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Abstract
In this paper, we propose to study the influence of using

head-mounted displays (HMDs) for visual quality rating of om-
nidirectional images and their impact on the final quality scores.
Because of the used display technology, these devices introduce
a significant impairment called screen door effect that may al-
ter the quality of experience. Furthermore, the extended use of
such a technology may produce cyber-sickness. In this study, a
subjective experiment is designed and carried out using various
HMDs with various types of content. The statistically analysed
results revealed a significant difference between HMDs for qual-
ity rating tasks on the overall ratings as well as per individual
distortions. These findings will contribute to the development of
a reliable protocol for omnidirectional subjective quality assess-
ment, and the constructed database will be used as a ground-truth
for quality metrics development.

Keywords: Omnidirectional images, Perceptual quality, Sub-
jective assessment, Simulator sickness, Head-mounted displays.

Introduction
Immersive content attracted a significant attention recently,

both on the commercial and the research sides. One can notice
this in a variety of applications such as entertainment, healthcare,
education, and so on. This type of technology provides users with
an immersive experience thanks to multiple virtual reality (VR)
applications. Omnidirectional images/videos (a.k.a. 360-degree)
are among the most important content in VR. It is created by tak-
ing multiple shots of the scene in all directions at the same time,
and then stitching them all together to create a panoramic scene.
Such an omnidirectional content is intended to provide users with
the ability to adjust the viewing angle within the 360-degree in or-
der to explore the scene. Head-mounted displays (HMDs) made
this exploration possible by providing appropriate viewports, of-
fering a higher immersive experience compared to traditional dis-
plays. Commercial HMDs differ in terms of field of view (FoV),
resolution, magnitude of the screen door effect (SDE), etc. Even
if the same content is used, this could vary the immersive expe-
rience. Furthermore, discomfort and dissatisfaction of the users
caused by possible cyber-sickness induced by the HMD or na-
ture of content can lead to a dodgy assessment. All of these fac-
tors may have an impact on the overall quality of the experience
(QoE) and the immerssiveness of the user. Determining the im-
pact of such a technology appears important in order to advise for
possibility of improvement.

Subjective quality assessment (SQA) is the most reliable
method for assessing QoE. It requires a large number of human
observers and a significant amount of time and resources. It is

typically used to create databases for training and testing objec-
tive quality assessment methods. Furthermore, the subjective rat-
ings could be used as a foundation for developing new algorithms.
Since SQA must be carefully performed in order to produce accu-
rate results, the international telecommunication union (ITU) and
the video quality expect group (VQEG) developed guidelines on
how to perform such experiments. Unfortunately, at the time of
writing this paper, there is still no guidelines or recommendations
on how to conduct a reliable subjective experiments for immersive
applications.

Because it is still in its infancy, omnidirectional image qual-
ity assessment is facing significant limitations. Currently, there
are no extensive studies reporting on the impact of HMDs on per-
ceived quality on the one hand. On the other hand, as HMDs may
induce discomfort, the quantification of simulator sickness has
only been the subject of a very limited number of studies. Besides
the caves, the use of HMDs is unavoidable for quality ratings of
immersive application. In the literature, one can find some studies
on VQA of omnidirectional content [1, 2, 3, 4, 5] which involve
the use of HMDs. In these studies, different devices from different
manufacturers are used. In particular, the authors in [1] consid-
ered studying the impact of the HTC Vive and the Oculus Rift
using different content in terms of resolution (4k, 1080p). They
also recorded head movements of the viewers to determine their
behaviours. Here the focus was rather on the resolution and not
the HMD itself. Similarly, the effect of different resolutions on
perceived quality is studied in [2, 5], where HTC Vive and HTC
Vive Pro quality ratings are compared. In addition, the study of
[5] included the impact of pixel density on the perceived quality.
Hence, a high-resolution monitor is used by adjusting the distance
between the viewer and the screen to obtain different densities.
Here, they demonstrated that with a higher density, quality im-
proves until a saturation at values greater than 60 pixels per degree
(PPD), which corresponds to the retina resolvable resolution [6].
In [3], the authors assessed the cyber-sickness caused by high mo-
tion omnidirectional content. To do so, they proposed to isolate
the camera motion from other factors defining anchors to control
the gaze of the viewers. The influence of viewing methods on
subjective evaluation is evaluated in [4] including free-viewing,
fixed trajectory viewing, and content-dependent viewing modes.
The subjective evaluation appears to be strongly affected by the
viewing mode. In the above-mentioned studies, neither the SDE
nor the impact of different HMDs were considered. Moreover,
only a very few studies involving the use of various HMDs, can
be found in literature. To the best of our knowledge, there has
been no extensive study on the impact of HMDs on the perceived
quality of omnidirectional images. Besides, image quality assess-
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ment (IQA) requires the use of reliable databases. Currently, the
existing ones are lacking diversity in terms of content and cannot
be considered as representative of the field. Our first exploration
showed that one of the first proposed databases presents a weak
correlation with objective quality metrics [7].

In this work, we evaluate the impact of various market
HMDs, either related to technology or rendered content, on per-
ceived quality. First, we explore whether the use of different
HMDs results in different quality ratings for the same content and
conditions. For this, we build a dataset and define a controlled
paradigm to conduct subjective experiments for such omnidirec-
tional content. Then, we study the comfort of the viewers by
means of the simulator sickness questionnaires. A statistical study
of the obtained results is performed so as to compare HMDs and
draw conclusions related to quality of experience. In this study,
four HMDs are used including Varjo Vr-2 [8], HTC Vive Pro [9],
HP Reverb VR and Oculus Quest [10]; each having specific char-
acteristics.

Subjective Quality Assessment
Omnidirectional image databases

The availability of reliable and representative databases is
a critical factor in developing image quality models. It allows
obtaining accurate and well-generalized IQA models. Particu-
larly, machine-learning (ML) based models, where the perfor-
mance is only as good as the variety of the available data. Un-
fortunately, there is a significant lack of omnidirectional image
quality databases. Table. 1 summarizes the characteristics of three
available ones in terms of number of reference/distorted images,
number of subjects participating to the subjective experiments,
quality distortion types, and the used HMD. In the following, we
discuss each database by providing its characteristics.

Huang et al. [11] : It contains 25 pristine omnidirectional im-
ages used to create 12 versions for each one. Four distinct spatial
resolutions and three JPEG quality factors (25, 60, and 100) are
used to create 300 distorted images. The resolutions are 4k, 2K,
and 1080p. The MOS was obtained using absolute category rat-
ing (ACR) with 98 subjects participating to the test (53 males and
45 females) which is a very high number compared to state-of-
the-art. The quality scale ranges from 0 (Bad) to 100 (Excellent).
Each subject rated only three different image contents at the four
spatial resolution and three quality factors.

CVIQD2018 [12] : This dataset is composed of 16 omnidirec-
tional images and 528 compressed versions. The compression
artefacts are obtained using eleven levels of : 1) JPEG compres-
sion with quality factors ranging from 50 to 0, 2) H.264/AVC and
H.265/HEVC with quantization parameters from 30 to 50. The
authors used the ACR method with a rating scale of 10-levels
from the lowest to the highest quality to gather the MOS. The
ACR method was adopted with the participation of 20 subjects
(14 males and 6 females).

OIQA [13] : It includes 320 distorted omnidirectional images
created from 16 reference ones using four distortion types with
five levels each. The used distortions include JPEG compression
(JPEG), JPEG 2000 compression (JP2K), Gaussian blur (BLUR)
and Gaussian white noise (WN). JPEG and JP2K are applied di-
rectly on ERPs, while GB and WGN are applied on small blocks

individually that are stitched back to ERP. Subjective scores are
given in the range from 1 (bad) to 10 (excellent). 20 subjects were
involved in the test (15 males and 5 females).

In comparison to Huang et al. [13], only CVIQD [12] and
OIQA [13] databases have received attention in the literature. In
addition, the study in [7] showed a poor correlation between MOS
provided with Huang et al. [11] and objective metrics. This obvi-
ously shows the ineffectiveness of certain databases in contrast to
others, which may raise questions about their representativeness
and reliability.

The Proposed 360-IQAD Database
The selected content to create our database is composed

of twenty images, from which 240 distorted versions are cre-
ated. First, we chose omnidirectional images from the joint video
exploration team (JVET) test sequences [14] and the SUN360
database [15]. In addition, to account for synthesized content
related to VR, four scenes have been added to the dataset. The
used images are given in Fig. 1. As it can be seen, the images
represent a variety of content types, including indoor and outdoor
natural scenes, as well as synthesized ones. Often, datasets are
constructed without paying attention to the diversity of the con-
tent. In our case, we account for two important characteristics, i.e.
spatial complexity and colourfulness. Spatial information (SI) in-
dex represents an indicator of edge energy, giving an idea about
the complexity of an image. Colourfulness information (CFI) is a
perceptual indicator of the variety and intensity of colours in the
image. SI and CFI are calculated according to ITU-T P.910 [16]
recommendations and the metric described in [17], respectively.
The CFI versus SI plot of the pristine images shown in Fig. 2
aims at demonstrating the spatial and colour diversity of the se-
lected images. One can notice that the used images span over
the range of CFI and SI values. This shows the diversity of the
content provided in the database.

Once selected, the images are distorted using the JPEG com-
pression, Gaussian blur (GB), and Gaussian noise (BN). For each
distortion type, four levels are applied to cover the perceived qual-
ity range from annoying to imperceptible. The levels are purpose-
fully chosen in such a way that the perceived difference between
them is obvious for observers. Thereby, 12 distorted images are
created per pristine one.

Subjective Assessment Protocol
In order to construct a reliable database, the selection of sub-

jective protocol is of paramount importance. Unfortunately, there
are no guidelines for conducting experiments for immersive ap-
plications. In our case, we built the test by relying on the ITU
recommendation ITU-BT.500 [18]. Hence, the adopted protocol
is depicted in Fig. 3. It is scrupulously followed by each ob-
server. First, the observer is screened for visual acuity and colour
blindness in order to collect reliable scores. Then he is asked to
complete a simulator sickness questionnaire (SSQ) before begin-
ning the test. For this aim, we used the virtual reality sickness
questionnaire (VRSQ) proposed in [19]. The VRSQ consists of
nine questions in which the observer is asked to rate the severe-
ness of nine symptoms on a four scale (None: 0, Slight: 1, Mod-
erate: 2, Severe: 3). Individual symptoms are classified into three
categories: oculomotor agitation (O), disorientation (D) and to-
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Table 1: Description of state-of-the-art omnidirectional image databases.
Database Ref images Distorted images Distortion type (Distortion level) Number of subjects HMD

Huang et al. [11] 25 300 JPEG (3) / Down-sampling (4) 98 HTC Vive
CVIQD [12] 16 528 JPEG (11) / AVC (11) / HEVC (11) 20 HTC Vive
OIQA [13] 16 320 JPEG (5) / JPEG2000 (5) / GB (5) / WGN (5) 20 HTC Vive

Figure 1: Pristine images in the proposed database. First to fourth rows are images taken from JVET and SUN360. Fifth row are created
as synthesized images.
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Figure 2: Colourfulness index (CFI) versus spatial information
(SI) plot of the selected pristine images for the construction of the
database.

tal score (TS). The use of SSQ prior to beginning the test serves
as the observer’s initial state and is used to compare the progres-
sion of the symptoms described in the VRSQ. It is known that
conducting a subjective test in the morning or the afternoon may
lead to a different assessment because of the psycho-visual state
of the observer. The observer in then trained on a few samples of
omnidirectional images with perceptual qualities corresponding
to those used in the test. The training is designed to familiarize
the observer with the task at hand, and get familiar with VR envi-
ronment, since not all observers are VR or HMD users. Samples
used in this session are for training purpose only and are discarded
from the experiment results.

After the training session, the first session starts by asking
the observer to rate the quality of the impaired omnidirectional
images using a five-point quality scale ranging from 5 (excellent)
to 1 (bad), following the ACR method. This quality scale should

be sufficient to cover the quality levels used in the constructed
database and where the maximum quality corresponds to the pris-
tine images. In the first session, the observer rates a hundred and
thirty images, corresponding to a duration of 32.5 min (130 sam-
ples ×15s). This duration is reasonable as the test deals with im-
ages only (i.e. there are no motions as in the case of videos). In
addition, the observer can stop the test any time based on his con-
dition. After the first session, the observer fill out another SSQ so
to record his state after experiencing VR for approximately half
an hour. After a sufficient break, the second session takes place
with the remaining images from the database. Finally, at the end
of the second session, another SSQ is filled out. In order to collect
reliable results, we ensured that all observers followed the exact
same protocol. The images playlists are randomly constructed,
and each observer watch a random one in order to avoid rating
biases.

The observers were recruited from our university, and they
are all naive. Due to the current sanitary situation (Covid-19 pan-
demic), running subjective experiments becomes very challeng-
ing. In our case, the experiment with four HMDs lasts for about
six hours for a single observer. This is why, the results exposed in
this paper are based on eight valid observers.

The HMDs considered in this study are from different manu-
facturers, and have specific characteristics each. Table 2 summa-
rizes the ones that may contribute to the quality assessment task.

Table 2: Characteristics of the considered HMDs.
HMD Resolution per eye FoV PPD

Varjo Vr-2 1920×1080 87◦ 60
HTC Vive Pro 1440×1600 110◦ 13.09
HP Reverb VR 2160×2160 114◦ 18.94
Oculus Quest 1600×1440 100◦ 14.4
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Figure 3: Illustration of the adopted subjective assessment protocol.

Results and Discussion
In the following, we provide and analyse the subjective qual-

ity evaluation results. First, we investigate whether there is a sub-
stantial difference in terms of quality ratings between HMDs on
the one hand and particular distortions on the other hand. The last
part of this section will concentrate on analysing the simulator
sickness questionnaire results.

Effects of HMD On The Rating
It is known that, the use of different devices for SQA may

result in different outcomes since each device has unique proper-
ties. In our case, the device is the HMD. It is critical to establish
whether such a difference is substantial. Especially when it may
have an impact on the overall QoE. To that purpose, various ques-
tions are framed in order to determine the impact of using HMDs
for omnidirectional image SQA. In this study, these questions are
roughly summarized as follows:

• Would the use of various HMDs result in a different rating?
• What is the inter-observer difference?
• Is the impact of a single distortion the same regardless of the

used HMD?
• Which HMD offers a better quality?
• What about comfort and cyber-sickness?

Thanks to a statistical analysis of the obtained scores, we
aim to find answers to the above questions. The histograms of
the gathered rating scores of all HMDs are shown in Fig. 4. We
can clearly observe that, the ratings are distributed across the five
perceptual quality scales.
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Figure 4: Histograms of the rating scores obtained by the used
HMDs.

SOS(x)2 =−ax2 +6ax−5a (1)

Prior to investigating the effect of HMDs on ratings, we cal-
culated the standard deviation of opinion scores (SOS) using the

SOS hypothesis described in [20], which is defined by Eq. 1. The
SOS parameter a quantifies the uncertainty ratio among observers
on a scale of 0 to 1. It reflects the inter-observer reliability. A
value of 0 denotes a full agreement among all observers, and 1
indicates a maximum variance. Table. 3, provides the a value re-
garding the obtained scores by the four HMDs. As it can be seen,
the SOS parameter for all HMDs is around 0< a< 0.06. Based on
the description given above, this interval of values demonstrates
an inter-observer agreement and reliability of approximately 90%.
This observation substantiates the overall efficacy of the con-
structed experiments and the adopted procedure.

Table 3: SOS parameter a of all HMDs’ rating scores.

Varjo Vr-2 HTC Vive Pro HP Reverb VR Oculus Quest

0.0361 0.0414 0.0338 0.0504

In order to statistically assess the impact of HMDs on the
quality rating, we analyse the variance between the obtained
MOSs. The following are the null hypothesis H0 and the alter-
native one H1:

H0: There is no significant difference between the four HMDs.

H1: At least one HMD is significantly different from the others.

To analyse the variance, the use of ANOVA [21] is a good
choice. However, the ANOVA assumes that the sample data is
normality distributed. Therefore, a normality check is performed,
and the probability distribution for each HMD is illustrated in Fig.
5. The formula used for the theoretical quantiles (horizontal axis
of the probability plot) is Filliben’s estimate [22]. Looking at the
plots, we see an upward sloping linear relationship. Deviations by
the dots from the line can be observed around both extremities.
The sample data (i.e. MOS) partially fits the diagonal line, which
shows a deviation from the expected normal distribution. This
demonstrates that the distribution of the gathered MOSs is not
perfectly normal but close. Based on this observation and in order
to reliably analyse the variance, a non-parametric test is applied in
addition to ANOVA. Here, the Kruskal-Wallis H-test [23] is used.

The ANOVA showed a p− value of 0.035 while Kruskal a
p− value of 0.038, leading to the rejection of H0, implying that
the HMD has a statistically significant influence on the quality
ratings. One possible explanation could be the screen door affect
explained previously. This observation contrasts with the results
stated in [1], which found that the effect of HMDs is not signif-
icant compared to other factors. Since a statistical difference is
found, we further analyse specific differences between HMDs. A
post hoc test [24] is performed in this case, and a significance plot
is provided in Fig. 6. It appears that, the source of the identi-
fied differences is significant between HP Reverb VR and HTC
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Figure 5: Probability plot of MOS against the normal distribution
quantiles.

Vive Pro, and more with Varjo Vr-2. While Oculus Quest pro-
vides no significant difference with any of the selected HMDs.
This demonstrates that the variance occurs from multiple HMD
and not just a single one.
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Figure 6: Pairwise multiple significance plot between HMDs for
the overall MOS. NS stands for no significance.

In addition to the analysis of variance on the overall scores,
we performed an analysis of variance using the Kruskal-Wallis
H-test between HMDs per individual distortions, with the aim of
evaluating the effect of a single distortion independently of the
used HMD. A p− value of 0.023, 0.274, and 1 are achieved for
JPEG, GB, and GN, respectively. In this case, observers noticed
a difference between HMDs for JPEG but not for the remaining
distortions. One may question the link between JPEG artefacts
and the SDE, presenting some similarities in terms of distortion
type (i.e. blocking artefacts). This observation backs up the previ-
ous one about the differences on the overall ratings. Additionally,
we looked into the differences regarding the JPEG distortion, the
significance difference is depicted in Fig. 7. One can notice that
the difference here is between Varjo Vr-2 and Oculus Quest, as
well as with HP Reverb VR. Compared to the differences on the
overall MOSs, Varjo Vr-2 is one of the common source. The sig-
nificant difference in PPD (see table 2) between this HMD and
the other ones, which greatly contributes to visual quality, may
explain such result.

We examined the MOS obtained for all HMDs to determine
which HMD provides the best quality, and how the MOS per indi-
vidual distortions is distributed. A box plot of MOSs from all im-
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Figure 7: Pairwise multiple significance plot between HMDs for
the JPEG distortion. NS stands for no significance.

ages per single distortion is depicted in Figure 8. Overall, we can
notice that MOS for a certain distortion level are mostly within a
limited range. This backs up the findings of the SOS parameter,
which was previously discussed. One can also notice that, com-
pared to JPEG and GN, GB was frequently rated as bad (1) and
poor (2). Especially, levels 3 and 4 where the means falls in the
same range. This clearly shows that the observers were annoyed
by such a distortion regardless of the used HMD. For GN, the
MOS mostly falls in the same range for level 2, 3 and 4, as if the
observers did not perceive much difference between these levels.
Particularly with HTC Vive Pro and Varjo Vr-2. In terms of which
HMDs provides a better quality, we can observe that with Varjo
VR-2 and HP Reverb VR more MOS greater than 3.5 were given.
This suggests that these two offer a better quality, which can be
related to their resolution and PPD (see Table. 2).
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Figure 8: Box plot of MOS per level of distortion, where J-*, GB-
* and GN-* stand for JPEG, Gaussian Blur and Gaussian Noise
with 4 different levels.

Simulator Sickness Assessment
We computed the simulator-sickness scores, as mentioned

previously, to measure the sickness level caused by each of the
used HMDs. The scores are grouped by total scores (TS), oculo-
motor (O), and disorientation (D) as described in the VRSQ [19].
The VRSQ is derived from SSQ [25] where 9 symptoms are se-
lected among 16. Scores for TS, O and D are calculated using the
method in VRSQ [19], where the TS is the average score of O
and D. Here, a score around 40 is considered severe. Fig. 9 shows
the histograms of the simulator-sickness scores obtained for the
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selected HMDs.

For this experiments, we focused on analysing which HMD
causes higher sickness in terms of TS, O and D. In comparison
to the others, the Varjo VR-2 received the highest overall scores,
while, the Oculus Quests received the lowest. Two explanations
could convey these results. First, the weight of Varjo VR-2, re-
ported by the observers as being high. Then, the double displays
composing this HMD with two different resolutions, often requir-
ing an adapted content. One can also see that the observers are
more prone to oculomotor symptoms compared to those for dis-
orientation and even the TS. The length of the sessions where the
observers are subject to very close displays may be a reason for
this. As the oculomotor involves eye strain, difficulty focusing,
and fatigue, which can be increased with more exposition to VR.
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Figure 9: Simulator-sickness scores for the considered HMDs in
terms of total scores (TS), oculomotor (O), and disorientation (D).

Conclusion
In this paper, we present a detailed evaluation of the impact

of HMDs on the quality rating of omnidirectional images. The
provided analysis revealed a statistically significant difference be-
tween the used HMDs. This difference is mostly related to the
distinct characteristics of each HMD. Especially the SDE, which
can be confused with the distortions on the viewed scenes, and
may lead to a dodgy assessment. This contrast with previous ob-
servations in the literature. Furthermore, a significant difference
on specific distortions was also observed with JPEG compared to
GN and GB. The source of such difference was found between
multiple HMDs supporting the observations regarding the device
induced influence. Additionally, the simulator-sickness assess-
ment revealed that the use of some HMDs lead to a higher simu-
lator sickness scores compared to others, and oculomotor related
symptoms induce significantly higher scores when compared to
disorientation. A further analysis including additional factors is
planned in order to provide a holistic assessment regarding the
use of HMDs for subjective quality ratings.
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