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Efficient Viewer-Centric Depth Adjustment
Based on Virtual Fronto-Parallel Planar

Projection in Stereo 3D Images
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Abstract—This paper presents an efficient method for adjusting
the 3D depth of an object including as much as a whole scene in
stereo 3D images by utilizing a virtual fronto-parallel planar pro-
jection in the 3D space perceived by a viewer. The proposedmethod
just needs to establish object correspondence instead of the accu-
rate estimation of the disparity field or point correspondence. We
simulate the depth adjustment of a 3D point perceived by a viewer
through a corresponding pair of points on the stereo 3D images
by moving the virtual fronto-parallel plane on which the left and
right points are projected. We show that the resulting transforma-
tion of image coordinates of the points can be simply expressed by
three values of a scale factor and two translations that depend on
one parameter for the depth adjustment. The experimental results
demonstrate the feasibility of the proposed approach that yields
less visual fatigue and smaller 3D shape distortion than the conven-
tional parallax adjustment method. The overall procedure can be
efficiently applied to each frame of a stereo video without causing
any artifact.

Index Terms—3D stereo, depth adjustment/control, disocclu-
sion, disparity, parallax, shape distortion, viewer-centric, virtual
fronto-parallel planar projection.

I. INTRODUCTION

T HE growth of the 3D industry, such as stereo 3D TV and
cameras, has led to a substantial increase in the research

and development of 3D technology. An interesting issue is the
depth adjustment of stereo 3D images or videos [1]–[6], partic-
ularly since viewers might want to adjust the 3D depth of an
object to reduce visual fatigue, in which case the object could
be the whole scene in the stereo 3D images on a 3D display.
The issue of visual fatigue induced by excessive parallax which
often occurs because of content creators’ desire to provide a
more powerful 3D impact has been studied in previous publi-
cations [7]–[10]. Therefore, to alleviate this issue, adjustment
of the perceived 3D depth of an object in stereo 3D images
according to user’s preference may be desirable. In addition,
viewers or 3D content providers might also want to adjust the

Manuscript received February 21, 2013; revised May 27, 2013; accepted
August 28, 2013. Date of publication October 21, 2013; date of current ver-
sion January 15, 2014. This work was supported in part by Seoul R&BD
Program project (ST100076), and in part by a Korea University Grant. The
associate editor coordinating the review of this manuscript and approving it
for publication was Prof. Klara Nahrstedt.
The authors are with the School of Electrical Engineering, Korea Univer-

sity, Seoul 136-701, Korea (e-mail: hjpark@mpeg.korea.ac.kr; hoonjae@mpeg.
korea.ac.kr; sull@korea.ac.kr).
Color versions of one or more of the figures in this paper are available online

at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TMM.2013.2286567

3D depth of an object in stereo 3D images to create 3D special
effects.
One obvious method for adjusting the 3D depth of stereo 3D

images is to reconstruct the 3D points of stereo 3D images based
on an accurate disparity field estimation, generating depth-ad-
justed stereo 3D images by moving 3D objects in the 3D space.
To compute the accurate disparity field, a number of algorithms
have been developed over a long period based on RANSAC
[11], graph cut [12], dynamic programming [13] and layer divi-
sion [14]. Also, several methods of computing disparity fields
are described by M. Z. Brown et al. in [15]. Despite the nu-
merous attempts to find an ideal way to compute disparity fields,
their estimation from stereo 3D images is still challenging due
to inherent inaccuracies when calculating point correspondence
even with intensive computation [16]–[19]. Thus, incomplete
synthesized stereo 3D images result. Moreover, dense 3D recon-
struction to adjust the 3D depth of stereo 3D images still results
in incomplete depth-adjusted stereo 3D images, especially when
an object is pulled to a viewer, and necessitates complex inter-
polation to fill the holes between the reconstructed 3D points.
The 3D depth control is also widely used in current commer-

cial stereo displays such as 3D TVs, or on smartphones or cam-
eras. In those devices, however, 3D depth adjustment is usually
implemented by the conventional parallax adjustment method
which just increases or decreases the horizontal disparities of
an object or whole scene by the same amount, a process which
for the viewer results in visual fatigue and shape distortion in 3D
space. Therefore, a method of generating depth-adjusted stereo
3D images with reduced visual fatigue and shape distortion is
desirable.
In this paper, we propose an efficient method for adjusting

the 3D depth of an object including as much as a whole scene
in stereo 3D images by utilizing a virtual fronto-parallel planar
projection in the 3D space perceived by a viewer without the
need for dense and accurate 3D reconstruction. In the proposed
method, an object or whole scene in the stereo 3D images is se-
lected and the object correspondence is established between the
stereo 3D images. Each pixel in the selected object in the left
(right) image on the display plane is independently projected to
the fronto-parallel plane parallel to a 3D stereo display screen
along the ray from the pixel to the left (right) eye. Then, the
3D depth is adjusted by moving the projected pixel in a direc-
tion perpendicular to the 3D stereo display screen. The moved
pixel is projected back to the left (right) image on the display
plane along the ray from the left (right) eye to the moved pixel,
resulting in new stereo 3D images. Before back projection, the
position of the moved pixel is adjusted parallel to the ray from
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the center of the selected object region to the origin O to reduce
disocclusion. The resulting transformation of the image coordi-
nates of the points can be expressed simply by three values of a
scale factor and two translations that depend on one parameter
for the depth adjustment of an object. The proposed method re-
sults in the less visual fatigue and smaller shape distortion in
3D space compared with the conventional parallax adjustment
method. Also, the proposed method can be efficiently applied to
each frame of a stereo video without causing any artifacts.
The paper is organized as follows. In Section II, we present

our approach for adjusting the 3D depth of an object in stereo 3D
images by using a virtual fronto-parallel planar projection in the
3D space perceived by the viewer. Then we describe in detail the
implementation of our approach in Section III. Section IV shows
the experimental results and error analysis. Section V concludes
the paper.

II. OUR APPROACH

In this section, we describe our approach for adjusting the
depth of a 3D point perceived by a viewer in stereo 3D images.
First, we describe a model for adjusting the 3D point from the
viewer based on a virtual fronto-parallel planar projection in the
3D space perceived by the viewer. Then, we present how to per-
form viewer-centric depth adjustment to reduce the disocclusion
of an object. Table I summarizes the notations used in this paper.

A. Synthesis of Stereo 3D Images According to the Virtual
Fronto-Parallel Planar Projection

Fig. 1 illustrates our approach of adjusting a point based
on a virtual fronto-parallel planar projection in the 3D space
perceived by a viewer [20], [21]. The origin O of the 3D
space is assumed to be located at the midpoint between the
viewer’s left and right eyes. Consider a pair of two corre-
sponding points and
represented by the left and right image plane coordinates,
respectively. The points and are scaled by a screen
magnification factor to and

in the 3D space on a 3D stereo
display screen as follows:

(1)

where denotes the screen magnification factor to trans-
form an image coordinate to a display coordinate and is
the distance of the display screen from the origin O of the
3D space. The point in the 3D space
perceived by the viewer is obtained from the coordinates of

and
on the 3D stereo display screen using two similar triangles as
follows:

(2)

TABLE I
NOTATIONS USED IN THIS PAPER

Consider a virtual fronto-parallel plane parallel to the 3D
stereo display screen and located at a distance of from the
origin O. The point on the 3D stereo display screen is pro-
jected to on the virtual fronto-parallel plane along the ray
from to the left eye in Fig. 1. Thus, given ,

is calculated as follows:

(3)

where denotes a distance between the two eyes.
Fig. 1 shows the movement of in the -direction by

for 3D depth adjustment. is assumed positive if the depth
is decreased. The virtual fronto-parallel plane containing
and is moved in the -direction by , resulting in
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Fig. 1. Depth adjustment of a point based on virtual fronto-parallel planar pro-
jection in the 3D space perceived by the viewer.

and . Then, from (3), on the plane is transformed to
as follows:

(4)

From , we calculate which
denotes the point after is projected back to the 3D stereo dis-
play screen along the ray from the left eye to the point . Since
(3) represents the transformation from to on the vir-
tual fronto-parallel plane which is located at the distance of
from the origin O, the inverse transformation from to
is easily obtained. By replacing , and with ,
and ( ), respectively in the same inverse transformation,

is obtained as follows:

(5)

Then, by using (4), can be ex-
pressed as,

(6)

where is defined as representing the relative amount
of depth adjustment.
Thus, the depth-adjusted image pixel is

represented as follows:

(7)

For the right image, on the 3D
stereo display screen and the depth-adjusted image pixel

is also calculated similarly as follows:

(8)

From the depth-adjusted and on the 3D stereo
display screen represented in (6) and (8), the depth-adjusted 3D
point perceived by the viewer is obtained
by substituting the expressions of in (6) and in (8)
into those of and in (2), respectively:

(9)

With a fixed value of , we can intuitively adjust the depth
by using a single parameter since the (7)–(9) depend only on
. In other words, we can easily determine the amount of depth
adjustment , the ratio of to , by assuming the distance
of the virtual fronto-parallel plane is equal to the distance of
the display screen. It was experimentally found that the resulting
depth-adjusted stereo images are not particularly sensitive to the
small variation of denoting half the distance between the two
eyes.

B. Viewer-Centric Depth Adjustment of an Object

To adjust the depth of an object, we first select an object re-
gionwhose 3D depth is to be adjusted in given stereo 3D images.
Next, it is segmented from one of the given stereo 3D images
using one of the existing object segmentationmethods such as in
[22], [23]. Fig. 2 shows an example of the object segmentation
result. Then, the object correspondence is established between
stereo 3D images by using a simple block matching method.
When the depth of the object in stereo 3D images is ad-

justed in only the -direction, disocclusion is likely to occur in
the resulting depth-adjusted stereo 3D images as illustrated in
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Fig. 2. Segmentation results for two stereo 3D images. (a) Original left image.
(b) Segmented object.

Fig. 3. Viewer-centric adjustment. (a) Movement of points on the plane only
in the -direction. (b) Viewer-centric movement of the selected region.

Fig. 3(a). Therefore, to reduce that disocclusion, the depth-ad-
justed object needs to be moved toward the viewer. It is noted
that the disocclusion caused by increasing the depth of the object
(pushing the selected object from the viewer) is not considered
in this paper. In our approach, before the moved points are pro-
jected back to the 3D stereo display screen, their positions are
adjusted parallel to the ray from the center of the selected region
to the origin O to reduce disocclusion as illustrated in Fig. 3(b).
Thus, when decreasing the depth of the object (pulling the se-
lected object to the viewer), we can reduce the disocclusion al-
though some may remain depending on the object’s shape.
By applying the viewer-centric adjustment of the se-

lected region or object to (4), on the plane becomes
as follows:

(10)

where and denote the displacement in the and direc-
tions for viewer-centric movement of the selected region. Then,

can be obtained by using (5) and
(10):

(11)

Thus, we can obtain the new depth-adjusted image pixels
and as follows:

(12)

Note that, when adjusting the depth of the whole scene, the
viewer-centric direction in our approach is the normal direc-
tion ( -direction). This is perpendicular to the 3D stereo dis-
play screen since the selected region is the whole scene and its
center lies on the -axis. Therefore, and become zero in
this case.
If we let the scale factor , and the transla-

tions , and
, (12) can be simply expressed as

follows:

(13)

Or, the inverse form of (13) is expressed as follows:

(14)

We can see that our approach for adjusting the 3D depth of an
object in stereo 3D images simply applies the scaling and trans-
lation to each pixel of interest in image coordinates to generate
resulting stereo 3D images. Our proposed depth adjustment is
achieved by varying the single parameter value of in (13) for
an object. In other words, the 3D depth is a monotonically in-
creasing function of . Such use of arbitrary values of scaling
and translation could be a problem since it is difficult to consis-
tently adjust the depth.
Note that (13) can represent the conventional parallax adjust-

ment method by setting the scale factor to 1 with the zero value
of .

C. Conventional Parallax Adjustment Method

In this subsection, we describe the conventional parallax
adjustment method widely used in commercially available
stereo displays such as 3D TVs or on 3D smartphones/cameras.
The parallax adjustment method does not need any type of
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Fig. 4. Depth adjustment of a point based on the parallax adjustment method.

disparity estimation and just increases or decreases the whole
set of horizontal disparities of stereo 3D images by a constant
value. Fig. 4 illustrates the process of adjusting the depth
of a point based on parallax adjustment. Consider a pair of
two corresponding points and

on a 3D stereo display screen in a
3D space. Then, the depth of the point in the 3D space
perceived by a viewer can be obtained from the coordinates
of and using (2). The new depth-adjusted point

and
by the parallax adjustment method is expressed as follows:

(15)

where is a constant value specified by the viewer. Then, the
depth-adjusted point in the 3D space perceived by the viewer
can be obtained from and , respectively, by using (2)
as follows:

(16)

The parallax adjustment method results in significant shape
distortion as shown in Section IV.B, since it changes all values
of , and due to the use of a constant value of
whereas the proposed method transforms only the value of
depth, , as we can see from (9).

III. METHOD IMPLEMENTATION

In this section, we describe how to implement our approach
presented in the previous section. Our approach first allows a

Fig. 5. Ray-tracing method for depth-adjusted stereo 3D images. (a) Original
stereo 3D images. (b) Depth-adjusted stereo 3D images.

viewer to select an object including as much as a whole scene
in stereo 3D images. Then, each pixel of the selected object
region is projected to onto a virtual fronto-parallel plane, and the
new depth-adjusted stereo 3D image is obtained by moving the
virtual plane on which each pixel is projected in the - direction.
However, if we implement our approach as it is described, there
could be problems. For example, if the 3D depth is decreased
(pulling the object to the viewer), then the object becomes larger
and will have holes.
Therefore, we implement our approach by utilizing a ray

tracing method to obtain the value of a new pixel for the
depth-adjusted object in the generated stereo 3D images. Fig. 5
illustrates the ray tracing used in this paper. First, the pixel
values of whole original stereo 3D images are copied to those
of the new stereo 3D images including the object (the head in
Fig. 5) whose depth is decreased by . Then, the position of
a rectangle containing the object in the new stereo 3D images
is estimated by using (13). Then, for each pixel pair and

in the estimated rectangle in the new stereo 3D images,
the positions of and are computed using (14). If the
back-traced pixels and are outside the originally se-
lected object region’s boundary, the pixel values of the and

are not changed. Otherwise, the pixel values of the
and are replaced by performing a bilinear interpolation
of the pixel values near and in the original stereo
3D images. Note that and in (14) become zero when
adjusting the depth of the whole scene.
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IV. EXPERIMENTAL RESULTS

In this section, we present the experimental result, including
a shape distortion analysis of the proposed method. First, the
depth-adjusted stereo 3D images generated by the proposed
method and the conventional parallax adjustment method are
both shown for comparison. Then, the shape distortion caused
by the proposed method is compared with that of the parallax
adjustment method. The adjusted stereo images produced by
both the proposed and conventional methods are subjectively
evaluated using DSCQS (Double Stimulus Continuous Quality
Scale) [24].
We implemented the proposed method to evaluate its per-

formance on a PC with an Intel Core i7 1.73 GHz CPU and
4 GB RAM. The depth-adjusted images are displayed on a
commercially available 3D TV (55 inches). Experiments are
performed on a variety of stereo 3D images/videos that were
obtained from well-known web site databases (Middlebury,
Nagoya University, ETRI, GIST, Korea Broadcasting System),
and captured using a commercially available stereo camera, the
Fujifilm FinePix W3. In the current computing environment
of our experimental setup, the proposed method can process
full HD stereo images at a rate of more than 100 stereo pairs
per second. Thus, the proposed method can be adequately
processed in real-time for a current 3D TV with a CPU (for
example, 1GHz Dual-core). To speed up the process further,
we can use a lookup-table storing the pre-calculated pixel co-
ordinates by using (14). Therefore, there should be no problem
with the computational overhead or latency.

A. Resulting Stereo 3D Images Containing the Depth-Adjusted
Scene

We compared the results of the proposed method with the ex-
isting method. Fig. 6 shows the depth-adjusted stereo 3D im-
ages produced by both the proposed method and the conven-
tional parallax adjustment method. It also illustrates how the
two 3D points and move in the 3D space perceived by
the viewer during depth adjustment. Note that the illustrations
in Fig. 6 simply show examples of the movement of the two
points and are therefore not to scale.
Fig. 6(a) shows the original stereo 3D images including the

two pairs of corresponding points and on
the image boundaries which are perceived by the viewer as the
two 3D points and , respectively. In Fig. 6(a), the inside of
the dotted pink lines from the both left and right eyes indicate
the field of view for each eye, and the shaded area, the common
area of the left and right fields of view, shows the perceivable
3D field of view for stereo vision. Note that any 3D point in the
perceivable 3D field of view has a corresponding pair of left and
right image points both of which are on the 3D stereo display
screen.
Fig. 6(b) and (c) show the depth-adjusted stereo 3D images

when the depth of the whole scene from the viewer is decreased
and increased respectively, using the proposed method. They
also show the depth-adjusted 3D points and where ,

, and denote the depth-adjusted points in the stereo
3D images corresponding to the original point , , ,
and , respectively. In this case, and in (14) become
zero since the depth of the whole scene is adjusted, and the value

Fig. 6. Original and depth-adjusted stereo 3D images and the depth variation
of two 3D points. (a) Original Tsukuba stereo 3D images. (b) Results of pulling
the whole scene to the viewer by the proposed method. (c) Results of pushing
the whole scene from the viewer by the proposed method. (d) Results of pulling
the whole scene to the viewer by the parallax adjustment method. (e) Results of
pushing the whole scene from the viewer by the parallax adjustment method.

of in (14) is set to 0.1 and , respectively. In the case
of pulling the whole scene by using the proposed method in
Fig. 6(b), , , and move out of the display screen,
and the peripheral parts of the images containing , ,
and disappear or become invisible. On the other hand, in
the case of pushing the whole scene using the proposed method
in Fig. 6(c), , , and are in fact located within
the 3D display screen and thus the 3D points and are
still perceived. However, black vertical and horizontal stripes
are generated in the depth-adjusted stereo 3D images where the
original stereo 3D images lack values for those pixels. Note that
these black and disappeared areas of the left and right images in
3D space are illustrated on the right of Fig. 6.
For comparison, Fig. 6(d) and (e) show the depth-adjusted

stereo 3D images created when the depth of the whole scene is
decreased and increased from the viewer respectively, using the
conventional parallax adjustment method. To match the amount
of depth adjustment produced in the cases of Fig. 6(b) and (c),
the horizontal disparity is set to 5% and of the image
width (19 pixels and pixels in the Tsukuba stereo 3D im-
ages) in Fig. (d) and (e) respectively. Fig. 6(d) and (e), as in
Fig. 6(b) and (c) show the depth-adjusted 3D points and
where , , and denote the depth-adjusted points
in the stereo 3D images corresponding to , , , and
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Fig. 7. Results of the viewer-centric depth adjustment by the proposed method
and the parallax adjustment method. (a) Stereo 3D images after adjusting the
3D depth of the head by the proposed method. (b) Stereo 3D images after just
adjusting the parallax of the head.

, respectively. In both Fig. 6(d) and (e), and or
and move out of the display screen and thus the 3D points
and cannot be perceived. We can also see that both the

black vertical stripes and the disappeared areas occur at the left
and right sides of the depth-adjusted stereo 3D images.
As illustrated in Fig. 6, we observe that the proposed method

moves a 3D point along the -direction according to (9)
whereas the parallax adjustment method moves a 3D point
approximately toward the center of the left and right eyes
according to (16). This can be also seen by observing that when
using the proposed method the distance between two 3D points
and remains the same, whereas when using the parallax

adjustment method the distance becomes smaller or larger
when the depth of the whole scene is decreased or increased re-
spectively. Thus, the proposed method results in much smaller
shape distortion as shown later. From Fig. 6(c) and (e), we also
see that when pushing the whole scene the portion of black
area on the images obtained by the proposed method is slightly
larger than that produced by the parallax adjustment method.
This is because the proposed method simulates the viewing
process occurring when the whole scene represented by input
stereo 3D images move toward or away from a user who is
viewing the scene through a fixed-sized 3D display screen.
Fig. 7(a) shows our depth-adjusted stereo 3D images of an

object (head) for the original stereo 3D images in Fig. 6(a). The
3D depth of the selected object is adjusted in the viewer-cen-
tric direction. We can see that, using the proposed method, the
depth is better adjusted and has less significant disocclusion
compared to using the parallax adjustment method, shown in
Fig. 7(b). Since the parallax adjustment method only adjusts the
horizontal translation factor in (13) and so does not scale the
object, it causes more disocclusion. Further, we experimentally
found out that our method induces much less visual fatigue in
a viewer during adjustment than does the parallax adjustment
method. Another result of the proposed viewer-centric method

Fig. 8. Results of the viewer-centric depth adjustment in the proposed method.
(a) Original stereo 3D images. (b) Stereo 3D images after adjusting the 3D depth
of the right person’s head.

Fig. 9. Depth-adjusted low-textured stereo 3D images generated by the pro-
posed method. (a) Original stereo 3D images. (b) Results of pulling the whole
scene to the viewer by the proposed method. (c) Results of pushing the whole
scene from the viewer by the proposed method.

is that the depth of the right person’s head is well adjusted as
shown in Fig. 8.
Fig. 9 shows the results when the proposed method is applied

to relatively low-textured stereo 3D images. Fig. 9(a) shows the
original stereo 3D images, and Fig. 9(b) and (c) show depth-ad-
justed images with the value of in (14) set to 0.1 and , re-
spectively. Since the proposed method does not need a disparity
estimation, the lack of texture does not affect its performance.
We also generate depth-adjusted stereo 3D images by moving

each 3D reconstructed point in the original stereo 3D images in
Fig. 6(a) for comparison.We show the incomplete stereo 3D im-
ages in Fig. 10(a), the bilinearly interpolated stereo 3D images
in Fig. 10(b), and the depth-adjusted stereo 3D images created
using the proposed method in Fig. 10(c) where we can see that
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Fig. 10. Comparison of the proposed method with the depth adjustment based
on the movement of each reconstructed 3D point. (a) Depth-adjusted stereo 3D
images based on the movement of each reconstructed 3D point. (b) Interpolated
stereo 3D images of (a). (c) Depth-adjusted stereo 3D images based on the pro-
posed method.

the quality of our depth-adjusted images is better than those in
Fig. 10(b).

B. Shape Distortion due to Depth Adjustment

We analyzed the shape distortion produced by the proposed
and conventional parallax adjustment methods. We also an-
alyzed the sensitivity of our method with respect to viewing
distance.
To evaluate the performance of the proposed method, we ana-

lyzed the shape distortion of the objects caused by the proposed
method and the parallax adjustment method as in Fig. 11. Note
that when adjusting the whole scene, the viewer-centric direc-
tion in our approach is the normal direction, the -direction, per-
pendicular to the 3D stereo display screen. In Fig. 11(a) and (b),
where the values of are set to and 0.3, respectively using
the proposed method, the red and green dots indicate the orig-
inal and depth-adjusted objects, respectively. Fig. 11(c) and (d),
shows pulling and pushing respectively by the parallax adjust-
ment method and the red and blue dots indicate the original ob-
jects and depth-adjusted objects, respectively.
We can see that the shape distortion caused by the proposed

method is less than that of the parallax adjustment method. We
can also see that, when the depth of an object is adjusted by
the parallax adjustment method, the size of the object perceived
by the viewer remains constant regardless of the depth value,
which looks physically awkward. In fact, it was experimentally

Fig. 11. Shape distortion when the 3D depth is adjusted by the proposed
method and the parallax adjustment method. (a) Pulling the whole scene to
the viewer by the proposed method. (b) Pushing the whole scene from the
viewer by the proposed method. (c) Pulling the whole scene to the viewer by
the parallax adjustment method. (d) Pushing the whole scene from the viewer
by the parallax adjustment method.

observed that the parallax adjustment method causes significant
visual fatigue of the viewer, especially as the depth is varied. On
the other hand, the size of the object adjusted by the proposed
method increases when the object is pulled or vice versa, which
looks more natural, and causing much less visual fatigue. This
observation can be further explained by analyzing the consecu-
tive shape distortion.
Fig. 12(a) and (b) show the consecutive shape distortions of

three objects caused by the proposed and parallax adjustment
methods respectively, when the depth of the objects is being
varied by ranging from to 0.5. The excessive shape dis-
tortion in Fig. 12(b) might explain why the parallax adjustment
method causes more visual discomfort more than the proposed
method. Also, we can see that after depth adjustment, when
using the proposed method the objects are move along the -di-
rection, whereas when using the parallax adjustment method the
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Fig. 12. Consecutive shape distortion of three objects caused by the proposed
method (a) and the parallax adjustment method (b).

objects are moved approximately towards the center of the left
and right eyes, expanding or contracting the shape of objects.
To measure the 3D shape distortion quantitatively, we define

the average shape distortion of the 3D scene perceived by a
viewer as the relative difference of the distances:

(17)
where denotes the vector of a 3D point of an object with
respect to the object’s center as follows:

(18)

where denotes the average coordinates (center) of s of an
object, and denotes the normalization factor which is defined
as the sum of the distances divided by the number of points
which equals to Similarly,
denotes the vector of the corresponding 3D point of the depth-
adjusted object with respect to its center. Note that, the shape
distortion in (17) does not consider the size of the objects but
only their shape, so the shape distortion value is zero for the
objects which have the same shape even if they are different
sizes.
Fig. 13 shows the adjusted-depth of the circular object in

Fig. 12 when the object is pulled by the proposed method and
the parallax adjustment method. The average shape distortion
defined in (17) caused by the proposed method and the parallax
adjustment method are about 15.2% and 27.6%, respectively,
implying that the proposed method yields less shape distortion.
Fig. 14 shows the variation with of the average shape distor-
tion defined in (17) of the consecutive shape distortion of objects
in Fig. 12.
We also analyzed the sensitivity of the viewing distance .

We examine the shape variation as the viewing distance is

Fig. 13. Comparison of shape distortion when the 3D depth of the circular ob-
ject is adjusted by the proposed method and the parallax adjustment method.

Fig. 14. Shape distortion of three objects in Fig. 12(a) and (b).

Fig. 15. Object shape variation with respect to the viewing distance .

varied. Fig. 15 shows the object shape variation with respect to
. As the value of becomes larger, the shape of the object

is stretched along the -direction and vice versa. The distortion
associated with viewing distance occurs with both the proposed
and parallax adjustment methods.

C. Subjective Evaluation

We use the DSCQS (Double Stimulus Continuous Quality
Scale) for the subjective evaluation of the proposed method.
The four stereo 3D images in Fig. 16 are used for the subjec-
tive evaluation. The resulting stereo 3D images are displayed
on a commercially available 3D TV and evaluated by 40 people
with an average age of 27.1. The participants consist of 11 fe-
male participants and 29 male participants. The quality of the
depth perception was subjectively judged on a scale of 1 (bad)
to 5 (excellent). We range from to 0.1 in the proposed
method, and set the horizontal disparity of to 5% of the
image width in the conventional parallax adjustment method
to obtain similar depth adjustment. Then, for each stereo 3D
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Fig. 16. Four stereo 3D images for subjective evaluation.

TABLE II
RESULT OF SUBJECTIVE EVALUATION

image, we display the depth-adjusted stereo 3D images obtained
by the proposedmethod and the parallax adjustment method one
after another. The proposed method gives average scores of ap-
proximately 4 with respect to both depth perception and visual
comfort as shown in Table II, significantly higher than the con-
ventional parallax adjustment method and implying more sat-
isfactory results. Further, the conventional parallax adjustment
method causes excessive visual discomfort during depth adjust-
ment, perhaps due to the shape distortion such as depicted in
Figs. 11(c) and (d) and 12(b).

V. CONCLUSION

We have proposed an efficient 3D depth adjustment method
for an object including as much as a whole scene in stereo 3D
images by using a virtual fronto-parallel planar projection in the
3D space perceived by a viewer without using a dense and ac-
curate 3D reconstruction of the stereo 3D images. The experi-
mental results demonstrate both the feasibility and practical ap-
plicability of the proposed approach which yields less visual
fatigue and a smaller 3D shape than the parallax adjustment
method.
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