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Abstract

In this paper, we propose a novel hierarchical dis-
parity estimation/compensation (DE/DC) algorithm
for stereo itmage coding. One way to limit the well-
known drawbacks of block matching (e.g., inaccurate
disparity and blocking artifacts in the decoded image)
is to resort to variable size block matching (VSBM).
However, VSMB may result in an inconsistent dis-
parity estimation (i.e., such that the estimated dis-
parity field does not correspond to the true disparity)
especially as the subblock becomes small, thus lead-
ing to high frequency energy at block boundaries in
the residue image. To address these problems, in
this paper we propose a hybrid quadtree-based DE/DC
scheme, where a Markov Random Field (MRF) model
is used in combination with VSBM and selective over-
lapped disparity compensation to improve the dispar-
ity field consistency and lead to higher coding effi-
ciency. Our experimental results demonstrate that the
proposed block segmentation scheme achieves a higher
PSNR and a more consistent disparity field, as com-
pared to conventional VSBM schemes.

1 Introduction

As for motion compensation, a well-known draw-
back of fixed block-size disparity compensation
schemes is that they assume that disparity can be well
represented by using a single vector per block, and
that the block size is the same for every vector. A more
accurate disparity estimation can be achieved instead
by using variable size block matching (VSBM), which
can use larger blocks in homogeneous areas (back-
ground or inside of an object) and smaller blocks in
object boundary areas.

However, VSBM may also have some disadvan-
tages. In most previous approaches, block segmen-
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tation is determined by various intuitive criteria such
as thresholds, features, local variance of the dispar-
ity compensated difference (DCD) and/or local mo-
tion activities [1-3]. If the block size is determined
by simple thresholds it may not be possible to control
efficiently the number of bits used for segmentation.
In addition, even in rate-distortion (RD) based ap-
proaches, the consistency of the disparity field cannot
be guaranteed because the criteria are based only on
local measures (i.e., mean square error (MSE), mean
absolute error (MAE) or Lagrangian RD costs based
on these metrics [1].) Therefore, while the segmented
subblocks may represent the local minimum for en-
ergy in the residue image, they may not correspond to
a consistent disparity field. This affects performance
in three ways. First, it means that the rate required
to transmit the disparity field may be higher. Second,
the resulting DCD frame may contain high frequency
components along subblock boundaries, and this will
be particularly harmful if small blocks are used (e.g.,
smaller than the block size used for DCT coding). Fi-
nally, if generation of intermediate images from the
stereo pair is required, the lack of consistent disparity
may result in poor quality intermediate images.

In this paper, we propose a novel hierarchical
VSBM (H-VSBM) scheme that addresses the above
mentioned weaknesses of conventional VSBM-based
schemes. The efficiency of the proposed H-VSBM is
provided mainly by three added components, which
allow more consistent DE/DC, efficient representation
of the segmented DV field and less blocking artifacts
along the object boundaries. First, DE with a hi-
erarchical MRF model allows estimating a relatively
smoother DV field by considering blocks in the upper
levels of the tree, as well as neighboring blocks, while
maintaining encoding efficiency of DV field. Note that
obtaining a smooth DV field is beneficial as it reduces



the rate for the DV field itself. Then, quadtree pruning
based on the simplified RD cost improves the encoding
efficiency. Finally, selective overlapped block dispar-
ity compensation (OBDC) for the segmented subblocks
improves the encoding efficiency by reducing blocking
artifacts within segmented blocks, using overlapped
windows with different sizes and shapes for the seg-
mented subblocks [4]. For selective OBDC, no side in-
formation is required because a quadtree already con-
tains block segmentation information.

The paper is organized as follows. In Section 2, we
briefly explain each step of the proposed hierarchical
VSBM scheme. The entire procedure of the proposed
scheme is described in Section 3. In Section 4, we
provide some experimental results to compare the ef-
fectiveness of the proposed scheme over conventional
VSBM.

2 Hierarchical VSBM

2.1 Disparity Estimation

To estimate a smooth DV field, we consider the
DV field, V, as an MRF model and then formulate
the DE problem in a manner similar to the one we
introduced in [4-6]. The main difference is that the
neighborhood we define here is based on a hierarchi-
cal quadtree block decomposition. Note that this is
an iterative procedure where MRF-based DE and RD-
based segmentation are alternatively used. In the first
iteration the block segmentation is considered accord-
ing to MSE rather than RD cost.

Let F; and F; represent the reference image and the
target (or dependent) image in a pair of stereo images,
respectively. First, the target image, F3, is segmented
into square blocks, i.e. F5 = {b2,;,0 < i < N}, where
N denotes the number of blocks. Then, we define an
a set of segmentation indicators ® = {¢;}. If the i-th
block has a higher estimation error, then we set ¢; = 1
and the block is segmented into subblocks to improve
the overall encoding efficiency. Let b be the block i at
level [ and b:"* be its children, where k € {0,1,2,3}
for a quadtree-based segmentation. Then we slightly
change the equation in [4] to estimate the disparity
field, V, for segmented subblocks. The changed equa-
tion is defined as follows,

UWVIFR,F) =3 {(1-¢)-ui+di-ui}, (1)
iEN
where
ui = (1—a)|bai — biigui
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where v¥ and ¢!* denote the disparity vector and the
segmentation status of b}*. The superscript 7 repre-
sents predefined neighborhoods in the DV field. The
degree of smoothness can be controlled using a weight-
ing constant (0 < a < 1). .

In (1), as explained, either u; or u} is used for the
DE. For example, the MRF-based DE is performed
for the block ¢ using wu;, if the MSE of the block ¢
is smaller than the threshold. Otherwise, the hierar-
chical MRF-based DE is performed for the segmented
subblocks using u} and then the block segmentation is
determined by comparing encoding costs between the
block b} and its subblocks b:*!.

2.2 Block Segmentation

We extend quadtree-based approaches mainly
adopted in video coding [2,7], to stereo image coding.
In case of a quadtree, the original block is segmented
into four square subblocks and then the segmentation
is repeatedly applied to the subblocks until a stop-
condition is satisfied, e.g. the subblock size reaches
1 x 1. In this method only one bit is required to rep-
resent whether the block is segmented or not. Then,
the segmentation of a block can be represented using a
series of bits that represent termination with a ”70” (a
leaf node) and continuation with an ”1” (child nodes).
Similarly, the entire segmentation of an image can be
represented by a set of quadtrees.

Let ¢t and c/*' be encoding costs of b} and
>, b1F | respectively. Then the Lagrangian cost c

and ci*! can be represented as follows,
d = di+xr )
I+1 I+1,k I+1,k
gttt = Z{di +Ar "}
k

where d} and r} denote the distortion and the rate of
the block, bﬁ, respectively. The Lagrange multiplier
(A > 0) controls the weight between d and r. The
block segmentation is performed, only if the segmenta-
tion reduces the Lagrangian cost in (2), i.e., ¢ > ¢t*2.

The decision of block segmentation can be made by
comparing the encoding costs of the block and its con-
secutive subblocks. To achieve an efficient hierarchical



segmentation, we simplify the blockwise segmentation
cost as follows. The rate 7! in (2) is defined as a-sum
of bit rates, r(v') + r(dcd'), where v and dcd denote
disparity vectors and the resulting DCD of the block.
To support a simple decision, we assume that fixed
length coding is used, e.g. r(v*) = 4 x r(v**1), and the
rate r(dcd') can be ignored based on the observation
that the role of r(ded) can be replaced by the distor-
tion d(ded). Note also that the energy of the DCD,
rather than the MSE in the quantized DCD, is used
to measure the distortion, d(dcd).

2.3 Overlapped Block Compensation

In video coding, overlapped block matching (OBM)
has been introduced as a promising way to reduce
blocking artifacts by using multiple vectors for a block,
while maintaining the bit rate of the motion vector
fields. In [4], we proposed a modified OBDC scheme
for FSBM-based stereo image coding and showed that
the scheme can reduce blocking artifacts as well as
computational complexity as compared to conven-
tional OBM schemes proposed in video coding. How-
ever, FSBM-based OBDC scheme has limitation in re-
ducing estimation/compensation error along the ob-
ject boundaries. Therefore, in this paper, we extend
the FSBM-based OBDC scheme in [4] to VSBM-based
OBDC and only apply the OBM scheme to the seg-
mented subblocks to reduce the blocking artifact along
segmented block.

As explained in [4], the selective OBDC works be-
cause OBDC is efficient only when the energy level of
the DCD block is significantly different from that of
its neighboring blocks or when high frequency compo-
nents exist in the DCD block. Note that, for blocks
with ¢; = 0, we assume that the block can be com-
pensated effectively with a flat window, i.e. without
OBDC. Then, for blocks with ¢; = 1, we partially
apply OBM windows to compensate the subblocks,
according to the reliability of the corresponding vec-
tor. Otherwise, we encode the block in intra mode, in-
stead of the DCD block. Note also that the adaptively
changing window shape prevents oversmoothing.

3 Encoding Procedure

First, the F is encoded in intraframe mode using
transform methods such as DCT or wavelet transform.
Then the formal procedure of the proposed scheme for
the target image is as follows.

e Step 0 (Initialization) F5 is segmented into initial
blocks with size of 32 x 32 (or 16 x 16). Set the
segmentation level ! to be 0.
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e Step 1 (Initial Disparity Estimation) For each
block in Fy, the best matching block is estimated
in F} within the search window using (1). Go to
next block, if the resulting MSE of the DCD is
smaller than a threshold, Ty. Otherwise, set the
segmentation indicator ¢; = 1 and go to step 2
for further segmentation.

e Step 2 (Disparity Estimation in Subblocks) At
!l =1+ 1, for each subblock, a DV is estimated.
In this process, a smooth DV field is estimated
by removing outliers in the DV fields using the
MRF-based cost function in (1). If the DV’s are
the same as those generated in the upper level,
we do not need to consider further segmentation.
Otherwise, go to step 3.

e Step 3 (Block Segmentation) Using 2 the encod-
ing costs are compared to determine whether the
block should be segmented. The block is seg-
mented only if the coding cost of the subblocks
is lower than that of the block, i.e. ¢! < ¢l.

e Step 4 Segmentation and DE are repeatedly ap-
plied until the coding cost of the block is smaller
than that of segmented subblocks or the block size
is reached the preselected size, e.g. 1 x 1.

e Step 5 (Selective OBDC) For the resulting DV
field, based on the quadtree, OBDC is selectively
performed for the blocks with ¢ = 1. If there is
no gain from OBDC, the original block is encoded
instead of the DCD.

The resulting quadtree, the DV field and the DCD
frame are encoded for subsequent transmission or stor-
age. The DV vectors of subblocks are ordered in a Z
shape. The DVs are then ordered in row by row and
later encoded using DPCM. After selective OBDC,
the smoothed DCD frame is encoded using JPEG and
then stored or.transmitted to improve the overall qual-
ity of the decoded image. Notice that no side infor-
mation is needed for the selective OBDC since the
information is already contained in the quadtree. The
decoding is the inverse of the encoding process. At
the decoder, the reference image is first decoded. Af-
terwards, the target image is reconstructed using the
reference image and the side information such as dis-
parity and compensated error.

4 Experimental Results

To show the effectiveness of the proposed scheme
we test our algorithm on a synthesized image pair,



Room, and a natural image pair, Aque as shown in
Figures 1 and 2, respectively. The search-window for
DE is (+2,416). Then, the results are compared with
those of the MSE-based VSBM (in this case simple
MSE thresholding is used for segmentation and neither
OBM, MRF-based estimation or RD segmentation are
used.) The performance is measured in terms of the
bit rate and the peak signal to noise ratio (PSNR) of
the target image.

Figure 1: Test stereo images Room. (a) left image (b)
right image. ’

(a) (b)

Figure 2: Test stereo images Aqua. (a) left imagé (b)
right image.

We first investigate the effects of block size in terms
of MSE and bit rate. As shown in Figure 3, the MSE
between the disparity estimated block and the orig-
inal block is linearly decreased, as the block size is
reduced for DE. However, as shown in (b), the bit
rate required to transmit the DV field increases. An-
other noteworthy observation is that, as shown in (c),
as the block size of DE becomes smaller than that of
DCT, decreasing block size does not always increase
the encoding efficiency, due to block boundary effects
of smaller blocks, even though the smaller block de-
creases the MSE of the DCD frame. In our experi-
ments DCT is performed on the 8 x 8 block and thus
the DCD resulting from FSBM with 4 x 4 block may
not be efficient in the RD sense, which is one of the
main motivations of introducing OBDC for the seg-
mented subblocks.
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Figure 3: Effects of block size (Room). (a) MSE vs.
block size. (b) Bit rate vs. block size rate (at the
same rate, 0.4 [bpp]). (c) Bit rate vs. block size (at
the same PSNR, 34dB).

Figure 4 compares the disparity estimation results
of the proposed H-VSBM scheme versus those of MSE-
based VSBM. Figure 4 (a) and (b) show DV fields
based on the FSBM. The resulting DV field of FSBM
has a blocky appearance. The errors occur, as ex-
pected, along the object boundaries for the FSBM,
where a different estimate for object and background
is needed. The disparity field in Figure 4 (c) and (d)
show DV fields based on the VSBM. As shown in (c),
simple MSE-based VSBM shows inconsistencies in the
DV field, as the subblock size becomes small. Mean-
while, as shown in (d), MRF-based DE in H-VSBM
allows a consistent DV field estimation, which reduces
the bit rate for the disparity field itself, while reducing
the disparity compensated error.

Figure 5 (a) and (b) show the corresponding RD
plots of both target images in the pairs of stereo im-
ages. In our experiments, we fix the reference im-
age and only measure the RD performance for the
target image in the stereo pairs. The DV field and
quadtree are encoded using DPCM and the resulting
DCD frame is encoded using JPEG.

According to our experimental results, the pro-
posed H-VSBM method improved overall encoding
performance for the target image in a stereo pair. The



(b)

(d)

Figure 4: Results of the disparity estimation for the
natural image, Aqua. (a) DV field with the FSBM
(32 x 32) (b) DV field with the FSBM (4 x 4) (c) DV
field with the MSE-based VSBM (32 x 32 to 4 x 4)
(d) DV field with the proposed H-VSBM (32 x 32 to
4 x4)
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Figure 5: R-D Plot of reconstructed target images in
the stereo pairs. (a) Room (b) Aqua.
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DE with smoothness constraint estimates. relatively
accurate and more consistent DV fields, which results
in less bit rate for the DV. The encoding efficiency has
been further improved by selectively applying OBDC
for blocks with higher energy levels of estimation er-
rors, which significantly reduces the compensation er-
ror along the object boundaries. In terms of PSNR,
the proposed H-VSBM scheme achieved 0.5-1.5 dB
higher PSNR, as compared to a simple MSE-based
VSBM. In addition, the reconstructed image based on
the proposed scheme resulted in fewer annoying block-
ing artifacts, by reducing the blocking errors along the
subblocks using OBDC.

This research will be extended to the intermedi-
ate view generation (or synthesis) to provide the look-
around-capability at the decoder. The RD-based con-
tour representation of the segmented region remains a
crucial future work because the RD-based shape cod-
ing will be an important technique for object-based
coding, providing various functionalities such as inter-
active manipulation of objects.
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