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Abstract
With the development of stereoscopic technology, more attention is attracted on the stereoscopic

three-dimensional (S3D) content and service, and researches on images and videos have emerged in

large numbers. This paper focuses mainly on visual comfort affected by characteristics of disparity for

multiple objects. To find the relationship between disparity distribution and visual comfort percep-

tion, several subject evaluation experiments are done. The study contains two spatial distribution

types of disparity: 1) only one of the foreground objects has zero disparity; 2) one of the foreground

objects has positive disparity, while the other one has negative disparity. The experimental results

and relative regression analysis provide appropriate relationship between disparity distribution and

visual comfort for both conditions, which is significant to meet the applicant field in S3D content ac-

quisition, display adjustment and quality evaluation.
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0 Introduction

In recent years, more attention has been paid to
3D content and service than ever, especially for the
videos production and image processing and analysis,
which can bring people strong sense of immersion and
reality. This kind of visual experience can also be
transplanted to some mobile terminals, with the 3D
screen of same display principle but smaller size. To
enlarge the application field and improve the viewer’s
perception, researchers have begun to focus on the
quality and experience level of stereoscopic three-di-
mensional (S3D) images and videos in the past thirty
years. The quality indicators include image resolution,
visual comfort, depth perception, naturalness, immer-
sion feeling, and so on. Moreover, some evaluation
methods for viewers’ experience and visual stimulation
based on experimental psychology are used to quantify
the subjective perception and search the visual regular
patterns. As the increasing requirements for long time
watching and better experience for visual health, main
concern of this paper is visual comfort under different

disparity distribution conditions. The following are

some existing researches about visual comfort of the
S3D images or videos. Choi et al.'" selected four
kinds of visual fatigue ( some reports also called it visu-
al discomfort) factors as the perception features of the
visual comfort, and they finally got the prediction
method for the stereoscopic videos based on linear com-
bination of these factors. Zhang et al. ">/ extracted four
kinds of visual features of S3D images having potential
correlations with visual comfort, including disparity
distribution features, disparity jump features, object
distribution features as well as object width features on
multiple salient objects. Wang et al. > did a research
on the effects of the luminance on the visual comfort of
3D images. And they gave a conclusion on what rela-
tionship is between the extracted feature and the visual
comfort. Ref. [4] viewed the content dependent fac-
tors as a prediction of the visual fatigue, mainly for the
images with excessive disparity range. Through experi-
ments, they got a conclusion about the relationship be-
tween these factors and the visual comfort. These stud-
ies have shown that either the image content features or
the disparity features is used to represent the influence
for visual comfort effectively.

Of all kinds of features extracted from the S3D im-
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ages, factors of disparity are the main concern of vie-
wing perception. Ref. [5] exploited an attention mod-
el-based visual comfort metric, considering perceptual-
ly significant regions of stereoscopic images. And they
also developed a model to describe the relationship be-
tween visual comfort and depth perception based on
psychophysical experiments with diverse amount of bin-
ocular disparities. Jiang et al. '®’ extracted the disparity
mean, disparity variance, disparity range and disparity
gradient based on the visual important regions. They
defined the variable disparity range as the difference
between the mean value of maximum disparity and the
minimum disparity. Zhu et al. '’ did a research to find
the relationship between different vertical disparity
magnitude and the visual comfort. And the results
showed that the best performance of vertical disparity
-0.14° and
0.375°. Ref. [8] proposed an index model to predict

the visual comfort, and the feature which they extrac-

angle should be controlled between

ted is negative disparity in the vertical direction.
Above all, these researches showed that the disparity
features are one kind of the most important factors as
the prediction features of the degree of the visual com-
fort. However, there are few researches taking both the
negative and positive disparity into account. And the
relationship between them is still not clear.

In this study, the effects on the visual comfort are
considered mainly when there are both negative dispari-
ty and positive disparity with two same objects in a
stereoscopic image. In addition, two kinds of experi-
ments are designed to find what effects the disparity
features have on the visual comfort of stereoscopic ima-
ges. The contribution of the work is three fold.

(1) multiple contents are chosen as the main
foreground objects, while most of other researches con-
sider only one main object for visual comfort;

(2) two types of disparity distribution are studied
separately, especially the type with both positive and
negative disparities, which is more similar to the natu-
ral image of S3D content;

(3) the relative regression linear models are con-
tributed through subject evaluation results, which will
help to predict the visual comfort for different applica-
tion fields.

The remaining parts of this paper are arranged as
follows. In Section 1, the steps of the experiments are
listed. Section 2 shows the experimental results and
analyses. Finally, conclusions are drawn in Section 3.

1 Experimental design

To simulate the real scene of multiple objects for

S3D image and videos, a computer generated image
with two simple shapes of Maltese cross is designed.
The left cross is object A and the right cross is object
B. For different space position type of the subjective
experiment, there are forty-eight combinations for dis-
parity type ( negative or positive) and disparity magni-
tude of the two Maltese crosses. To reduce the impact
on visual comfort of the contrast between main body
and background, details about the local contrast can be
found in Ref. [9], the region contrast of images in the
proposed experiment is set to 0. 5. In addition, to
avoid the influence of spatial frequency on visual com-
fort, the Maltese cross, which is considered to have
both high-frequency components and low-frequency
components, is also a better choice than other simple

0.1 An improved single-stimulus method is

objects'
used for evaluation ( observers were demanded to watch
twice of the whole sequences without duplicate orders)
and a five-point scale table is given to the observers,

as shown in Table 1.

Table 1  Evaluation scales of visual comfort
Description of evaluation scales Scale
Very comfortable 5
Comfortable 4
Perceptibly uncomfortable but acceptable 3
Clearly uncomfortable and unacceptable 2

Extremely uncomfortable and |

extremely unacceptable

The final test sequences are generated by the for-
mat of 19 201 080, side-by-side (half) after postpro-
duction and sent to the professional LCD 3D monitor of

SONY 2451TD through a 3G-SDI line.

watch the 24 inches screen at a view distance of 1.8 m

Observers

with polarized glasses. There are totally 23 observers
participating in the proposed experiment with an aver-
age age of 22. All of the observers are proved to have
normal stereo vision functions after testing of stereo-
scopic acuity, perception level of different layers and
so on. According to the standard of subjective evalua-
tion method for image quality, the observers of this ex-
periment will be informed of the experimental motiva-
tion and possible negative influence of experimental
stimulation before the experiment starts. In order to ex-
clude the error caused by the experimental results, due
to the different educational backgrounds and knowledge
levels of the research, none of them is familiar with
S3D video technologies.

The video playing mode of each test image con-
tained 6 s for viewing the stereoscopic images (T2) and
another 6 s for rating (T3), which is shown in Fig. 1.
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Fig.1 The video playing mode

Of the forty-eight image sequences, the disparity
distribution of the two objects is divided into two types.
Typel ; only one of the foreground objects had zero dis-
parity ; Type2: one of the foreground objects had posi-
tive disparity, while the other one had only negative
disparity. These two distribution types are both the
common scene for S3D productions.

For typel, the absolute value of disparity magni-
tude include six levels: 20, 30, 40, 50, 60 and 70
(arcmin) respectively. These values of the disparity
magnitude also represent the disparity distribution
range. And the experimental variables are designed as
shown in Table 2, with a total number of 26 se-
quences. As for the two kinds of disparity spatial dis-
tribution, one of them is called typel _ N, which re-
presents that one subject is on the screen ( zero dispari-
ty), and the other one is outside the screen (negative
disparity) , called typel _ P, which means one of the
two objects is inside the screen ( positive disparity) ,
and the other is on the screen (zero disparity).

Table 2 Experimental variables of typel

Variables (arcmin) Descriptions

typel _ N:Object A(zero disparity) ,

Disparity t Object B (negative disparity)

ispari es
party yp typel _ P:Object A( positive disparity) ,

Object B( zero disparity)
20.30,40,50,60,70

Object A; 0 =70 arcmin
Object B: =70 -0 arcmin

Disparity magnitude

Disparity distribution

For type2, the absolute value of disparity magni-
tude is the same as typel yet with a total number of 66
sequences. In this experiment, by combining the dis-
parity magnitudes of these two objects, the analyses
form is more than one way. Table 3 shows the variable
settings about type2, of which none of the objects is on
the screen. So the range of the disparity spatial distri-
bution is double of typel. It can be got from Table 3,
and the disparity range is from 40 to 140, with the in-
terval of 10 levels.

Table 3 Experimental variables of type2

Variables (arcmin) Descriptions

Disparity t Object A (negative disparity)
ispari es
partty b Object B (positive disparity)

20,30,40,50,60,70

Object A; —20 - —70 arcmin
Object B:20 - 70 arcmin

Disparity magnitude

Disparity distribution

Fig. 2 shows the details of the experiments.
Fig.2(a) represents the disparity distribution of typel
_ N(the left part) and typel _ P(the right part). For
typel _ N, object A is on the screen plane, and the
disparity magnitude of object B varies from —20 arc-
min to —70 arcmin; for typel _ P, the object B is on
the screen plane, and the disparity magnitude of object
A varies from 20arcmin to 70arcmin. Fig. 2 (b) repre-
sents the disparity distribution of type2, in which the
disparity magnitude of object A varies from —70 arc-
min to — 20 arcmin, and the disparity magnitude of
object B varies from 20 arcmin to 70 arcmin.

Object A Object A

. . ~Ply,,
Object B Object B %

(a) Disparity distribution of typel _N&typel _P

Object A

(b) Disparity distribution of type2
Fig.2 The sketch map for the experiment material

2 Experimental result and analyses

2.1 Experiment of typel : with zero disparity

The disparity distribution include two forms:
typel _N and typel _P. For the disparity distribution
pattern of typel _N, the left Maltese of object A is on
the screen, and the right Maltese of object B is out of
the screen. For the disparity distribution pattern of
typel _P, the left Maltese of object A is inside the
screen, and the right Maltese of object B is just on the
screen. The ANOVA analysis has shown that both the
disparity distribution range of typel (F (1,17) =
11.786, p <0.01) and the disparity magnitude (F(5,
85) =27.898, p <0.01) have obvious effects on the
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visual comfort of the stereoscopic images.

With the increasing of disparity magnitude of two
distribution pattern for typel , the scores of visual com-
fort is decreased, as shown in Fig.3. Because of the
negative disparity, the comfort level of typel _N is low-
er than that of typel _P in each case of same disparity
magnitude.

55

5.0 —a=— Typel N
. —e— Typel_P

2. 5 1 1 1 1 1 1
20 30 40 50 60 70
Disparity magnitude (arcmin)

Fig.3 The MOS of two kinds of disparity distribution for typel

For different types of disparity distribution, some
simple linear regression analyse between the max dis-
parity magnitude and the mean opinion score ( MOS)
of visual comfort are shown in Table 4. The variable of
DISP represents the disparity magnitude under different
disparity distribution conditions, and R* of typel _N is
0.982, R* of typel _P is 0.972. R’ represents the
goodness of fitting. The value is closer to 1 and the fit-
ting performance is better. Therefore, both the two
kinds of regression models are effective and significant.

Table 4  The formulations of regression analyses

Disparity The regression model

2

distribution of visual comfort R
Typel _N MOS = -0.288DISP +4.814 0.982
Typel _P MOS = -0.198DISP +4. 881 0.972

2.2 Experiment of type2. with both positive dis-
parity and negative disparity

For type_2, the Maltese cross of object A is ar-
ranged to 6 kinds of disparity magnitude with negative
disparity, and object B is arranged to 6 kinds of dis-
parity magnitude with positive disparity. Therefore,
there are totally 36 different combinations. Considering
two factors of disparity magnitude of object A and ob-
ject B, for the disparity magnitude of object A, F(5,
85) =36.024, p <0.01, so it has significant influence
on the visual comfort. For object B, F(5,85) =
74.952, p <0.01, it is also proved to be a significant
affecting factor. Besides, the interaction of these two
disparity magnitude is not significant, p >0.05.

When the two objects are distributed inside and
outside the screen respectively, they have different lev-
els of disparity and their position combinations in space
are also different. Fig.4 shows the evaluation results
about the distribution of the two objects. When object
A’ s disparity magnitude (x-axis) is fixed, the degree
of visual comfort decreased as the object B’ s disparity
magnitude (the comment line) increases. It is easy to
understand that with the increasing of disparity magni-
tude, the distribution distance between the two objects
is getting larger. When the observers’ sight is chan-
ging for staring at the two cross separately, they have to
adjust the adaption of negative and positive disparity.
From Fig. 4, a fitting formula is found to represent the

relationship for the disparity distribution of type 2.
5.0

Disparity magnitude of object B
45| —=— 20 e 30
’ - —a— 40 v— 50
400 I S * 60 —<— 70
. *o—— . \‘\l\‘\\.\
wn 351 e T R
o) A -\'
Z30p " I
\\‘\ - . -
= = ® —— = =
2.5 = .
- <
201
1.5 1 1 1 1 1 1
-20 -30 -40 -50 -60 -70

Disparity magnitude of object A (arcmin)
Fig.4 MOS of the disparity distribution of type2

After the comparison of several statistical meth-
ods, the multivariate regression analysis is chosen for
fitting the trend lines. It is usually expressed as fol-
lows :

y =al xxl +a2 xx2 + - +oc k xxk +

(1)
Here, k represents all of the variables in total, and re-
presents the constant term; al, o2, -+, ak are called
as the regression coefficient. In this experiment, there
are two independent variables which show the disparity
distribution of the two objects away from the screen
plane respectively. So k equals to 2. The relative re-
gression analyses between the disparity distribution of
these two objects and their significant valuesare are
shown in Table 5.

Table 5 The results of regression analyses

Unstandardized coefficients

Model Significance
B Standard Error
( Constant ) 4.986 0.059 0.000
DISP1 -0.171 0.001 0.000
DISP2 0.259 0.001 0.000
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Row B includes 3 coefficients; the first value re-
presents the constant term, and the followed two varia-
bles mean different regression coefficients of DISP1 and
DISP2. The row of Sig value shows the degree of the
significance on the dependent variable. If the value of
Sig is less than 0.05, the situation shows that the cho-
sen factors have significance on the visual comfort of
the stereoscopic images. In view of these cases, a com-
prehensive regression model of visual comfort for S3D
images is proposed. The relationship between the dis-
parity distribution of these two main objects and the

visual comfort are as
MOS = -0.171DISP1 +0.259DISP2 +4.986
(2)

Here, DISP1 represents the disparity magnitude
of object A, DISP2 represents the disparity magnitude
of object B, and the complex correlation coefficient is
0.96, which shows highly consistency with the objec-
tive assessment score.

Through Eq. (2), the relationship between the
disparity magnitude of each object and the evaluation
result could be got; however, for the disparity distribu-
tion, finding a new variable to represent space position
of both the two objects is needed, which would extend
the scope of application situation. Therefore, the rate
of two types of disparity magnitude and the max abso-
lute disparity magnitude as the new influencing factors
are set and the calculation is shown as follows;

DISP _Max = Max(abs(DISP,, DISP,)

DISP _ Ratio = DISP,/DISP,
here, DISP, represents the negative disparity, and

(3)

DISP,, represents positive disparity respectively. DISP_
Max means the max disparity magnitude between the
two types of disparity distribution. DISP _Ratio means
the ratio of the two factors. Table 6 shows the regres-
sion analyses of the two new factors for type2. The sig-
nificance values prove the availability of DISP _Ratio

and DISP_Max(p <0.01).

Table 6  The regression analyses of new factors for type2

Unstandardized coefficients

Model Significance
B Standard Error
( Constant) 4.558 0.201 0.000
DISP_Ratio -0.245 0. 065 0.001
DISP_Max -0.033 0.003 0.000

Through the linear regression analyses, the model
between these two factors and the visual comfort assess-
ment is got finally. Here R”is 0.967, which means the
model is effective. The new regression formula is shown
as follows.

MOS = -0.245DISP_Ratio —0. 033DISP_Max
+4.558 (4)
In addition, the experimental results give a con-
trast between the two kinds of disparity distribution
(typel and type2) on the mean degree of the visual
comfort. A conclusion is got that the mean score of vis-
ual comfort for typel is 3.996, higher than the mean
score for type2, which is 3.05. This means that the
same subject with different disparity distribution will
produce different visual perception. Especially when
there are multi-objects existing in the images, the neg-
ative disparity distribution will reduce the degree of the

visual comfort.
3 Conclusion

This work investigates the visual comfort percep-
tion and the linear models for different spatial distribu-
tions of disparity for multiple objects. The conclusions
are drawn as follows.

When there are two objects located inside and out-
side the screen plane, the overall evaluation scores of
S3D image is lower than that when only one of them is
on the screen plane. It indicates the addictive effect of
disparity distribution. Compared with the situation that
there is only positive disparity, negative disparity will
decrease the visual comfort. For this disparity spatial
distribution type (typel _N&typel _P), as the disparity
magnitude increases, the distribution distance also in-
creases. It also emphasizes the significant affection of
negative disparity for S3D image. The trend analysis of
experimental scores confirms that as the disparity distri-
bution distance between the two objects increases, the
visual comfort decreases. For all of the distribution
combinations in the experiment of type2, the ratio of
negative and positive disparity can be extracted as an
important factor affecting the visual comfort. In addi-
tion, the disparity related features of maximum dispari-
ty magnitude and disparity ratio are both used to estab-
lish the linear model, which is easily to guide the safe-
ty control for S3D image and videos.

Over the past twenty years, there are already lots
of studies and assessment experiments designed for vis-
ual comfort. It is known much of the features can be
extracted from the S3D images through the tests for sin-
gle object with simple shapes. But in real application
for 3D display, such as the natural images captured
through stereo cameras, with not only one main sub-
ject, the relationship between the features might be
much more complicated. Therefore, it is necessary to
find the interactive relationship of these features and
choose the ones with greatest contribution. Further-
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more, it is also believed that, for different kinds of im-
ages such as grey image, color image or image se-
quences, the features and their weights will be different
from one another. On the other side, the relevant S3D
image database should be established for model test
and subjective evaluation. The work will help peoples
to optimize the study and make it acceptable generally.
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