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Abstract—In 3-D video (3DV) applications, depth-image-based
rendering (DIBR) has been widely employed to synthesize virtual
views. However, this approach is performed in a frame-based way,
meaning each whole frame is dealt with and the characteristics
of different regions in the frame are ignored. As a result,
redundant pixels in some regions are abused during the subsequent
warping and blending stage. This paper proposes a region-aware
3-D warping approach for DIBR in which warped frames are
reasonably divided beforehand so that only the indispensable
regions are used. With the proposed scheme, it is possible to
avoid noneffective and repeated pixels during the warping stage.
In addition, the blending process is also saved. The experimental
results show that compared to the state-of-the-art VSRS3.5 and
VSRS-1D-fast algorithms, our approach can achieve significant
computation savings without sacrificing synthesis quality.

Index Terms—3-D video (3DV), depth-image-based rendering
(DIBR), multi-view, region partitioning, region-aware 3-D
warping.

1. INTRODUCTION

HREE-DIMENSIONAL video (3DV) is becoming in-
T creasingly popular because it offers an immersive experi-
ence of real 3-D scenarios. A typical approach to implementing
3DV is to shoot 3-D scenarios using several cameras at dif-
ferent viewing angles. To support more viewing angles in this
circumstance, it is important to generate some (or many) so-
called virtual views. This process is called the view synthesis,
which often exploits the depth-image-based rendering (DIBR)
technique [1].

The core of DIBR is to warp pixels from the original views
to synthesized views by utilizing the depth information and
the cameras’ parameters. To this end, two DIBR approaches
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have been proposed [2]: the single-view approach and the
multiple-view approach. A single-view approach proposed by
Oliveira et al. [3] utilizes a single original view plus its depth
information to extrapolate the synthesized view. However, this
approach has a drawback: It often leads to large holes in the
synthesized view because the corresponding information of
the background is occluded by the foreground objects in the
original view. A multiple-view approach proposed by Min
et al. [4] makes use of two original views (the left and right)
and their depth [5] to interpolate the intermediate views. This
way, the occluded background can be filled using the available
background from either the left or right view. Clearly, the
multiple-view approach can generate better synthesized views
compared to the single-view scheme. Hence, the multiple-view
approach will be adopted in our study presented in this paper.

Recently, the 3DV Coding Team of ISO/IEC’s Moving Pic-
tures Experts Group (MPEG) developed the multiple-view ap-
proach in the view synthesis reference software (VSRS) [6].
However, it is still time consuming in practical 3DV applica-
tions. For example, using two views to synthesize one virtual
view, 120 frames (including texture and depth frames from both
views) need to be decoded and 60 frames of the virtual view
need to be synthesized per second.

Many approaches have been proposed to speed up the DIBR-
based VSRS. For instance, Horng et al. presented a hardware so-
lution for view synthesis that achieves 32 frames/s for HD1080
video [7]. In view of the software solution, many researches have
focused on 3-D warping because it is the most time-consuming
operation in DIBR. To this end, Tsung et al. provided a view
interpolation scheme for multi-view video applications, which
reduces 86% of the 3-D warping operations [8]; Chen pro-
posed a shape-adaptive low-complexity technique for removing
spatial computation redundancy of view synthesis and saved as
much as 96% computation for view synthesis [9]; and Vijayana-
gar et al. presented a simple but highly efficient view synthe-
sis process, which has significantly optimized the process of
DIBR [10].

Vijayanagar’s method is fast and has good objective quality.
Furthermore, it is inherently parallel, thus making it suitable for
high-speed view synthesis on a GP-GPU. Therefore, it has been
developed into the latest VSRS-1D-fast algorithm [11] as a part
of JCT3V based on high efficiency video coding (HEVC). This
1-D algorithm is an optimized view-synthesized algorithm for
the 1-D parallel model in which the virtual view is aligned ver-
tically with the original views; thus, only horizontal disparity
needs to be considered. Compared to the conventional VSRS, it
calculates the disparity by utilizing a separable look-up table-
based technique that considerably speeds up the 3-D warping
process. Additionally, a novel blending approach based on sim-
ilarity maps can further improve the quality of the virtual views
[12]. In our study, we choose VSRS3.5 [13] (which is considered
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Fig.1. Two main stages in VSRS3.5 and VSRS-1D-fast under the 1-D parallel
model, where TR, TL, DR, and DL are “texture right,” “texture left,” “depth
right,” and “depth left,” respectively.

the most widely used version of VSRS) and VSRS-1D-fast [14]
(regarded as the state-of-the-art) as the benchmark for compar-
ison in view rendering [15].

All methods mentioned above are frame-based synthesis
methods. This means that some unnecessary information in cer-
tain regions of a frame, which contributes very little to the view
synthesis, will still be used in the warping process. Inspired by
this observation, a novel region-aware 3-D warping scheme is
proposed in this paper. In this scheme, we consider the charac-
teristics of different regions in the original views when warping
them into the virtual view and then perform a 3-D warping se-
lectively so that the process can be much more efficient without
degrading the quality of synthesized views. Experimental results
show that our proposed scheme can achieve significant compu-
tation savings with negligible quality degradation compared to
the existing algorithms.

The remaining parts of this paper are organized as follows.
We review the framework of VSRS3.5 and VSRS-1D-fast in
Section II. Then, we analyze the characteristics of different
regions in Section II and propose the region-aware 3-D warping
scheme in Section I'V. Experiments are conducted in Section V
to evaluate our region-aware method. Finally, some conclusions
and discussions are presented in Section VI.

II. VSRS3.5 AND VSRS-1D-FAST: A BRIEF REVIEW

VSRS3.5 (assuming the “1-D model”) and VSRS-1D-fast are
quite similar to each other, and both contain two main stages,
as shown in Fig. 1: 1) the warping stage, in which all pixels
in the original views are warped to the virtual view based on
the depth information, and 2) the blending stage, in which the
warped views are blended together.

At the warping stage, pixels from the original views are trans-
formed into the virtual view. In VSRS3.5, this stage is further
divided into two steps: 1) boundary detecting and boundary-
aware splatting are first carried out in the depth map and 2) for-
ward warping is performed. During the forward warping step, a
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3-D warping function [16] is used. However, mapping competi-
tion, which means that different pixels in the original views are
mapped to the same point in the virtual view, is unavoidable.
To solve this problem, the so-called z-buffer is usually adopted
in VSRS3.5 [17], where the front-most pixel is selected for the
virtual view to maintain the logical occlusion order.

By contrast, the warping stage of VSRS-1D-fast is quite sim-
ple: Once the depth information is utilized to map the original
view to the virtual view, the corresponding texture information
will follow. During this stage, three steps, i.e., warping, interpo-
lation, and hole filling, are carried out together. To simplify this
stage, the 3-D warping function is not used. Instead, a separable
look-up table-based technique is used. In addition, to overcome
the mapping competition, the 3-D warping of different original
views is performed from different directions in VSRS-1D-fast;
e.g., the left original view is warped from left to right, while the
right one is warped from the opposite direction [11]. Mapping
competition often occurs in regions that belong to the back-
ground and can be seen from (one of) the original views, but
are occluded by the foreground and thus cannot be seen from
the virtual view. Therefore, these regions are not needed for the
virtual view. If we can identify all regions that are not required
to be warped, certain or many computations would be saved.
In addition, if the mapping competition can be prevented, we
can further save the computation consumed for the z-buffer. An-
other issue in the 3-D warping process is the visible range. In the
1-D parallel model, there are some regions that are visible in the
original views, but are out of the visible range of the virtual view.
These regions are not needed for the virtual view either and can
thus be excluded from 3-D warping to save computation.

The blending stage merges two warped views into a single vir-
tual view. In VSRS3.5, this stage contains two steps: 1) blending
two warped views into the virtual view and 2) inpainting the vir-
tual view [18]. In VSRS-1D-fast, this stage contains four steps:
1) creating reliability maps, pixels of the warped views (gener-
ated in the warping stage) are given different values according
to their reliabilities (e.g., disocclusion holes are unreliable with
value 0). Then, two reliability maps are created; 2) enhancing
similarity, the most reliability pixels in the two warped views
will be used to generate two histograms, respectively. Then, the
enhancement processing is carried out through adapting one his-
togram to another; 3) combining the warped views. According
to the reliability maps, the warped views are combined; 4) the
chroma of the combined results is decimated. Although their
blending stages are different in terms of the details, both share
two similar configurations: 1) blending two warped views by
a linear weighting function and 2) choosing one warped view
as the dominant view and filling the holes by the other warped
view. They both have their advantages and disadvantages; see
[11], [19] and [20] for detailed discussions.

After 3-D warping, there are three types of holes: 1) dis-
occlusion holes, 2) boundary holes, and 3) cracks. These three
different types of holes have been discussed in [21]. Dis-
occlusion holes are regions that are occluded by the foreground
in the original views but become visible in the virtual view.
These holes are commonly generated by sharp depth discontinu-
ities between the foreground and the background in the original
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Fig. 2. Illustration of different regions in 3-D warping.

views so that their sizes are usually large (more than two-pixel
width), which are the main holes in the virtual view. The dis-
occlusion holes in one warped view are generally filled using
the information from the other warped view. Boundary holes
are the regions that are out of the visible range in an original
view but within the visible range of the virtual view. Because
the range of each view is limited, when an original view is used
as the dominant view to synthesize the virtual view, it produces
holes at the picture boundary. Boundary holes can also be filled
using the information from the other original view. Cracks are
defined as holes with a size no larger than 2-pixel width. They
are caused by small depth discontinuities in the original views
or rounding errors in the 3-D warping process. Because cracks
have high correlation with the neighboring pixels, an interpola-
tion process can be used to fill this type of holes.

Generally speaking, the blending stage should mainly fill the
dis-occlusion holes and boundary holes using some regional
information in the other original view. However, because the
specific regions may not be able to be located accurately,
a frame-based 3-D warping is used in both VSRS3.5 and
VSRS-1D-fast, meaning that all pixels in the original frames
are warped, which causes repeated regional pixels (that are
visible in both of the two original views) being warped. If these
specific regions can be located, all repeated 3-D warping can
be avoided and the blending stage can thus be saved.

III. ANALYSIS OF REGIONAL CHARACTERISTICS

In the discussion above, we notice that certain or even many
computations can be saved for some regions. However, the key
problem is how to identify such regions. To this end, we present
a detailed analysis of the characteristics of different regions in
this section.

A vertical view of a scene and the cameras describing a fore-
ground object in front of a background plane are shown in Fig. 2.
Viewl and View3 stand for two original views, and View2 is
the virtual view that will be synthesized from View1 and View3.
Region UV represents a foreground, whereas points A, B, ..., K,
and L are all in the background region. Specifically,

1) A and J are the two boundary points covered by Viewl;

2) Cand L are the two boundary points covered by View3;
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3) Band K are the two boundary points that will be covered
by View?2;

4) D and F are the corresponding points of U in the back-
ground for View3 and Viewl, respectively;

5) E is the corresponding point of U in the background for
View2;

6) G and I are the corresponding points of V in the back-
ground for View3 and View1, respectively;

7) H is the corresponding point of V in the background for
View?2.

For simplicity, we choose View2 at the midpoint between
Viewl and View3. In addition, the optic axes of the views are
parallel to each other. Among the views, there is only X-axis
directional disparity, which is known as the 1-D parallel ar-
rangement, the same as that used in VSRS-1D-fast. The length
of the baseline distance between View1 and View3 is A, and f,
is the focal length of the camera. According to the regions in the
virtual view, regions in the image planes of Viewl and View3
are classified into the following types.

1) Boundary Non-Effective Region (BO-NER): When syn-
thesizing View2 by Viewl, we may find that Region AB
is out of the visible range of the virtual view. Thus, this
region has no effect on the virtual view. We refer to it
as a BO-NER. Similarly, Region KL in View3 is also a
BO-NER. In the frame-based synthesis algorithms such
as VSRS3.5 and VSRS-1D-fast, the pixels of a BO-NER
are still warped to the virtual view, which requires com-
putation but brings no benefit to the synthesized view.

2) Boundary Single Effective Region (BO-SER): Region BC
can only be seen from one view (i.e., Viewl) when
we synthesize View2. We refer to it as a BO-SER. In
other words, there will be holes (boundary holes) if we
use View3 to synthesize View2. Similarly, Region JK is
also a BO-SER for View3. Generally, blending uses the
BO-SER of one original view to fill the holes generated
by the other original view. Therefore, the information in
this type of region is the key to filling the boundary holes.

3) Double Effective Region (DER): Regions CD, UV, and
IJ can be observed by both original views, and their in-
formation is repeatedly used during rendering. Regions
of this type are referred to as DERs. Although the depth
in most of these regions is continuous, there could be
depth discontinuities, which would cause small cracks in
the warped view. Given that the cracks are small and are
strongly related to their neighboring pixels, an interpo-
lation using the neighboring pixels would be used to fill
these cracks rather than using the other original view’s
pixels.

4) Background Single Effective Region (BA-SER): Region
DE belongs to the background and is a single effective
region in View 1, butit appears at the boundary between the
foreground and the background. Such a region is referred
to as a BA-SER. Similarly, Region HI is a BA-SER for
View3. The characteristic of such regions is similar to that
of the BO-SER; i.e., the information in these regions is
the key to filling the dis-occlusion holes, which are the
main holes in the virtual view.
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5) Background Non-Effective Region (BA-NER): Region EF
is the area in which the mapping competition occurs, as
background EF and a part of foreground UV might be
mapped to the same area in the virtual view during the
3-D warping process. Occlusion will occur in this case.
Currently, there are two measures to address such a sit-
uation. One is to use the z-buffer as in VSRS3.5. The
other is to use the special 3-D warping method such as
that in VSRS-1D-fast: To the left original view, the 3-D
warping direction is from left to right on each line so that
the foreground UV will cover EF, which keeps the log-
ical occlusion order; to the right original view, the 3-D
warping order will reverse. We refer to this occluded re-
gion as a BA-NER. Pixels of such areas are still mapped in
VSRS3.5 and VSRS-1D-fast. According to this definition,
GH is also a BA-NER for View3.

IV. REGION-AWARE 3-D WARPING

Based on the analysis presented in Section III, we can apply
different processing to different regions to achieve computa-
tion savings. In this section, we present our region-aware 3-D
warping with the detailed block diagram shown in Fig. 3.

To start, we select one of the original views arbitrarily, e.g.,
the left view (Viewl), as the dominant view and the other as
the reference view. Although the information is available from
both views for many regions, because the texture may have
slightly different values in different views, it is advantageous
to use the information from the dominant view as much as
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possible to make the texture in the virtual view more consistent.
Because the relationships among these views are constructed by
the spatial geometry information, we start from the depth map
of the dominant view to do the region division.

In the first step of our proposed approach, we calculate the
threshold for the depth discontinuity to determine the boundaries
of interest for performing the region division. In the second step,
we detect the boundaries and perform the region partitioning.
In the third step, we perform the region-aware 3-D warping. All
regions except BO-NER and BA-NER in the dominant view will
be warped to the virtual view. In addition, the effective regions
including BO-SER and BA-SER in the reference view will be
warped to the virtual view. Finally, an interpolation is carried
out for hole filling dis-occlusion.

A. Calculating the Threshold AZ,, . to Detect Disocclusion
Holes (Occlusion Regions)

As previously mentioned, our purpose is to find the larger
BO-NERs (occlusion regions) in the dominant view to discard
and locate the BO-SERs in the reference view to fill holes.
The smaller occlusions (whose sizes are the same as those of
cracks) and cracks are sufficiently small so that they can be
easily addressed.

We calculate a watershed depth discontinuity threshold
AZ\ax to distinguish the dis-occlusion holes (or larger occlu-
sion regions) from the cracks (or smaller occlusion regions). If
the depth difference between two neighboring pixels is larger
than AZ,,.x, there will be a dis-occlusion hole (or larger occlu-
sion). In this paper, we set the threshold AZ,; .« as follows:

510
1 1
A faL : (ZM“ - me_)

where Z,,.,, and Z,, are the depth range of the physical scene.
A and f, are the baseline and focal length, respectively. The
derivation for determining this threshold is shown in Appendix
for conciseness.

AZmax = (1)

B. Detecting the Boundaries of Interest in the Depth Image

We calculate the depth difference AZ between two neighbor-
ing pixels in the depth map as discussed in [22]. Based on this
depth difference, we can detect the boundaries of interest us-
ing AZ .y as the threshold, where d(z, y) stands for the depth
value of the pixel at (x, y)

1, AZp=d(z,y)—d(x—1,y) >
_17 AZR = d(ZL‘ + ]-7 y)_ d(l‘, y) S _AZmax

0, otherwise.

F(xay) =

2

In (2), F(x,y) is the boundary function. If F'(z,y) equals 1,

it indicates that there is a left boundary between (2 — 1,y) and

(z,y), where (z,y) belongs to the foreground and (z — 1,y)

belongs to the background. In this case, occlusion will occur. If

F(z,y) equals —1, this indicates that there is a right boundary.

In this case, dis-occlusion will occur. Otherwise, there is no
boundary appearing between these two neighboring pixels.
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C. Region-Aware 3-D Warping for a Flat Background

In Section III, the characteristics of different region are an-
alyzed. Here, we will calculate the regions sizes and perform
the 3-D warping for different regions selectively. For clarity of
the presentation, we first consider the simple example shown in
Fig. 4, where a foreground object is in front of a flat background
plane in parallel to the image plane. A more general case will
be discussed in Section I'V-D.

The points in the 3-D real world are denoted as A, B, ... ; the
corresponding points in the depth image of Viewl are denoted
as ai, by, ..., the same as as, bs, ... in View2. Note that because
point A is out of the visible range of View2, “as” does not
actually exist.

As shown in Fig. 4, to generate View2, we need to warp the
regions from the corresponding regions in the image planes of
Viewl and View3. We generate View2 starting from the left
using the information in Viewl. Because Region AB is out of
View2’s visible range, we could skip Region “a;b;” warping.
Let ®,,;, denote the size of Region “a;b;”; similarly, ®ap
denotes the size of Region AB, etc. For Region AB, because the
flat background plane is in parallel to the image plane, we have

Papy _ o

P Zp

View?2 is at the midpoint between View 1 and View3, and ®p

is A/2. Zp is the physical depth of point B. Considering that the

background is a flat plane and Zp is the same as Z4, we can
calculate ®,,, as

3

(pAB'fm:)"fT:A.fT:ﬂA- “)

Zp 2Zp 274

Denote Bx as the disparity at point X in Viewl with respect
to View2. Then, (34 is the disparity at point A in View]l with
respect to View2, which can be calculated from the depth value
d,, at “a;” by

)\. d(ll 1 1 1
= — - 7], - : - ’ 5
ﬁA 2 f£ (255 (Znear Zfal' > + Zfﬁl‘ > ( )

Hence, if we obtain 34, we can calculate @, , . To obtain 34 ina
time-saving manner, a look-up table-based technique inherited
from VSRS-1D-fast is used here. Given a depth value d,, of

(I)albl =
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point “a;” in the depth image, the corresponding disparity (54
can be determined by looking up the table stored in advance.

Next, we need to calculate & ., in Viewl so that we can
render Region “byey” in View2 from Region “bje;” in Viewl.
Because U appears as a left boundary point in Viewl, we can
locate “u;” in View1 easily. Because the triangle UEF is similar
to the triangle UV, V), we obtain

A Zp —Zy

Ppr = =
EF =35 70 (6)
Meanwhile, we know that
(pffl fl — L . (7)
Spr  Zp
Combining (6) and (7), we can generate
S, p, = Pu — Br. 3

From the point “u;” (which is the point in View1 correspond-
ing to the points U and F) and ®., ¢, we can locate the point
“e;” in Viewl and then use Region “bje;” in Viewl to render
Region “byes” in View2. To render Region “eshs” in View?2
from Region “u;v;” in Viewl, because V is a right boundary,
we can locate Region “u;v;” in View1 and warp Region “ujv;”
into Region “eghy” easily.

Because Region HIis occluded from View 1, we need to render
Region “hois” in View2 from “hgis” in View3. To do this, we
first need to find @y I and locate the point “hg” in View 3.
Because the triangle VHI is similar to the triangle V'V5V; and
Dy y, = A2

Oy =< —F5—. 9
Thus

TSRt [Tt

Now, we can warp “i;” to “i3” and locate the point “h3” by
subtracting ®,,,;,. After that, we can warp Region “h3i3” in
View3 to “hais” in View2.

Next, we need to render Region “i5 jo” from the information
of “i17,” because Viewl is the dominant view (although the
information is also available from View3 in this case). It should
be noted that “7; 71 is next to*“u; v1 ” in View1 and the point “j;”
is the end of the image plane of View1. Thus, Region “u; 7, can
be processed as a whole in Viewl, and we need not to confirm
the size of Region “i; j;.”

Finally, the information of Region ““js ko from Region “j3 k3™
in View3 is located, because the information is not available
from Viewl. Before that, we need to find the point “j3” in
View3. To locate the point “j3,” we just need to warp the point

[

717 to “j3.” Because Z; = Zf, we obtain

(I)jrs/\"a = (I),jg”‘:; - (I)k“” - ZJ;L - 27k -

)"fL _
27,

B
(1)

In practical situations, holes will be created when parts of
the image are occluded from both Viewl and View3 but are
visible from View?2. In this case, regardless of the algorithms
(VSRS-1D-fast, VSRS3.5, or ours) that are used to perform the
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3-D warping, holes will be created. An example of a situation
involving holes is shown in Fig. 5: HE' is occluded in View1 but
visible from View2, whereas QE' is occluded in View3 but vis-
ible from View2. Thus, QF' is visible from View2 but occluded
in both View1 and View3, becoming holes. This situation occurs
when the right boundary point of a foreground object is close
to the left boundary of another foreground object and Q falls
between H and E'. Because the point H in Fig. 5 plays a similar
role as the point H in Fig. 4 and the point E' in Fig. 5 is similar
to the point E in Fig. 4, these points can be identified in the
process as discussed above. Thus, this situation can be detected.
When this situation occurs, after the right boundary point, the
process discussed above can still be used, but the region be-
tween QF' will become holes and should be inpainted from the
background. It should be noted that these holes are not specific
to our proposed method. It should also be noted that one fore-
ground object could partially overlap with another foreground
object. In this case, a left boundary could be followed by another
left boundary. The proposed approach can handle this situation
correctly because the process is boundary based. In this case,
the foreground object behind will becomes the background of
the other foreground object.

D. Region-Aware 3-D Warping for General Background

The above discussions are based on the assumption that the
background is flat. However, in practice, backgrounds are usu-
ally non-flat and have depth changes as shown in Fig. 6. To

address this case, we further propose a more general method to
make the region calculation more reasonable. Note that the ren-
dering process is similar to that of the flat background explained
in Section I'V-C. Here, to make sure that the region size is as
accurate as possible, an iterative algorithm is used.

When the background is not flat, the size of each region will
change; e.g., a BO-NER Region AB will evolve from A B
to A, B,,, where n stands for the nth iteration. In View1’s im-
age plane, the corresponding region size ®,,;, changes from
Dy, yby 0 Py p, . Our purpose is to obtain ®,, 4, ,. To
this end, we should know B,,’s depth value and the correspond-
ing disparity. However, B,,’s depth value is hardly known. To
address this, we propose an algorithm to approach point B,
from point B(By) iteratively. The details are as follows.

Denote A; as a point with the same position as point A in
Viewl in the ith iteration; B; has distance A/2 from A; in the
horizontal direction as shown in Fig. 7. Points A4;, B; and C;
have the same physical depth distance and are represented by
a1, b1, c1,i, respectively, in Viewl.

1) The Initial Iteration Starts From i = 0: Because B(By)’s
depth value can be confirmed, (point B’s depth value is equal to
that of point A), and the region size ®,, ,5, , can be calculated
by 4), ®,, .4, , = B = Ba. Locate point C'; in View1’s depth
map using <I>a1'U b, , (the coordinate of point C; equals @, p, -
Then, point ®,, 3, ,’s depth value can be obtained by checking
View!’s depth image. In this way, we can obtain point B;’s
depth value, which is equal to that of point C}.

2) In the Next Iteration, Where i = 1: Region Aj B;’s size
in Viewl can be confirmed using B;’s depth value, namely,
®,, b, = Bp,. Locate point Cy in Viewl’s depth map us-
ing ®,, ,4, , . Then, point Cy’s depth value can be obtained by
checking View1’s depth image, and consequently, we can obtain
point By ’s depth value, which is equal to that of point C.

3) In the ith Iteration, Where i > 2: Region A;B;’s size
in Viewl can be confirmed using B;’s depth value, namely,
®,, b, , = Bp, Locate point C; in Viewl’s depth map using
®,, .5, ,» Then, point B, 1 ’s depth value can be obtained, which
equals to that of point B, ;.
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Fig. 8.  This figure is a part of Fig. 6 for convenient representation. Connect
point H and View3 with a straight line crossing the background at point ),
where H( Q¢ and the image plane are parallel.

The iteration will stop when it meets either of the following
two conditions: 1) the absolute value of the depth difference
between point B; and B;,; is smaller than AZ, /2, which
suggests that this depth difference will lead to a region change
of no more than one sampling precision and consequently C;
converges to B;, and 2) the maximum number of iteration is no
more than 5.

After the iteration stops, we can obtain the accurate size of
Region BO-NER

CI)fM,n b1.n = ﬂBn .

We can use the same procedure to find the other regions as
follows:
For BA-NER

12)

q)el.nfl,n = fu _ﬂE"' (13)
For BO-SER in View3

Prr - fo A fa
D, 1, = = = 14
k3 nls.n ZKN QZK,, ﬁKﬁ (14)

(I)JL . fx A fx
P, = = =2 15
J3.0 130 ZJ” Z,]” 6J” (15)

and

q)ja,n k3n — q)j:s.n I3.n — (I)k‘&nls,n = 261,1 - ﬂK,, . (16)

Finally, BA-SER will change from Region HI to Region H,, I
in View3, so the depth value of point H,, is needed to calculate
the size of region H,, I. Because H,, I consists of Region H,,Q,,
and Region H I as shown in Fig. 8, the size of Region HI in
View3, i.e., @p,,;, could be calculated by (10). Then, @y, 4, ,
could be calculated easily because we can obtain H,,’s depth
value and the corresponding disparity by the iteration. Specifi-
cally, denote (); as a point with the same position as point H in
View3 in the ith iteration; then, H; is the point with the same
physical depth distance to point ();. Because ®y,,;, is known,
point Qs physical depth distance could be determined by Zg,

959
= ZH,- So, we can obtain
Zn —Zn, _ HoQu _ HoQo (17
Zr Vo Vs 1/2
H Z
0Qo _ ZHy (18)
(I)hs,()q:ul f:lr
Combining (17) and (18), we obtain
A fe 1 1
(I)hs.oq:a,o = 2 . (ZHO - ZI) = BHO - ﬁI- (19)

In the iteration, the initial value of ®y,, 4, , issetto Py, 4, ,»
and the iteration step is almost the same as the aforementioned
method except that point H;’s depth value and the corresponding
disparity act as the iteration variable

¢h3.71 @ ﬁHn - ﬁ[' (20)
Finally, Region H,, I’s size can be calculated as
(I)}Is.n,is = (I)h3,11 g5, T (I)h3i3 = ﬂHn, + By —20;. (21)

It is worth noting that, during the iteration stage, the computa-
tion focuses on the disparity difference and the separable look-
up table-based technique [11] can be reused. In other words,
both VSRS-1D-fast and our method share the same table in
terms of the look-up table-based technique.

V. EXPERIMENTAL RESULTS

In this section, we present some detailed simulation results for
our proposed region-aware 3-D warping algorithm. Our meth-
ods performance is compared against VSRS3.5 and VSRS-1D-
fast, which are considered as the conventional algorithm and the
state-of-the-art algorithm for view synthesis. The performance
metrics used here include 1) the time complexity for view syn-
thesis, 2) the objective PSNR of the synthesized view, 3) the
mean structural similarity index metric (SSIM) [23] for the syn-
thesized views, and 4) visual results and the statistics on the
ratio of the partitioned regions. In addition, some experimental
results are also exhibited here to evaluate the depth noise effects
and the changing baseline effects on these methods. The multi-
view sequences used for this evaluation are the first 100 frames
of the Nagoya University’s Kendo (use views 1 and 3 to render
view 2) and Balloons (use views 1 and 3 to render view 2) [24],
GIST’s Café (use views 2 and 4 to render view 3) [25], HHI’s
Book Arrival (use views 8 and 10 to render view 9) [26], and
Philips’ M obile (using views 3 and 5 to render view 4) [27].
The size of Kendo, Balloons, and BookArrival is 1024 x
768 pixels, while Café and M obile’s sizes are 1920 x 1080
pixels and 720 x 540 pixels, respectively. All these sequences
are uncompressed, which are used in the whole Section V, un-
less other specified. For VSRS3.5, we choose the 1-D parallel
mode. The precision is set to three different types: integer/full-
pel, half-pel, and quarter-pel. In addition, all 1-D parallel op-
tions are set to the default values. For VSRS-1D-fast, we also
choose three different precisions, and the blend model is set to
“holes from right.” The other options are all set to the default
values. Our proposed method,VSRS3.5, and VSRS-1D-fast are
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TABLE I
RUN TIME COMPARISON AMONG DIFFERENT ALGORITHMS

Preprocessing stage time (s)

Warping stage time (s)

Blending stage time (s) Total time (s)

Sequence Precision ~ VSRS3.5 1-D-fast Ours VSRS3.5 1-D-fast Ours VSRS3.5 1-D-fast ~ Ours  VSRS3.5 1-D-fast Ours
Kendo Full 0 0 0.003 0.101 0.036 0.010 0.068 0.011 0 0.169 0.046 0.013
Half 0 0 0.003 0.111 0.034 0.010 0.147 0.010 0 0.258 0.045 0.012
Quarter 0 0 0.003 0.221 0.035 0.010 0.410 0.011 0 0.631 0.046 0.013
Balloons Full 0 0 0.003 0.101 0.034 0.010 0.067 0.011 0 0.168 0.045 0.013
Half 0 0 0.002 0.110 0.034 0.009 0.145 0.011 0 0.255 0.045 0.012
Quarter 0 0 0.003 0.216 0.035 0.010 0.367 0.011 0 0.583 0.046 0.013
Café Full 0 0 0.007 0.257 0.091 0.025 0.175 0.029 0 0.432 0.120 0.031
Half 0 0 0.007 0.292 0.092 0.024 0.409 0.029 0 0.702 0.120 0.032
Quarter 0 0 0.006 0.593 0.095 0.027 1.086 0.029 0 1.679 0.124 0.033
BookArrival ~ Full 0 0 0.003 0.102 0.036 0.010 0.065 0.011 0 0.167 0.047 0.013
Half 0 0 0.003 0.113 0.035 0.010 0.157 0.011 0 0.270 0.046 0.012
Quarter 0 0 0.003 0.222 0.036 0.010 0.417 0.012 0 0.639 0.047 0.013
Mobile Full 0 0 0.001 0.049 0.017 0.004 0.028 0.005 0 0.077 0.022 0.006
Half 0 0 0.001 0.055 0.016 0.004 0.078 0.005 0 0.133 0.021 0.005
Quarter 0 0 0.001 0.110 0.017 0.005 0.204 0.005 0 0.314 0.022 0.006
TABLE II TABLE III

COMPARISON OF PSNR AMONG DIFFERENT ALGORITHMS

Sequence Precision ~ VSRS3.5 (dB) 1-D-fast (dB)  Ours (dB)
Kendo Full 39.02 38.75 38.80
Half 39.23 39.41 39.43
Quarter 39.32 39.42 39.44
Balloons Full 38.20 38.16 38.23
Half 38.68 38.75 38.82
Quarter 38.82 38.75 38.83
Café Full 36.41 35.72 35.68
Half 36.19 35.77 35.71
Quarter 35.80 35.78 35.70
BookArrival  Full 37.61 37.71 37.63
Half 38.44 38.52 38.45
Quarter 38.26 38.61 38.54
Mobile Full 43.02 43.49 44.44
Half 43.49 43.56 44.27
Quarter 43.90 43.79 44.29
Average 39.09 39.08 39.22

run on a workstation with an Intel(R) Core(TM) i7-4790 CPU at
3.60 GHz and 8.00 GB of DDR3 RAM.

A. Time Complexity

We compare the run times among these three schemes. As
shown in Table I, we can see that our approach is approximately
13.3 times faster than VSRS3.5 and 3.7 times faster than VSRS-
1D-fast in full-pel precision, approximately 22.2 times faster
than VSRS3.5 and 3.8 times faster than VSRS-1D-fast in half-
pel precision, and approximately 49.3 times faster than VSRS3.5
and 3.7 times faster than VSRS-1D-fast in quarter-pel precision.

We also list in Table I the step-wise execution time compar-
ison of the three methods. First, the preprocessing stage only
exists in our method, and its goal is to calculate the size of dif-
ferent regions. Second, in the warping stage of VSRS3.5, due to
the use of the frame-based forward warping, the process is quite
time consuming. In addition, the boundary-aware splatting and
the z-buffer rules adopted in this stage also contribute to the

SSIM COMPARISON AMONG DIFFERENT ALGORITHMS

Sequence Precision ~ VSRS3.5 1D-fast Ours
Kendo Full 0.986 0.982 0.983
Half 0.986 0.984 0.984

Quarter 0.986 0.984 0.984

Balloons Full 0.982 0.981 0.981
Half 0.983 0.982 0.982

Quarter 0.984 0.982 0.982

Café Full 0.976 0.972 0.971
Half 0.976 0.972 0.972

Quarter 0.975 0.972 0.972

BookArrival — Full 0.974 0.973 0.973
Half 0.976 0.974 0.974

Quarter 0.976 0.975 0.974

Mobile Full 0.995 0.995 0.996
Half 0.990 0.996 0.996

Quarter 0.991 0.996 0.996

Average 0.982 0.981 0.981

complexity. In the warping stage of VSRS-1D-fast, although
a separable look-up table-based 3-D warping technique speeds
up the forward warping efficiently, both the determination of
the three cases (warping, interpolation and hole filling) and the
corresponding processing add additional computation. For our
method, because only the necessary regions are warped and the
mapping competition can be avoided, it is the most computation-
ally efficient. Finally, for the blending stage, both VSRS3.5 and
VSRS-1D-fast consume run time. For our method, because the
blending has been merged into the preprocessing and warping
stages, we do not need to perform the blending.

B. Objective Quality Evaluation

To evaluate the quality of the synthesized views objectively,
we compare their PSNR. The results are given in Table II,
where 2(1, 3) represents that View?2 is the virtual view that
is synthesized using View1 and View3, etc. The PSNR results
correspond to the average PSNR over the first 100 frames. It
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Fig. 9.
method, respectively.

can be seen from these results that our scheme has achieved an
objective quality that is very comparable to that of VSRS3.5 and
VSRS-1D-fast. It should be noted that VSRS3.5 uses boundary
splatting and depth-based inpainting, whereas VSRS-1D-fast
uses a reliability-based weighting scheme for blending. These
are more complex but can improve the quality of the virtual
view to a certain extent. However, for our method, the cracks
are filled using the neighboring pixels information instead of
the pixel from the other reference views, which can also bring
some benefits in some sequences.

C. SSIM and Subjective Evaluation

During the 3-D warping process, pixel position changes are
inevitable, which could affect the PSNR comparisons. However,
the pixel position changes do not always lead to disturbing arti-
facts. Thus, we also compute the SSIM for the synthesized views
with the first 100 frames. During the SSIM tests, all parameters

This figure is to show the subjective evaluation of the synthesized view. (a) Original target view. (b)—(d) Generated by VSRS3.5, VSRS-1D-fast, and our

TABLE IV
PARAMETERS OF CAMERAS SETUP AND ASSOCIATED
DEPTH RANGES OF TEST SEQUENCES

Parameters and depth ranges

Sequence fr A Znear Ztar
Kendo 2241.25607 10.0 448.251214 11206.280350
Balloons 2241.25607 10.0 448.251214 11206.280350
Café 1796.47620 130.0 1297.455033 3892.365100
BookArrival ~ 1399.46666  1.159238 23.175928 54.077165
Mobile 1000 1.0 22.959650 53.572517

are set to default values. The results are shown in Table III,
from which it can be seen that our algorithm is still very com-
parable to VSRS3.5 and VSRS-1D-fast. It is important to note
that the results over all test sequences are greater than 0.970,
which indicates that the synthesized views match structurally the
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Viewl
(Dominant)
B BO-NER, 1.61% . View2
B BA-NER, 1.65% Region-aware (Synthesized)
B Others (DER, BO-SER, BA-SER), 96.74% 3-D warping
Il BO-SER (warped from view3), 1.72%
View3 BA-SER (warped from view3), 1.72%
(Referenced) I  Others (warped from viewl), 96.46%

BE BO-SER, 1.77%
BA-SER, 2.57%
BE Others (DER, BO-NER, BA-NER), 95.66%

Fig. 10.

original views very well and thus will not pose any problem
during subjective viewing tests. To support this statement, we
present some synthesized views (using VSRS3.5, VSRS-1D-
fast, and our proposed algorithm) in Fig. 9. The original target
view is in part (a), while parts (b), (c), and (d) are the synthesized
views using VSRS3.5, VSRS-1D-fast, and our scheme, respec-
tively. All these pictures are the first frames of the sequences
with quarter-pel precision. We can see that our approach offers
the same subjective/visual quality as the others.

D. Statistics on the Ratios of the Partitioned Regions

Because the performance of our proposed method depends
on the ratio of the various regions obtained after the division,
an experiment and the corresponding analysis are shown in
the following. Besides, the parameters of camera setup and the
associated depth ranges of test sequences are also given out in
this part as shown in Table IV.!

As shown in Fig. 10, the ratio of the regions during the warp-
ing stage in our method is given based on the 1st frame of Café,
where both View1 and View3 are divided into several regions.
To be more convincing, we present the average region-ratio re-
sults over 100 frames in these five sequences in Fig. 11. Note
that the bottom row of this figure presents the average ratios over
five sequences, e.g., the average ratios of BO-NER, BA-NER,
and others (DER, BO-SER, BA-SER) in the dominant View1
are 1.08%, 0.73%, and 98.19%, respectively; whereas the av-
erage ratios of BO-SER, BA-SER, and others (DER, BO-NER,
BA-NER) in the reference View3 are 1.89%, 1.86%, and
96.26%, respectively.

1 fu 1s the focal length of camera, A is the length of baseline, Z,, ¢y, and Zg,
are the lower and upper limits of physical depth range, respectively.

El Hole regions, 0.1%

Statistics on the ratio of the regions during the warping stage in our method for the first frame of Café.

Region (ratio)

Viewl

Sequence HOLE

BO-SER BA-SER
BO-SER BA-SER

0.0123 0.0049

0.015 0.0094
0.0208

View3

Viewl

Kendo 0.0024

View3
Viewl

0.0166

Balloons 0.0034

View3 0.0198

Viewl
Café 0.0167 0.0043
View3 0.0177
Viewl
BookArrival 0.015 0.0034
View3 0.0198
Viewl
Mobile 0.0167 0.001
View3 0.0204
Viewl
Average 0.0151 0.0029
v B T
Fig. 11. Illustration of the average region-ratio results over 100 frames.

To prevent the inaccurate boundary calculation caused by
the non-convergence, the lengths of BO-NER and BA-NER are
actually set 2 pixels smaller than the calculated values in our
algorithm. Consequently, a small portion of the non-effective re-
gions will still be warped and then occluded by the foreground,
which reduces the ratio of others (DER, BO-SER, BA-SER)
from 98.19% in Viewl to 97.26% in View2. Conversely, the
lengths of BO-SER and BA-SER are set 2 pixels larger than the
calculated value, which means that more pixels in View3 will
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TABLE V
VIRTUAL VIEW QUALITY (PSNR) COMPARISON AMONG DIFFERENT ALGORITHMS IN TERMS OF DEPTH NOISE EFFECTS

PSNR (dB): without compression PSNR (dB): QP = 40 APSNR (dB)

Sequence  Precision ~ VSRS3.5 1-D-fast Ours VSRS3.5 1-D-fast Ours VSRS3.5 1-D-fast Ours
Kendo Full 39.02 38.75 38.80 38.82 38.31 38.30 —0.20 —0.44 —0.50
Half 39.23 39.41 39.43 39.05 38.63 38.62 —0.18 —0.78 —0.81

Quarter 39.32 39.42 39.44 39.10 38.68 38.66 —0.22 —0.74 —0.78

Balloons Full 38.20 38.16 38.23 37.94 37.57 37.56 —0.26 —0.59 —0.67
Half 38.68 38.75 38.82 3843 37.85 37.83 —0.25 —0.90 —0.99

Quarter 38.82 38.75 38.83 38.51 3791 37.89 —0.31 —0.84 —0.94

Café Full 36.41 35.72 35.68 36.19 35.59 35.51 —0.22 —0.13 —0.17
Half 36.19 35.77 35.71 36.03 35.62 35.53 —0.16 —0.15 —0.18

Quarter 35.80 35.78 35.70 35.70 35.65 35.51 —0.10 —0.13 —0.19

Average 37.96 37.83 37.85 37.75 37.31 37.27 —0.21 —0.52 —0.58

TABLE VI

EXECUTION EFFICIENCY (TIME) COMPARISON AMONG DIFFERENT ALGORITHMS IN TERMS OF DEPTH NOISE EFFECTS

Time (s): without compression Time (s): QP = 40 ATime (s)

Sequence  Precision ~ VSRS3.5 1D-fast Ours VSRS3.5 1-D-fast Ours VSRS3.5 1-D-fast Ours
Kendo Full 0.169 0.046 0.013 0.171 0.045 0.013 0.002 —0.001 0
Half 0.258 0.045 0.012 0.266 0.044 0.012 0.008 —0.001 0
Quarter 0.631 0.046 0.013 0.643 0.045 0.013 0.012 —0.001 0
Balloons Full 0.168 0.045 0.013 0.169 0.046 0.013 0.001 0.001 0
Half 0.255 0.045 0.012 0.264 0.045 0.012 0.009 0 0
Quarter 0.583 0.046 0.013 0.614 0.046 0.013 0.031 0 0

Café Full 0.432 0.120 0.031 0.431 0.122 0.032 —0.001 0.002 0.001
Half 0.702 0.120 0.032 0.700 0.119 0.032 —0.002 —0.001 0
Quarter 1.679 0.124 0.033 1.635 0.123 0.033 —0.044 —0.001 0
Average 0.542 0.071 0.019 0.544 0.071 0.019 0.002 0 0

be warped to View2 and finally occluded by View!’s warped
pixels. As a result, the ratios of BO-SER and BA-SER in View3
(1.89% and 1.86%, respectively) reduce to 1.51% and 0.93%,
respectively. Note that the pixels from BO-SER and BA-SER
in View3 are warped first, and then, the pixels from DER,
BO-SER, and BA-SER in Viewl will be warped to cover the
pixels from View3.

Finally, it is important to note that, on average, only ap-
proximately one frame’s (0.9819 + 0.0189 + 0.0186 = 1.0194)
have been warped to the virtual view in total in our warp-
ing stage, while, two frames’ data is warped in VSRS3.5
and VSRS-1D-fast. Obviously, this greatly contributes to time
saving.

The performance of our method can achieve significant com-
putation saving in the virtual view synthesis process without
sacrificing synthesis quality. However, the preprocessing stage
of our method is based on the depth images, and it might
become sensitive to depth noise, especially to that caused by
depth quantization during the transmission stage. Hence the ef-
fects of depth noise, caused by depth quantization, is tested in
Section V-E.

E. Effects of Depth Noise

In this section, we use 3D-HEVC [28] to compress the
original depth sequences so as to simulate the depth noise

caused by depth quantization. We set QP equal to 40, and
the depth quantization is quite large. Then, the compressed
depth sequences and the original texture sequences (without
compression) are used to synthesize the virtual view with these
three different algorithms. Still, the first 100 frames are tested
in this part. For conciseness, only the first three sequences
Kendo, Balloons, and Café are tested in this part. The perfor-
mances of PSNR and run time are listed in Tables V and VI,
respectively. It is unsurprising to find that, although the depth
quantization is quite large, our method still has advantages in
computation saving. It still maintains comparable results in view
synthesis quality compared with VSRS-1D-fast. One other thing
to note is that VSRS3.5 contains a depth preprocessing stage
[29], which can depress the effects of depth noise to some degree
and lead to good performance in the case of depth quantization
noise.

FE. Effects of Changing Baseline

To evaluate the changing baseline effects on the performance
of our method, the Mobile sequences are tested, as only Mobile
sequences contain more than six different texture sequences and
associated depth sequences, which provide us with three types
of baselines. In this test, the first 100 frames of each sequence
and quarter-pel precision of synthesis are used. The experimen-
tal results are shown in Table VII, and we find that different
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TABLE VII
PERFORMANCE (PSNR AND TIME) COMPARISON OF THREE DIFFERENT
ALGORITHMS IN TERMS OF CHANGING BASELINE EFFECTS

Views Metrics VSRS3.5 1-D-fast Ours
5.5(3,8)  PSNR (dB) 42.82 42.60 42.26
Time (s) 0.303 0.022 0.006
5.5(4,7)  PSNR (dB) 44.92 45.52 45.12
Time (s) 0.306 0.022 0.006
5.5(5,6)  PSNR (dB) 43.20 42.54 42.58
Time (s) 0.306 0.022 0.006
Average PSNR (dB) 43.65 43.55 43.32
Time (s) 0.305 0.022 0.006
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Fig. 12.  Illustration of 3-D warping process.

baseline distances between two original views indeed affect the
synthesized view’s quality, and sometimes quite substantially.
Interestingly, as the baseline distance changes, the quality of the
synthesized view will be improved or declined in all three meth-
ods (VSRS3.5, VSRS-1D-fast, and ours), while the run time
remains nearly constant. That is because the frame-based warp-
ing is carried out in VSRS3.5 and VSRS-1D-fast, the warping
maintains two views’ data and thus will not be greatly affected
by the changed baseline distance. For our method, although a
larger baseline distance will increase the ratios of BO-NER and
BA-NER in View1 and BO-SER and BA-SER in View3, the to-
tal warping area is unchanged. Thus, our method still maintains
the lowest run time.

VI. CONCLUSION AND DISCUSSIONS

A region-aware 3-D warping for DIBR has been proposed
in this paper to achieve significant computation saving in the
virtual view synthesis process. To this end, we have first per-
formed region partitioning based on the depth map, considering
that boundaries in the depth map contain more spatial charac-
teristics than those in the texture image. Then, pixels in differ-
ent regions are selectively warped. Extensive simulation results
have been presented to verify the effectiveness of the proposed
algorithm. In particular, our algorithm is demonstrated to be
much faster than the well-known VSRS3.5 and VSRS-1D-fast
while maintaining similar quality. In addition, in view of the
performance regarding the effects of depth noises and base-
line changes, our method is still comparable with VSRS-1D-
fast. Note that our method currently considers the 1-D parallel
model. It is worth noting that the idea of “region-aware 3-D
warping” can be extended to the general model. The main chal-
lenge is that there will be more directional disparities in the
general model, which causes some difficulty in the calculation
of the region sizes and consequently the region partitioning.
The corresponding study will be the main focus in our future
work.
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APPENDIX A
DERIVATION OF THRESHOLD AZ,,ax

For simplicity, we only present the derivation for the dis-
occlusion case, as the same applies to the occlusion case.

Referring to Fig. 12, we denote two neighboring points in
the original view as s and e, while their coordinates are =, and
x., respectively. Let AX be the interval’s size between these
two points. Because points s and e neighbor to each other, AX
equals one sample size. Next, suppose that these two points are
warped to s’ and €, their new coordinates are x; and x/,, and
their interval is denoted as A X”. Finally, two warped points are
rounded to points s” and €” with the coordinates z” and z”,
while AX" is the final interval in the virtual view. Meanwhile,
let AZ be the depth difference between point s (with depth value
ds) and point e (with depth value d. ).

With the above notations, we obtain

) d, 1 1 1
s f7 - +
255 Znear Zfar Zfar

A d. 1 LY LY,
2 ’ 255 Zno,ar anr anr

AZ 1 1 1
N fT (255 (chnr B Zfar) + Zfar) 1 (22)

where constants Z,,.,, and Z,, are the camera’s parameters that
represent the depth limit, and A/2 and f, are the baseline and
focal length, respectively.

After rounding, (22) becomes

AX'

Il
8

"o ”
AX" = o] —a]

1 1 n 1
nLu qu Zfar
L)
nedr Zfdl Zfar '

(23)
Comparing (22) and (23), we find the following.

1) If AX’ =0, overlap will occur and AX” = 0.

2) If 0 < AX’ < 1, one case is that point e’ overlaps with
point s” and AX” = 0, while another case is that these
two points still maintain the adjacent position with A X"
=1.

3) If AX’ = 1, these two points must be adjacent and A X"
=1.

4) If 1 < AX’ < 2, one case is that these two points still
maintain the adjacent position with AX” = 1, while an-
other one is that there will be a crack between them and
AX" =2

5) If AX' = 2, there must be a crack and AX" = 2.

6) If 2 < AX’ < 3, one case is that there will be a crack
between these two points with AX"” = 2, while another
one is that there will be a dis-occlusion between them and
AX" =3

7) If AX' = 3, there must be a dis-occlusion and AX” = 3.

In summary, to distinguish dis-occlusions from cracks, we

set AX’ = 2 and then calculate AZ,,,, through (22) as the
threshold so that all the dis-occlusion can be found.
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