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Abstract

Visual discomfort is an important factor that influences view-
ing experience in immersive multimedia, for example, 3DTV and
VR. With the added value of depth, the novel perceptual experi-
ence, visual discomfort is not an easy task for observers to evalu-
ate. In this study, we investigate how the subjective methodology
affects the test results in 3DTV condition. Two subjective visual
discomfort experiments were conducted. One used the Pair Com-
parison (PC) method and the other used the Absolute-Category
Rating (ACR) method. The results demonstrated that PC method
had more powerful discriminability. For a difficult perceptual-
related tasks, such as visual discomfort in our study, PC was more
easy to understand and conduct for the observers which led to re-
liable results. It also showed some very important but usually
ignored conclusions on the subjective experiment, i.e., for mea-
suring the perceived visual discomfort, the observer’s judgment
behavior might be affected by the test methodology.

Introduction

As one of the most important dimensions in Quality of Ex-
perience (QoE) of immersive multimedia, visual discomfort is
often complained by the viewers. Thus, recent researches are
concentrated on the possible causes of visual discomfort, e.g.,
the vergence-accommodation (VA) conflict[1][2], the excessive
binocular disparity[3], the relative disparity between foreground
and background[4][5], the motion[6][7][8], crosstalk[9][10]], etc.
Another research direction is focusing on the development of ob-
jective prediction methods to automatically monitor, adjust or op-
timize the related systems and thus, to minimize the possibility of
visual discomfort[11][12][13][14][8]. Nevertheless, it should be
noted that the fundamental of these studies is subjective experi-
ment.

The complexity of stereoscopic content perception as op-
posed to real-world perception explains the difficulties that naive
observers experience when asked to provide an opinion on the vi-
sual experience. On one hand they have limited experience with
the new technology, notably as opposed to 2D television and,
eventually, immersive multimedia content. On the other hand,
they may need to counterbalance positive and negative effects
such as added depth value and visual discomfort.

In ITU-R BT.2021 [15], four assessment methods are recom-
mended for measuring visual discomfort, which are a subset of the
methods from Recommendation ITU-R BT.500 [16]. These four
methods are:

o the single-stimulus(SS) method;

e the double stimulus continuous quality scale (DSCQS)
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method;

o the stimulus-comparison (SC) method;

o the single stimulus continuous quality evaluation (SSCQE)
method.

Compared with the conventional 2D quality assessment scale
labels, the labels for visual discomfort are slightly different, for
example, the discrete five-grade scales or the continuous com-
fort scales are labeled with “Very comfortable”, “Comfortable”,
“Mildly uncomfortable”, “Uncomfortable”, and “Extremely un-
comfortable”.

These methods have already been widely used in the com-
munity of Stereoscopic 3DTV. For example, in [17], the SSCQE
method was used as it can measure the influence of stimulus du-
ration on visual discomfort or visual fatigue. In [7], a continuous
scale from O to 100 was used, where “0” represents “Extremely
Uncomfortable” and “100” represents “Very Comfortable”. In
[6], five scale based Absolute-Category Rating (ACR) method-
ology was used, where the score from 1 to 5 represents “I'm very
tired” to “I am not tired”. While in [14] a 5-point ACR test was
used as well, the attributes were selected from “very comfortable”
to “extremely uncomfortable”.

Pair Comparison (PC) is considered as a more powerful test
methodology recently. Compared to the scale-based subjective
methodology, PC is easy to interpret by testers and to understand
by observers [18]. In addition, PC outperforms the SS methodol-
ogy in terms of the discriminability in image quality [19][20].

So far, there are few studies on the comparison of the vi-
sual discomfort results obtained by different test methodologies
with or without the same test conditions. Due to the multi-
dimensionality of the QoE, and the difficulties for the viewers
to make judgment on unfamiliar and multi-dimension scales, it
would be interesting to know the influence of the test methodol-
ogy and test condition on results.

In this study, two visual discomfort experimental results on
the same video database are compared. One experiment was con-
ducted by the 5-point ACR method in [14], and the other was
conducted in IPI lab using the ORD (Optimized Rectangular De-
sign) PC method[21][22] recommended by ITU-T P.915[23] and
IEEE P3333.1.1[24]. More details are presented in the following
sections.

Test Stimuli

In this study, the IVY Lab stereoscopic video database [25]
is chosen as it contains different types of motion. This database
includes 40 video sequences, and 36 of the video sequences were
shot by the IVY lab using the Fujifilm FinePix 3D W3 camera
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with dual lenses, the remaining 4 are video sequences from the
MPEG 3D video test. In order to avoid the effect of excessive
binocular disparity on visual discomfort, the maximum disparity
of the sequences is within the comfortable viewing zone (1 de-
gree). The motion types include vertical planar motion, horizontal
planar motion, in-depth motion and their combinations. The hor-
izontal motion velocity ranges from 1.83 to 25.5 degree/s. The
vertical motion velocity is ranged from 0.05 to 3.37 degree/s, and
the depth motion velocity is ranged from 0.05 to 3.37 degree/s.
The motion and disparity are estimated by an 8 x 8-pixel block
matching method [25]and the depth estimation reference software
(DERS from MPEG 3D video standardization) [26], respectively.
The resolution of the video sequences is 1280 x 720, and the
frame rate is 24 fps. The duration of each sequence is 10 seconds.

In this study, we only chose the 36 stimuli which were shot
by the IVY Lab. The reasons were that firstly, they were shot in
the same shooting conditions while the remaining 4 MPEG 3D
video test sequences were not. Furthermore, considering the test
duration for PC test, using 36 stimuli is feasible for applying the
ORD method and it already reaches the maximum limit for test
duration, approximately 1 hour (180 pairs = 180x(10+5)s = 45
minutes without break). Using 40 stimuli would make the test
even longer (for 8 x 5 condition, the total number of pairs = 220
pairs = 220x(10+5)s = 55 minutes without break), which is not
recommended.

A preview of the video sequences used in the subjective test
is shown in Figure 1. Please note that the indices of the video
sequences are consistent with the original IVY Lab database, the
video sequences 1, 21, 22 and 40 are the MPEG 3D video test
sequences which were not chosen in this study.

Experiment

Experiment 1: ACR test conducted at the IVY lab
It should be noted that Experiment 1 is not our work but

the original work of IVY lab [25]. It is briefly introduced here

for easier comparison between the experiment in IVY lab and the

experiment in our lab.

Apparatus

A linearly polarized stereoscopic monitor manufactured by
Redrover (true3Di) was used in the test. It consisted of a half
mirror and two 40” LCD displays with the refresh rate of 60 Hz.
The width and height of the display screen were 886 mm and
498 mm, respectively. The resolution of the screen is 1920 x
1080. The viewing distance was approximately three times of the
height of the screen, i.e., 150 cm. In the test, when displaying the
video sequence, the original video (1280 x 720) was re-scaled
to fit the full screen. The test environment was in line with the
recommendations of ITU-R BT.500 [16].

Viewers

17 subjects, aged from 20 to 37 years old, participated in the
test. All subjects were recruited under approval of the KAIST
Institutional Review Board. All subjects had normal or corrected
vision and a minimum stereopsis of 60 arcsec in stereo fly test.

Test methodology

In the subjective experiment, the ACR method was used to
get the visual comfort scores, the 5-point scale values represent:
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e 5: very comfortable (visual discomfort is imperceptible)

e 4: comfortable (visual discomfort is perceptible but not an-
noying)

3: mildly uncomfortable

2: uncomfortable

1: extremely uncomfortable

Between each two video sequences, there is a resting time
of about 15s with mid-gray image. During the resting time, ob-
servers were asked to provide an overall level of visual comfort
for the tested video sequence.

Experiment 2: PC test conducted at the IPI lab

To compare the experimental results between the ACR and
PC methods, a PC test was conducted in our IPI lab with the
experimental setup as close to Experiment 1 as possible. To re-
duce the number of comparisons, our proposed ORD method was
used[21][22] . Details are shown in the following sections.

Apparatus

Two ViewSonic V3D231 (model number: VS14136) polar-
ized display were used in the test. They were positioned side by
side. The size of the screen is 23”, with resolution of Full HD
(1920x 1080). The refresh rate is 60 Hz. To conform to the con-
ditions used in the IVY lab, in our test, when displaying the video
sequence, the original video was re-scaled to fit the full screen.
Viewing distance was about 3 times of the screen height, i.e., 87
cm. The display was adjusted for a peak luminance of 210 cd/m?2,
approximately 80 cd/m? through polarized glasses. The back-
ground illumination was about 30 cd/m?2, approximately 12 cd/m?
through the polarized glasses. All other environmental conditions
were in line with ITU-R BT.500 [16]. This setup was consistent
with the experiment conducted in IVY lab besides the size of the
screen.

Viewers

40 naive viewers participated in this test. 22 are females and
18 are males. Their ages were ranged from 19 to 65, with an
average age of 30.2. All of them had either normal or corrected-
to-normal visual acuity. The visual acuity test was conducted with
a Snellen Chart for both far and near vision. The Randot Stereo
Test was applied for stereo vision acuity check, and Ishihara plates
were used for color vision test. All of the viewers passed the pre-
experiment vision check.

Test methodology

As there were in total 36 video sequences, and the MOS from
Experiment 1 was already available, the ORD (Optimized Rect-
angular Design) method [21][22] was used, i.e., the stimuli with
closer visual discomfort would be arranged in the same column or
row of a matrix, and only the stimuli in the same column or row
would be compared. Thus, the square matrix in ORD is arranged
based on the rank ordering of the MOS as shown in Table 1 (the
number in the matrix represents the index of the stimulus). The
video sequences with the closest visual discomfort MOS were put
in the same column or row thus they will be directly compared.
This direct comparison on closest pairs allows for a precise pref-
erence evaluation between the MOS scores and PC binary data.
Conforming to the ORD method, there were in total 180 pairs for
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Motion Type

Horizontal

Vertical

In-depth

Preview of the video sequences

Figure 1. Preview of the test video sequences. They are captured from the 100th frame.

Table 2: The square matrix used in the PC experiment in IPI
lab. The number in the matrix represents the index of the stim-
ulus. Only the stimuli in the same column or row were com-
pared.

19 15 28 31 10 13

34 24 23 38 37 29

11 8 20 39 3 25
12 2 16 6 18 30
33 7 27 5 26 32

each observer.

Procedure

The test included a training session and a test session. Five
pairs were included in the training session. After watching a pair
of video sequences, the observers were asked to select the one
which is more comfortable. A touch screen was used for the view-
ers to make the selection. If the observer was not very sure about
the selection, he/she could replay the video sequences as many
times as he wanted.

There were in total 180 pairs for each viewer. The video
pairs were randomly presented to all viewers. Meanwhile, the
presentation order for each viewer and all observers were as bal-
anced as possible, which meant the video sequence should be pre-
sented with the same frequency on the left screen and on the right
screen. For the sequence pair {AB}, the presentation order of
{A-B} should appear as often as the condition {B-A} for all ob-
servers. In this way, the presentation bias effect was avoided as
much as possible.

Each test session was split into two sub-sessions. After half
of each sub-session, the viewers were asked to have a 10 minutes
break to avoid visual fatigue. When finishing the first sub-session,
the screen showed a message saying “End of the first session” to
the viewers. The viewers could take a break and then pressed the

IS&T Infernational Symposium on Electronic Imaging 2018
Human Vision and Electronic Imaging 2018

“continue” button to move to the second sub-session. The whole
test lasted approximately 1 hour.

Results: Comparison between ACR and PC

The results obtained in Experiment 1 and Experiment 2 are
compared in this section. The differences between the two results
are analyzed based on two main aspects. One is focusing on the
scale values after being converted from the raw PC data. The other
is focusing on the raw PC data.

It should be noted that to make a fair comparison between
ACR and Full PC, they should be with the same observers, i.e.,
ACR test with 17 observers versus Full PC test with 17 observers.
Considering that our PC method is an efficient design (with re-
duced number of comparisons), to make the comparison fair, our
ORD PC test should have same comparison number with the Full
PC of 17 observers, which leads to (36x35/2)x17 = 10710 com-
parisons. This means 10710/180 = 59.5 observers in our ORD
PC test. However, we did not have so many observers in the test,
thus, we only take 40 observer’s results to compare (which is in
fact unfair for ORD PC results).

The MOS and 95% confidence intervals for all sequences
from Experiment 1 are available from the website [25]. The
Bradley-Terry (BT) model[27][28] is used to generate visual com-
fort scores of Experiment 2. The higher the BT score, the higher
the degree of visual comfort. It should be noted that in IVY lab,
the MOS also represents the degree of visual comfort[14].

Comparison between the scales values: MOS and
BT scores

The scatter plot of the MOS and BT scores is shown in Figure
2. The CC, SROCC, RMSE between the MOS and BT scores are
calculated, which are 0.53, -0.50 and 0.33, respectively.

For convenience, the scatter plot based on the types of mo-
tion is provided in Figure 3. As shown in Figure 2, the correlation
between the MOS and BT scores for the mixed motion are higher
than the other conditions. In particular, for the condition of in-
depth motion sequences, the BT scores are significantly different
but overlapped on MOS.

Furthermore, it is shown that the confidence intervals of the
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Figure 2. The scatter plot of the MOS results and BT scores. The black line
is the fitting curve from MOS to BT scores.
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Figure 3. The scatter plot between BT score and MOS based on the type
of motion, the error bar shows the 95% confidence intervals. The number
labeled close to the marker represents the video index.

MOS are larger than the BT scores. For better visualization, the
sorted MOS and BT scores are shown in Figure 4. For MOS, they
are ranged from 2.5 to 4.5. According to the confidence inter-
vals, a large amount of the scores are not significantly different.
For example, the confidence intervals for the video sequence 15,
28, 31, 10, 13, 14, 19 are overlapping. On the contrary, for the
BT scores, the number of the overlapping confidence intervals is
smaller. To better evaluate the viewers’ agreement on the scores,
some statistical analysis are applied on the raw data, which will
be introduced in the following section.

Comparison of the raw data
In this section, the obtained raw data from ACR and PC ex-
periment are compared using different analysis methods.

Discriminability test

To compare the discriminability of the MOS and the PC data,
the Barnard’s-exact test is applied on the PC data. The objective
is to compare the discriminability of the ACR method and PC
method.
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Figure 4. The comparison between the sorted MOS and BT scores.

There are in total 35 adjacent pairs in MOS, for example,
sequence{19,15}, sequence{15, 28}, ..., sequence{39, 20} (as
shown in Figure 4(a)). According to the confidence intervals of
these adjacent pairs, the MOS of the stimuli in each adjacent pair
are not significantly different. To evaluate their significance in
the PC test, the Barnard’s test on the preference of these adjacent
pairs are calculated. The pairs whose p-value < 0.05 (which in-
dicates a significant difference between the votings on the video
sequence A and B at the significance level of 0.05) are shown in
Table 2. According to Table 2, 20 out of 35 pairs are significantly
different.

To provide more detailed information about the discrim-
inability of the two test methodologies, all 180 pairs were tested
by Barnard’s test. Meanwhile, the significance test on the cor-
responding 180 pairs of the ACR results were conducted by us-
ing the student’s-t-test. For better understanding, in this test (see
Table 3), “PC1_ACRO0” is used to represent the number of pairs
that PC succeeds in detecting their significant difference but the
ACR test fails. Thus, “1” represents the method that succeed in
detecting the significant difference, “0” represents failure. The
same meaning applies to the notion “PC0O_ACRO0”, “PCO_ACR1”,
and “PC1_ACR1”. The test results are shown in Table 3. The
results indicated that there are in total 27 pairs can be discrimi-
nated by the ACR method and 78 pairs can be discriminated by
PC test. The number of pairs that discriminated by the PC method
is approximately 3 times of the ACR method. Thus, it could be
concluded that PC comparison method has higher discriminabil-
ity than the ACR method on the visual discomfort induced by
different video sequences.

This study verifies the conclusions from [19] that the PC
method has higher discriminability on closer stimuli. In addition,
the results showed that the test methodology may affect viewer’s
behavior during the test. For example, in our paired comparison

IS&T Infernational Symposium on Electronic Imaging 201
Human Vision and Electronic Imaging 201

8
8



Table 3: Barnard’s test results: The adjacent pairs of the MOS
which show significantly difference in PC experiment, p-value
<0.05

Sequence  Sequence  Voteon  Voteon  Barnard’s
A B A B p-value
15 28 34 6 0.00
28 31 7 33 0.00
31 10 9 31 0.00
10 13 31 9 0.00
14 29 33 7 0.00
29 25 33 7 0.00
25 30 5 35 0.00
26 5 11 29 0.02
5 27 29 11 0.02
27 7 12 28 0.03
33 12 8 32 0.00
4 35 32 8 0.00
9 17 32 8 0.00
17 36 11 29 0.02
37 3 11 29 0.02
18 6 8 32 0.00
6 16 28 12 0.03

8 9 31 0.00
8 24 29 11 0.02
24 23 33 7 0.00

Table 4: Comparison between the discriminability of the ACR
and PC test on visual discomfort of the video pairs.

PCO_ACRO | PCO_ACR1 | PCI_ACRO | PCI_ACRI1
75 12 78 15

test, the viewers might pay more attention on the effect of window
violation than in the ACR test. However, the differences between
the two test results are not only from the test methodologies, but
also possibly from some other factors.

Observer agreement test

To evaluate the agreement between the observer’s individual
test result and the global results (i.e., MOS for ACR test, and all
observers’ combined PC raw data for PC test), an observer agree-
ment test is conducted. For ACR test, the MOS is converted to a
binary 36 x 36 PC matrix Macg. The value in Mycg(m,n) is used
to represent if the MOS of sequence m is higher than that of se-
quence n. The observer’s individual scale rating is converted to a
binary matrix in the same way, which is denoted by Mcg;(m,n),
i represents the observer ID. For PC test, the global observers’
PC matrix is converted to a binary matrix, denoted by Mpc. The
observers’ individual PC matrix is obtained directly in the exper-
iment, denoted by Mpc;.

For ACR experiment, the agreement test is to calculate the
ratio that the value in each position of Mycg equals to the corre-
sponding value in Mycg; for each observer. The same procedure
is applied on the PC experiment. Figure 5 shows the histogram
of the agreement ratio in two experiments. The mean value of
agreement ratio in ACR test is 0.43, in PC test is 0.70.
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Figure 5. The histograms of the agreement ratio for ACR experiment and
PC experiment. The X-axis represents the agreement ratio of individual ob-
server and global results. The Y-axis represents the number of observers.

The agreement test results indicate again that in visual dis-
comfort assessment, ACR test methodology is more difficult for
observers to understand and conduct, so the obtained results are
less consistent compared to PC methodology.

Observer behavior analysis

To analyze which factors lead to the big difference between
the two test results, we checked the significantly different pairs
between ACR and PC, as shown in Table 2, and the character-
istics of these videos sequences. We noticed that most viewers’
selections were concentrated on the video sequence that have win-
dow violation. Window violation is a phenomenon in 3D images
or videos that when an object with strong crossed disparity (in
front of the screen) interferes with the boundaries of the screens
(bottom, top, left and right). In such cases, the object is perceived
as being cut off by the borders. This unnatural shooting distortion
would induce visual discomfort [29].

In the IVY stereoscopic video database, Sequence 6, 10, 12,
13, 14, 15, 19, 24, 27, 30, 31, 33, and 36 have window violation.
Based on the results in Table 2, it might be inferred that when
using the PC method, besides the large relative disparity and the
motions, the window violation became a key factor for viewers to
make the judgment, especially for the conditions that one stimulus
had window violation while the other did not, such as the Stim-
uli pair {15, 28}, {28, 31}, {14, 29}, {25, 30}, {33, 12}, {17,
36}. However, in the results of ACR method, the effect of window
violation might not be observed as in PC test because according
to the confidence intervals of the MOS, the visual discomfort in-
duced by these pairs are not significantly different. The ignorance
of the window violation in ACR test showed the different mecha-
nisms between PC and ACR on measuring visual discomfort.

Conclusion
To what extent the PC methodology is different from the
ACR methodology in the context of visual discomfort in immer-
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sive multimedia is the question to be resolved in this study. In this
paper, the visual discomfort results obtained by the ACR and PC
test methodologies are compared. The results verified the con-
clusion that the PC method has higher discriminability than the
ACR method. In addition, in a visual discomfort experiment, PC
method is more easy to understand and conduct for the observers.
People may feel confusing on the visual comfort scale in ACR
test, which lead to unreliable and inconsistent results. It has also
demonstrated that the viewer’s behavior during the test might be
influenced by the test methodology. The conclusions of this study
are very important for the studies which utilize the subjective ex-
perimental results as the ground truth. The researchers should
notice that the obtained results might not be the “ground truth”
results and they might have been affected by the test methodol-

ogy.
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