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Abstract

Head-mounted displays (HMDs) allow the visualization of virtual content and

the change of view perspectives in a virtual reality (VR). Besides entertainment

purposes, such displays also find application in augmented reality, VR training,

or tele-robotic systems. The quality of visual feedback plays a key role for the

interaction performance in such setups. In the last years, high-end computers

and displays led to the reduction of simulator sickness regarding nausea symp-

toms, while new visualization technologies are required to further reduce ocu-

lomotor and disorientation symptoms. The so-called vergence–accommodation

conflict (VAC) in standard stereoscopic displays prevents intense use of 3D dis-

plays, so far. The VAC describes the visual mismatch between the projected

stereoscopic 3D image and the optical distance to the HMD screen. This con-

flict can be solved by using displays with correct focal distance. The light-field

HMD of this study provides a close-to-continuous depth and high image reso-

lution enabling a highly natural visualization. This paper presents the first

user-study on the visual comfort of light-field displays with a close-to-market

HMD based on complex interaction tasks. The results provide first evidence

that the light-field technology brings clear benefits to the user in terms of

physical use comfort, workload, and depth matching performance.
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1 | INTRODUCTION

Although the principles of eye vergence1,2 and the interre-
lations of stereo vision and depth perception3 were
observed and studied already a long time ago, the physi-
cally correct or natural visualization of virtual scenes
remains a challenge in modern display technology.

Stereoscopic head-mounted displays (HMDs) provide
two views—one for each eye—from view perspectives
with a distance corresponding to that of the human eyes.
Head-mounted near-eye displays are used for entertain-
ment purposes as movies or gaming and also for indus-
trial virtual reality (VR) training or tele-operation
systems. In these applications, for instance, a human
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operator uses an input device to control a remote or vir-
tual robotic system to operate in the remote or virtual
environment respectively. This requires sufficient image
resolution and framerate and also a natural visualization
to allow for lengthy usage without visual discomfort.

In the last decade, stereoscopic displays were opti-
mized in terms of resolution, tracking accuracy, and visu-
alization latency with focus on reducing simulator
sickness. Thereby, different theories of simulator sickness
were considered,4 which are mainly related to nausea
and disorientation symptoms.5 Besides the remaining
simulator sickness issues related to the naturalness of
motion cues from input devices,4 the optimization of
standard stereoscopic displays reaches its limits. One
remaining major drawback of conventional HMDs is
their inability of presenting the content in a physically
natural way since all objects are presented with a fixed
focal distance. Hence, the content is only visualized
sharply when the eyes' lenses focus this distance and, as
a consequence, also no variable depth sharpness can be
presented. This limitation leads to the so-called
vergence–accommodation conflict (VAC,6-8). The ver-
gence distance is the distance in which the eyes' lines of
sight intersect, while the accommodation distance
describes the distance which the eye lens must focus to
produce a sharp retinal image.9 The VAC origins from
the mismatch between the 3D pose of an object (vergence
distance) and the eye focusing distance (accommodation
distance) in conventional stereoscopic displays. The neu-
ral coupling of the vergence and accommodation and the
respective conflict in conventional stereoscopic displays
lead to distortions in 3D perception, difficulty in focusing,
and visual discomfort or fatigue.9 To this end, the VAC is
mainly related to the disorientation and oculomotor
symptom cluster of Kennedy et al.5 The focal distance of
conventional stereoscopic displays is mostly around 1.5
to 2 m. Thus, the VAC is very pronounced for objects in
distances below approximately 1 m regarding the analysis
of Banks et al.10 This renders conventional displays
uncomfortable especially for typical human arm reaching
distances and thus for interaction tasks.

The light-field or varifocal display technology in gen-
eral aims to cure this VAC through physically natural
presentation of the content. In contrast to conventional
stereoscopic displays with one fixed focal distance,
light-field displays are able to render different focal
planes visible to the human eye. Thus, light-field displays
allow focusing objects at the correct 3D position and con-
sequently the VAC can be solved. The authors of Banks
et al.11 reported that predator animals have special pupil
shapes for increased depth sharpness which improves the
depth perception of the animals. This indicates that light-
field displays promise not only to solve the VAC but also

to improve the depth perception due to increased depth
sharpness.

A large variety of technologies to display different
depth areas12-14 was proposed, including holographic dis-
plays15 and such based on microlens arrays, multiple
depth planes,16,17 or varifocal elements (e.g., focus-
tunable lenses18,19 or deformable membrane mirrors20).
It has to be noted that most of such displays providing
high resolution are still restricted to non-wearable near-
eye displays. Other methods apply eye-tracking for eye
gaze recognition and the corresponding refocusing of the
displayed view.21 In general, hardware-based solutions as
displays that present a full light-field are physically more
natural in that the refocusing effect happens in an opti-
cally realistic manner and thus instantaneously. In con-
trast, software-based solutions based on eye-tracking are
potentially affected by latency or inaccuracies since sen-
sor and processing loops are involved. While the varifocal
devices of the companies Magic Leap (two depth
planes,22), Microsoft (one depth plane,23), or nreal24

achieve partially sufficient image resolution, the image
depth is restricted to only few depth planes as for the
devices of vuzix (one depth plane,25), Google (one depth
plane,23), AVEGANT (three depth planes,26) and
LightSpace Technologies (four depth planes,27) with
reduced image resolution. On the other side, devices pro-
viding up to infinite depth resolution often provide low
image resolution (VIVIDQ,28 CYVISION29 and SeeReal
Technologies30).

The light-field head-mounted display31 applied in this
study is not based on microlens arrays, but on sequential
projection of different view points as described later in
more detail. This solution provides a high depth and spa-
tial resolution at the same time and avoids high computa-
tional efforts, eye-tracking, and computation delays. In
the presented study, for the first time, the effect of light-
field HMDs on the visual comfort and depth matching
performance could be evaluated in an application-related
setup.

In literature, the presentation of depth information
was evaluated with a variety of study concepts to evaluate
hardware displaying different depth areas. Still, the effect
of light-field rendering and the resulting avoidance of the
VAC on the visual comfort was not investigated in detail,
so far. In Battisti et al.,32 pseudo-videos with different
sub-aperture view trajectories were evaluated purely
based on visual analysis. The pseudo-video was generated
from pictures along different trajectories through the
sub-aperture views. In Dunn et al.,20 a monocular user
study was performed with a binocular light-field display
based on deformable membrane mirrors such that the
VAC could not be studied. The user study task was based
on solving mathematical equations without complex
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interactions. An interactive user-study was performed on
a flexible light-field smartphone with microlens array in
Gotsch et al.33 The participants had to position a three-
dimensional (3D) object in three dimensions; however,
the study investigated the effects of different input
modalities, but not the effects of the light-field technol-
ogy itself. Also, different light-field rendering effects on
user acceptance were evaluated in look-and-feel
studies.34

The presented study evaluates the effects of the light-
field head-mounted display technology on the visual
effort and comfort respectively. Specifically, we compared
conditions with light-field activated (LF on) with light-
field deactivated (LF off ). The study was implemented in
a virtual reality setup with realistic 3D pick and place as
well as abstract 1D depth matching tasks using a haptic
input device. Besides objective performance data, subjec-
tive data was collected to evaluate the effects of light-field
displays on simulator sickness, workload and the system
usability.

The following hypotheses were formulated:

H1 Light-field technology eliminates the VAC and con-
sequently reduces the visual effort of the user.

The light-field technology allows for the perception
of different depth layers and objects are exposed more
clearly in front of more distant objects. Therefore, we
hypothesize the following:

H2 The more natural depth presentation increases the
user's confidence in depth estimation and reduces
the required concentration as well as workload.

No formal hypothesis is formulated wrt to task perfor-
mance (required time and accuracy). Although a general
beneficial effect on accuracy in depth positioning is
expected, this effect might be confounded, for example,
due to limited depth resolution of the device.

The paper is structured as follows: Section 2 intro-
duces the materials and methods including the descrip-
tion of the experimental setup, study procedure, and
metrics. The results are presented in Section 3 and dis-
cussed together with the limitations of the study in
Section 4. Finally, Section 5 concludes the work.

2 | MATERIALS AND METHODS

2.1 | Sample

N = 20 (9 females, 11 males) subjects with an average
age of M = 28 years (SD = 4.6 years; range: 21–38 years)

participated in the study. Ten participants required visual
acuity correction and thus wore their glasses or contact
lenses during the experiment. None of the subjects indi-
cated to have problems with depth perception.

2.2 | Apparatus

2.2.1 | Hardware

Head-mounted display

Figure 1 depicts the light-field HMD Zorya of the com-
pany Creal. The display can be strapped to the head and
adjusted with the knob at the back of the device (depicted
in Figure 2) and the top strap (hook and loop fastener
shown in Figure 3). Figure 4 presents a knob on top of
the device with which the inter-pupillary distance (IPD),
that is, the individual distance between the two eyes, can
be adapted. The lens system (see Figure 5) is suitable to
achieve an IPD between 58 and 72 mm.

Figure 6 presents a look-through image of the Zorya
HMD as visible to one eye of the user. The peripheral
background display is a standard LCD screen with a

FIGURE 1 Zorya head-mounted display (HMD) (Creal)

FIGURE 2 Strap knob
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resolution of 1600 � 1440 px and a field-of-view (FOV) of
approximately 100� diagonally. It provides the peripheral
part of a human's FOV. The central light-field display has
a FOV of 30� with approximately 40 px/� angular resolu-
tion. The light-field visualization is achieved through an
array of 32 pinholes resulting in a continuous depth per-
ception. Due to the small eye box (approximately 8 mm)
of the light-field display, it is of high importance that the
display is well centered horizontally and vertically with
respect to the head. Still, since a wrong offset would be
clearly visible, this display configuration helps novel
users to position the device on the head correctly for
optimal LF visualization. In CREAL's system, the always-
in-focus images are created by a sequential pin-light
illumination of a fast, spatial light modulator that reflects
modulated light beams to imaging optics and toward
specific viewpoints in the vicinity of the eye pupil. The
modulator is technically a selective mirror that casts a

shadow of the scene as it is supposed to be seen from the
perspective of the particular viewpoint. Figure 7 presents
this technical setup, the light beam path for two different
viewpoints, and the resulting optical impression for the
user. The small size of the pin-light-source causes that
the image has a large depth-of-field, that is, the image is
practically always-in-focus, and passes seemingly through
a virtual pinhole hanging in the air near the eye pupil.
Different pin-lights perform the same operation in
sequence, but the modulator reflects images of slightly
different perspectives of the 3D scene and projects each
through a different viewpoint.

A fast sequence of always-in-focus images passing
through a 2D array of viewpoints represents a light-field
that entirely or almost entirely enters the eye pupil
(as visualized in Figure 8). The eye can then focus on vir-
tual objects in any distance. This operation is performed
purely by the eye, no eye-tracking is needed. Figure 8
shows that depending on the focus of the eye, the objects
in other depth planes appear blurry to the user.

Since the peripheral background display provides a
clearly lower resolution than the central light-field

FIGURE 3 Top strap

FIGURE 4 Knob for inter-pupillary distance adjustment

FIGURE 5 Lens system

FIGURE 6 Look-through photo
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displays, it could not be used as the LF off condition. Via
software, the light-field display can present either a light-
field (LF on) or be flattened at an arbitrary focal distance
(LF off ). This flattened display corresponds to a standard
stereoscopic display with fixed focal distance. Thus, for
both conditions of the study, the high-resolution central
light-field displays could be applied in combination with
the peripheral background display.

Input device

In order to allow the user to interact in the VR scenes, the
haptic interface lambda.7 by Force Dimension (see
Figure 9) was used. Figure 10 presents its integration in
the experimental setup which is explained later in more
detail. The device provides a large translational workspace
(ø240 mm � 170 mm), which was further extended
through a scaling of 10 in order to allow working in the
range of 1.15 m in the VR environment comfortably. The
device haptically guided the user to an initial position after

having activated the gripper. From this position the
required workspace of each task could be reached.

2.2.2 | Software

The virtual environment and the rendering for the HMD
was implemented with the VR-Engine Unity and Creal's
STALF rendering software. The VR was executed on the
Windows host computer of the HMD. The control soft-
ware was implemented in Matlab/Simulink and executed
on a Linux computer at 1 kHz.

2.3 | Experimental setup

Figure 10 presents the experimental setup with the
HMD, the input device and a foot pedal. Participants
were asked to rest their elbows on the tabletop to avoid
too much physical effort during the experiment. Holding
the HMD served reducing the physical load on the head

FIGURE 7 Light-beam path and user view

FIGURE 8 Creal's light-field technology
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and neck and enabled the participant to keep the HMD
in the right pose. This is important to ensure optimal visi-
bility on the central light-field displays. An additional
foam strip was attached to the HMD above the nose to
prevent the display from fogging up. The left and right
foot-pedals were used to start a trial or switch to a new
configuration respectively.

2.4 | Experimental tasks

There were two types of experimental tasks: one 3D
(three translations x,y,z) and four 1D (forward/backward
translation z) interaction subtasks. The 1D tasks required
depth matching in an abstract environment, while the 3D

tasks required pick and place procedures in a more realis-
tic environment, thus allowing for a more gaming-like
experience. The realistic environment in the pick and
place task provided additional distance references, for
example, through known objects surrounding the target
position and shadows, and was suitable to make the par-
ticipants familiar with the interaction principles and the
HMD. In contrast, the 1D matching task emphasized the
effects of light-field visualization by reducing the number
of surrounding objects, shadows, and through using
unknown objects with varying abstract shapes and simple
textures.

In the 3D interaction task (see Figure 11), a virtual
apple which was controlled by the input device had to be
picked up from a plate and moved to three target posi-
tions at different distances. Target positions were indi-
cated by a transparent apple in the box. The perspective
in VR was adjusted according to the tracked head move-
ments of the subject. The input device could be moved
freely in six degrees of freedom (DoF), but only transla-
tional movements were transferred to the VR while the
orientation of the apples was set automatically to keep
the task simple. There were three target positions in two
different apple boxes. The first box was placed in the left
half of the scene and is visualized in Figure 11. The sec-
ond box was positioned in the right half and rotated 90�

around the yaw-axis as well as tilted against roll-axis to
the viewer.

The three target apples were located at the closest,
central, and most distant area of the boxes each. Initially,
subjects controlled a gray sphere in VR with the input
device (compare Figure 11A). When reaching one of the
apples on the plate (see Figure 11B), the respective apple
replaced this sphere automatically overtaking the orien-
tation of the respective target apple which appeared at
the same time (see Figure 11B). The accuracy with which
the pose of the target apples had to be matched
(see Figure 11C,D) was set to 3 mm radial distance. After
having matched the target position, the next trial was
started.

The four 1D interaction tasks are illustrated in Fig-
ures 12 and 13. Here, the VR perspective was locked, that
is, the subjects' head motion was not tracked and trans-
ferred. This was done to exclude individual strategies of
perspective switching to derive additional 3D informa-
tion. The haptic interface could be moved freely, but only
motions in z direction (forward/ backward motion in
depth direction) were transferred to the VR. For ease of
understanding, Figure 12 shows the different 1D interac-
tion subtasks in a side view. Here, the objects shown as
solid light lines are the planes controlled by the operator
via the haptic interface. As mentioned before, only
motions in z direction were possible. The reference or

FIGURE 10 Experimental setup

FIGURE 9 Force dimension's lambda.7. [https://www.

forcedimension.com/products/lambda]
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target objects are shown in dark color. The dark dashed
lines indicate the central z plane of the 3D objects (sub-
tasks 1 and 2) or the central z plane between two large
planes (subtask 3), respectively. The dotted light line
marks the initial and the desired positions of the con-
trolled object.

In subtask 1, shown in Figure 13A–C, the operator
had to match the depth position of a small controlled
plane (parallel to the x-y plane, shown on the left in
Figure 12A, in light color) with the central depth plane of
a stretched target object (visualized as the upper, dark
sphere in Figure 12A). First, this target object appeared
(phase 1) and disappeared (phase 2) again. Then, the
light colored, controlled plane appeared at the initial
depth plane (indicated by a dotted light colored line in
Figure 12A). The participant had to remember the

position of the target object and moved the controlled
plane in z direction in order to match the central depth
plane of the reference sphere (phase 3).

Similarly, in subtask 2, the operator had to match the
controlled plane with a set of five target objects as
depicted in Figure 13D–F and simplified in Figure 13B.
First, the central plane of the closest object had to be
matched. Afterward, this object disappeared and the next
closest object had to be matched. This routine had to be
repeated until the most distant object had been
processed.

In subtask 3 (compare Figure 12C), two large planes
appeared at different distances in depth direction. These
planes were positioned with a gap in between them in
x direction (not visible in the side view, but from
Figure 13G–I) such that the controlled plane could be

FIGURE 11 The 3D interaction

task: (A) initial position indicated by

gray sphere, (B) picking of apple from

plate, (C) approaching target position

indicated by a transparent apple in the

box, and (D) successfully matched target

position

FIGURE 12 The 1D depth matching subtasks

PANZIRSCH ET AL. 325



moved between them without overlapping. The task was
to position the controlled plane exactly in a central pose
between the large planes in depth direction.

Figure 12D shows the 1D interaction subtask 4 with a
cuboid and two large planes (again positioned left and
right, as visible from Figure 13J–M). Instead of the small
controlled plane, the test subject had to move the large
left plane (presented in light color). This plane had to be
positioned behind the right reference plane (presented in
dark color) such that the z-distance of the planes was
equal to the depth (width in z direction) of the object.
The x and y position of the plane were fixed such that
always both planes were visible and only the movement
in z direction had to be controlled. This subtask 4 was
repeated for five different object depths. With every new
object, the position of the right plane was updated.

Four configurations (I to IV) were implemented for
all 1D interaction subtasks, where configuration I and III
as well as II and IV respectively were identical regarding
object sizes, objects shapes and distances. While the

objects had unitary textures in configuration I (red brick
wall) and II (white tiles), in configuration III and IV, the
textures of the objects were mixed (red brick wall, white
tiles and stony wall as presented in Figure 13M).

General design considerations

As analyzed in Banks et al.,10 in conventional displays
with fixed focal distance around 1.5 to 2 m, the VAC
becomes very pronounced for vergence distances below
1 m. Thus, in this close range, the light-field displays are
expected to bring the largest benefit. Therefore, this study
investigates interaction tasks up to approximately 1 m
corresponding to the arm reaching distances (with
respect to the human eyes). Humans are able to perceive
3D from a vergence distance of approximately 0.2 m.
Since for some visually impaired persons this distance
can be higher, this study considered no object distances
below 0.3 m. The tasks were classical pick and place or

FIGURE 13 The 1D interaction tasks
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matching tasks such that the target objects and the con-
trolled planes were (initially) located in different depth
layers. Therefore, the operator's eyes frequently had to
switch between different depth layers. All tasks required
a lot of refocusing and the 1D tasks required very high
depth accuracy (1.5 mm).

2.5 | Experimental design

A within-subject design with LIGHTFIELD (LF on vs. LF
off ) as experimental factor was implemented, while the
order of both conditions was counterbalanced across sub-
jects. Moreover, in the 3D interaction task, each subject
was assigned to one of three different target position
orders (order 1: target 1, target 2, target 3; order 2: 2,3,1;
order 3: 3,1,2). In the 1D interaction task, the configura-
tions I to IV was systematically varied according to their
texture such that one part of the test subjects had the
order I, II, III, IV and the other III, IV, I, II. These config-
urations were systematically varied since they potentially
interact with the light-field condition. Each of the experi-
mental conditions started and ended with the 3D interac-
tion task run, with the 1D interaction task block in
between.

2.6 | Procedure

Table 1 shows the procedure of the study. The experi-
menter instructed the participants regarding study back-
ground, experimental conditions and tasks. Then,
participants had to fill out an informed consent form and
a demographic questionnaire. The following series of 3D
interaction and 1D interaction tasks was performed twice
in the light-field (LF on) and the non-light-field (LF off )
condition (Table 1 (C) and (D)). After each trial, that is,
six apples in the 3D interaction task and after each con-
figuration (with four subtasks) in the 1D interaction task,

subjects orally answered the questions of an interim
questionnaire, so they did not have to put off and re-
adjust the HMD afterward.

After having finished an experimental condition, sub-
jects put off the HMD and filled out a post-condition
questionnaire. Before performing the 3D or 1D interac-
tion task for the first time, subjects were familiarized
with the tasks in a training trial. Before the first run of
the 3D interaction task, in both conditions, the partici-
pant used the 3D environment to adjust the HMD
correctly.

Instructions

The participants were told that the main performance cri-
terion is the accuracy in the depth direction. It was rec-
ommended to use the arm rest for left and right arm and
to hold the HMD with the left hand. When first attaching
the HMD, the participants had to adjust the eye distance
and to vary the vertical and horizontal HMD pose with
respect to the head to find the optimal pose for the best
visual performance of the HMD. This procedure was
repeated when the HMD was reattached for the second
block. Between all 1D interaction tasks, an object
(Stanford Bunny) was displayed. The participants were
requested to use this object to check the sharpness of
visualization and thus if the HMD is still positioned
correctly.

2.7 | Measures and statistical analysis

2.7.1 | Objective measures

The final position errors (distance of controlled object
and target), motion path lengths (measured at input
device) as well as completion times were recorded as
objective measures.

TABLE 1 Experimental procedure

(A) Instruction of participants

(B) Informed consent and demographic questionnaire

(C) 1:3D interaction task ðrun 1Þ
2:1D interaction tasks ð4 subtasks with 4 configurationsÞ
3:3D interaction task ðrun 2Þ
4:Post-condition questionnaire

8>>><
>>>:

(D) 1:3D interaction task ðrun 1Þ
2:1D interaction tasks ð4 subtasks with 4 configurationsÞ
3:3D interaction task ðrun 2Þ
4:Post-condition questionnaire

8>>><
>>>:
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2.7.2 | Subjective measures

In the interim questionnaire, participants subjectively
rated the overall workload35 (scale ranging from 1 =

“very low” to 20 = “very high”), the degree to which they
felt present in the VR (in %, 0% = “no experience of pres-
ence”; 100% = “like in the real world”), how confident
they felt in performing the tasks (from 1 = “not at all” to
7 = “very confident”), the quality of depth perception
(from 1 = “no depth perception at all” to 7 = “like in
reality”), and finally, how well they could recognize
objects (from 1 = “not at all” to 7 = “perfectly”), referring
to the sharpness (exposure) of an object in front of the
background or the objects in the close environment
respectively as an indicator for the quality of the depth of
field effect and the aid it provides to the user.

The post-condition questionnaire included the simu-
lator sickness questionnaire (SSQ,5 with nausea, disorien-
tation and oculomotor symptom clusters) and the NASA
Task Load Index (NASA-TLX,36) questionnaire.

2.7.3 | Statistical analysis

The objective measures of the 3D task were analyzed per-
forming LIGHTFIELD * RUN * TARGET DISTANCE

repeated measures ANOVAs (rmANOVA). For the mea-
sures in the 1D task LIGHTFIELD * CATEGORY * DIS-
TANCE, rmANOVAs were conducted. A LIGHTFIELD *
RUN rmANOVA was performed on the ratings of the
interim questionnaire subsequent to the 3D tasks and
accordingly, a LIGHTFIELD * CATEGORY rmANOVA
for the 1D tasks. For all rmANOVAs, Greenhouse–
Geisser corrections (GG.) were applied in case of non-
sphericity. Paired t tests were conducted for comparing
ratings in the LF on and LF off in the post-condition
questionnaire.

3 | RESULTS

In the following analyzes, the objective data for the 1D
interaction tasks from one subject (#17) had to be
excluded, because the data of this participant was par-
tially damaged due to a recording problem.

3.1 | Objective data

Table 2 summarizes the results in the performance data.
The path length refers to the VR, that is, to the motion of
the haptic interface scaled by 10.

TABLE 2 Results—Objective measures

Light-Field OFF Light-Field ON Statistical Sign.

Completion Time [s]

3D Interaction Task 5.93 (1.39) 5.93 (1.33) ns.

1D Task—Subtask 1 4.86 (0.24) 4.88 (0.18) ns.

1D Task—Subtask 2 2.84 (0.53) 2.62 (0.65) F(1,18) = 2.86; p = 0.05 (1tt)

1D Task—Subtask 3 4.91 (0.17) 4.81 (0.26) F(1,18) = 3.86; p < 0.05 (1tt)

1D Task—Subtask 4 4.94 (0.13) 4.91 (0.17) ns.

Path Length [m]

3D Interaction Task 1.56 (0.26) 1.59 (0.31) ns.

1D Task—Subtask 1 0.55 (0.24) 0.56 (0.28) ns.

1D Task—Subtask 2 0.20 (0.09) 0.19 (0.10) ns.

1D Task—Subtask 3 0.76 (0.15) 0.72 (0.11) F(1,18) = 3.82; p < 0.05 (1tt)

1D Task—Subtask 4 0.34 (0.11) 0.33 (0.12) ns.

Final Position Error [m]

3D Interaction Task 0.019 (0.001) 0.020 (0.001) ns.

1D Task—Subtask 1 0.151 (0.107) 0.143 (0.161) ns.

1D Task—Subtask 2 0.013 (0.015) 0.015 (0.034) ns.

1D Task—Subtask 3 0.080 (0.078) 0.073 (0.115) ns.

1D Task—Subtask 4 0.092 (0.062) 0.085 (0.056) ns.
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3.1.1 | The 3D interaction task

Analyzing the performance metrics (completion time,
path length, and final position error) revealed no signifi-
cant main effects of LIGHTFIELD. Yet, significant main
effects of RUN were found for completion times [F(1,18)
= 10.81; p < 0.01] and path lengths [F(1,18) = 13.14; p <
0.01], indicating simple learning effects, that is, subjects
performed better in the second run. Not surprisingly, for
both variables, TARGET DISTANCE reached significance
[Completion time: F(1,18) = 5.60; p < 0.001; Path length:
F(2.97,53.44) = 7.17, GG.; p < 0.001]. Although, a signifi-
cant LIGHTFIELD*TARGET DISTANCE interaction
effect [F(5,90) = 2.39; p < 0.05] was evident for comple-
tion times, no significant effect of LIGHTFIELD was
found for any distance.

3.1.2 | The 1D interaction task

RmANOVA on completion times across all subtasks
showed that subjects completed the 1D interaction task
faster when light-field was activated [F(1,18)=3.6; p <
0.05, one-tailed testing]. No such overall effect was found
for path lengths and final position error. Analyzing the
subtasks separately, revealed that the positive effect of
LIGHTFIELD on completion time was most evident in
subtasks 2 [F(1,18)=2.9; p = 0.05, one-tailed testing] and
3 [F(1,18)=3.9; p < 0.05, one-tailed testing]. In subtask
2, a significant LIGHTFIELD * CATEGORY interaction
effect [F(3,54)=3.3; p < 0.05] furthermore indicated the

strongest effects of LIGHTFIELD for category II, that is,
when the set of spheres was more distant (0.64–0.75 m)
and had the same texture. Here, subjects performed sig-
nificantly worse in the LF off condition when compared
to the other categories (all ps < 0.05). Also, for subtask
3 a significant LIGHTFIELD * CATEGORY interaction
effect [F(3,54)=3.0; p < 0.05] emerged, showing that the
positive effect of LIGHTFIELD was only significant in
category I (p < 0.05), that is, when target planes were
more distant (1.15 m) and had the same texture.

Additionally, a significant main effect of
LIGHTFIELD on path lenghts was found in subtask 3 [F
(1,18)=3.8; p < 0.05, one-tailed testing], that is, path
lengths were shorter in the LF on compared to the LF off
condition.

3.2 | Subjective data

3.2.1 | Interim questionnaire

Table 3 summarizes the results of the interim question-
naire for both task types and experimental conditions.

The 3D interaction task

RmANOVA was performed on the different items of the
questionnaire after the experimental runs. Only a mar-
ginally significant trend for LIGHTFIELD was found for
“depth perception” [F(1,19)=2.9; p = 0.05, one-tailed

TABLE 3 Results—Interim questionnaire

Light-Field OFF Light-Field ON Statistical Sign.

Overall Workload

3D Interaction Task 3.78 (2.61) 4.48 (3.20) ns.

1D Interaction Task 9.36 (3.91) 9.96 (4.33) ns.

Sense of Presence

3D Interaction Task 76.43 (15.13) 77.50 (15.54) ns.

1D Interaction Task 64.40 (16.04) 65.01 (17.52) ns.

Confidence

3D Interaction Task 6.70 (0.47) 6.58 (0.49) ns.

1D Interaction Task 4.60 (1.01) 4.96 (0.82) F(1,19) = 4.32; p < 0.05 (1tt)

Depth Perception

3D Interaction Task 6.15 (0.61) 6.38 (0.63) F(1,19) = 2.85; p = 0.05 (1tt)

1D Interaction Task 4.88 (0.86) 5.26 (1.08) F(1,19) = 5.89; p < 0.05 (2tt)

Object Detection

3D Interaction Task 6.15 (0.54) 6.20 (0.77) ns.

1D Interaction Task 5.11 (1.21) 5.68 (1.09) F(1,19) = 6.83; p < 0.05 (2tt)
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testing], that is, depth perception was rated as being bet-
ter with light-field. A significant RUN main effect [F
(1,19)=7.0; p<.05, two-tailed testing] revealed better rat-
ings in the second compared to the first run.

The 1D interaction task

rmANOVA yielded several significant main effects of
LIGHTFIELD. Subjects rated their ‘confidence’ being
higher in LF on compared to LF off [F(1,19)=4.3; p <
0.05, one-tailed testing]. A significant CATEGORY main
effect for this item [F(3,57) = 7.2; p < 0.01, two-tailed
testing], showed that ratings were generally higher for
categories III and IV compared to I and II, that is, sub-
jects were more confident when textures of controlled
and target objects differed. Moreover, “depth perception”
and “object detection” were rated better when light-field
was activated [F(1,19) = 5.9; p < 0.05 and F(1,19) = 6.8;

both ps < 0.05; both two-tailed testing]. For both items,
the same CATEGORY main effect occurred as for “confi-
dence” [F(3,57) = 5.9 or 4.1, respectively; both ps < 0.05,
two-tailed testing].

3.2.2 | Post-condition questionnaire

In a first step, the sum scores of both questionnaires were
calculated and paired t-tests were performed on these
scores. While no significant effect was found for the SSQ
total score, the NASA-TLX sum score tended to be lower
in the LF on condition (t(19)=1.4; p < 0.10, one-tailed
testing). Comparing the individual items of the
SSQ revealed marginally significant effects for “eye
strain” (t(19) = 1.5; p < 0.10, one-tailed testing) and
“fullness of head” (t(19) = 1.7; p = 0.05, one-tailed test-
ing) and a significant effect of “difficulty concentrating”
(t(19) = 1.8; p < 0.05, one-tailed testing). A significant

TABLE 4 Results—Post-condition questionnaire (simulator sickness cluster: n = nausea, o = oculomotor, d = disorientation)

Light-Field OFF Light-Field ON Statistical Sign. Cluster

Simulator Sickness

(SSQ Total Score) 258.0 (191.6) 226.2 (211.4) ns.

General discomfort 1.00 (0.80) 1.05 (0.76) ns. n, o

Fatigue 0.50 (0.69) 0.65 (0.75) ns. o

Headache 0.05 (0.22) 0.10 (0.31) ns. o

Eye strain 0.55 (0.69) 0.35 (0.49) t(19) = 1.45; p < 0.10 (1tt) o

Difficulty Focussing 0.40 (0.60) 0.40 (0.82) ns. o,d

Salivation 0.05 (0.22) 0.10 (0.31) ns. n

Sweating 0.20 (0.52) 0.15 (0.37) ns. n

Nausea 0.15 (0.37) 0.10 (0.31) ns. n,d

Difficulty Concentrating 0.30 (0.47) 0.15 (0.37) t(19) = 1.83; p < 0.05 (1tt) n,o

Fullness of head 0.75 (0.85) 0.55 (0.89) t(19) = 1.71; p = 0.05 (1tt) d

Blurred vision 0.30 (0.57) 0.20 (0.52) ns. o,d

Dizziness (eyes open) 0.15 (0.37) 0.15 (0.37) ns. d

Dizziness (eyes closed) 0.25 (0.44) 0.20 (0.52) ns. d

Vertigo 0.00 (0.0) 0.00 (0.0) ns. d

Stomach awareness 0.15 (0.49) 0.10 (0.31) ns. n

Burping 0.00 (0.0) 0.05 (0.22) ns. n

Workload

(Raw TLX Sum Score) 45.65 (16.37) 42.60 (18.68) t(19) = 1.35; p < 0.10 (1tt)

Mental Demand 8.45 (3.99) 7.95 (4.63) ns.

Physical Demand 6.20 (4.23) 6.30 (4.59) ns.

Temporal Demand 8.55 (3.53) 7.75 (3.71) ns.

Performance 8.15 (3.30) 7.35 (3.62) t(19) = 1.85; p < 0.05 (1tt)

Effort 9.35 (4.39) 8.70 (4.68) ns.

Frustration 4.95 (3.32) 4.55 (3.73) ns.
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effect for the NASA-TLX item “performance” (MLF=7.35;
MnoLF = 8.15; 1 = “perfect”; 20 = “failure”; t(19) = 1.8;
p < 0.05, one-tailed testing) also indicated that partici-
pants rated their performance to be better when
light-field was active. The results of the post-condition
questionnaire are summarized in Table 4.

4 | DISCUSSION

In the following, the results are first discussed with
respect to the hypotheses. Then, general interpretations
are noted.

4.1 | H1

The SSQ comprises the three different symptom clusters
oculomotor, disorientation and nausea (o, d, n in
Table 45). The nausea cluster describes somatic effects
like stomach awareness. Here, we found no significant
effect of light-field besides the item “difficulty concentrat-
ing” which is also part of the oculomotor cluster. The
oculomotor cluster describes the effort of the eye system
and the disorientation cluster relates to the central
nervous processing of visual information including the
vestibular system. “Eye strain” and “difficulty concentrat-
ing” are items of the oculomotor cluster and thus affected
for example by the additional muscular effort of the eye
when no light-field information is provided by the dis-
play. The factor “fullness of head” (describing a pressure
from the inside) belongs to the disorientation cluster. The
results indicate an increased effort of the central nervous
system in case of LF off since the brain has to process
inconsistent visual information (VAC). Thus, H1 can be
considered as confirmed for distances below 1.15 m
which is the range relevant for interaction tasks.

4.2 | H2

The significant improvement of “depth perception” and
“object detection” (1D interaction task) confirms that the
participants were able to perceive the light-field effects,
although only two test subjects were aware that in the
two experimental sections light-field was activated or
deactivated, respectively. The significant improvement of
confidence, ease of concentration as well as the lower
NASA-TLX sum score indicate that light-field displays
improves the user experience and reduce workload, thus
confirming H2. This might result from the prevention of
the VAC as well as from the improved, more natural
depth presentation with depth of field effects.

The positive effects of LF on on the visual effort
becomes visible from the subjective questionnaire data. It
can be assumed that the visual effort affects the perfor-
mance of the user mainly after prolonged use of HMDs.
The found significant results in the performance data of
this study can be assumed to originate from the improved
depth perception through light-field resulting especially
from the effects of depth sharpness. Thus, the objective
results are linked rather to H2 than H1. In subtasks 1 and
4 of the 1D-task, no significant effects were found, proba-
bly, since both tasks required memorizing the position or
depth of the reference object which might be more chal-
lenging than depth estimation itself. Still, the reduced
completion time in subtask 2 strengthens the results
regarding subjective rating of improved depth estimation
which might have facilitated faster matching of the target
position. Subtask 3 had a similar design as subtask 4, but
the reference objects were located close to the controlled
object, and thus, memory effects do not play a role. The
reduced completion time and path length indicate that the
user perceived the target position more easily such that
less or only lower overshoots over the target position
occurred. With LF off, in a completely sharp view, the
users seemingly needed more back and forth motions to
estimate the depth through stereoscopy. As expected, the
positive effects were overall more evident for configura-
tions with unitary textures. Positive effects of light-field
were found in the performance data mainly for more dis-
tant objects. This might be due to the fact that stereoscopy
eases depth estimation especially for closer objects.

Overall, the results show that the light-field HMD
brings clear benefits to the user in terms of physical
(reduced eye strain, fullness of head) and mental use
comfort (improved concentration, estimated perfor-
mance, and reduced times). The visual effort is reduced
through the avoidance of the VAC, while the depth per-
ception is in addition improved through the depth of field
which provides a more natural distinction between in-
focus foreground objects and a distant blurry back-
ground. With these benefits, the light-field technology
promises to increase the use comfort and consequently
the interaction performance in VR training as well as in
telerobotic systems reaching from industrial to surgical
setups. In the same way, AR applications for navigation
or assembly and maintenance instructions or the Met-
averse can be enhanced through light-field displays.

4.3 | Limitations

Overall, the study lasted in average 1.5 h for the partici-
pants. During the first block with training phases, the
HMD was worn for 30 to 40 min and for another 20–25
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min during the second block. Although the 1D interac-
tion task was designed to be highly demanding and
stressful for the eyes, the participants reported compara-
bly very low scores in the simulator sickness question-
naire. This indicates that the problem of the VAC might
become stronger after longer use of non-light-field dis-
plays or are already reduced through the high resolution
of the light-field display.

A major challenge of the study was the verification
that the user wears the display correctly such that the opti-
mal perception is achieved. Still, the results on depth per-
ception and object recognition hint that the display was
worn correctly. This can be further improved in the future
through the integration of eye tracking technologies.

Despite the adjustment possibilities of the HMD, it
was beneficial to additionally hold it with one hand, due
to its weight (caused by its prototyped status).

Due to the complexity of the study and the hardware
setup, two persons had to be inside the same room. Thus,
according to the DLR Covid-19 rules at the time of the
experiment, the principal investigator and the participant
had to wear FFP2 masks. This clearly affected the overall
usability of the HMD since additional cushions had to be
added which additionally aggravated breathing.

5 | CONCLUSION

This work presented the first statistical analysis of bene-
fits of light-field head mounted displays on visual effort
and the first study involving kinesthetic interaction tasks.
The study was performed in a well determined environ-
ment under consistent conditions. Since the same hard-
ware was applied for the non-light-field and light-field
conditions, a potential bias of the user related to novel
hardware could be prevented.

The results show that the light-field HMD brings clear
benefits to the user in terms of physical use comfort
(reduced eye strain and fullness of head) and mental use
comfort (improved concentration, estimated performance,
and reduced times). Firstly the light-field technology
reduces the visual effort through solving the VAC, secondly
the depth perception is improved through the depth of field
which provides a more natural distinction between in-focus
foreground objects and a distant blurry background.

In future work, the light-field HMDs will also be inte-
grated into a robotic tele-operation setup to evaluate the
technology with real-time non-virtual content.
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