratory experiment
(pilot study) using VR simulations as stimuli and recording eye-tracking data, EDA, and
HRYV to enable an analysis of people’s perception of peri-urban landscape elements in more
detail; and (2) to make meaning of the recorded data and discover insights into people’s re-
sponses to these elements.

2  Methods

2.1 Set-up of the VR-stimuli

We used high-fidelity audiovisual VR simulations based on 3D point clouds from terrestrial
laser scanning of a peri-urban landscape, which were prepared with the Unity game engine
for presentation with a Head Mounted Display (HMD) following approaches of SCHALBET-
TER et al. (2023) and WISSEN HAYEK et al. (2023). The original point cloud, which was
scanned with the RIEGL VZ-1000, contained registered scans from 39 different viewpoints
to cover an area of approx. 1.3 hectares. Only a subsample of the original point cloud was
used, calculated by the method subsample space of Cloud Compare v2.12 alpha [64-bit]. To
scale the level of detail in the simulation, a distance of 3mm between points was used near
the subjects, with a 10mm distance used farther away. The point cloud was then added to the
Game Engine Unity 2021.3.12f1 using the package Pcx — Point Cloud Importer/Renderer for
Unity v0.1.5 (https://github.com/keijiro/Pcx). In addition, ambisonic sounds recorded on site
were processed with the digital audio production application REAPER (https://www.reaper.
fm) and then added to the simulation using the Steam Audio plugin (https://valvesoftware.
github.io/steam-audio). SteamVR (https://store.steampowered.com/app/250820/SteamVR)
enables a user to walk freely in the virtual environment by controlling the head-position in
the real-room.

Further, the HTC Vive Pro Eye (https://www.vive.com/us/product/vive-pro-eye/overview)
was used as HMD, which contains a Tobii eye tracker (https://www.tobii.com). For the eye
tracking implementation, existing Unity scripts and prefabs developed by Chamberlain et al.
(2023) were used. Finally, the main landscape elements represented by 3D point clouds
(buildings, streets, trees, etc.) were manually augmented with 3D collider meshes to facilitate
eye tracking across their surfaces.


https://github.com/keijiro/Pcx
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2.2 Experiment Setup

The experiment took place in a windowless, sound-absorbing and air-conditioned room, en-
suring constant light, noise and temperature conditions throughout the study. To record the
physiological responses, EDA and HRV, the Empatica E4 wristband was put on (BAZRAF-
SHAN et al. 2023). After putting on the HTC Vive Pro Eye and the calibration of the eye-
tracking, the VR-experiment started. First the participants see a relaxing scene with leaves
for five minutes to reduce the stress level. Afterwards the participants visited three different
locations in the peri-urban VR-simulation, whereby they could walk around each scene for
three minutes. The order of the scenes was randomised to reduce order effects.

In a post-experiment questionnaire, the participants were then asked to mention their percep-
tion and judgement of three individual scenes (1) central square; (2) small car parking square;
(3) green space, see Fig. 1) perceived during the VR experience. These questions were re-
ceived from indicator capturing approaches of a landscape monitoring program called
“LABES” (FOEN & WSL 2013) and were already used in the study of SPIELHOFER et al.
(2021b) to assess the landscape qualities based on the preference matrix of KAPLAN &
KAPLAN (1989).

(a) central square (b) parking square (c) green space

Fig. 1: VR simulation based on 3D point clouds

2.3 Data Analysis

In the data analysis phase, a multi-faceted approach was used to extract meaningful insights
from the physiological data (EDA and HRV). Initial preprocessing of the physiological data
was performed using the FLIRT toolkit, a software package known for its robust prepro-
cessing capabilities, using state-of-the-art algorithms as described by FOLL et al. (2021). This
step aimed to improve the quality and reliability of the physiological data for subsequent
analyses. Matlab R2020b was used to integrate the physiological data with additional modal-
ities, in particular eye-tracking and questionnaire responses. Timestamps and participant
identification numbers facilitated synchronisation across data types.

Subsequent steps involved deriving relevant metrics from the integrated dataset. For EDA,
the sum of peaks per stimulus and participant was calculated, providing an aggregate measure
reflecting physiological arousal in response to specific stimuli. Simultaneously, the maxi-
mum fixation durations (FDs) for single objects were calculated from the eye-tracking data.
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The culmination of the analysis was to explore correlations between questionnaire responses
and physiological measures. Specifically, correlations were calculated between participants'
responses and EDA peaks, shedding light on the emotional and arousal components of their
subjective experiences. In addition, liking and perception of objects were correlated with
maximum FD, providing insight into cognitive aspects of attention and visual processing.

To measure gaze behaviour, we used an eye movement velocity-based clustering algorithm
(HoLMQVIST et al. 2011) to identify fixations and saccades. Using the clustered data, we
examined mean FDs and fixations rates across six semantic object categories (Landmark,
Building, Car, Restaurant, Vegetation, Wall). We also compared the relationship between
each object’s first fixation duration (FFD) and return number (RN), the frequency with which
participants’ gaze returned to an object from a different object.

3  Results

33 participants (14 female, mean age 35 years) took part in the study. We computed two one-
way ANOV As comparing the mean FDs and mean fixation rates per object category. Signif-
icant differences were found for FDs (F (5) = 528.2, p < 0.001) and fixation rates (F (5) =
166.7, p < 0.001). In each scene, buildings received the highest fixation rates, ranging from
28% to 46% of total exposure time to a scene. The categories with the second highest fixation
rates were Restaurant in the Central Square, Vegetation in the Green Space, and Vegetation
and Cars in the Parking Square (Fig. 2). In this experiment, the fixation rate is directly related
to total FD, reflecting the cognitive attention (ZHOU et al. 2023), which was highest for the
Buildings category, followed by the Vegetation and Restaurant categories.

Mean Fixation Duration by Object Type Per Scene (Mean & 95% ClI) Mean Fixation Rate by Object Type Per Scene (Mean & 95% CI)
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Fig. 2: Mean FD (left) and mean fixation rate (right) by object type per scene. Bars repre-
senting mean FFD are highlighted in black outline on the left graph.

Interestingly, when looking at the first fixation duration, which represents the first stage of
visual processing, it was found that the restaurant of the parking square Scene 2 had the
highest FFD values. Scene 2, the small car parking square, showed a comparable FFD for
vegetation and buildings, which exceeded the FFD for cars. Very little difference in FFD was
observed in the Green Space scene. A higher FFD value indicates a higher cognitive effort to
process but also a higher attractivity value (ZHOU et al. 2023). FFD is shown as the outlined
bars in Figure 2. Looking at the number of returns, specific objects such as the landmark and
a restaurant in Scene 1 received the highest RN. While Scenes 2 and 3 did not yield statisti-
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cally significant findings in visual processing, some individual buildings and trees received
slightly more attention than average. Higher RN indicates the need for additional processing
and cognitive effort (ZHOU et al. 2023).

The data analysis shows a weak negative correlation between FFD and RN for the landmark
(r = -0.125). All correlations between FD and RN for each object were positive, but with
lower correlation values for landmarks and restaurants (r = 0.20) and higher values for other
buildings and vegetation (r = 1). As expected by ZHOU (2023), longer fixation durations with
fewer returns should lead to higher preference ratings.

Regarding the EDA measurements, a significant increase in the number of phasic peaks (Skin
Conductance Responses (SCRs)) was observed for objects with high FFD and RN values.
These objects included the landmark, cars, and certain specific buildings. SCR occurs when
the sympathetic nervous system responds to stimuli (RAHMA et al. 2022). We can see a
mostly positive correlation between FD and phasic peaks, except for the landmark and some
buildings (min r = -0.17). In addition, an elevated low-frequency/high-frequency (LF/HF)
ratio was observed when participants viewed buildings as opposed to vegetation, suggesting
increased tension (Jeon et al. 2021). Moreover, an augmented activity in HRV can be ob-
served when looking at the landmark and some specific buildings. The LF/HF ratio per object
also shows only a positive correlation with FD. A negative correlation between LF/HF ratio
and FFD could be shown for some buildings as well as for the landmark (r = -0.22).

To examine the relationship between participants' physiological responses and their subjec-
tive experiences, correlations were calculated between EDA peaks and responses to specific
questions from the LABES questionnaire. Significant correlations were found reported inter-
est in the parking square (r = -0.652, p < 0.05) and the green space (r = -0.636, p < 0.05) as
well as perception of many objects in the green space (r =-0.689, p < 0.05) (see Tab. 1). This
suggests that a greater number of EDA peaks, indicative of heightened cognitive and emo-
tional stress (RAHMA et al. 2022), were associated with decreased interest in both the parking
square and the green space.

Table 1: Correlations between EDA peaks and the answers from the LABES questions
(*p<0.1, **p<0.05). R values reported, where statistically significant

Stimuli

central square

parking square

green space

How much did you like the location?

0.190

-0.401

-0.471

How interesting do you find the location overall?

NaN

-0.652** (r=-0.469)

-0.636"* (r=-0.476)

- There are many different things in this landscape. 0.603 -0.364 -0.689** (r=-0.535)
Doy This landscape is varied 0.432 -0.440 -0.584* (r=-0423)
e This landscape is coherent in itself. 0.652* (r=0.551)] 0.569* (r=0.389) 0.302

The individuzal things or components of this landscape fit together. -0.097 0.403 0.408
Legibility There are landmarks in this landscape that help you find your way around. -0.014 -0.504 -0.322
| find myway around this landscape very well. -0.014 -0.504 0.030

There is much to discover in this landscape 0478

0.591

-0.176
-0.326

-0.508
-0.143

Mysteriousness s ¥
I would like to get to know this landscape better.

Additional significant correlations were found between maximal FD and how much partici-
pants like buildings in the central square (» =-0.362, p < 0.05), possibly reflecting the attrac-
tion of amenities such as the restaurant and a water fountain, and an open layout in this focal
area. Conversely, a positive correlation was observed between the maximal FD and partici-
pants’ confidence in their ability to recall vegetation in the parking square (r = 0.571, p <
0.01), which could indicate the role of attentional commitment to the adjacent backyards (see
Table 2).
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Table 2: Correlations between maximal FD and scoring of likeness (¥*p<0.1, **p<0.05). R
values reported, where statistically significant.

How much do you like the following _ . .
.1 How did you perceive the following landscape
landscape elements? (I don't like them atall = -
. . elements? (not seen = 1; could describe
1, 1 don't like them = 2, neutral = 3, I like them . . .
. roughly =2, could describe in detail =3)
=4, | like them very much =5)
central square

Landmark 0.037 0.069

Buildings -0.362** (r=-0.134) -0.265

Restaurant 0.056 0.19

Vegetation 0.212 0.01

parking square

Parking -0.194 0.094

Buildings -0.166 0.128

Vegetation 0.201 0.571** (r=0.229)

green space

Buildings -0.318* (r=-0.117) -0.022

Vegetation 0.288 0.222

Wall 0.11 0.271

4 Discussion

This study offers a unique combination of eye tracking, physiology and a structured compar-
ison of different environments to evaluate how the perception of different elements may in-
fluence both observational behaviour and subconscious arousal responses. Our results pro-
vide some broad characterizations about how individuals explore the visual aspects of differ-
ent elements in environments. For instance, buildings seemed to capture a higher rate of fix-
ation across all the scenes we measured. Furthermore, we found only limited significant cor-
relations between EDA and LABES results and between maximal FD and reported liking and
perception of objects. Correlations between reported interest in a scene and EDA peaks
showed the most promising results across scenes for further study.

This study underscores how one can use realistic representations of real-world environments
within VR to measure observational patterns and how these differ based on elements or
higher-order environmental characteristics. We acknowledge the limited range of environ-
mental elements tested within this study but offer this work as a demonstration that measur-
able differences can be clearly detected within 3D point cloud scenes.

Our approach encompasses both eye-tracking technology and biophysical measurements,
such as EDA and HRV. While our findings offer some possible insights into the relationships
between these measures and stated responses it would be premature to identify specific rela-
tionships between observational measures and physiological measures. This is due to two
primary reasons. First, there is an inherent discrepancy between the operational frequencies
of these sensors (the Empatica E4 and VR Eye tracker operate at different frequencies). Sec-
ond, the complexities of human physiological responses pose challenges in correlating envi-
ronmental factors with observable effects. For example, visual recognition of an object,
movement, or sound may precede any measurable change in EDA (often delayed within sec-
onds) and is different from latency in heart rate changes. Thus, for researchers and designers
focusing on the physiological impacts of specific environmental elements, it is vital to con-
sider the potential disconnect between the immediacy of visual perception and the delayed
nature of bodily responses to stimuli. Nevertheless, this paper outlines general trends ob-
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served in visual engagement with stimuli and corresponding physiological reactions, high-
lighting the potential misalignments in these data sets.

5 Conclusion and Outlook

The results provide relevant scientific contributions. First, the feasibility of combining state-
of-the art approaches for an in-depth analysis of human perception and behaviour in VR
landscapes is demonstrated. Second, the correlation analysis of the fixated landscape ele-
ments and the physiological responses hints at possible relationships. This study contributes
to addressing the challenges posed by peri-urbanization, where landscape homogenization
diminishes residents' sense of place. By examining the impact of specific landscape elements
on perception and arousal, our findings offer insights that can inform efforts to create more
vibrant and liveable peri-urban environments. The outcomes serve as a foundation for future
studies, urging more sophisticated statistical analyses to inform peri-urban transformation
towards more attractive places.
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