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Abstract: With the upcoming emergence of the IEEE P3333.1.4 standard, the first ever standardization
document on the subjective quality assessment of light field visualization, we are approaching a major
milestone of light field Quality of Experience (QoE). The research efforts leading up to this point have
answered the fundamental questions regarding perceptual thresholds and personal preference, and
best practices regarding research methodologies have been formed. However, in order to introduce
successful and efficient light field systems and services, research questions beyond perceptual thresh-
olds and personal preference must be addressed, along with the associated methodologies. In this
paper, we propose a comprehensive set of novel research questions and methodologies regarding
light field QoE. Our work also provides a detailed discussion of related factors, particularly those
that extend to test participants and thus may affect the results of subjective studies.

Keywords: light field visualization; Quality of Experience; subjective test methodology;
research question

1. Introduction

Light field visualization enables a 3D sensation without the need of additional viewing
equipment. It is thus more natural than the majority of most state-of-the-art 3D technologies,
and seamlessly enables arbitrary numbers of simultaneous viewers. Many use case contexts
are already envisioned (e.g., industrial, medical, educational, commercial, cinematic, etc.),
and general-purpose and dedicated systems are being developed. Researchers are working
tirelessly to ensure that the Quality of Experience (QoE) of light field displays and their use
cases will not disappoint the viewers and users.

Over the recent years, numerous works on light field visualization have been pub-
lished. Adhikarla et al. [1] performed a preference test regarding multiple levels of degrada-
tion, Bakir et al. [2] examined how view-synthesis-based light field compression affects the
perceived quality; Battisti et al. [3] investigated the artefacts that may appear on views syn-
thesized by depth-image-based rendering (DIBR); Carballeira et al. [4] studied the suitable
levels of view density; Palma et al. [5] and Perra et al. [6] subjectively assessed different
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codecs and bitrates; Paudyal et al. [7] addressed the perceivable results of wavelet-based
watermarking; Recio et al. [8] particularly focused on view transition; Shi et al. [9] evaluated
the performance of the conventional objective quality metrics; and Wen et al. [10] tested
encrypted light field contents. These scientific efforts have a couple of things in common.
First of all, they are all valuable pieces of the literature and assist the advancement of the
field. However, another important commonality is that the experiments did not include the
usage of actual light field displays; the subjective tests were carried out on conventional 2D
displays.

Due to the limited availability of light field displays, the number of works that involve
them is notably lower in comparison. The existing studies predominantly focus on the
fundamentals of light field QoE. These are either measurements of perceptual threshold
levels (e.g., what level of degradation is perceivable by the test participant, what extents
of distortion are still considered adequate for the investigated use case, etc.) or personal
preference tests (i.e., if two representations are both degraded, which representation is
more tolerable). These are, of course, the building blocks of future systems and services of
light field technology, as they provide the necessary insight regarding user experience. For
example, perceptual thresholds enable perceptual coding, which means that if two represen-
tations cannot be distinguished, then the one that requires fewer resources should be used.
Moreover, the upcoming IEEE P3333.1.4 Standard for the Quality Assessment of Light Field
Imaging (https://standards.ieee.org/ieee/3333.1.4/7724/ accessed on 28 February 2022)
is also centered around such scope. However, while these works do answer fundamental
questions regarding light field QoE, there are many other—sometimes significantly more
complex—phenomena that need to be investigated prior to the emergence of light field
technology onto the consumer market. Additionally, addressing such phenomena shall
bring forth the emergence of new, more advanced standards as well.

In this paper, we provide a detailed proposal of novel research questions and method-
ologies related to the QoE of light field visualization. Our proposal extends to practical
considerations and specific hypotheses. We also discuss topics that are not necessarily
particular research questions on their own, but may highly influence the experiments.

The remainder of this paper is structured as follows: Section 2 provides a brief analysis
of the works published so far, addressing the most relevant factors of QoE. The novel
research questions and the related methodologies are proposed in Sections 3 and 4, respec-
tively. Section 5 discusses topics and issues that may significantly affect the investigation of
the proposed research questions. The paper is concluded in Section 6.

2. Analysis of the State-of-the-Art Scientific Literature

In this section, the scientific literature on the QoE studies of light field visualization is
reviewed. As stated earlier, some studies address light-field-related research questions on
displays that do not qualify as light field displays. For example, certain scientific efforts
focused on the perceptual evaluation of light field content using stereoscopic displays.
These include the study performed by Shi et al. [9], where content was presented to test
participants on a 55” stereoscopic display. The authors used the same approach to evaluate
objective metrics in other works [11–13]. Conventional 2D displays are frequently used as
well, such as in the works of Adhikarla et al. [1], Shan et al. [14] and Viola et al. [15].

The scope of the analysis is focused on research efforts where human observers and
real light field displays are involved. A summary of the state-of-the-art scientific works is
provided in Table 1.

https://standards.ieee.org/ieee/3333.1.4/7724/
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Table 1. Summary of the related work.

Publication Content Test Variable Rating Scale Viewing Dist. Movement Display

Adhikarla et al. [16,17] interactive HCI modes NASA TLX, UEQ 50 cm none prototype
Ahar et al. [18] image spatial distortion 5-pt. DCR 5 m none 722RC

Cserkaszky et al. [19] image angular res., interpolation 7-pt. PC 4.6 m sideways C80
Cserkaszky et al. [20] image angular res., light field format 3-pt. PC 4.6–6.5 m both directions C80
Cserkaszky et al. [21] image angular res., light field format bin., 5-pt. ACR, 7-pt. PC 4.6–6.5 m both directions C80

Darukumalli et al. [22] image zoom level 5-pt. ACR, 7-pt. PC 4.6 m none C80
Darukumalli et al. [23] image zoom level, content alignment 5-pt. ACR, 5-pt. DCR 4.6 m none C80

Dricot et al. [24] video compression 5-pt. DCR 6 m none C80
Kara et al. [25] image FOV 10-pt. ACR up to 5 m both directions 80WLT
Kara et al. [26] image angular res., reconstruction 10-pt. ACR 4.6 m sideways C80
Kara et al. [27] image angular res. 10-pt. ACR 4.6 m sideways C80
Kara et al. [28] image spatial res. 5-pt. DCR 4.6–6.6 m both directions C80
Kara et al. [29] image angular res. bin., 25-pt. QC 4.6–5.6 m none C80
Kara et al. [30] image angular res., spatial res. 7-pt. PC 4.6 m sideways C80
Kara et al. [31] image angular res., reconstruction 10-pt. ACR 4.6 m sideways C80
Kara et al. [32] video angular res., spatial res. 5-pt. PC 4.6 m sideways C80
Kara et al. [33] video angular res., spatial res. 5-pt. DCR, 7-pt. PC 4.6 m sideways C80
Kara et al. [34] video angular res., spatial res. 5-pt. DCR 4.6 m sideways C80
Kara et al. [35] image viewing distance 7-pt. PC 4.5–7.5 m none C80
Kara et al. [36] image viewing distance n/a 0.25–8 m back and forth 80WLT, C80

Kovacs et al. [37] image symbol size n/a 5 m none C80
Kovacs et al. [38] image grating density bin. 5 m both directions C80
Kovacs et al. [39] image symbol size n/a 80 cm none 80WLT

Tamboli et al. [40,41] image spatial distortion 5-pt. ACR 2.44 m none 721RC
Tamboli et al. [42] image angular distortion 5-pt. ACR 2.44 m none 721RC
Tamboli et al. [43] interactive content orientation n/a 4.6 m sideways C80
Zhang et al. [44] live video n/a n/a 1.2–3.6 m both directions prototype

2.1. Research Question

As stated earlier, the majority of research questions are centered around perceptual
thresholds and personal preference. Ahar et al. [18] and Kara et al. [26] addressed light field
reconstruction; Cserkaszky et al. studied the perceivable effects of interpolation techniques [19]
and the viability of a novel light field format [20,21]; Darukumalli et al. investigated the Region
of Interest (RoI) [22] and different zoom levels [23] of light field content; Dricot et al. [24]
evaluated compression artefacts; Kara et al. [27–31,33] and Kovacs et al. [37–39] carried out
subjective tests regarding spatial and angular resolutions; the works of Kara et al. also cover
the Field of View (FOV) [25], viewing conditions [34], 3D viewing sensation [35] and preferred
viewing distance [36]; and Tamboli et al. examined the effects of spatial distortion [40,41] and
view synthesis [42], and assessed the personal preference regarding content orientation [43]
as well. The work of Kara et al. [32] on dynamic adaptive streaming is also evaluated
through personal preference. In other works, Adhikarla et al. [16,17] studied interaction and
performance, and Zhang et al. [44] interviewed test participants regarding a novel telepresence
system.

2.2. Test Variables

The test variables of a subjective test are parameters that differ between test conditions.
Fewer variables enable more focused comparisons, while more variables are sometimes
necessary for more complex and more realistic studies. In most cases, a single test variable
is appropriate for research. Determined by the research questions, the variables in the
literature are spatial resolution [28], angular resolution [19–21,26,27,29,31], both spatial and
angular resolutions [30,32–34], spatial distortion [18], viewing distance [35,36], FOV [25],
symbol size [37–39], zoom level [22,23], content alignment [23], compression and distortion
parameters [24,40,41], the number of dropped views [42], content orientation [43] and user
interface attributes [16,17].

2.3. Assessment Methodologies
2.3.1. Evaluation Task

In these works, test participants had to compare degraded stimuli to the reference
quality [23,24,28], compare degraded stimuli to each other [19–22,30,32–34], assess stimuli
on their own [18,22,23,25–27,29,31,40–42], determine symbol orientation [37,39], distinguish
visual grating [38], report personal willingness (i.e., willingness-to-pay and willingness-



Electronics 2022, 11, 953 4 of 17

to-use) [25], rate the 3D experience [35], select the perceptually-supported and personally-
preferred viewing distance [36], set the preferred content orientation [43] and carry out and
evaluate interactive tasks [16,17,44].

2.3.2. Rating Scale

The vast majority of the tests followed ITU recommendations—such as the P.910
(ITU Rec. P.910: Subjective video quality assessment methods for multimedia applica-
tions) and the BT.500 (ITU Rec. BT.500: Methodologies for the subjective assessment of
the quality of television images)—for subjective score collection. Note that these stan-
dards are, of course, not specific for light field visualization. Absolute Category Rating
(ACR) tests were performed on 1-step 5-point [21–23], 0.25-step 5-point [40–42] and 1-step
10-point [25–27,31] variations; the 5-point Degradation Category Rating (DCR) was
used [18,23,24,28,34]; stimuli were compared via 3-point [20,21], 5-point [32] and
7-point [19,21,22,30,33,35] symmetrical scales; binary scales were utilized for acceptance [21],
willingness [25] and content discrimination [38]; and a 25-point quasi-continuous scale [29]
was used, as well as the NASA Task Load Index (TLX) questionnaire (https://humansystems.
arc.nasa.gov/groups/TLX accessed on 28 February 2022) and the User Experience Ques-
tionnaire (UEQ) (https://www.ueq-online.org accessed on 28 February 2022) [16,17].

2.4. Viewing Conditions
2.4.1. Viewing Distance

For smaller displays, the viewing distance during the experiments varied between
50 cm [16,17] and 80 cm [39]. The only exception was the assessment of the FOV [25],
where it was up to 5 m. For larger displays, the most common viewing distance was
4.6 m [19–23,26–34,43] but, depending on the research question, greater distances—up
to 7.5 m—were frequent as well [18,20,21,24,28,29,37,38]. In the early works of Tamboli
et al. [40–42], a close distance of 2.44 m was chosen for accurate evaluation on the large
display. For the assessment of the small telepresence system of Zhang et al. [44], the
distance ranged between 1.2 m and 3.6 m. Regarding experiments that addressed viewing
distance directly, the possible options were either every 0.5 m between 4.5 m and 7.5 m
(large display) [35], every 0.25 m between 0.25 m and 8 m (small display) [36] or every
0.25 m between 4 m and 8 m (large display) [36].

2.4.2. Observer Motion and Viewing Angle

Observer motion varies a lot in the scientific literature. In many cases, test participants
were instructed to remain—either standing or sitting—in a fixed position during the ex-
periment [16–18,22–24,29,30,37,39–42]. Since the displays selected for the tests supported
horizontal parallax, sideways motion was included in the experimental setup, typically
in the ranges of 1 m [19,26–28,31–34] and 4 m [20,21]. In other tests, either a radius was
defined for arbitrary movement (e.g., 3.6 m [44] or 5 m [25]) or movement was completely
unconstrained, limited only by the FOV itself [38,43]. When the viewing distance was
addressed [35,36], sideways movement was excluded. As for viewing angle, the default
approach was to use the center view. Only a couple of studies deviated from this prac-
tice [29,40–42], which all define fixed seats for the test participants.

2.4.3. Test Environment

In every single case, the test environment was a laboratory setting, isolated from
external audiovisual distractions. Lighting conditions did not vary much from the best
practice of providing a relatively dark environment, completely shielded from natural
sources of light. The most common values of lighting conditions were around 25 lx if the
display brightness was approximately 1500 cd/m2. A high portion of the experiments
used the HoloVizio C80 light field cinema system (http://holografika.com/c80-glasses-
free-3d-cinema accessed on 28 February 2022) [19–24,26–38,43], but the HoloVizio 80WLT
(https://holografika.com/80wlt accessed on 28 February 2022) [25,36,39], the HoloVizio

https://humansystems.arc.nasa.gov/groups/TLX
https://humansystems.arc.nasa.gov/groups/TLX
https://www.ueq-online.org
http://holografika.com/c80-glasses-free-3d-cinema
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721RC [40–42]—which was superseded by the 722RC (https://holografika.com/722rc
accessed on 28 February 2022) [18]—and different prototypes [16,17,44] were used as well.
All of these systems are horizontal-only parallax (HPO) light field displays.

2.5. Test Participant Demographics

Subjective test series most commonly include 20 test participants [22,23,25–28,31,32,40–42].
Other test participant numbers in the scientific literature are 6 [44], 10 [43], 12 [16,17,20], 16 [24],
18 [33–35], 21 [19], 22 [29,30,36], 24 [21], 40 [18] and 53 [39]. Test participants are either naïve
individuals (i.e., not experts of light field technology) or experts, both screened for vision capabilities.
Individuals belonging to the latter category are significantly more difficult to recruit for obvious
reasons. The average age of test participants is typically between 25 and 30, yet the range of age
distribution may vary a lot, particularly in the upper regions. The youngest test participants were
around 20 in almost all of the experiments, yet, for example, the oldest were 30 [44], 36 [16], 42 [34],
50 [22], 58 [30] and 65 [36] in the different test series. Regarding gender distribution, it is a common
aim to have nearly the same number of male and female test participants; however, in practice, it is
rather common that there are more male than female test participants in a subjective study on light
field visualization.

3. Novel Research Questions

In this section, we propose novel research questions, the investigation of which shall
greatly contribute to the understanding of light field QoE, aid the development of future
standards, and serve the advancement of the emergence and deployment of light field
systems and services.

The distribution of the state-of-the-art scientific literature and the completely open
research questions—which are not addressed by research yet—are shown on Figure 1. The
published works are cited by the same numbers as in Table 1, and generally as throughout
the entire paper. A great portion of the relevant research efforts focused on visualization-
related research questions. System-related research questions are ample as well, but the
majority addresses the Key Performance Indicators (KPIs) of light field visualization [45],
and a few used dedicated systems (i.e., prototypes). Works on viewer-related research
questions investigated viewing conditions, interaction and user interface.

Key Performance Indicators

Technological Comparisons*

Dedicated Systems

High Dynamic Range Visualization*

Super Resolution*

Full-Parallax Imaging*

Etc.

System-related

Research Questions

Visualization-related

Research Questions

Compression

Distortion

Reconstruction

Interpolation

View Synthesis

Representation Formats

Region on Interest

Zoom and Orientation

Etc.

Viewer-related

Research Questions

Immersion*

Interaction and HCI

Viewing Conditions

Inter-User Effects*

Cognitive Bias*

Underrepresented Observers*

Perceptual Fatigue*

Etc.

Adhikarla et al.: [16] [17]

Ahar et al.: [18]

Cserkaszky et al.: [19 – 21]

Darukumalli et al.: [22] [23]

Dricot et al.: [24]

Kara et al.: [25 – 36]

Kovacs et al.: [37 – 39]

Tamboli et al.: [40 – 43]

Zhang et al.: [44]

* Not addressed by research yet

Research

Questions

[16]
[17]

[18]

[19] [20]
[21]

[22]
[23]

[24]

[25]

[26]

[27]
[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37] [38]
[39]

[40] [41]

[42]

[43]

[44]

Figure 1. Distribution of the state-of-the-art scientific literature and open research questions.
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Specific research questions may relate to two or three categories simultaneously. For
example, the works of Cserkaszky et al. address interpolation techniques [19] and light
field formats [20,21] based on the variation of KPIs, and Adhikarla et al. [16,17] studied
interaction on a novel dedicated system. Thus far, no work investigated the combination of
viewer-related and visualization-related research questions, and evidently this is applicable
to the combination of the three categories as well.

3.1. Immersion

Immersion is a process through which individuals may forge a deeper connection
with the perceived content, otherwise known as Cognitive Absorption (CA), as defined
by Agarwal et al. [46]. This enables viewers to understand the content better and enhance
their perception of realism. Immersion may be achieved through a variety of different
factors that could impact how immersed a viewer is in the content. According to the best
knowledge of the authors, up to this point in time, no subjective tests have been carried out
to measure the level of immersion for light field visualization.

Subjective tests should address factors of immersion that may be specific to light field
technology. Hypotheses on the potential improvement of immersion should be tested as
well. Furthermore, conventional methods and metrics of immersion assessment should be
utilized, and research should aim to develop newer, more fitting solutions. One particular
way of measuring immersion is through questionnaires completed by test participants. Task
completion time and physiological measurements may also provide information regarding
the level of immersion.

Light field content itself is a key supporting factor of immersion. Volino et al. [47]
discussed two main issues that could impact immersive content. According to the views of
the authors, the quality of content representation and compression are essential in building
an immersive bridge between the content and the viewer.

3.2. Interaction

An example of the interaction between test participants and light field systems is the
modification of the representation of the visualized content. It enables test participants to
change the orientation and zoom level of the represented objects in the scene, and other
forms of content alteration are possible as well, such as panning the entire scene. However,
interaction covers a broad range of activities, from playing 3D games to creating static and
dynamic contents. Most of these activities are very well defined for the potential future use
cases of light field technology.

While task completion time may provide information regarding the level of immersion,
it is much more relevant to studies focused on interaction. Evidently, questionnaires may
address multiple components and factors of the global user experience. It is vital to
the success of interactive use cases to study the link between visualization quality and
user satisfaction.

Additionally, there are, in fact, use cases for multi-user scenarios, such as the so-
called “split-screen” gaming. However, unlike in the 2D counterpart where per-user
screen resolution is sacrificed to enable multiple views, users may be angularly separated.
This also provides the added benefit that a specific game view can only be observed by
a given player—highly supporting competitive gaming. Regarding gaming in general,
considerations regarding “playability” should be thoroughly addressed. This includes end-
to-end delay, where one end is the input from the user, and the other end is the perception
of change in the system. The investigation of delay is particularly important due to the
potentially high rendering times of light field technology.

There may be interaction between users as well. This is especially applicable if users
engage with the same system locally. However, such form of interaction leads to inter-user
effects, which are detailed later in the section.
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3.3. Human–Computer Interface

Human–Computer Interface (HCI) studies are similar to interaction studies in the sense
that the test participant interactively engages with the light field visualization system. The
main difference is that while interaction studies consider the entire pipeline of interaction,
HCI studies particularly focus on the specific interface through which test participants
provide input. Furthermore, interaction studies may completely minimize the role and
scientific relevance of the interface within the research. For example, in the work of
Tamboli et al. [43], an interactive use case is addressed, but there is no emphasis whatsoever
on the HCI.

Thus far, Adhikarla et al. [16,17] carried out subjective tests on the HCI of light field
displays. During the experiment, the test participants were instructed to touch a red
square within the visualized light field. However, in order to address the primary practical
properties of the HCI, two interfaces were evaluated. One was a “3D mode”, which was
the light field interface, and the other was a “2D mode”, which was technically still light
field, yet the plane of visualization was very close to the plane of the surface of the display.
Performance was evaluated via task completion times, cognitive workload and perceived
user experience.

There are many types of HCI solutions that are to be investigated, and the number
of potential hypotheses is quite generous as well. Since light field displays offer glasses-
free 3D visualization to multiple viewers simultaneously, it is perfectly valid to think of
the viewers as users—specifically in novel interactive use cases—and thus to consider
multi-user engagement. Regarding both single-user and multi-user contexts, the appro-
priate parametrization of 3D control interfaces (similar to what was used in the work of
Adhikarla et al.) should be investigated, such as perceivable depth, resolution values and
spatial separation. Finally, it should be mentioned that certain purpose-specific, dedicated
light field displays are expected to have specially designed user interfaces to accommodate
the tasks assigned to their use cases, and they should be optimized through exhaustive
QoE research.

3.4. Viewing Conditions

Novel research questions arise regarding viewing conditions for light field displays
with respect to other types of 3D displays, including glasses-based and autostereoscopic
displays. A significant difference between autostereoscopic and light field displays is
that the latter provides a continuous perspective over the FOV, while the other relies on
so-called “sweet spots” and it is common that the small-FOV content repeats over the FOV
of the display periodically.

In the case of light field displays, the viewing position and motion path of the test
participant are crucial to perceived quality. The viewing position can be described by
viewing angle and viewing distance. The latter is particularly important, since apart from
angular resolution, it is the other major factor that determines perceived ray density, which
evidently correlates with 3D experience. In the scientific literature [35,36,48], the first steps
have already been taken, but they are just the beginning of a long journey.

The motion of test participants is a highly relevant research topic, since the continuous
change in perspective may provide a compensation for insufficient technical properties,
such as resolution [34]. This should be taken into consideration when designing systems
for use cases where viewers are typically moving. QoE research should separately study
the most relevant use cases, such as digital signage.

Another vital aspect of the viewing conditions of light field systems is the level of en-
vironmental illumination, commonly referred to as lighting conditions. Light field displays
are designed with the purpose of enduring the lighting conditions that conventional 2D
displays face in their usage contexts. The works of the scientific literature present light field
visualization under the favorable conditions of laboratories (i.e., no external light sources
and controllable illumination). QoE studies should aim to consider the possible lighting
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conditions of practical use cases and test the limits of light field displays by intentionally
exposing them to bright environments.

3.5. Inter-User Effects

One of the greatest strengths of light field displays is the fact that multiple observers
may view the 3D visuals simultaneously. Many of the use case contexts are envisioned in
a way that this vital attribute shall provide a significant added value compared to other
3D technologies. As a matter of fact, such systems and services aim to be analogous to
the conventional 2D counterparts. Let us just take for example the exhibition of cultural
heritage, where many visitors view the exhibited entity at the same time. The difference in
digital presentation is that light field visualization enables a 3D perception of the entity,
while 2D systems require content rotation and animation to achieve a fraction of the
visual experience.

However, the viewing company itself may contribute to the global experience of the
individual. In fact, there are numerous ways that the presence of other viewers or users
may influence the viewer or user of a use case. In the scientific literature, no research
has addressed the inter-user effects of light field visualization. The vast majority of the
experimental setups of the subjective tests were designed for a single test participant.
Of course, from a methodological point of view, this is a perfectly valid choice. After
all, excluding the option of having simultaneously present test participants enables a
more focused, more controlled experiment, and prevents certain biases. For example,
in an early work on the cinematic experience [29], test participants were assigned to six
viewing positions (i.e., six seats). Yet, at a time, only one of these seats was occupied by a
test participant.

The investigation of inter-user effects should extend across multiple research topics.
First of all, test participants affect each others task performance, the fact of which has
been studied in countless contexts over half a century. For example, the publication of
Murray et al. [49] highlights this effect in the case of rowing in virtual reality. What is
more important is that the results of quality assessment tasks may be directly affected as
well—even without the approach of the classic study of Asch [50] on independence and
conformity. Therefore, this consideration on its own already opens up methodological
questions of subjective data collection. Naturally, the presence of others may also result
in temporary visual occlusions (i.e., the view of one may be partially blocked by another).
Furthermore, the more test participants are present, the more the observer motion of one
is constrained; this is particularly applicable to the observation of viewing perspective
transitions, especially when combined with potential occlusions. While many of such
studies should be carried out in a general context, later research should specifically address
use cases.

3.6. Cognitive Bias

Subjective studies are easily affected by cognitive bias. They may fundamentally
shape the quality ratings, and thus, may be the source of numerous research questions and
hypotheses. The better we understand cognitive bias, the easier it is to prevent or to handle
distorted QoE research results.

There are many forms of cognitive bias that may apply to light field visualization.
For example, in the case of confirmation bias [51], a test participant has a preconception
about the quality, and seeks visual confirmation about the prior idea. Evidently, this may
greatly affect the focus, the attention of the test participant. However, the memory of visual
experience may be influenced as well, via the misinformation effect [52], during which new
pieces of information may overwrite older ones—sometimes incorrectly. When the use
cases of light field displays are addressed, the framing effect [53] may be relevant as well,
which affects perception through the context itself. Additionally, since the vast majority of
naïve test participants have never seen any light field system prior to the experiment—or
has never even heard of the technology—the initial visual experience may result in the
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effect of anchoring [54], and introducing light field technology to such individuals may
induce the labeling effect, the influence of which has already been studied for Ultra-High
Definition (UHD) [55] and High Dynamic Range (HDR) [56] displays.

3.7. Under-Represented Observers

A common practice in QoE studies is that test participants are screened for normal
vision. The literature on light field QoE is no stranger to this; in fact, all the published
works so far follow the standard screening procedures, namely the Snellen chart for visual
acuity, the Ishihara plates for color vision and the butterfly test for 3D vision. It does
make sense to screen test participants for experiments on perceptual thresholds and for
modeling; however, once light field systems and services emerge, they are meant to be used
by everyone.

Individuals with imperfect vision are currently under-represented in light field re-
search. It is vital that scientific knowledge is gained on their perception of light field
visualization in order to account for their presence in future use case contexts. Furthermore,
beyond the core purpose of inclusion, specific systems and solutions can be developed to
assist those with imperfect vision.

Visual acuity is highly relevant to spatial resolution. Insufficient spatial resolution
may lead to blurred visuals. According to findings so far [28], screened test participants
typically tolerate spatial resolution reduction well, yet this may differ for those without
the same level of visual acuity. Color vision is fundamentally important to depth and
angular resolution, as the perceived hue may affect depth perception [57]. Finally, the
perceived smoothness of the parallax effect may greatly vary between test participants
screened for 3D vision and those who would not qualify as test participants in the works of
the current literature.

3.8. Perceptual Fatigue

Thus far, no subjective test has been carried out to address the perceptual fatigue
that may come with the observation of light field displays. QoE studies should model the
exhaustion of test participants, which is particularly important to the aforementioned under-
represented observers. Furthermore, comparative studies should investigate the difference
between light field visualization and other 3D technologies in terms of perceptual fatigue.

3.9. Technological Comparisons

Up to this point in time, subjective tests investigated light field visualization on its own,
without direct comparison to other visualization technologies. Technological comparisons
could quantify the enhanced effectiveness and efficiency of light field use case contexts. A
straightforward example is digital signage, where most of its commercial utilization aims
to gain and hold attention. In an experiment, contents of digital signage could be displayed
on a light field display and a high-end yet technologically more conventional display, and
simple eye tracking could differentiate the achieved levels of visual attention.

Another important comparison could be task performance. First and foremost, it
could serve as a basis to test the efficiency of light field HCI solutions, and the obtained
results could support further improvements of interfaces. Secondly, such 3D interfaces
are not de facto “better” in terms of performance. Direct technological comparisons could
enable exhaustive analyses of the use cases, and, for instance, if the results suggest that a
conventional 2D interface is more adequate for the given context, then a hybrid solution
could be optimal.

3.10. Dedicated Systems

At the time of writing this paper, most light field displays are universal; they are
general-purpose glasses-free 3D displays. There are already examples of dedicated systems
as well, such as LightBee [44] or the telepresence system of Holografika [58], both serving
communication purposes. It is expected that numerous dedicated light field display systems



Electronics 2022, 11, 953 10 of 17

will emerge in the upcoming years. It is imperative that such devices are thoroughly
tested in terms of QoE, particularly in light of the designed usage contexts. Such research
efforts would primarily cover viewing distance, optimized resolution values and HCI
solutions, but other considerations and research questions could apply as well, such as
inter-user effects.

3.11. High Dynamic Range Visualization

Although light field and HDR displays are already available, their combination is still
a matter of ongoing research. HDR technology shall be a valuable addition to light field
visualization, as on its own, it contributes to a better representation of reality [59].

In 2009, Lumsdaine and Georgiev [60] introduced the focused plenoptic camera with
a lenslet array. The latter acts as an “imaging system focused on the focal plane of the
main camera lens”. This method allows the captured light field to have a higher spatial
resolution compared to what may be captured by conventional plenoptic cameras. While
this method produces HDR light fields with acceptable parallax, a decrease in the angular
density is evident. As an extension to the focused plenoptic cameras, two techniques were
suggested by Georgiev et al. [61] for rich image capture. This is achieved via multiplexing
the captured plenoptic function by interleaving the filters either at the mircrolens array
or at the main camera lens. Regarding videos, the work of Schedl et al. [62] addresses the
motion blur problem occurring in the case of camera movements within the capture process.
Wang et al. [63] designed a hybrid imaging system, which consists of a light field camera
and a digital single-lens reflex camera with high resolution. Additionally, two attempts
were made to generate HDR light field images via the usage of various plenoptic cameras
with multiple exposures [64,65].

These scientific efforts contribute to the capture of HDR light field contents; however,
appropriate display systems will be necessary to visualize them. Regarding research
question, QoE studies should compare the performance of the solutions mentioned above.
After carrying out the necessary subjective tests on the perceptual thresholds of brightness,
contrast and color, their combinations with spatial resolution and angular resolution should
be addressed; hypotheses can be built on the interdependence between the extended
ranges of HDR and light field resolution values. As for use cases, studying medical
visualization would be particularly beneficial, since the improved contrast could advance
diagnostics accuracy.

3.12. Super Resolution

One of the greatest long-term goals of light field display development is to achieve
super resolution. Normally, if an observer is within a recommended viewing distance [48],
then a given point on the surface of the screen of the light field display may address the
two pupils of the individual with two distinct light rays. In the case of super resolution,
such a point may address a single pupil with two distinct light rays.

The most important benefit of achieving super resolution is that observers may focus
within light field visualization. A notable limitation of the state-of-the-art light field
technology is that no matter the perceived depth, the eyes of the observers always focus
on the plane of the screen. With super resolution, one may focus on the different spatial
portions of the visualized content.

At the time of writing this paper, the ray density required for super resolution has not
yet been implemented in a light field display. Once it is achieved, QoE research should
address the perceptual effects that arise from ray density variations around the threshold
of super resolution. For example, what impact would the gradual appearance or disap-
pearance of in-content depth differentiation have on the Human Visual System (HVS)?
How would super resolution affect the perception of the other KPIs of light field visualiza-
tion? Would super resolution enhance task performance on a statistically significant level?
These are all important questions, and many other hypotheses are to be tested once super
resolution becomes a practical reality.
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3.13. Full-Parallax Imaging

The other grand milestone of light field system development is the creation of full-
parallax (FP) displays. Such technology is somewhat meant to deliver the “ultimate”
glasses-free visualization—particularly with a high ray density—since the correct parallax
effect may be provided along both the horizontal and the vertical axis. However, while
progress is indeed notable [66,67], similarly to super resolution, the emergence of FP
displays is yet to come.

An array of research questions could compare the performance and subjective quality
of HPO and FP light field displays. Evidently, one of the most relevant KPIs would be
angular resolution, the investigation of which is highly valuable to light field QoE research,
since scientific knowledge on the perceived smoothness of the vertical parallax is currently
lacking. Furthermore, it is technically possible to create light fields that have different
horizontal and vertical angular resolutions. A greater ray density along the horizontal axis
is much more relevant, since the human eyes are horizontally separated and the majority of
use-case-related motion paths have dominant horizontal components. Finally, it should be
intensely studied whether it makes any practical sense to deploy FP displays to certain use
cases. For example, in the case of a light field cinema, the vertical disposition of the eyes (i.e.,
through the up and down movement of the head) may be negligible. However, one must
not forget that the introduction of novel technologies may fundamentally reinvent—or
realign—the existing concepts of specific use cases and usage contexts.

4. Proposed Methodologies

In this section, we propose research methodologies that are relevant to the in-depth
investigation of the novel research questions.

4.1. Physiological Measurements

Recent studies on measuring the perception of test participants through physiological
signals have provided rich insight into relevant features. Such experimental approaches
should be extended to studies on light field visualization. The work of Engelke et al. [68]
discusses physiological measurement methods which may be grouped in three categories:
(i) cognitive interaction techniques via the central nervous system (CNS) to measure brain
activity such as electroencephalography (EEG) and near-infrared spectroscopy (NIRS);
(ii) nervous system response through measurements associated to the sympathetic division
of the autonomic nervous system (ANS) and measuring electrocardiography (ECG), electro-
dermal activity (EDA) and pupil diameter states to indicate the level of the test participant’s
cognitive state; and (iii) eye tracking, eye blinking rate and pupil dilation may also give
valuable insight into cognitive state, engagement level and fatigue state [69].

While these methods were used in preliminary studies to predict the sense of pres-
ence in immersive audiovisual communications on conventional 2D displays [70], no
such studies exist for light field visualization. Therefore, research methodologies should
adopt the usage of physiological measurements, particularly to assess the saliency of light
field contents.

4.2. Viewing Conditions

Viewing conditions, already on their own, form research questions and hypotheses
that should be investigated and tested. However, they are also highly relevant to the
experimental setups of QoE studies when they are not the center of attention. This is
applicable to the viewing angle, viewing distance, observer motion and lighting conditions.
When addressing specific use cases of light field visualization, primarily the settings of
viewing conditions simulate the context. Therefore, QoE studies should aim to progress
towards realistic parameters of viewing conditions in order to properly explore the use
cases. It is important to highlight that these conditions must be satisfied simultaneously
in order to achieve the desired test validity. Yet, there should be a priority between the
different viewing conditions during experimental progress. The higher priority should be
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enjoyed by viewing distance and observer motion, due to their relevance already exclaimed
by the scientific literature [34–36,48]. Once the visual phenomena are sufficiently studied,
then QoE research should proceed to repeat most of the major experiments under different
lighting conditions. It should be noted that the perception of the investigated effects may
vary when the environmental illumination changes. For example, it is possible that the
angular compensation that originates from observer motion acts differently when external
light sources (e.g., direct sunlight) reach the screen of the light field display.

4.3. Rating Methodologies

The QoE community has many standards and best practices regarding rating method-
ologies. However, not every option is valid in the context of light field visualization. The
most apparent issue rises around the simultaneous stimuli method. This method means
that two representations of a given content are presented to a test participant. This can
be ACR assessment (e.g., rate the two stimuli on the same scale), DCR assessment (e.g.,
compare the impaired stimulus to the reference stimulus) or a paired comparison (e.g.,
compare the two impaired stimuli). The most common form of simultaneous stimuli is a
side-by-side presentation. However, due to the angular nature of light field displays, the
two representations would be seen from different perspectives, and hence their comparison
is not valid. Of course, it is possible to construct visual contents that are symmetrical along
the horizontal axis, but this is not practical and definitely not applicable to most use cases.
Therefore, only sequential, temporally separated tests are advised.

5. Discussion

In this section, we discuss considerations regarding the QoE studies of light field
visualization. The discussion is centered around test participants; after all, they provide the
subjective data that are the primary output of such scientific efforts.

5.1. Subjective Test Duration and Test Participant Fatigue

As mentioned earlier in the paper, a QoE study on light field visualization quality
typically involves one or two test variables. Yet, in order to progress towards the testing
of more complex, realistic use cases, the number of test variables may significantly rise.
The main issue with this is that exhaustive testing addresses every single combination,
which may result in greatly extended test duration. Let us suppose that an experiment
considers five test variables. If each variable has four possible values, then the number of
test conditions in an exhaustive test is 1024, which is simply unmanageable in a subjective
study. If the number of possible values is only two, then there are 32 test conditions.
However, the variables are rather limited in this case. Still, a reasonable study can be
designed with these parameters. Let us also assume that every stimulus is only shown
once and that an ACR scale is used to collect the quality ratings. If there are only three
source contents, then there are 96 stimuli. If static light field images are evaluated and each
is shown for 20 s, then the duration of visualization is already over half an hour. However,
this needs to be extended with an evaluation period for each stimulus (let us assume 10 s)
and a separation screen between the stimuli (let us assume 5 s). This means that the total
duration of the test in this example is almost an hour.

An hour, in experimental practice, can be tolerated, particularly if breaks are included.
Yet, this hypothetical duration was calculated for a test with severely limited test variable
values, which may not be compatible with many research questions. One solution to
contain the test duration within reasonable limits is to abandon the approach of exhaustive
testing. In such a case, not every variable combination forms a test condition. The number
of source stimuli should not be reduced, as this increases the content-dependency of the
results. Separation screens cannot be left out, as the direct transition between stimuli may
greatly bias judgment. The reductions in observation and assessment times also lead to
the loss of rating accuracy. Another option for the containment of total duration is that
a test participant rates only a portion of the available test stimuli. However, this is only
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applicable to certain methodologies and it is generally less advisable than abandoning the
approach of exhaustive testing.

The greatest risk of having long subjective tests is the potential fatigue of test par-
ticipants. At the time of writing this paper, the scientific community is not aware of any
technology-specific fatigue factor of light field visualization. However, even if the observa-
tion or usage of light field displays does not additionally exhaust test participants, fatigue
may still occur if the test is too long. Again, it needs to be added that subjective studies
have not addressed perceptual fatigue in the context of light field visualization.

5.2. Physical and Mental Conditions of Test Participants

As the outcome of a subjective test depends on the participants’ ability to visualize
and interpret the content, while conducting subjective tests it is crucial to consider the
physical and mental conditions of test participants. Since the presented contents are of
3D nature, one of the key aspects of participant selection criteria should be their ability to
perceive 3D content. Individuals with a stereo blindness condition would not be able to
perceive stereoscopic depth; hence, preliminary testing of participants via the Random-
dot Butterfly test is required—unless the research question focuses on how the under-
represented observers perceive light field visualization.

Mental conditions and the compliance of test participants may be evaluated through
consistency checks, either by repeating some test conditions for each subject and checking
the consistency of the associated scores or, as proposed by Pezzulli et al. [71], analyzing the
relationship between scores of the different test participants and content in complete tests
(i.e., where the same set of test participants scores all the processed contents under test).

The conditions of test participants after subjective tests should also be monitored for
possible visual discomfort, possibly resulting in dizziness or sickness, which can occur
after any type of 3D visualization: virtual stereoscopic stimuli, such as in 3D displays, may
cause improper vergence and accommodative responses, which can thereby result in visual
discomfort [72,73]. Although it has been hypothesized that light field displays do not cause
visual discomfort and nausea as other forms of 3D visualization, in particular in the case of
high angular resolution, more relevant studies are needed.

5.3. Training and Screening of Test Participants

Training the viewing subjects before subjective tests on specific light field content is
important, as well as testing stereo blindness with classical tests. In particular, many test
subjects have not experienced the visualization of light field content before the tests and
the design of an appropriate training session is important to avoid the scores of the first
tests being affected. As indicated by earlier research [27], insufficient training to the novel
visual phenomena may result in inconsistent or invalid ratings. The case of low angular
resolution is particularly relevant, since the degradation suffered by the smoothness of the
parallax effect is completely lacking from our daily perception of the natural 3D world.
Appropriately designed training sessions can also limit the cognitive bias effects discussed
among the novel research questions.

5.4. Feasibility and Complexity of Novel Subjective Tests

The most straightforward research questions are viewing conditions, inter-user ef-
fects, cognitive bias and under-represented observers. Viewing conditions increase the
complexity of the research only if objective measurements of disparity are involved [35].
Of course, certain experimental setups may be difficult to implement if, for instance, the
research environment is not suitable for investigating specific parameters (i.e., if the lo-
cation of the subjective study is limited in space and higher viewing distances are thus
not supported). Addressing inter-user effects requires light field displays that provide
larger, wider FOVs. This may not be relevant if the test participants are seated. The vast
majority of cognitive-bias-related research questions do not increase complexity at all. For
instance, it can be induced by particular descriptors of quality (i.e., labels). Investigating
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the perception and task performance of under-represented observers only makes research
less straightforward in the sense that certain test participants—e.g., those with a specific
type of colorblindness—may be difficult to recruit. This may prolong the total time pe-
riod dedicated to carrying out the subjective tests, or may reduce the total number of
test participants, which is counterproductive to statistical analysis and thus, weakens the
findings.

Subjective studies that involve physiological measurements are de facto more complex,
due to the additional devices that collect data from the test participants. This is particularly
applicable to tests on immersion. If immersion is assessed by self-reported ratings, then the
subjective test is rather straightforward. However, if immersion is measured, for instance,
via EEG or EDA, then the complexity of the physiological measurement notably contributes
to the global complexity of the subjective study. Similar statements can be made about the
measurement of test participant fatigue.

System-related research questions are considerably more challenging to address in
terms of implementation. If the study investigates direct technical comparisons, then two
devices must be located in the same research environment. This not only poses additional
requirements towards the research environment, but it also means that both devices should
be available simultaneously. Provisioning dedicated displays can be particularly tricky,
since at the time of writing this paper, all of them are prototypes. Research questions
on interaction and HCI can be more straightforward if the research question does not
necessitate special hardware. For example, using conventional controls—as in the work of
Tamboli et al. [43]—does typically not increase the complexity of the research.

Evidently, the least feasible research questions currently are related to HDR visual-
ization, super resolution and FP imaging. As no such systems are available for subjective
studies, one shall have to wait for the development of the first prototypes.

6. Conclusions

In this paper, we proposed novel research questions and methodologies for studying
the QoE of light field visualization, and discussed the relevant factors of such experiments.
As more research institutions have started gaining access to real light field displays, it is
expected that the collective output of the scientific community will steadily increase in
the following years. Such novel studies shall advance the best practices and the related
research methodologies, ultimately paving the way for new standards. Results regarding
complex issues have the potential to significantly benefit both users and manufacturers, by
enabling a user-centric yet cost-efficient perspective.
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