
Boosting Paired Comparison methodology in measuring

visual discomfort of 3DTV: performances of three di

erent designs

Jing Li, Marcus Barkowsky, Patrick Le Callet

To cite this version:

Jing Li, Marcus Barkowsky, Patrick Le Callet. Boosting Paired Comparison methodology in
measuring visual discomfort of 3DTV: performances of three di erent designs. SPIE Elec-
tronic Imaging, Stereoscopic Displays and Applications, Human Factors 2013, Feb 2013, San
Francisco, United States. 8648, pp.1-12, 2013, <10.1117/12.2002075>. <hal-00789033>

HAL Id: hal-00789033

https://hal.archives-ouvertes.fr/hal-00789033

Submitted on 15 Feb 2013

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
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visual discomfort of 3DTV: performances of three different

designs
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LUNAM Université, Université de Nantes, IRCCyN UMR CNRS 6597
Polytech Nantes, rue Christian Pauc BP 50609 44306 Nantes Cedex 3, France

ABSTRACT

The pair comparison method is often recommended in subjective experiments because of the reliability of the
obtained results. However, a drawback of this method is that the number of comparisons increases exponentially
with the number of stimuli, which limits its usability for a large number of stimuli. Several design methods
that aim to reduce the number of comparisons were proposed in the literature. However, their performances
in the context of 3DTV should be evaluated carefully due to the fact that the results obtained from a paired
comparison experiment in 3DTV may be influenced by two important factors. One is the observation error from
observer’s attentiveness, in particular inverting the vote. The second factor concerns the dependence on the
context in which the evaluation takes place. In this study, three design methods, namely Full Paired Comparison
method (FPC), Square Design method (SD) and the Adaptive Square Design method (ASD) were evaluated
by subjective visual discomfort experiment in 3DTV. The results from the FPC method were considered as the
ground truth. Comparing with the ground truth, the ASD method provided the most accurate results with a
given number of trials. It also showed the highest robustness against observation errors and interdependence of
comparisons. Due to the efficiency of the ASD method, paired comparison experiments become feasible with a
reasonably large number of stimuli for measuring 3DTV visual discomfort.

Keywords: Pair comparison, Visual discomfort, 3DTV, Adaptive Square Design, Subjective experiment

1. INTRODUCTION

Visual discomfort induced by watching 3D images or videos is getting more and more attention recently [1][2][3][4]
[5][6][7] as it decreases severely the Quality of Experience (QoE) of the viewers . Consequently, the measurement
of the degree of visual discomfort became an important topic recently.

Due to the added value of depth in 3D image/video, subjective assessment on visual discomfort in 3DTV
is more complex than the traditional 2D video quality assessment. Viewers are not used to 3D television and
not familiar with the concept of “visual discomfort”, thus he/she has no reference to compare with as in the 2D
condition. It might be difficult for the viewers to assign an absolute psychophysical scale to the stimulus. Pair
comparison is considered as a more reliable method because firstly, it is easy for observers since they only need
to provide their preference on each pair. Secondly, pair comparison is more sensitive to the conditions with small
differences, thus, it improves the discriminability of the votes for the stimuli[8]. Therefore, pair comparison is
widely adopted in recent studies of 3DTV. For example, in the literatures of [5][6] [8] and [9], the authors used
the pair comparison methods to evaluate the visual discomfort, QoE and stereoscopic image quality.

Though pair comparison shows its advantages in subjective tests of 3DTV, it has a big practical issue in real
applications, that is: with an increasing number of stimuli, the number of comparisons increases exponentially.
In our previous paper[10], we analyzed a balanced sub-set pair comparison method called “Square Design”
which was proposed by Dykstra[11]. Dykstra defined a formula to calculate “efficiency” to evaluate this method
which showed that this method was highly efficient in predicting the scores of the stimuli. However, this “high
efficiency” was validated under the condition of some assumptions, e.g., no observation errors (no observer voting
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erroneously during the test), no influence from the interdependency of other stimuli, etc. In our previous study
we found that the original Square Design method was quite sensitive to the typical observation errors, which were
induced by the number of observations and the observers’ attentiveness to err on the voting. Thus, this method
should be carefully considered before applying to the real subjective test. According to the analysis, an adaptive
square design method was proposed in our previous study[10]. Its performance was validated by a Monte-Carlo
simulation experiment which showed that it is more robust than the original Square Design method. In addition,
it showed higher experimental efficiency than the Square Design method and the full Paired comparison method.

In this study, the performances of the three pair comparison design methods, namely, the full pair comparison
method (FPC), the Square Design method (SD) and the adaptive square design method (ASD) are compared
by the subjective experiments of visual discomfort in 3DTV. Due to the fact that the viewer’s vote for pair
comparison may be influenced by the observation errors or the interaction of the votes on stimuli, five subjective
experiments were designed for comparison and analyzing. Experiment 1 was conducted by FPC method and
used as the ground truth of the results. Experiment 2 and 3 are designed to compare SD and ASD methods
under the influence of observation errors. Experiment 4 and 5 are designed for comparing SD and ASD method
under the influence of irrelevant stimuli.

The rest of the paper is organized as follows. In Section 2, the three different designs for pair comparison
methodology are introduced. Then, the Bradley-Terry model will be introduced in Section 3 which is the base
for analyzing the pair comparison data. The five experiments conducted in this study are presented in Section
4 then follows the results in Section 5. Section 6 concludes the paper.

2. PAIR COMPARISON METHODOLOGIES

2.1 Full Pair Comparison method

Pair Comparison method has been suggested by ITU-T Recommendation P.910 [12] for evaluating the quality
in multimedia services. The test stimuli (A, B, C, etc.) are generally combined in all the possible n(n - 1)/2
combinations AB, AC, BC, etc. If considering the displaying order, all the pairs of sequences should be displayed
in both the possible orders (e.g. AB, BA), the number of combinations will raise to n(n - 1). After each pair a
judgement is made on which element in a pair is preferred in the context of the test scenario.

To distinguish with other paired comparison designs, the PC abbreviation is replaced by FPC (Full Paired
Comparison) in this paper.

2.2 Square Design method

Since it is unwieldy to run all pairs in paired comparison method, one possible way is to omit some pairs
completely. Dykstra[11] proposed a “balanced sub-set” method, which means that for certain pairs (i, j) the
comparison numbers nij is 0 while for all other pairs it is a constant nij = n. Each of the stimuli has the
same frequency of occurrence in the whole experiment. Dykstra developed four types of balanced sub-set design:
“Group divisible designs”, “Triangular designs”, “Square designs” and “Cyclic designs”. The “Square design”
(SD) is briefly introduced here.

Assuming the stimuli number t = s2, the SD is constructed by placing the t stimuli into a square of size s.
Only pairs which are in the same column or row are compared. For example, if there are t = 9 stimuli, stimulus
1, 2,...,t could be placed into a square matrix as following:

1 2 3
4 5 6
7 8 9

In this design, only the pairs among stimuli (1, 4, 7), (2, 5, 8), (3, 6, 9), (1, 2, 3), (4, 5, 6) and (7, 8, 9) are compared.
The total number of comparisons is t(

√
t− 1).

In square design, when the stimulus number is 9, the paired comparison number is 9×(3-1)=18, compared
to 9×8/2=36 for the complete method. As this method only runs part of the pairs, there must be a loss
of information. Dykstra gave a definition called “efficiency” to evaluate this method, which showed that this



 

Figure 1. The flowchart of the ASD method for pair comparison.

method was highly efficient in predicting the scores of the stimuli. For details, the readers can be referred to
[11].

2.3 Adaptive Square Design method

According to the Bradley-Terry model[13] which is a model to convert the paired comparison data to a scale value
for each stimulus (more details can be found in Section 3), and the characteristics of the paired comparison[14],
the SD method was examined in our previous paper[10] and we found that this method is not robust in the
condition of observation errors. According to the analysis results, we pointed out that comparisons should be
concentrated on the stimuli with similar quality. Thus, an adaptive Square Design was proposed in which the
square matrix was updated after each observer’s whole experiment. The detailed steps of this design are as
following, and the flowchart of this method is shown in Fig. 1.

• Initialization of the square matrix. The position could be arranged randomly or according to the pre-test
results. Afterwards, run paired comparisons.

• Calculation of the estimated scores. According to the current paired comparison results calculate the
Bradley-Terry scores and sort them.

• Arrangement of the square matrix. According to the order rearrange the stimuli along the spiral, then run
paired comparisons.

• Repeat step 2 and 3, until the termination conditions are satisfied (e.g., reach a certain number of com-
parisons or get the required confidence intervals).

The performance of the ASD method was evaluated by a Monte-Carlo simulation experiment in our previous
study[10] but not the real subjective experiment. The simulation results in [10] showed that this method was
robust to observation errors and more efficient than the SD method and the FPC method. The performance of
this method in real application of 3DTV will be evaluated in the current study.



3. BRADLEY-TERRY MODEL

The Bradley-Terry model uses a linear model analyzing pair comparisons in order to map the probabilities of
preference to scales. It introduces the term “merit” to describe the value of a particular stimulus on the scale.
For the stimuli pair Ai and Aj , their “merits” are Vi and Vj respectively. This “merits” may represent a sensation
magnitude on a scale, e.g., the degree of visual discomfort in 3DTV. During an observation, the observed “merit”
values for Ai and Aj are Xi and Xj , the probability that the observer choose Ai over Aj is P (Xi > Xj), which
can be defined as:

P (Xi > Xj) ≡ πij =
πi

πi + πj
, i 6= j (1)

Where πi > 0 and
∑t

i=1 πi = 1, supposing there are in total t stimuli. The merit of stimulus Ai can be calculated
by:

Vi = log(πi) (2)

The Bradley-Terry score Vi is a negative value. Furthermore, the value Vi will change in function of the
number of stimuli, since the sum of the πi should equal to 1. However, for a certain pair Ai and Aj , their distance
Vi − Vj = log πi − log πj will not be changed since the πij is a constant. This characteristic of the Bradley-Terry
score can be utilized to analyze the influence of observation errors and interdependence of comparisons on the
final Bradley-Terry scores. In addition, the robustness of the paired comparison designs can be evaluated. More
details can be found in Section 5.

Besides the Bradley-Terry score or sensation magnitude on a scale, the Bradley-Terry model can also provide
confidence intervals, goodness of model fit and a series of hypothesis test. For more details, the reader is referred
to [13][15].

4. EXPERIMENT

4.1 Apparatus

The display used in the experiment is a Dell Alienware AW2310 23-inch 3-D LCD screen (1920×1080 full HD
resolution, 120Hz), which featured 0.265-mm dot pitch. The display was adjusted for a peak luminance of 50
cd/m2 when viewed with the active shutter glasses. Stimuli were viewed binocularly through NVIDIA active
shutter glasses (NVIDIA 3D vision kit) at a distance of about 90 cm. All environmental conditions were in line
with ITU-R BT.500[16].

4.2 Stimuli

The stereoscopic sequences consist of a left-view and a right-view image which were generated by the MATLAB
psychtoolbox [17]. A black Maltese cross was used as the foreground object with a size of 450×450 pixels (with
the visual angle of 7.6 degree). The background was a salt and pepper-like noise image of 1920×1080 pixels.
There are in total 36 stimuli in this study, including 15 planar motion stimuli, 5 static stimuli and 16 in-depth
motion stimuli. The planar motion stimuli were exactly the same as our previous study [6], with 5 disparity
levels (0, ± 0.65, ± 1.3 degree) and 3 velocity levels (slow, medium, fast). An example of the stimuli is shown in
Fig. 2(a). For the static stimuli, the Maltese cross was positioned at the center of the screen, with five disparity
levels which are 0, ± 0.65, ± 1.3 degree. For the in-depth motion stimuli, the Maltese cross was positioned in the
center of the screen and moved forward and backward to the observer at different depth positions. An example
is shown in Fig. 2(b).

4.3 Experimental design and assessment methods

The summary of the experiments is shown in Table 1. The details are illustrated by the following parts.



Foreground 

 

+1.3 deg. 

 

Screen 

Background 

 

-1.4 deg. 

0 deg. 

(a)

Foreground 

 

+1.3 deg. 

 

Screen 

Background 

 -1.4 deg. 

0 deg. 

-1.3 deg. 

(b)

Figure 2. Examples of the stimuli. (a) is an example of the planar motion stimuli. The foreground object moves at a
depth plane with a disparity of 1.3 degree. The motion direction is anti-clockwise. The background is placed at the depth
plane with a disparity of -1.4 degree. (b) is an example of the in-depth motion stimuli. The Maltese cross moves in depth
between disparity +1.3 to -1.3 degree back and forth.

Table 1. Summary of the experiments

Methods CC ROCC RMSE 
Exp2: SD - 4×4  0.9819 0.9536 0.2572 
Exp3: ASD - 4×4  0.9913 0.9571 0.1623 
Exp4: SD - 6×6  0.9590 0.9679 0.3261 
Exp5: ASD - 6×6  0.9948 0.9857 0.1380 

 

 

 

 

 Exp1 Exp2 Exp3 Exp4 Exp5 
Assessment Method FPC SD ASD SD ASD 
Number of stimuli 15 16 16 36 36 

Number of observers 45 33 33 33 33 
Number of trials per observer 105 48 48 180 180 

 

4.3.1 Experiment 1: FPC method for establishing ground truth

Fifteen planar motion stimuli were tested in the Experiment 1. The FPC method was used thus 15×14/2 = 105
pairs were presented in each individual subjective experiment. The results were used as the ground truth for the
visual discomfort of the 15 planar motion stimuli.

In Experiment 1, the viewers watched a pair of stimuli at one trial, and then they were asked to select the
one which made them more uncomfortable (the same for the Experiment 2 to Experiment 5). The presentation
order for voting the whole set of 105 paired comparisons was randomly permuted for each viewer. The temporal
presentation order of each pair of stimuli was balanced for all viewers.

4.3.2 Experiment 2 and 3: Comparing SD and ASD method under the influence of observation
errors

The SD method was used in Experiment 2 and the ASD method was used in Experiment 3. Sixteen stimuli were
tested in both experiments, including 15 planar motion stimuli and 1 static stimulus. The reason that we added
one extra stimulus in this test is that sixteen is the required number to arrange all planar motion stimuli in a
square matrix. We assumed that this extra stimulus would not generate significant influence on the final results.
Thus, the main differences from this experiment and the Experiment 1 are the reduction of observations and the
observation errors from observers which can be analyzed by comparing the test results and the ground truth.

The positions of the 16 stimuli in the square matrix were randomly assigned, as shown in the upper left
4×4 matrix in Fig.3. According to the SD and ASD methods, the stimuli in the same column or row will be
compared which leads to 48 pairs for each observer. The only difference between SD and ASD method is that for
the SD method, all observers watched the same pairs of stimuli. However, for ASD method, the initial positions
of the stimuli are the same as in Experiment 2, but after the first observer’s test, the positions of the stimuli will
be updated for each observer according to all previous observers’ results leading to different pairs compared by
observers.

The presentation order for voting the whole set of 48 paired comparisons was randomly permuted for each
viewer.
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Figure 3. The arrangement of the stimuli in the square matrix for the SD method. The upper left 4×4 matrix is for
Experiment 2 and 3. The whole matrix is for Experiment 4 and 5. Stimuli 1-15 represent the planar motion stimuli,
stimuli 16-36 represent the other stimuli.

4.3.3 Experiment 4 and 5: Comparing SD and ASD method under the influence of irrelevant
stimuli

The SD method was used in Experiment 4 and the ASD method was used in Experiment 5. Thirty-six video
stimuli were tested in both experiments.

For Experiment 4, the upper left 4×4 matrix stays the same as in the Experiment 2. All the other positions
were randomly placed by the remaining 20 stimuli as shown in Fig.3. In this way, the upper left 4×4 matrix
can be considered as a copy of Experiment 2 except for the influence of the other stimuli from the remaining
positions. Thus, the influence of the other stimuli on the results of the 15 planar motion stimuli can be analyzed
by comparing the results of Experiment 2 and 3 and the test results from Experiment 4 and 5.

For Experiment 5, the initial positions of all stimuli were the same with the Experiment 4. After each
observer’s test, the positions of the stimuli will be updated according to the rule of ASD method.

According to the SD and ASD method, there are 180 pairs to be compared for each observer in both experi-
ments. The presentation order for voting all 180 paired comparisons was randomly permuted for each viewer.

4.4 Observers

The number of observers for each experiment is shown in Table 1. It should be noted that the observers in
Experiment 2 also participated in the Experiment 3. The observers are all non-experts in psychophysical studies
on 3D, image processing or 3D related field. All have 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.

4.5 Procedures

The subjective experiment contained a training session and a test session. In the training session, there were five
pairs of stimuli. At the beginning, the viewers were told that they will watch a series of synthetic stereoscopic
motion images. They were asked not to stare at the moving object all the time, but watch the whole scene of
the stereoscopic sequence under test. Then, they should select the one which made them more uncomfortable,
concerning e.g., eye strain, headache. The viewers used two keys to switch between the pair of stimuli on a
single screen. There was a minimum time limit for the display of each stimulus. Each observer had to watch the
stimulus longer than the minimum time limit and then make a decision by pressing a specified button. For both
planar motion and in-depth motion stimuli, the minimum time limit is defined as that the foreground moves
along the circle one round or moves back and forth one round. For the static stimuli, the minimum time limit
is 5 seconds. During the training session, all questions of the viewers were answered. We ensured that after the
training session, all of the viewers understood the process and task of this experiment clearly.

For the main test session, the Experiment 1 contained 105 pairs, Experiment 2 and 3 contained 48 pairs,
Experiment 4 and 5 contained 180 pairs. To avoid visual fatigue caused by long time watching affecting the
experimental results, the Experiment 1, Experiment 4 and 5 were split into two sub-sessions. The viewers were
asked to take a 10 minutes break after half of the test samples.



Table 2. The Correlation of the results with the Ground truth

Methods CC ROCC RMSE 
Exp2: SD - 4×4  0.9819 0.9536 0.2572 
Exp3: ASD - 4×4  0.9913 0.9571 0.1623 
Exp4: SD - 6×6  0.9590 0.9679 0.3261 
Exp5: ASD - 6×6  0.9948 0.9857 0.1380 

 

5. RESULTS

The Bradley-Terry model was used to analyze the subjective experiment results. The program used in this study
for the Bradley-Terry model is available in [18].

Though the presented stimuli in Experiment 2 to Experiment 5 contained other types of stimuli, in this
study, we only compare the results of the planar motion stimuli with the ground truth. Thus, the input of the
Bradley-Terry model are the five Pair Comparison Matrices (PCM) with size of 15×15 for the planar motion
stimuli. The output are the Bradley-Terry visual discomfort scores for the fifteen planar motion stimuli of each
of the five experiments.

5.1 Comparative analysis

In this section, the general performances of the SD method and the ASD method will be compared through the
correlations between the experimental results and the ground truth. According to our previous paper [6], the
figures for planar motion stimuli are drawn according to the relative disparity between the foreground and the
background, and the velocity. The results of all experiments are shown in Fig. 4.

Comparing the curves of the results from Experiment 2 to 5 with the ground truth, it can be found that the
ASD method in Experiment 3 and 5 performed better than the SD method in Experiment 2 and 4. In particular,
the curves from Experiment 4 matched the ground truth the worst. This result showed that the SD method may
not generate reliable results under the condition of observation errors and the influence of the other stimuli.

To evaluate their correlations with the ground truth mathematically, the Pearson Linear Correlation Coef-
ficient (CC), Spearman Rank-order Correlation Coefficient (ROCC) and the Root Mean Square Error (RMSE)
are used as the criterions. The RMSE was calculated after linear mapping the tested data to the ground truth
data because the Bradley-Terry score is not an absolute value. The results are shown in Table 2.

According to the CC, ROCC and RMSE values, the results indicated that when there are only observation
errors from the observers, i.e., Experiment 2 and 3, the performance of the SD method is slightly worse than
the ASD method but still comparable. However, when there are both observation errors and the influence from
the existence of other stimuli, the SD method became less reliable. On the contrary, the ASD method remained
robust in this conditions indicating its efficiency and reliability.

5.2 Quantitative analysis

In this section, we utilize the Bradley-Terry difference score matrix D to analyze the influence from observation
error and from the presence of other stimuli. D(i, j) = Vi − Vj . Vi is the Bradley-Terry score of stimulus i.
Thus, in this study, D is a 15×15 matrix. We use Dgt, Dsd4×4, Dasd4×4, Dsd6×6 and Dasd6×6 to represent the
D matrices from Experiment 1 to Experiment 5, respectively.

5.2.1 Influence from observation errors

Observation errors come from two aspects: one is from observers’ attentiveness, the other is from the reduced
number of observations. Firstly the influence from observers’ attentiveness is analyzed. According to the Bradley-
Terry model, the distance between the two stimuli Vi − Vj is related to Pij , where

Vi − Vj = log
Pij

1− Pij
(3)



(a) (b) (c)
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Figure 4. The Bradley-Terry scores for the planar motion stimuli. X-axis represents relative disparity, y-axis represents
Bradley-Terry scores. Different lines in the figures represent different velocity levels, where slow, medium and fast
represent 71.8, 179.5 and 287.2 degree/s. (a) is the ground truth data obtained by FPC method in Experiment 1. (b) is
the experimental results of 4×4 SD method under the influence of observation errors (Experiment 2). (c) is the results of
4×4 ASD method under the influence of observation errors (Experiment 3). (d) is the results of 6×6 SD method under
the influence of both observation errors and other stimuli (Experiment 4). (e) is the results of 6×6 ASD method under
the influence of both observation errors and other stimuli (Experiment 5).
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Figure 5. The relationship between the distance of two stimuli and the corresponding Pij value. X-axis represents Pij ,
y-axis represents the distance Vi − Vj .

The relationship between Pij and Vi − Vj is also shown in Fig. 5. It can be found that if the observation errors
from observers’ attentiveness are same, i.e., same change on Pij , the influence on Vi − Vj for the distant pairs
would be larger than for the closer pairs.

Then, the influence from the reduced number of observations is analyzed. If Pij can be represented by a
fraction Pij = n

m ,m > 1, then,

Vi − Vj = log
n

m− n
(4)



i jV V−

m

Figure 6. The relationship of the distance of two stimuli and the corresponding unit of number of comparisons. X-axis
represents the distance Vi − Vj , y-axis m represents the minimum number of the comparisons to achieve this distance.

eVi−Vj =
n

m− n
(5)

If assuming n=1, m represents the minimum number of comparisons that is required in order to achieve the
distance Vi − Vj , then,

eVi−Vj =
1

m− 1
,m > 1 (6)

The minimum number of comparisons m can be represented by the following equation:

m =

{
1 + eVi−Vj , Vi ≤ Vj

1 + e−(Vi−Vj), Vi > Vj
(7)

This equation is depicted by Fig. 6. As shown in the figure, with the increase of the distance between two
stimuli, the required comparison number is increasing exponentially. Thus, if the number of comparisons is
reduced, the obtained pij values would generate more errors on estimating the Vi − Vj value for distant pairs
than for similar pairs.

To analyze the influence of observation errors on the experimental results, the difference between Dgt and
Dsd4×4, Dasd4×4 is calculated, only the upper-right part of the matrix is considered, i.e.,

Cgt,sd4×4(i, j) = Dgt(i, j)−Dsd4×4(i, j), i < j
Cgt,asd4×4(i, j) = Dgt(i, j)−Dasd4×4(i, j), i < j

(8)

The histogram of the errors C are shown in Fig. 7, with the corresponding fitted gaussian curve. µ, σ2

represent mean and variance of the gaussian curve.

The observers in Experiment 2 and 3 were same, thus, we assumed that there is no influence from the
observers on the two experiments. As shown in Fig. 7, the mean shift, the variance of the histogram for the SD
method are larger than for the ASD method, which indicated that when the observation number is small and
the raw pair comparison data are influenced by the observers’ mistakes, the ASD method may be more reliable
than the SD method.

5.2.2 Influence from the irrelevant stimuli

In this section, we analyze another factor that may affect the results which is the influence from irrelevant
stimuli. In Experiment 4 and 5, besides the 15 planar motion stimuli, 21 further stimuli are added. 36 stimuli
were arranged in a 6×6 matrix with the upper left sub-matrix exactly the same with the Experiment 2 and
3. Thus, in this test, both the observation errors and the influence of the added stimuli will affect the results.
Assuming the observation errors can be eliminated by subtracting the results from Experiment 2 and 3, then,
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Figure 7. The histograms of Cgt,sd4×4 and Cgt,asd4×4. The red curves are fitted gaussian curve with mean values and
variances. (a) is the results of Experiment 2. (b) is the results of Experiment 3.
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Figure 8. The histogram of Csd4×4−sd6×6 and Casd4×4−sd6×6. The red curves are fitted gaussian curve with mean values
and variances. (a) is the results of Experiment 4. (b) is the results of Experiment 5.

the matrices Csd4×4−sd6×6, Casd4×4−asd6×6 represent the influence from other stimuli, as shown in the following
Equation (9).

Csd4×4−sd6×6(i, j) = Dsd4×4(i, j)−Dsd6×6(i, j), i < j
Casd4×4−asd6×6(i, j) = Dasd4×4(i, j)−Dasd6×6(i, j), i < j

(9)

The same processing as the previous section was performed, the histogram of the errors C are calculated and
shown in Fig. 8, with the corresponding fitted gaussian curve. µ, σ2 represent mean and variance of the gaussian
curve.

This result indicates that the existence of other stimuli increased the uncertainty of the pair comparison
results. As shown in the figure, the mean shift and the variance of the histogram of the SD method are larger
than in the ASD method. The ASD method in this case still shows its robustness over the SD method.

5.3 Discussions

Generally speaking, the ASD method is more robust to both influences from observation errors and from the
existence of other stimuli than the SD method.

When investigating the mean shift from the observation errors, both the SD and ASD method generated
negative values, which means the distance between the stimuli pair of the ground truth in Experiment 1 is



smaller than that in Experiment 2 and 3 using SD and ASD method. One possible explanation is that due to the
reduction of the observation number, for pairs with large distances, the reduced number of observations would
lead to an overestimation of the distance. For example, for a pair with Pij = 0.9991, the D(i, j) would be 7, but
if there is only limited number of comparisons, e.g., 33 observers, the obtained pij might be 1, which leads to an
estimated D(i, j) of infinite. Thus, the estimated distance became larger than the actual value.

For the Experiment 4 and 5, the mean shift from the influence of other stimuli is a positive value. One
possible explanation may be that most of the added stimuli generated more visual discomfort than the planar
motion stimuli, thus, the perceptual difference between the planar motion stimuli would be compressed which
leads to the smaller distance than the ground truth.

6. CONCLUSIONS

This study focuses on the comparison of the performances of different paired comparison designs on visual
discomfort subjective tests. The performance is provided regarding two aspects: 1) The accuracy of the methods;
2) The influence from observation errors and the irrelevant alternatives. The experimental results indicated that
the ASD method provided more accurate results than the SD method given a certain number of trials and it
also showed higher robustness against observation errors and dependence of comparisons. Due to the efficiency
of the ASD method, paired comparison experiments become feasible with a reasonably large number of stimuli
for measuring 3DTV visual discomfort.
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