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ABSTRACT

Depth-image-based rendering is generally used in real-time 2D-to-3D conversion for 3DTV. However, inaccurate depth maps cause
flickering issues between image frames in a video sequence, resulting in eye fatigue while viewing 3DTV. To resolve this flickering
issue, we propose a new 2D-to-3D conversion scheme based on fast and robust depth-map generation from a 2D video sequence. The
proposed depth-map generation algorithm divides an input video sequence into several cuts using a color histogram. The initial
depth of each cut is assigned based on a hypothesized depth-gradient model. The initial depth map of the current frame is refined
using color and motion information. Thereafter, the depth map of the next frame is updated using the difference image to reduce
depth flickering. The experimental results confirm that the proposed scheme performs real-time 2D-to-3D conversions effectively and

reduces human eye fatigue.
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1. INTRODUCTION

The reliable and real-time conversion of 2D videos to 3D
videos is one of the most important 3D image generation
methods in the 3D industry. This type of conversion allows
many existing 2D videos to be converted to 3D. Several
methods can be used to produce 3D video contents. One
example method is direct 3D shooting by using a stereo video
camera [1]. Considering that the human brain synthesizes two
images from the left and right eyes to perceive depth
information for objects, 3D videos that are obtained directly
from a stereo camera can be used to cause 3D perception.
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However, 3D content generation from stereo cameras also
suffers from synchronization problems in time, color, distortion,
vertical and horizontal locations, and convergence between two
cameras. Furthermore, 3D content generation from stereo
cameras requires time-consuming manual work to match the
synchronization problems between two cameras. Another
method involves the use of one or more camera and a depth
sensor by using depth-image-based rendering (DIBR), which
uses depth maps obtained from the depth sensor [2], [3].
Synchronization and calibration are also required by using this
method. However, a RGB camera with the depth sensor is
rarely used commercially for 2D-to-3D conversion. Therefore,
a fast and cost effective 2D-to-3D conversion technique is
needed to revitalize the 3D display industry. A typical real-time
2D-t0-3D conversion scheme is shown in Fig. 1. A depth-map
sequence is generated from a 2D input video sequence.
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Thereafter, a 3D stereoscopic video can be generated by using
DIBR [3]. Many depth-map generation methods have been
developed by using various depth cues such as color, motion,
relative object size, defocus of textured objects, and geometric
perspective in the scene.

Monocular input video

Stereoscopic 3D image

Depth generation Depth image

based rendering

Depth map sequence

Fig. 1. Typical real-time 2D-to-3D conversion system

Machine-learning approaches have also been proposed for
depth-map generation from 2D images. Harman et al. [4]
proposed a fast machine-learning algorithm by using the RGB
color values of training input data. However, generating the
training depth values is difficult in the specific key-frame
image. Furthermore, the algorithm has to be trained again for a
new 2D video. Saxena et al. [5] generated a depth image by
learning the 3D scene structure for a single image frame. Image
edges in perspective view or vanishing lines can provide the
depth cue of the scene. Cheng et al. [6] used edge information
to segment foreground and background objects and performed
region growing and depth assignment based on hypothesized
depth gradient model (HDGM). Yu et al. [7] detected main
lines and vanishing points to assign the depth map of static
backgrounds by using edge information. In this method, the use
of edge information is difficult with a fast-moving camera or
object because the boundary of the objects is blurred.

Motion information is another important depth cue in the
scene. Kim et al. [8] proposed a motion-estimation process by
using color segmentation and the Kanade—Lucas—Tomasi
feature tracker. Cheng et al. [9] combined the depth from both
motion parallax and geometrical perspective by using block-
based motion estimation and edge information, respectively;
this method is useful for scenes with moving objects in a static
background. Motion parallax is a useful depth but cannot be
applied for motion estimation to generate depth if moving
objects or camera motion is non-existent in the scene. Lai et al.
[10] and Guo et al. [11] proposed a depth-estimation algorithm
from the amount of defocus in an image edge. This method

cannot be used when an image is captured by using a wide-lens.

Therefore, various approaches have been proposed to
synthesize two or more depth cues to estimate a high-quality
depth map. Multi-cue fusion methods have been proposed to
generate depth for 2D-to-3D conversion [12]-[15]. However,
these methods may produce faulty or reversed depth when the
same objects have different color information. Real-time on-
the-fly conversion is required for electronic 3D consumer
devices. Real-time conversion algorithms have been proposed
by using multi-threaded CPUs or GPUs for parallel processing
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[12], [16]. The motion vectors in the MPEG 4 standard are also
used to generate real-time depth maps [17]. Moreover, depth
flickering should be reduced to mitigate eye fatigue during
extended watching sessions. Many researchers have developed
automatic or real-time 2D-to-3D conversion methods. However,
the lack of a non-fatigue 3D content generation approach is still
a dilemma for the 3D display industry [16].
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Fig. 2. Overall block diagram of the proposed 2D-to-3D
conversion system
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We present a real-time 2D-to-3D conversion scheme with
reduced depth flickering via a temporal image sequence. The
overall block diagram of the proposed scheme is shown in Fig.
2. The proposed method involves three steps: (1) object
segmentation and region growing; (2) depth generation and
updating; (3) DIBR. Object segmentation and region growing
are conducted first in the scheme by using color information.
Thereafter, the regions are refined by using an accumulated
difference map. An initial depth map is selected among
HDGMs, and the depth of each segmented region is assigned
by referencing to the initial map. The previous depth map is
updated to generate a new depth map in the next frame.
Therefore, by using DIBR, we can produce eye-comforting 3D
videos from 2D videos as evidenced by the experimental results.

The remainder of this paper is organized as follows.
Section II describes the proposed 2D-to-3D conversion system,
which improves depth consistency by using color information
and difference map. Section III describes the experimental
results and discussions. Section IV concludes.

2. PROPOSED SYSTEM

This section covers the details of the proposed system.
The depth generation method for 2D to 3D conversion is based
on color information and the {n-to-(n — 1)} difference map [16].
The input 2D video is divided into cuts by using a color
histogram [19]. The first frame image of each cut is segmented
by using color information, and the depth of the segment is
calculated from an HGDM. Both the segment and depth of the
next frame image is updated by using a difference map. After
depth maps are generated from the input 2D sequence image,
each depth map is blurred by a bilateral filter [9], [18] to
produce stereoscopic images by DIBR [3].

International Journal of Contents, Vol.10, No.3, Sep. 2014



Seung-Woo Nam : Real-Time 2D-to-3D Conversion for 3DTV by using the Time-Coherent Depth-Map Generation 11
Method

2.1 Cutting of Scene Boundary by using Color Histogram
and Assigning of the Initial Depth Gradient Model

The possibility of having the same initial depth for
different consecutive shots (cuts) is very low. Each cut of the
input video is usually taken in a different place or view. If the
shot of the video is changed, a new global depth map is
assigned as the initial depth among HDGMs. Therefore, cutting
an input video into separate shots is necessary to assign the
initial depth map of the divided shot. The boundary detection
algorithm is based on the difference of the color histogram
between frames as a measure of discontinuity. The histogram
difference is computed as follows:

hag) = X1 W0~ h ()| m

where #; is the color histogram with N bins of frame i
corresponding to the input video sequence. We eliminate the 4
least significant bits of every RGB component. By using this
quantization method, all possible colors are grouped into 212
different color levels in the RGB space [19] to reduce memory
requirements and processing times. If /gy is higher than a
threshold value, the video is divided as a new cut. The
threshold value is defined heuristically by experimental
analysis as 60 percent of the color histogram changes. Fig. 3
shows 7 divided cuts.

An automatic algorithm is proposed to select an initial
depth map of the cut by using motion parallax information. In
our algorithm, the first frame image of the cut is divided into 3
x 3 blocks. An average motion vector of each block is
estimated by using a sampling of 16 x 9 pixels on the block,
and the magnitude of the average vector is saved in the buffer
corresponding to each block. The magnitudes of the vector in
the 3 x 3 sized buffer are used for training. The ground truth
values of each cut are used as training data by using hundreds
of first frame images. Thereafter, the initial depth of each cut is
selected by using the trained classifier among six HGDMs. If
the camera and objects of the cut do not move, the default map
or the bottom-front model is assigned (Fig. 2). The bottom-
front model is the model wherein the nearest part of the image
is at the bottom and the depth changes smoothly from white at
the bottom to black at the top. The analysis results indicate that
the bottom-front model is assigned most frequently in real
situations [6].

2.2 Object Segmenting and Depth Generation from the
Initial Depth Map

The separation of the object and background in the image
is important to assign the depth value. Segmentation is also
important to group the object or the background. The input
image is divided into segments by using only the color

information, thus increasing the possibility of wrong separation.

The same object is separated into several segments. Thereafter,
the background depth value is assigned to a segment when the
object and depth reverse is recognized. However, the segments
are the same objects located in the front relative to the
background. Therefore, we propose a new method by using
motion history and color information to separate the object and

Ratio of color histogram changes (%)
100

80

‘Threshold

60

40

20 t

cut#l cut#2 cut#3 cut #4 cut#5 cut #6

Fig. 3. Detected-cuts based on the difference of the color
histogram. The “Wild Life” short video is divided into seven
cuts according to the threshold value.
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Fig. 4. Depth image generation by using initial map from 2D
input image. (a) “See Sun,” (b) “Life Force,” (c) segmented
image from “See Sun,” (d) segmented image from “Life
Force,” (e) depth map by using an HDGM of the bottom-front
model, and (f) generated depth map by using an HDGM of the
right-front model.

background accurately. A seed region growing (SRG)
algorithm is used first for segmentation in our system [20].
Seed points on the first frame image are selected randomly, and
eight neighboring pixels of the seed points are checked to grow
the region. The segmented images are shown in Fig. 4(c) and
4(d) by using SRG for the original images shown in Fig. 4(a)
and 4(b). A depth map of the cut at the first frame is generated
by assigning the depth value at the corresponding position to
the center of each segmented region on the initial depth map.
The generated depth maps from an initial map (DMFIM) are
shown in Fig. 4(e) and 4(f) by using the bottom-front model
and right-front model as initial maps. The depth value of each
segment is assigned as follows:
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where D(x, y) is a depth value of segment S, on position (x, y),
the center position of S,, is (x , y) , N is the number of pixels
in S,, and D,,;; is the initial depth map.

(@)

Fig. 5. The generated depth map is refined by using ADM. (a)
Depth-map generation by using an HDGM; (b) ADM,; (c)
binary map of the ADM that is accumulated in the difference
map for 40 frames; (d) refined depth map (RDM).

Considering color segmentation, one object can be divided
into several small regions. Therefore, the depth of the
segmented regions of the same objects can be assigned to
different depth values. To remove this problem, we use motion
information by using the accumulated difference map (ADM).
The difference map is the color difference between previous
and current frame images. The difference image d; is calculated
as follows in the RGB space:

d; = \/(Ri R\ +(G,-G_,) +(B,—=B_,) (5

where i is the frame number. The difference images are
accumulated to record the history of the moving objects. The
ADM can be represented as follows:

(6)

acc __ M-1
di - k=0

d, i>M.

An ADM is converted to a binary map consisting of
motion and non-motion regions by using a suitable threshold.
The white and black regions in the binary ADM are the motion
and non-motion regions (Fig. 5(c)). Even though the same
object is divided into several regions because of the color
difference, these separated regions in the motion region are
merged into a single region; thus, these regions have the same
depth values. The face of an actor is segmented into several
parts of S1, S2, S3, and so on (Fig. 5(a)) by using color
information; however, the face should be segmented as a single
region. The depth of the blue-lined zone is also different from
the depth of the red-lined zone. This type of error causes

Method
dizziness in humans. The final depth is the RDM (Fig. 5(d)),
which reduces the depth-reverse problem. This modification is

used only when motion is observed in an image sequence.

2.3 Depth Updating by using Difference Maps

i=20

Snen(20)

D(20) D(21)
(d)
Fig. 6. (a) “Wild Life” video at frame numbers 20 and 21; (b)

difference maps; (c) updated segmented images; (d) updated

depth maps.
(n — 1)y, frame | ny, frame | (n + 1)y, frame
Source
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Fig. 7. Generated depth maps (a)-(c) show flickering without
difference maps and (d)-(f) reduced flickering with difference
maps.
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Fig. 8. Generated depth sequence by comparing DMFIM (a), (¢), (¢), and (i) with TCDUM (b), (d), (f), and (h).
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How tired are you eyes?

very fresh oK mild tired moderately tired very tired
(100) (80) (60) (40) (20)
(a)
How does your head feel?
very fresh oK mild ache moderately ache Severe ache
(100) (80) (60) (40) (20)
(b)
Fig. 9. Two-symptom questionnaire about eye -fatigue and
head-ache.
m DDD DMFIM mTC
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Fig. 10. Evaluation result of eye -fatigue for 20 participants.
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Fig. 11. Evaluation result of head-ache for 20 participants.

A depth flickering problem occurs when an SRG
algorithm is used for segmentation and DMFIM is used to
calculate a depth map for the next consecutive images. Thus,
maintaining the consistency between the depths of the
corresponding input video sequence during 3DTV watching is
important. We update the depth values of parts that exhibit
color changes between consecutive input images. We detect the
color-changed region (CCR) by using the color difference
between a previous image frame and current image frame (Eq.
(5)). Thereafter, we convert CCR or a red region to a binary
map or difference map (Fig. 6(b)). The CCR is usually detected
when a video sequence includes big color changes from fast
motions, shadow changes, and lighting changes. We update the
depth map in the second frame image by using DMFIM for the
CCR only, and assign the depth of the previous frame for the

Method

other region except the CCR. We propose a time-coherent
depth-updating method (TCDUM) to improve the depth
coherence in time while reducing depth flickering. Fig. 6 shows
the update process of the segmented region and generated depth
by using the difference map. The red region is newly
segmented, and the depth map is also updated (Fig. 6(c) and
6(d)). This proposed method is effective in generating depth
maps rapidly and in reducing depth flickering frame by frame
(Fig. 7). The depth maps of the zone represented by the red
dashed line display flickering (Fig. 7(a) to 7(c)). The depth
maps are generated by using TCDUM  exhibit better
performance than the depth maps generated by using DMFIM
(Fig. 7(d) to 7(f)). We then blur the generated depth map by
using the bilateral filter to preserve the boundary of the area [6].
The final 3D video is generated by using DIBR [3]. The
bilateral filtered depth map minimizes the size of the hole
caused by the interocular distance of the virtual stereoscopic
camera.

3. HEXPERIMENTAL RESULTS

In this section, we describe the experimental results for
evaluating the algorithm for real-time processing, the depth
consistency on the time line, and the visual comfort for several
test videos. We use a 1280 x 720 video (i.e., “Wild Life”’) and
six 1920 x 1080 videos (i.e., “Life Force,” “Death Valley,”
“See Sun,” and “Life Master”).

3.1 Real-Time Processing

The proposed algorithm is optimized to minimize the
computation. The difference image is calculated with reduced
number of bits per RGB from 8-bits to 4-bits for hardware
implementation. The computational complexity is reduced
almost 10 times when the difference image is calculated. For
the 900-frame “Wild Life” video, the number of processed
pixels is approximately 25 x 106 and 23 x 107 pixels by using
TCDUM and DMFIM, respectively. When the proposed system
is implemented by considering 8-core parallel processing on a
computer with a 3.46 GHz dual-core GPU, 8GB RAM, and 64-
bit OS, the frame rate is approximately 25 and 15 fps for 1280
x 720 and 1920 x 1080 videos, respectively. The delay time is
about 1.5 second because of the accumulation of the difference
image. Therefore, a consumer can check the result of the output
in real time with a small delay time while watching 3DTV for
half-sized HD videos. In the future, the proposed method will
be able to convert a full-HD movie in real-time when the
method is applied to a chip on a 3DTV.

3.2 Depth-Map Coherence

We evaluate seven test videos already mentioned and
show results for the five test sets among the seven videos in Fig.
9. The first four column images are the depth maps of the four
consecutive frame images, and last column images are
stereoscopic side-by-side images for the five test videos (Fig.
8). Depth flickering is observed in the blue dashed region by
using DMFIM (Fig. 8(a)), whereas depth coherence is observed
by using TCDUM (Fig. 8(b)). We show the similar results for
the other four test videos (Fig. 8(c)-(j)). However, this study
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has some limitations. An error in the depth map in the first
frame propagates in the next frame as a red dashed line (Fig.
8(h)). Thus, our system is sensitive to the first frame of the
depth map in the time line. The rendered 3D videos by the
time-coherent depth sequences are more comfortable to the
human eye than the 3D videos rendered by using flickering
depth sequences.

3.3 Visual Quality Assessment

The side-by-side stereoscopic videos generated by using
DIBR were displayed on a 55-inch LCD polarized 3D display.
The evaluation of 7 stereoscopic videos was performed by 20
people. We use the symptom questionnaires shown in Fig. 9(a)
to 9(b) [21]. The participants watch stereoscopic videos in
random and are then asked 2 questions that have 5 grades from
20 points to 100 points. The experimental results show that the
proposed algorithm provides comfortable 3D videos (Fig. 10
and Fig. 11). Our method obtains better 3D visual quality than
other methods in figure 10 and better visual comfort than the
previous method without using difference images. Considering
that the output 3D images of TriDef DDD [6] has a small 3D
effect, participants have assessed that the visual comfort of
TriDef DDD is similar to that of our results (Fig. 11).

A video with still objects but with big color differences
within one object to be segmented is unfit for 2D-to-3D
conversion for the proposed system.

4. CONCLUSION

We propose a time-coherent depth-map generation method
to convert the 1280 x 720 sized 2D video to 3D video in real
time. We have presented a depth-updating algorithm by using
the difference image between frames to reduce the flickering of
generated depth sequences. Consumers can feel comfortable
while watching converted 3D videos without depth flickering
on 3DTV via our method. We have also proposed a depth-
refinement algorithm to correct the depth-reverse errors caused
by color information for segmenting the region. For moving
objects in the scene, the refinement algorithm shows a better
quality in the 3D video by using motion history than by using
only color information. In future works, we will work on
generating multi-view images by using single-generated depth
maps.
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