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ABSTRACT

Doctoral thesis was written in English language on 79 pages, which consist of
40 figures, 1 table, and 131 references. The thesis aimed to study the application
of the Electroencephalography (EEG) method to evaluate the volumetric three-
dimensional (3D) visual perception. The study compared a novel “volumetric
multiplanar display” to traditional flat screens as an anaglyph 3D system.
EEG effectively measured brain activity during 3D perception tasks. The brain
responded differently to different depth presentation methods. In volumetric
display, P3 component of Event-Related Potentials (ERP) showed significant
differences compared to anaglyph display. Power Spectral Density (PSD) analysis
showed a higher brain activity in anaglyph compared to volumetric display and
exhibited hemispheric asymmetry. In addition, P3 component was higher in 2D
volumetric perception over 3D. Finally, the depth perception on the volumetric
display was easier in dim lighting conditions.

In conclusion, EEG is a valuable tool for studying brain activity during
3D visual tasks on different imaging technologies. This study contributes to
the understanding of how the human visual system perceives depth and how it
can be assessed objectively. In the last studies assessing the impact of different
imaging technologies on human perception.

Keywords: electroencephalography, volumetric multiplanar display, visual
search, depth perception, event-related potential, power spectral density
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1. INTRODUCTION

1.1 Motivation

The brain is a complex network of neurons that work together to process
information. Brain-Computer Interfaces (BCI) can be used to study these
connections and understand mental states. BCIs are becoming increasingly
popular as scientists try to learn more about how the brain works. Three-
dimensional (3D) displays offer a new way to experience information by
creating a sense of depth and volume which can be used to improve the viewing
experience and make it easier to visualize information [1].

The crucial question is whether the depth effect produced by the new
display is with slightest visual symptoms regarding the accommodation-
vergence conflict [2]. Therefore, assessing the ergonomics of three-dimensional
visualization systems has become essential in terms of depth perception [3][4].

The evaluation of 3D display interaction with our visual system can be done
through subjective or objective methods, each with its own advantages and
drawbacks. Among objective methods, Electroencephalography (EEG) stands
out as a powerful neuroimaging technique. EEG is favoured for its excellent
temporal resolution, non-invasiveness, and relatively low setup costs, making it
the most commonly used technique for capturing brain signals in studies related
to 3D display interaction [5].

1.2 Structure of the thesis

1.2.1 Aim

The aim of the thesis was to develop an Electroencephalography (EEG)
application that could monitor brain activity while individuals perceive a three-
dimensional image displayed on a volumetric multiplanar display.

1.2.2 Objectives

1. toassess the brain activity by viewing 3D images on a volumetric multiplanar
display;

2. to determine and compare the value of event-related potential (ERP)
components as well as power spectral density (PSD) for real and simulated
3D images produced by different imaging technologies;

3. to assess the effect of external conditions such as illumination as well as task
repetition on the cortical activity;

4. to evaluate the application of the EEG for objective assessment of depth
perception.



1.2.3 Hypothesis

The thesis hypothesized that the amplitude and latency of ERPs could be
influenced by various visualization systems, such as volumetric multiplanar
displays and stereoscopic anaglyph displays. Additionally, it was suggested
that brain activity, might also be affected in a way that there is higher brain
activity in stereoscopic anaglyph over volumetric display. Furthermore, it
was hypothesized that environmental illuminance has no significant effect on
the visual task performance on a volumetric display.

1.3 Novelty of work

The thesis proposes a novel method for evaluating depth perception,
addressing the lack of objective methods in this area. Current approaches
primarily rely on subjective assessments, which are prone to bias and guesswork.
Additionally, subjective methods often focus solely on binocular disparity depth
cues, neglecting other depth cues used by the human visual system. By recording
and analysing brain data while subjects perceive 3D images containing multiple
depth cues, the proposed method aims to objectively evaluate depth perception,
bringing it closer to real-world experiences. While there may be drawbacks to
the new method, it holds promise for assessing depth perception and uncovering
the underlying processes involved in different types of depth perception, such as
global and local cues.



2. LITERATURE REVIEW

2.1 Introduction

Understanding the mechanisms underlying the functioning of the human
brain is a great challenge in developing algorithms and models of visual
perception. Developing non-invasive methods for recording brain activities
provided many opportunities to discover different aspects of human brain in
theme of perception, cognition, and memory. Moreover, objective evaluation of
new developed devices and instruments, which interact with the human vision,
is accessible easily by measuring and analysing the brain activity. To understand
the basic principle of the mentioned interaction, we need to know the function
of human visual system and the structure the developed device. The current
thesis focused on the developing an EEG algorithm of depth perception in a 3D
volumetric multiplanar display.

2.2 EEG studies on the visual system

Several studies in the field of visual search have been designed to incorporate
EEG signal recording and analysis. In this context, some of the most pertinent
concepts related to the current thesis were reviewed briefly.

Alex Dan and Miriam Reiner reported that cognitive load of processing
events in 3D virtual worlds is lower than processing events in 2D displays. They
studied Cognitive Load Index (CLI) as the ratio of the average power of frontal
theta band and parietal alpha band [6].

Fazlyyyakhmatov et al. investigated EEG activity while individuals engaged
in binocular depth perception of 2D images. They found that when perceiving
stereo images with incorrect depth perception, there was a reduction in alpha-
band activity in the left parietal region and in the frontal areas of both sides of
the brain. However, the activity in the beta-1, beta-2, and delta frequency bands
showed no significant changes [7].

In an interesting study, effects of object colour stimuli on human brain
activities in perception and attention was investigated by Yoto., et al. They
reported that alpha and theta band indicated higher power for red colour
presentation than blue stimuli. They conclude that red light activated the central
nervous system more strongly than did blue or green light [8]. In addition,
another study reported that disparity range for the yellow hue is greater than
the red hue, moreover, red is greater than the blue hue and the disparity range
for green hue is smallest [9].



2.3 Volumetric Multiplanar Display

Multiplanar 3D displays operate by constructing 3D images, leveraging
the persistence of vision to integrate multiple 2D pattern-carrying surfaces into
a 3D volume [10]. This approach allows different layers to depict varying depths
of the image, utilizing both static and motion parallax to form a 3D image
within this technology. Volumetric multiplanar displays offer several advantages,
including the ability for multiple viewers to observe them from various angles
without requiring stereo goggles, leading to a significant reduction in conflicts.

The Multiplanar Optical Element (MOE) comprises twenty air-spaced
depth planes with light diffuser layers synchronized with a high-speed projector.
Functioning as an electronically variable solid-state projection volume, the MOE
facilitates the reconstruction of a volumetric scene by obtaining 2D slices of
the 3D scene [11], as illustrated in Figure 1.

Computer Multi - plane

Imoge Plane
Projector

Volumetric Screen

Screen Driver

DisplayPort 1.4

Figure 1. Structure of a volumetric multiplanar display [11].



3. METHODS

In this thesis, several studies were conducted to analyse the application of
EEG for depth perception of a 3D image presented on a volumetric multiplanar
display.

3.1 Participants

Participants were chosen of any ethnicity. Eighty-one individuals comprising
27 males and 54 females, with an average age of 25 + 5 years. They voluntarily
joined the research, and before commencing the experiment, an informed
consent paper signed. Optometric visual tests were conducted to ensure their
normal binocular vision function.

3.2 Displays

The visual stimuli were presented on two different types of displays.
The first display was a solid-state volumetric multiplanar display (LightSpace
Technologies, model: X1907, 19”7 diagonal and refresh rate of 60 Hz) (see
Figure 2).

Figure 2. The volumetric multiplanar display employed for the 3D image presentation.

The second type was a flat-panel display (Dell P2417H, 24” diagonal) was
used for an anaglyph stereoscopic visualization. The refresh rate was 60 Hz.
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3.3 Study design and Task

The general structure of the procedure and task was the same in all
experiments with a little difference. The study of “effecting the lighting condition
on volumetric 3D image depth perception” was conducted in two different
lighting conditions: scotopic, illuminance of 1.2 lux and photopic, illuminance
of 1146 lux.

Each experiment included a total of 160 trials. The 3D image demonstration
occurred in 50% of the trials un 2D image in 50% of all trials in a randomized
order. Each trial started with a fixation cross that was presented in the middle
of the screen for 1 sec. Next, four rings (outer diameter — 0.5° line width —
0.1°) were displayed at 1.0° field eccentricity from the display centre. In the 3D
trials, one ring appeared closer to the viewer, shown in Figures 3 (a) and (b).
Participants had to report its relative location by choosing one of four responses
(up, right, down, and left). Participants sat facing the display at a viewing
distance of 90 cm (see Figure 3(b)).

1000 ms —
»

(a)

— —

.>!, 1
bt |

(b)

Figure 3. Figure (a) — the experiment designs. Figure (b) - schematic illustration of
the setup and stimulus on the volumetric multi-plane display and flat panel display.

In case of flat panel display, crossed and uncrossed disparity experiment,
the visual target had the same dimensions as the volumetric visual target.
The red-cyan (red filter over the right eye) filters were worn by participants.
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Figure 4 shows the visual target in form of anaglyph for crossed and uncrossed
disparity.

Figure 4. The visual target for the crossed (right) and uncrossed (left) disparity
(red filter was in front of the right eye).

3.4 EEG data recording and analysing

Twenty-one active electrodes were placed based on the international
10-20 system, and the average of all active electrodes was chosen as a reference
(see Figure 5).

The open-source toolbox EEGLAB 2022.1.0 connected to MATLAB R2020a
(MathWorks Inc., Natick, MA, USA) was used for EEG data analysis.

Figure 5. The experiment set up and electrodes placement.

12



4. RESULTS

4.1 Brain activity when viewing anaglyph versus volumetric 3D

4.1.1 Performance Data

The mean correct response rates for target-present stimuli were 0.98
(SD = 0.04) on the flat-panel display, and 0.98 (SD = 0.04) on the multi-plane
display. The correct response rates dropped to 0.81 (SD = 0.06) and 0.81
(SD = 0.10) when the target-absent stimuli were shown on the flat-panel display
and volumetric display, respectively. Two-way ANOVA showed a significant main
effect of stimulus condition (F(1, 19) = 77.5, p <0.001, #’; = 0.664). The main
effect of visualization system (volumetric or flat-panel display) (F(1, 19) = 0.005,
p =0.95, n*; < 0.001) and interaction (F(1, 19) = 0.07, p = 0.79, #°; < 0.001) were
not significant on response rate.

In addition, response times (RT) were analysed. The mean time was
considerably shorter when the visual search arrays were presented on
the volumetric multiplanar display than on the flat-panel display (see Figure 6).
There were significant main effect of visualization system (F(1, 19) = 17.5,
p < 0.001, #’; = 0.037) and stimulus condition (F(1, 19) = 58.7, p = 0.001,
#*c = 0.348). However, there was no significant interaction (F(1, 19) = 0.12,
p =073, 1% < 0.001).

Volumetric display

3.0 ® Flat-panel display

25

2.0 ]
1.5 1

1.0

Target-present Target-absent

RT (sec)

Figure 6. Averaged response times when the feature visual search arrays were presented
on two types of display.
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4.1.2 Electrophysiological Data

Figure 7 shows changes in amplitudes of ERPs at three time-windows
averaged over all subjects when completing the feature search tasks on the flat-
panel display and multi-plane volumetric display.

Target present Target absent
Volumetric display ~ Flat-panel display Volumetric display ~ Flat-panel display
(uv)
90 -
I 1.0
0.5
150 - 0.0

Figure 7. ERP topographical maps reflecting the brain activity during three
time-windows, averaged across all.

The ANOVA analysis showed a significant main effect of the stimulus
condition (F(1, 19) = 8.7, p =0.03, #°; = 0.034) and electrode position
(F(2.0, 38.2) = 104, p < 0.01, n*; = 0.060) on the mean amplitudes of ERPs
in the time window of the 90-130 ms time after the onset of the visual search
array on the display. No significant effect of the visualization system (volumetric
or flat display) was shown (F(1, 19) = 0.04, p = 0.84, #*; < 0.001), and no
interactions between factors were proved to be significant. Post hoc Bonferroni
adjusted pairwise t-tests did not reveal any major differences when comparing
the brain activity across two hemispheres neither for electrodes in the occipital
region (p = 1.0), nor for the ones in the parietal region (p = 0.95).

At the time-window 150-200 ms after the onset of the stimuli, the significant
main effects on the mean amplitudes of ERPs were found for the following
factors - visualization system (F(1, 19) = 354, p < 0.01, #°%; = 0.065) and
electrodes (F(4, 76) = 44.2, p < 0.01, #%; = 0.243). No significant effect
of the stimulus condition (target-present and target-absent) was revealed
(F(1,19) = 0.2, p = 0.66, n*; = 0.001), and no interactions between factors were
proved to be significant. Post hoc t-tests showed that the brain activity differed
significantly when comparing the mean amplitudes across two displays on

14



02 electrode (p < 0.01) and P4 electrode (p = 0.01), but not on the other three
electrodes (p = 1.0). Moreover, when comparing the amplitudes of ERPs across
two hemispheres separately for each visualization type, a marked asymmetry
was revealed in the activity on electrodes positioned in the parietal region when
viewing images on the flat-panel display (p < 0.01). However, the brain activity
was similar in both hemispheres when images were presented on the volumetric
display (p = 1.0).

Finally, the significant main effects were found for the stimulus condition
(target-present or target-absent) (F(1, 19) = 39.5, p < 0.01, #°; = 0.265) and
electrodes (F(2.5, 48.1) = 12.7, p < 0.01, #°; = 0.076) in the analysis of brain
activity during 250-400 ms after the onset of visual search array. Moreover,
the interaction between stimulus condition and visualization system was
demonstrated as significant (F(1,19) = 4.6, p = 0.05, n*; = 0.028). The post-hoc
analysis of the interaction revealed that the brain activity differed considerably
across two visualization systems in the case of target-present images (p < 0.01),
but not in the case of target-absent images (p = 1.0). Specifically, a stereoscopic
presentation of the target depth led to larger negative values in the parietal area.

In addition to ERPs, changes on frequency bands were evaluated. Figure 8
plots the average power spectrum of neural oscillations on EEG channels in
the parietal lobe and occipital lobe. As seen in figure 8, the power of oscillations
was similar for stereoscopic and volumetric images at lower frequencies (alpha
band). However, the difference in power grew continuously at higher frequencies
(beta band).

55 e Stereoscopic image
Volumetric image

50

5

Lo4s

2

& 40
35

10 12 14 16 18 20 22 24 26 ZHO
Frequency (Hz)

Figure 8. Average power spectrum for EEG channels in the parietal lobe and occipital
lobe.

Pairwise comparisons were run using t-tests. Although, no considerable
differences were revealed when comparing alpha band power spectrum power
on every electrode across two types of three-dimensional visualization (p > 0.08)
Beta band spectral power was significantly larger on all electrodes (p < 0.05),
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except for Fp2, F3, F4, P4, and Pz, for which the differences did not reach
statistical significance (p = 0.05). For a closer look, Figure 9 plots the average
power of beta band in EEG channels in the parietal lobe and occipital lobe in
a comparative manner for stereoscopic and volumetric images (target-present).

® Stereoscopic image

50 .
WVolumetric image
46
z a2
%
é 38 ] l l
= 34
30
01 02 P3 P4 0z

Channel

Figure 9. Beta band power spectral density of EEG channels in the parietal lobe and
occipital lobe.

4.2 Brain activity: crossed and uncrossed images

Crossed and uncrossed disparity designed based on the anaglyph 3D image
to find out if there is any sensitivity of EEG signals to the crossed and uncrossed
disparity perception.

4.2.1 Task Performance Data

The behaviour performance data, as depicted in figure 10, illustrates
a high rate of correct responses across all participants for both crossed and
uncrossed disparities. Specifically, the rate of correct responses is 96.32% for
crossed disparity and slightly lower at 94.91% for uncrossed disparity. However,
statistical analysis using the Wilcoxon rank-sum exact test (W = 1, p = 1.0) did
not reveal any significant difference between the two types of disparity.

In terms of response times, the average response time was 2.85 + 0.05 seconds
for crossed disparity and 2.93 + 0.04 seconds for uncrossed disparity. This
indicates a slightly quicker response time for crossed disparity compared to
uncrossed disparity. However, like the analysis of correct responses, the statistical
analysis of response times using the Wilcoxon rank-sum exact test (W = 0,
p = 1.0) did not find any significant difference based on the type of disparity
presented on a flat-panel display.

16
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Figure 10. The average correct response rate (left) and response time (right) for crossed
and uncrossed disparity present on a flat-panel display.

4.2.2 Event-Related Potentials (ERPs)

The EEG results for both crossed and uncrossed disparity were analysed
across three time-windows (50-100 ms, 100-200 ms, 200-500 ms) as ERP com-
ponents (N1, P2, and P3). The primary brain activity signals during the percep-
tion of different disparity were found in the parietal and occipital areas.

In the first time-window (50-100 ms), no discernible difference in brain
activity was observed between crossed and uncrossed disparity. Both types of
disparity showed activity primarily in the posterior part of the brain.

Moving to the second time-window (100-200 ms), the brain activity was
similar for both types of disparities, predominantly located in the parietal region.
However, a slightly higher level of activity was noted in the case of uncrossed
disparity.

Crossed Uncrossed

(uV)
50 - 100 ms
1.3
0.7
100 - 200 ms 01
-0.6
200 - 500 ms ! -1.2

Figure 11. Topographical plots of ERP components in three time-windows for crossed
and uncrossed disparities showed on a flat-panel display.
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In the final time-window (200-500 ms post-stimuli), the activity was mainly
concentrated in the occipital part of the brain, with a slightly higher level of
activity observed in the case of crossed disparity (as depicted in Figure 11).

The Wilcoxon rank-sum exact test was employed to analyse the average
amplitude of parietal lobe electrodes (P3, P4, Pz) and occipital lobe electrodes
(01, O2) in both crossed and uncrossed disparity conditions. Figure 12 depicts
a higher amplitude for the crossed disparity in the N1 component of ERP between
50-100 ms post-stimuli, yet no statistically significant difference was observed
(W = 13, p = 0.04). Conversely, the P2 component exhibited a significantly
higher amplitude during uncrossed disparity between 100-200 ms post-stimuli
(W =32, p < 0.05). The amplitude of crossed and uncrossed disparity in the P3
component between 200-500 ms post-stimuli was relatively similar, with no
statistically significant difference estimated (p = 0.08).

—~
5
= \M
=
=
8
g
=
% 300 400 500
~
-1
Time (ms) @ Crossed

@ Uncrossed

Figure 12. The waveform plots of ERP average of five electrodes (P3, P4, Pz, O1, and
02) for crossed and uncrossed disparities showed on a flat-panel display.

4.2.3 Power Spectral Density (PSD)

The Wilcoxon signed-rank exact test was utilized to analyse theta (4-8 Hz),
alpha (8-13 Hz), and beta (13-30 Hz) waves. Theta wave activity for both
disparity types was predominantly concentrated in the frontal region of
the brain, particularly on Fz electrode. A slight increase in activity was observed
in uncrossed disparity; however, no significant difference was detected (W = 8,
p = 1). Alpha wave activity was evident in the parietal and occipital regions of
the brain. Statistically, no difference was found (W =13, p = 1); however, there was
a slight decrease in activity in uncrossed disparity. Beta waves exhibited greater
activity in crossed disparity compared to uncrossed disparity. The activity was
primarily located in the frontal regions of the brain, with statistical significance
(p < 0.05). The illustration of the topographical map and waveform shows in
figure 13 (a) and (b) respectively.
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(b)
Figure 13. The topographical maps (a) and waveform plots (b) of PSD average of all
electrodes across all participants for crossed and uncrossed disparities.

4.3 Brain activity: target-present versus target-absent stimuli

4.3.1 Performance Data

The behavioural results indicated that across all participants, the mean
correct response rates for 3D stimuli were 0.98 (SD = 0.04); however, more
errors were made when individuals responded to 2D stimuli on the volumetric
display. Specifically, the correct response rates dropped to 0.82 (SD = 0.06) when
the 2D stimuli were shown.
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In addition to the correct response rates, Response Time (RT) were analysed
to evaluate visual search outcomes. The statistical analysis revealed in figure 14
that there were no significant main effects of the stimulus condition.

o
22
0
3D 2D

Figure 14. Averaged response times when the visual stimuli were shown on
the volumetric display. Error bars depict standard deviations.

4.3.2 Event-Related Potentials (ERPSs)

The cortical signals were analysed in three time-windows corresponding to
ERPs’ N1, P2, and P3 components. Generally, higher activation of occipital and
parietal was seen as expected. Figure 15 shows changes in amplitudes of ERPs at
three time-windows averaged over all participants in the form of topographical
maps. Moreover, figure 16 shows the same time windows in the form of bar
chart including information about the standard deviation and p-value. As seen
in the topographical maps, there is a slightly higher activation in amplitude
of the brain signals while responding the 2D visual tasks compared to the 3D
targets, however the statistical analysis showed no significantly differences
between two types of visual targets. The p-value for time-windows 50-100 ms,
100-200 ms, and 200-450 ms were 0.522, 0.267, and 0.272 respectively.

2D 3D

(50— 100 ms) (1v)
1.3
0.6
(100 — 200 ms) H .01
08
1.5
(200 — 450 ms) | ]

Figure 15. ERP topographical maps reflecting the brain activity during three
time-windows, averaged across all participants when performing the 2D task and
3D task on volumetric multiplanar display.
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Figure 16. Average and standard deviation of five electrodes P3, P4, O1, O2, and Pz
across all participants. P-value represents no statistically significant differences in each
time window.

4.3.3 Waveforms

Since the ERPs components are dominant waves on the occipital and
parietal areas, the statistical analysis applied on five electrodes (O1, 02, P3,
P4, and Pz). Figure 17 indicates the properties of the waveform results. For N1
component, the minimum point of each waveform was considered to perform
the statistical analysis. Moreover, the max value of P2 and P3 components were
chosen because those are positive deflection. The results showed there was no
significant differences between two conditions in three time-windows across all
subjects and for each electrode location.
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Figure 17. The waveform average of five electrodes O1, O2, P3, P4, and Pz in two
conditions (with (3D) or without (2D) depth feature) between -200 to 1000 ms, across
all subjects.

The latency analysis of ERP components showed no statistically significant
differences between the two visual conditions (target-absent (2D) and target-
present (3D)) except for the Pz electrode and within the time-window 200-
450 ms, which corresponds to the P3 component. The average latency results
are summarized and reported in Table 1.

Table 1. Average latency of N1, P2, and P3 components over five electrodes in two
conditions.

_n;)’ 50-100 ms 100-200 ms 200-450 ms

£

2| 2D 3D b 2D 3D b 2D 3D b

23 value value value
P3 755+18 |77 +16 |0.217 |155.5 + 26/152.5 + 24|0.701 |299 + 71 |309 + 73 |0.677

P4 |84 +13 [85x12 |0.796 |144 +£22 |138 +22 |0.421 |311 £84 (322 +74 (0.711

Ol |87 +14 |855+18|0.848 |141 +27 |142+£27 (092 |320+70 |336 + 65 |0.524

02 |88+11 |83+17 0284 |132+22 |142+23 |0.189 |340 =55 (338 +70 |0.943

Pz |79+17 [73.5+18|0.338 |150 £27 |140 +27 [0.287 |329 £68 (279 =59 |0.048

4.3.4 Power Spectral Density (PSD)

Continuous wave analysis showed slightly higher activation in alpha
and beta wave frequency bands. However, the difference was not statistically
significant. Topographical maps and waveforms of alpha and beta showed in
figure 18 (a) and (b), respectively.
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Figure 18. (a) Power Spectral Density (PSD) analysis in the form of the topographical
map over the skull average of all participants. (b) The waveform of alpha and beta PSD
in wave format. Beta wave shows higher activation in the 2D condition compared to
the 3D.

4.4 The impact of different lighting conditions on volumetric
image perception

4.4.1 Performance Data

Response Time (RT) was analysed to evaluate visual search outcomes. Two-
way ANOVA was used to analyse the first and last experiments in photopic and
scotopic conditions. A two-way ANOVA revealed that there was not a statistically
significant interaction between the effects of lighting conditions and experiment
order (F (1, 26) = 0.016, p = 0.9, °, = 0.0006). Moreover, there was no statistical
difference between the first and last experiments (F (1, 26) = 1.264, p = 0.27,
17, = 0.05). However, there was a significant difference between photopic and
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scotopic conditions (F (1, 26) = 10.25, p = 0.003, #*, = 0.28). Figure 19 shows
the average of each group, showing that in scotopic or low-light conditions,
the response time is longer.

Photopic — First —
Photopic —Last —— | —
Scotopic — First — I 44
Scotopic —Last [
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Figure 19. The average response time of participants in each group of lighting
conditions and experiment order.

4.4.2 Event-Related Potential (ERP)

An analysis of the raw EEG signal was conducted to extract the peak
amplitude and latency of the P3 component of the ERP. The results of ERP
analysis are presented in figure 20, which shows the ERP waveforms average of
the occipital and parietal regions (O1, O2, P3, P4, and Pz). As expected, the P3
wave was found to be the dominant wave in these regions.

Potential (uV)

2

4

6 Time (ms)
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Figure 20. The average of five occipital and parietal electrodes (O1, O2, P3, P4, and Pz)
across all participants. P3 peak highlighted on the waveform.

Analysing wave form P3 component, two-way ANOVA showed that there
was not a statistically significant interaction between the effects of lighting
condition and experiment order (F (1, 36) = 1.571, p = 0.22, *, = 0.042). However,
a statistically significant difference was between the first and last experiment
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(E(1, 36) = 4.42, p = 0.04, #°, = 0.11). Moreover, there was a significant difference
between photopic and scotopic conditions (F (1, 36) = 6.23, p = 0.02, #*, = 0.15).
Figure 21 shows the peak amplitude of each condition.
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Figure 21. The peak amplitude average of five occipital and parietal electrodes (O1, O2,
P3, P4, and Pz) in different lighting conditions and experiment order.

Moreover, about the P3 component peak latency, two-way ANOVA indicated
that there was not a statistically significant interaction between the effects of
lighting condition and experiment order (F (1, 36) = 2.585, p = 0.12, #°, = 0.07).
Furthermore, no significant difference between the first and last experiments
results (F (1, 36) = 1.17, p = 0.28, #°, = 0.03), and no significant difference
between photopic and scotopic conditions (F (1, 36) = 1.310, p = 0.25, ?, = 0.03).

However, by paired analysis of each lighting condition seperately between
the first and last experiment, the paired-t test indicated that there is a significantly
large difference between the First (M = 403.5, SD = 75.4) and Last (M = 358.8,
SD = 62.4), t(14) = 3.3, p = 0.007 experiment in scotopic condition nevertheless,
results of the paired-t test in the photopic condition indicated that there is
a non-significant small difference between first (M = 346.5, SD = 50.8) and
fast (M = 368.4, SD = 40.7), t(14) = 1, p = 0.367 experiment. Figure 22 shows
the peak latency of P3 component for different illumination conditions and for
experiment order.
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Figure 22. Peak latency of P3 component from five occipital and parietal electrodes
(01, 02, P3, P4, and Pz) in different lighting conditions and experiment order.
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5. DISCUSSION

5.1 Brain activity: stereoscopic versus volumetric

The results could be interpreted in the context of the cognitive effort required
for image classification in three-dimensional visual search. The integration and
interpretation of conflicting visual information may impose greater cognitive
demands, potentially leading to a faster onset of visual or mental fatigue in
the long term [12][13], thereby negatively impacting visual attention and user
performance.

Caution should be exercised in interpreting our findings, particularly
when considering potential long-term effects. The results were derived from
relatively brief task sessions, each lasting approximately 10 minutes. Given that
new three-dimensional visualization systems are anticipated to be employed
for professional purposes, potentially on a daily basis [14][15], future research
should incorporate longer experimental procedures featuring more complex
visual scenes.

Another limitation of this study is associated with the experimental
design, which involved benchmarking fundamentally different visualization
technologies. This approach inherently introduces variability in the technical
parameters of displays. While efforts were made to provide participants with
similar viewing conditions by matching the relative disparity of search items
and adjusting screen brightness levels, it's important to note that the displays
had different screen resolutions, and colour filter glasses were only utilized when
viewing images on the flat panel display which could reduce the brightness and
contrast of the perceived image. Despite these limitations, the current results
establish a useful foundation for further research on three-dimensional visual
search.

5.2 Brain activity: crossed disparity versus uncrossed disparity

Given that crossed and uncrossed disparity are processed by different
cortical neurons in the brain [16][17], crossed disparity typically attracts
human attention automatically, being a near-located object. However, the same
cannot be said for uncrossed disparity. This raises the question of whether this
difference is reflected and evaluated in brain activity.

The study did find some differences in brain activity for the P2 and P3
components, as well as theta and beta waves. These differences may be related to
the higher attention demand for uncrossed disparity and the better performance
for crossed disparity [18][19][20].
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The study acknowledges limitations, such as the small sample size and
the lack of analysis of gamma waves. Overall, the study provides some insights
into how the brain processes different types of depth perception cues, but
further research is needed to fully understand these processes.

5.3 Brain activity: target-absent versus target-present stimuli on
the volumetric display

Shorter response times for 3D (target-present) stimuli, suggesting easier
perception [21][22]. Brain activity analysis showed early activity (50-100 ms) in
occipital and parietal regions was similar for both stimuli (target-absent (2D) or
target-present (3D)), suggesting similar early signal processing [23][24][25][26]
[27][28][29][30]. P2 component (100-200 ms) showed slightly higher activity
for 2D stimuli, potentially due to memory demands in distinguishing stimuli
[31][32]. P3 component (250-1000 ms) showed slightly higher amplitude and
longer latency for 2D stimuli, suggesting greater difficulty in discriminating 2D
stimuli or to consider that the object is not spatial, i.e. a negative answer always
takes longer [33]. Alpha and beta band activity (during the entire observation
period) was slightly higher for 2D stimuli, potentially reflecting additional
processing demands.

Overall, the study suggests that while 3D perception is faster and requires
less processing, discriminating between 2D stimuli on a volumetric display
might be more challenging compared to 3D stimuli.

5.4 The impact of different lighting conditions on volumetric
3D perception

The results showed that people were faster at the task under bright light,
but there was no difference in their speed between the first and last time they
did the task under different lighting conditions (photopic and scotopic). This
suggests that they may have learned the task and improved their performance
over time [34]. The P3 component was larger in the last task compared to
the first task, especially under bright light. This suggests that people paid more
attention as they learned the task. However, the latency of the P3 component did
not change significantly, except in the dim lighting condition, where it became
shorter over time. This suggests that using the display in dim light may help
people learn the task better [35][36][37].

Opverall, the study suggests that lighting and prolonged use can affect how
the brain works when using a volumetric display, but the effects are complex
and depend on the specific task and lighting conditions.
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6. CONCLUSIONS

This thesis investigated how different 3D visualization methods impact
the brain and user experience. The study found that the type of 3D display
(volumetric versus stereoscopic) and image properties (target-absent 2D versus
target-present 3D; photopic versus scotopic conditions) can significantly affect
user performance and brain activity. Volumetric image perception was found
to be potentially faster process and require less cognitive effort compared
to stereoscopic image perception. The research also suggests that EEG is
a promising tool for objectively assessing 3D perception. Overall, the thesis
provides valuable insights for designing future 3D visualization systems and
improving our understanding of 3D perception.
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7. THESES

An application of EEG data to examine depth perception objectively has

been studied by employing several analytical approaches:

L.

The amplitude and latency analysis of both early and late stages of
Event-Related Potentials (ERPs) are reliable factors to examine the depth
perception objectively since an increase in latency of P3 component of
ERP indicates a higher level of difficulty in perceiving the depth either 3D
anaglyph or 2D volumetric. Similarly, a higher amplitude of P3 component
suggests a greater difficulty in depth perception. In addition, frequency
band analysis (particularly the Alpha and Beta bands) is a reliable method
for the objective assessment of depth perception since higher power in these
bands is associated with increased difficulty in depth perception (P1, P2, P3,
P4, C1, C2, C3, C8, Cl11)

The external lighting condition can affect depth perception, therefore,
objective assessment of depth perception by EEG and volumetric display
should be perform in a dim room to avoid any extra load on the cortical
activity. (P2, C3)

The sensitivity of EEG in detecting changes in cortical activities when
perceiving the depth makes it a reliable tool to assess the depth perception
objectively. (P1, P2, P3, P4, all conferences)
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