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Abstract

The recent rise of the three-dimensional television (3DTV) industry has led to a wide exploitation of the dual-lens stereoscopic
camera. However, when the zoom-in function is used, it is possible that a camera object is magnified only with a fixed convergence
point, thereby leading to visual discomfort. In this paper, we propose several methods based on which a convergence point can be
adjusted to prevent visual discomfort during zoom-in for a dual-lens stereoscopic camera. Further, we produce 3D contents by
applying the proposed methods to certain cases and at certain distances and conduct a subjective evaluation. On the subjective
evaluation, 48 subjects watch the 3D contents created by the proposed methods and score the stages of the visual comfort. The result
of the subjective evaluation shows that some of the proposed methods are more efficient than the others. We hope that these proposed
high-efficiency methods can be applied to produce a dual-lens stereoscopic camera that allows convenient stereoscopic photography.

Index Terms: Auto focus, Binocular disparity, Convergence point, Dual-lens stereoscopic camera, Visual discomfort, Zoom

[. INTRODUCTION

The recent rise of three-dimensional television (3DTV)
and the commercialization of a dual-lens stereoscopic camera
provide opportunities to easily create 3D image contents.
For a user to comfortably view these images, the dual-lens
stereoscopic camera automatically controls the convergence
point in order to adjust the 3D effects. However, when the
zoom-in function is used, it is possible that a camera object
is magnified only with a fixed convergence point, i.e., the
convergence point is not adjusted. If people view 3D images
created using the zoom-in function, they may feel dizzy and
experience visual discomfort. Further, it is possible that the
zoom-in function or the movement of the convergence point
makes the depth of the objects be changed.

In this study, we attempt to ease the visual discomfort
arising from the zoom-in function of a dual-lens stereoscopic
camera. A relational model is suggested depending on the
locations of the focus, object, and convergence point before
the zoom-in. In the proposed model, nine possible
occurrences are defined and classified according to the
position of the convergence point. For these nine types of
occurrences, we propose methods to minimize the visual
discomfort by adjusting the convergence point. We also
conduct a subjective evaluation by using 108 3D images,
considering the position and the distance of the convergence
point, the focus, and the object. The result shows that one of
the proposed methods outperforms the others.

The rest of this paper is organized as follows: Section Il
provides an overview of the current research trends. We
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define a relational model for the focus and the convergence
point in Section Ill. In Section 1V, methods to adjust the
convergence point are suggested to prevent visual
discomfort and the change in the visual distance; we also
present a comparison of the suggested methods in this
section. In Section V, the results of the subjective evaluation
are presented and the performance of the proposed methods is
compared. Finally, the conclusion is drawn and the future
research direction is suggested in Section VI.

[l. RELATED RESEARCH

In [1-4], ‘Binocular Disparity’ is defined as the difference
in the image location of an object seen by both the left and
the right eye. Further, this disparity is used for determining
the depth perception. People get dizzy and experience visual
discomfort with increased depth perception. This visual
discomfort is due to the fact that the main view point and
the accommodation do not correspond.

In [5], a binocular disparity of 1° is recommended as the
condition for the visual comfort zone to content producers.
However, further research is required since there is no
analysis of the parallax value when an image changes
because of the altered accommodation, as in the case of a
zoom action.

In [6], visual tiredness was measured for each camera
movement (pan, tilt, roll, and zoom) that causes visually
induced motion sickness. On the basis of these measurements,
a correlation was suggested between motion speed and visual
discomfort. However, the experiment was based on a single-
lens image, which made it difficult to infer the direct impact
of the motion in the case of a dual-lens image. Further, it is
far more difficult to figure out the impact in the case of
zooming, which is considerably influenced by the conver-
gence point.

As shown by the related studies, to realize comfortable
stereoscopic vision, a method to adjust the excessive bin-
ocular disparity that occurs in the case of zooming needs to
be studied. We suggest an adjustment method of the
convergence point so that a comfortable parallax region can
be maintained when the zoom function is used.

Ill. RELATIONAL MODEL FOR FOCUS AND
CONVERGENCE POINT

A dual-lens stereoscopic camera is convenient for even an
ordinary user to use the zoom function, since the easy and
convenient zoom function is precisely synchronized on two
lenses, just like in a 2D camera. However, in a currently used
dual-lens stereoscopic camera, the convergence point that
determines the stereoscopic area is not coupled with the
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zoom. Therefore, if we use the zoom-in function with a
fixed convergence point, only the object gets enlarged in
high magnification, resulting in an excessive binocular
disparity.

The focus has been classified into three types depending
on the location of focus before zoom-in (Fb) from zoom-in
object (ZO). Fig. 1 shows the concept of the Fb, ZO and Cb.
The first case is where Fb is located closer to the camera
than ZO. In the second case, Fb overlaps ZO, and in the
third case, Fb is farther from the camera than ZO. Here, as
presented in Table 1, the relation between the focus and the
convergence point is defined through a further classification
into nine types of occurrences depending on the location of
convergence before zoom-in (Cb).

IV. CONVERGENCE POINT ADJUSTMENT
METHODS

In this study, we attempt to minimize the visual dis-
comfort and semantic stereoscopic distortion caused by the
zoom-in function and suggest various methods: fixed
convergence point (FCP) method, focus-convergence corre-
spondence (FCC) method, coupled focus-convergence point
(CFC) method, and convergence point comfort threshold

Convergence point before Zoon-in
v.

Focus before Zoom-in Zoom-in Object

2

camera

d(Cb)

Fig. 1. Distances among camera, Fb, ZO, and Cb.

Table 1. Rrelational model based on the location of the convergence
point depending on the focus position

Position of Fb Position of Cb
d(Ch) < d(Fh)
d(Fb) <d(ZO) d(Fb) < d(Cb) <d(ZO)
d(Z0) < d(Chb)

d(Ch) < d(Fb) (or d(Cb) < d(ZO))
d(Ch) = d(Fb) (or d(Cb) = d(ZO))
d(Fb) < d(Cb) (or d(ZO) < d(Ch))
d(Cb) < d(Z0)

d(Z0)< d(Cb) < d(Fb)

d(Fb) < d(Ch)

d(Fb) = d(zO)

d(ZO) < d(Fb)

Z0: zoom-in object, Fb: focus before zoom-in, Ch: convergence before zoom-in.
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(CCT) method that is based on the stereoscopic comfort
threshold.
In the FCP method, Cb does not move after the zoom-in.
It is based on the principles of a currently used dual-lens
stereoscopic camera and can be expressed by the following
equation:
d(Ca) = d(Cb). (@)
In the FCC method, Cb moves to ZO upon zoom-in. This
can be expressed in terms of the distance value as follows:
d(Ca) = d(Z0). @)
In the CFC method, Cb, upon zoom-in, moves towards
the focus by a distance equal to the movement distance of
the focus. To minimize the change in the visual distance that
can occur in the FCC method, the convergence point is
moved in the movement direction of the focus, by a distance
equal to the movement distance of the focus. This distance
value can be expressed as follows:

d(z0) — d(Fb) = d(Ca) — d(Cb)
« d(Ca) = d(Cb) + (d(ZO) — d(Fb)).

®)

In the CCT method, Cb, when zoom-in starts, moves
towards the focus by a distance equal to the movement
distance of the focus but within the range of the threshold
value. This method is designed to prevent the change in the
visual distance that can occur in the CFC method. The
movement distance is determined by separating the two
cases: one in which visual discomfort does not occur and the
other in which it does. In Eq. (4), d(6) denotes the maximum
distance where visual discomfort is not caused.

If d(Cb) + (d(Z0) — d(Fb)) < [d(8)|
then d(Ca) = d(Cb) + (d(20) — d(Fb)),
If d(Cb) + (d(Z0) — d(Fb)) > |d ()|
then d(Ca) = d(6).

4)

Z0

o

IAD f T

de®)

d(zo)

Fig. 2. Interangle distance (IAD).
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In [5], a binocular disparity of 1°, which is a parallax
angle, is recommended for the visual comfort zone. The
parallax angle is |a — B, as shown in Fig. 2. The distance
between two lens is called the interangle distance (IAD),
and a, B denotes the convergence angle.

By using the convergence angle and 1AD, we can define
d(o) as follows:

la—Bl=1°, (5-1)
la’ —p'| =0.5°, (5-2)
tan f' = 2/d(20), (5-3)
. . _q1, IAD
B’ = tan (2d (ZO))rad, (5-4)
0.5° = 0.008722 rad, (5-5)
;. . _1( 1AD
o = tan? (2d (ZO)) +0.008722 rad, (5-6)
tana’ = IATD/d(Ca), (5-7)
IAD
d(Ca) = T/tan o
- IAD
2(tan(tan_1(Z(I;?ZDO))+0.008722)), (5-8)
d(8) = |d(Z0) — d(Ca)|
= |d(ZO) - 10 (5-9)

than(tan‘l(%(go)))+0.008722 .

V. EXPERIMENTS
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Fig. 3. Example of sample images.
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For the experiments, we created 3D sample images by
using the proposed methods as shown in Fig. 3. Further, 48
subjects viewed the sample images and participated in the
subjective test conducted to check the visual comfort.

A. Test Environment
To create 3D sample images, we applied the nine cases
listed in Table 2, four different distances, and three of the

proposed methods. As a result, 108 sample images were
taken and evaluated.

Table 2. Result of the variance analysis

F-value p-value  Method pair __p-value (b)
g
Case 1 20.355 0.000 FCC IC:gl;r 8ggé**
FCP  Ecp oo
o
cor % BB
Case 2 21.800 0.000 FCC IC:gl;r 2883**
FCP Ecp 10w
o
cor g o
Case 3 22.664 0.000 FCC IC::gl;r 2888
FCP Ep 10w
o
cor £ o
o=
Case 4 18.878 0.000 FCC Ic::gl;r gggg
o &g
S
o
Case 6 30.580 0.000 FCC Ic::gl;r gggg
o &t
o % 8
Cae7 3226 005 FcC ot TO%0
FeP T To0o
=
o O
o
Case8 20429 0000 FcC b 3080
=
FCP Ecp  1om
=
o g
caes 12320 o000 Fcc Gl 700
o
o & i

*p <0.05, **p < 0.01.
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The CFC method was excluded because it was impossible
to be applied to a real film. The subjects were 48 male and
female participants in the age group of 20-40 years (average,
23.2 years); 64.6% of these participants were male and
35.4%, female. All participants had prior experience of
watching 3D movies. However, none of them had viewed
3DTV images before.

casel-2m case2-2m
5 5
4 4
g1 g5
7 g2 3
g g
g2 - g2
i z
1 I 1
o 1]
FCP FCC T FCP FCC ccT
proposed methods proposed methods
case3-2m case4-2m
5 5
4 a4
®
83
g £
¢ g
E E
) I )
E H
iy | I
0+ o
FCp FCC T FCP FCC ccr
proposed methods proposed methods
caseb-2m case7-2m
5 5
4 4
»
83
g § 3
H H
g 2 § 2
H H
l I 1 I
o o
FCP FCC ccr FCP FCC ccr
proposed methods proposed methods
case8-2m case9-2m
5 5
4 4
HE e
E] 7
8 g
3 E
g2 22
H &
l I 1 I
o 0 T
FCP FCC T FCP FCC cCcT
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Fig. 4. Average scores of FCP, FCC, and CCT in each case. FCP: fixed
convergence point, FCC: focus-convergence correspondence, CCT:
convergence point comfort threshold.
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Fig. 5. Average scores for visual comfort. FCP: fixed convergence point,
FCC: focus-convergence correspondence, CCT: convergence point
comfort threshold.
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Fig. 6. Average scores for the change in visual distance. FCP: fixed
convergence point, FCC: focus-convergence correspondence, CCT:
convergence point comfort threshold.

To display the test 3D images, 55' 3DTV was exploited,
and all participants were asked to wear polarized glasses. The
viewing distance for these images was 205.5 cm, which was
three times the height of the TV display (68.5 cm). For the
subjective test, each participant answered a questionnaire. All
questions related to visual discomfort and the amount of
depth change were answered using a five-point scale.

B. Results

To statistically analyze the experimental results, we used
the analysis of variance (ANOVA) test. The variance was
measured repeatedly for each of the nine considered cases.
However, since it was found that the distance had no effect,
we also carried out a secondary analysis using the Bon-
ferroni scheme. For these nine cases, three of the proposed
methods, namely the CCT, FCC, and FCP, were used; the
measured variances are listed in Table 2.

http://dx.doi.org/10.6109/jicce.2014.12.4.246

Table 2 presents the results of the variance analysis. As
shown in Table 2, the variances of the CCT method are
more accurate statistically than those of the FCP and the
FCC methods. Fig. 4 shows the average scores of the
variance analysis.

We obtained meaningful results from the subjective test
performed using three of the proposed methods with four
distances and nine cases. As shown in Fig. 5, the FCP
method had the lowest score and the CCT methods had the
highest score for visual comfort under all conditions.

As shown in Fig. 6, the FCP method yielded the highest
score and the CCT method, the lowest score for the change
in visual distance under all conditions.

VI. CONCLUSION

Usually, to magnify objects in a dual-lens stereoscopic
camera, a zoom-in function is exploited. However, since the
convergence point is not coupled with the zoom-in function, it
is possible to cause visual discomfort or bring about a change in
the visual distance. To solve these problems, we designed and
implemented methods that adjust a convergence point to
prevent visual discomfort according to the defined relational
model depending on the locations of the focus, object, and
convergence point. We also conducted a subjective test; its
results showed some of the proposed methods were more
efficient than the others. We expect that these proposed high-
efficiency methods can be applied to produce a dual-lens
stereoscopic camera that allows convenient stereoscopic
photography.
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