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Subjective and Objective Comparison of Advanced
Motion Compensation Methods for Blocking

Artifact Reduction in a 3-D Wavelet Coding System
Cho-Chun Cheng, Wen-Liang Hwang,Senior Member, IEEE, Zuowei Shen, and Tao Xia

Abstract— We compare, both objectively and subjectively, the
performance of various advanced motion compensation methods,
including overlapped block motion compensation (OBMC) and
control grid interpolation (CGI), in a 3-D wavelet-based coding
system. The motion vectors of the methods are obtained by
using a sequence of 1-D dynamic programming algorithms that
minimizes the cost function. Our experiment results indicate
that an OBMC sequence usually has a higher PSNR than
other methods, while a CGI sequence usually contains the
fewest blocking artifacts. We provide a simple framework that
combines the OBMC and CGI sequences. The proposed hybrid
method removes more than50% of the blocking artifacts of an
OBMC sequence, while simultaneously maintaining a high PSNR
performance.

Index Terms— Wavelet transform, overlapped block motion
compensation (OBMC), control grid interpolation (CGI)

I. I NTRODUCTION

Recent advances in motion-compensated temporal filtering
(MCTF) based on 3-D discrete wavelet transforms have proven
that it is possible to implement highly efficient video codecs
with spatial, temporal, and SNR scalability [12]. In most 3-D
video coding systems, the block matching algorithm (BMA)
is the predominant method used to reduce temporal redun-
dancy because of its relatively low computational complexity.
However, it is well known that the discontinuous motion
field generated by BMA leads to unpleasant blocking artifacts
in low bit-rate applications. Previous research on traditional
hybrid video coding systems has suggested that an advanced
motion compensation technique, characterized by inter-block
dependency motion vectors like control grid interpolation
(CGI) and overlapped block motion compensation (OBMC),
can remove blocking artifacts and improve the visual quality
of videos [14], [16]. A number of interesting systems that
combine different motion compensation methods have also
been proposed; for example, a hybrid of OBMC and BMA
[9], CGI and BMA [5], and an image wrapping method and
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OBMC [4]. Techniques that reduce blocking artifacts in 3-D
video coding systems have also been reported. The systems
in [3] uses a filter to smooth the areas whose neighboring
motion vectors are inconsistent. The early coding results of
3-D subband coding using CGI and OBMC are reported in
[11] and [17], respectively. However, optimized motion vector
estimation, which is the most crucial part of improving the
quality of a motion compensation system, is not a trivial task
and is not addressed in these papers.

We first present temporal filtering frameworks based on
CGI and OBMC. Then, inspired by the work in [1], we
propose a motion estimation algorithm that uses an iterative
motion refinement procedure based on dynamic programming
to solve the dependent motion estimation problem. The coding
performance depends on the initial conditions and the iterative
procedure for refining the motion vectors. Our focus is not
to compare the performance of our implementation with that
of other implementations [1], [4]. Instead, we concentrateon
developing subjective and objective comparisons of various
advanced motion compensation algorithms which aim to re-
duce the blocking artifacts in a 3-D video coding system. The
subjective and objective coding results of our OBMC and CGI
show that each method generates distinct side effects during
the de-blocking process. Specifically, CGI usually contains the
fewest blocking artifacts, but has a lower PSNR due to the
stronger smoothing effect of a completely smoothed motion
field. In contrast, OBMC usually achieves a higher PSNR, but
poor de-blocking results often appear along block boundaries
with inconsistent motion activities. Thus, we combine both
systems (called OBCG hereafter) to obtain a sequence that
yields low blocking artifacts and achieves high PSNR simul-
taneously. In OBCG, we use a simple decision mechanism to
select one of the two modes of each block and use the PSNR
cost function and dynamic programming to derive the optimal
motion field. Each block of our OBCG method contains one
MV, and it does not need to transmit side information, such
as the mode decision of each block. Therefore, the decoder’s
complexity is the same as that of decoding an OBMC or a
CGI sequence. A similar hybrid system that combines image
wrapping and OBMC, proposed in [4], uses the quadtree to
partition and determine the mode (image warping or OBMC)
of each partition based on MSE minimization. It differs from
our method in two respects: 1) our goal is to reduce blocking
artifacts, whereas that of [4] is to minimize MSE; and 2) the
system in [4] needs to send the quadtree partitions and modes
to decoders as side information.
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The remainder of the paper is organized as follows. In
Section II, we describe the temporal filtering frameworks of
CGI and OBMC, the optimized motion estimation method, and
report the coding results. In Section III, we propose our OBCG
system, and report the subjective and objective performance
results of the system. Then, in Section IV, we present our
conclusions.

II. T HE PERFORMANCE OFOBMC AND CGI IN MCTF

The temporal filtering frameworks of OBMC and CGI are
based on a series of works by Ohm and Woods et. al [10],
[2]. First, letft(s) denote the pixel intensity at spatial position
s = (x, y) of framesft, wheret is the temporal index. Under
the MCTF framework, which is based on the5 − 3 filter,
motion compensation is implemented by predicting odd frames
from even ones. During motion compensation,f2t+1 is first
partitioned into a group of non-overlapping square blocks,
P = (P0,0, · · · , PN1−1,N2−1), each of which then finds its
corresponding block with the least distortion measurementin
f2t and f2t+2 during the motion estimation operation. Let
MC denote a BMA, CGI, or OBMC motion compensation
technique. Also, letf̂MC−

2t+1 (s) and f̂MC+

2t+1(s) respectively de-
note the backward and forward predicted pixel intensities at
s in f2t+1 derived by theMC technique. The backward
and forward motion vectors (MVs) are denoted asv

MC−(s)
andv

MC+(s), and their inverse counterparts are, respectively,
ṽ

MC−(s) = −v
MC−(s) and ṽ

MC+(s) = −v
MC+(s). The

temporal highpass filtering scheme is given by

Ht(s) = f2t+1(s)−
1

2
(f̂MC−

2t+1 (s) + f̂MC+

2t+1(s)), s ∈ Pi,j ; (1)

and the temporal lowpass filtering scheme for connected and
multiple-connected pixels is

Lt(s) = f2t(s) +
1

4
(Ht−1(s + ṽ

MC−(s))

+ Ht(s + ṽ
MC+(s))), s ∈ Pi,j . (2)

Even though we require two sets of motion vector fields to
predict f2t+1, they can be derived by the same prediction
technique. Thus, for simplicity, the following discussiononly
describes backward prediction, as forward prediction can be
similarly derived.

Both CGI and OBMC try to eliminate unexpected dis-
continuities in motion-compensated frames. CGI produces
a smooth motion field in the predicted frame by choosing
four corner vertices of each block as control points, with
each point assigned to an MV in the setV

MC− = U
− ≡

(u−

0,0, · · · ,u
−

N1,N2
). Let u

−

i+p,j+q(p, q = 0, 1) be the MVs
associated with four control points inPi,j . For each interior
pixel in Pi,j , CGI computes an individual MV by interpolating
the MVs of the control points. Letwp,q(s) denote the inter-
polation function of the(p, q)th control point, which indicates
the desired contribution of the MV of the(p, q)th control point
to s, and

∑1

p=0

∑1

q=0
wp,q(s) = 1. The filtering scheme of

CGI can be formulated by replacinĝfMC−
2t+1 (s) andv

MC−(s) in
(1) and (2) withf̂CGI−

2t+1 (s) andv
CGI−(s) respectively, given as

f̂CGI−
2t+1 (s) = f2t(s− v

CGI−(s)), (3)

v
CGI−(s) =

1
∑

p=0

1
∑

q=0

wp,q(s)u
−

i+p,j+q. (4)

In contrast to CGI, the OBMC scheme assigns one MV to
each block. The intensity of each pixel is the weighted sum
of the pixels predicted by using the MVs of its neighbor-
ing blocks. We denote the MV set asVMC− = V

− ≡
(v−

0,0, · · · ,v
−

N1−1,N2−1
). Let αp,q(s) be the weighting func-

tion at s using the MV of its(p, q)th neighboring block, and
∑1

p=−1

∑1

q=−1
αp,q(s) = 1. The filtering scheme of OBMC

can then be formulated by replacinĝfMC−
2t+1 (s) and v

MC−(s)

in (1) and (2) with f̂OBMC−
2t+1 (s) and v

OBMC−(s) respectively,
given as

f̂OBMC-
2t+1 (s) =

1
∑

p=−1

1
∑

q=−1

αp,q(s)f2t(s− v
−

i+p,j+q), (5)

v
OBMC−(s) = v

−

i,j , ∀s ∈ Pi,j . (6)

A. Motion Vector Estimation and Complexity

The purpose of estimating optimal motion vectors
is to find those that minimize a cost function. Let
CMC(Pi,j , V

MC(Pi,j)) denote the cost of estimating the coef-
ficients inPi,j by using a motion compensation scheme MC.
The cost ofPi,j is determined by the MVs of a set of control
points, represented byV MC(Pi,j). Let X be the motion vectors
of the image. The motion vector estimation problem can be
formulated as findingX∗ that minimizes the following cost
function

X
∗ = arg min

X
J

= arg min
X
{

N1−1
∑

i=0

N2−1
∑

j=0

CMC(Pi,j , V
MC(Pi,j))}, (7)

where

CMC(Pi,j , V
MC(Pi,j))

=
1

♯Pi,j

{
∑

s∈Pi,j

|f(s)− f̂MC(s)|+ λR(V MC(Pi,j))},(8)

where ♯Pi,j represents the number of pixels inPi,j . If MC
is CGI, thenX is U and V CGI(Pi,j) = {ui+p,j+q | p =
0, 1; q = 0, 1}; however, if MC is OBMC, thenX is V and
V OBMC(Pi,j) = {vi+p,j+q | p = −1, 0, 1; q = −1, 0, 1}.

Estimating the optimal dependent motion vectors of an
image is a 2-D problem that requires an exponential number of
computational complexity [1]. Therefore, a tradeoff between
performance and complexity is necessary. We propose an
iterated algorithm that alternately modifies the motion vectors
of even rows, while those of the odd rows are fixed, and
vice versa. LetX = Xe

⋃

Xo, where Xe = {X2i} and
Xo = {X2i+1} denote the motion vectors on the even and
odd rows respectively. We attempt to find a set of optimal
MVs X

∗ = X
∗

e

⋃

X
∗

o by the following derivations
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Fig. 1. An example of 1-D row processing of theith row based on dynamic
programming.

min
X

J = min
Xe

Je(Xe|X
∗

o) + min
Xo

Jo(Xo|X
∗

e)

≤ min
Xe

Je(Xe|X
′

o) + min
Xo

Jo(Xo|X
′

e)

=
∑

k

min
X2k

J2i(X2k|X
′

o)

+
∑

k

min
X2k+1

J2i+1(X2k+1|X
′

e), (9)

where X
′

e,X
′

o are arbitrary motion vectors, andJe(J2k)
is defined as in (7); however,i in (7) is restricted to even
numbered rows (at the2k-th row), andJo(J2k+1) restricts
i to odd numbered rows (at the2k + 1-th row). The last
equality in (9) shows that the 2-D minimization problem in
(7) is converted to a series of 1-D minimization problems.
Meanwhile, the first inequality in the equation shows that
when the given motion vectors of the even or odd rows
are not the optimal vectors, the distortion is larger than the
optimal solution. However, whenX′

o = X
∗

o and X
′

e = X
∗

e,
we can derive the optimal solution. This observation inspires
an iterative algorithm that repeatedly updates the result of the
previous iteration of even rows followed by odd rows. The
proposed algorithm is:

Step 1 Initialize the motion vectors of each rowX0
i =

{

v0
i,j , j = 0, · · · , Nm − 1

}

. Let X
0
e =

⋃

i

X
0
2i,X

0
o =

⋃

i

X
0
2i+1,X0 = X

0
e

⋃

X
0
o, and letk = 1.

Step 2ObtainX
k
e , andX

k
e = arg minXe

Je(Xe|X
k−1
o ) =

⋃

i

arg minX2i
J2i(X2i|X

k−1
o ).

Step 3 Obtain X
k
o , and X

k
o = arg minXo

Jo(Xo|X
k
e) =

⋃

i

arg minX2i+1
J2i+1(X2i+1|X

k
e).

Step 4Let X
k = X

k
e

⋃

X
k
o , k ← k + 1, and go toStep 2

until |Xk −X
k−1| < ǫ.

Our algorithm modifies the MVs of each row, whereas
in [1], the MVs of the rows and columns are modified
alternately. We now analyze the computational complexity
of various motion estimation techniques as follows. Letn

be the square search window size. BMA requiresN1N2n
2

computations to obtain its MV set. Figure 1 illustrates
1-D row processing by using dynamic programming in
Steps 2 and 3, where each column of nodes corresponds
to the MV candidates for a block; and each link between
adjacent columns of nodes represents the distortion of
the dependency. Therefore,n4 computations for the links

between adjacent columns are required forn2 nodes in each
column. Accordingly, our algorithm requiresl(N1 − 1)N2n

4

computations, wherel is the number of iterations. Our
experiments show that2 to 4 iterations are sufficient to
achieve convergence in most sequences. Compared to the
min{n4N1(N2 − 1), n4N2(N1 − 1)} computations required
to obtain the optimum solution of the 2-D problem, the
complexity of our algorithm is significantly lower.

B. Objective and Subjective Evaluations

We now compare the objective and subjective performances
of the BMA, OBMC, and CGI coding schemes. The ob-
jective performance is measured by the Y-PSNR, while the
subjective evaluation is based on the DSIS (Double Stimulus
Impairment Scale) measurement, which is designed according
to the requirements of [6]. The participants were required
to grade the sequences using a five-grade impairment scale
from imperceptible (5) to very annoying (1). BMA was
implemented using a full-search with an integer-pel accuracy.
The block size was16×16, and the search range for both the
horizontal and vertical dimensions was[−16, 15]. The rate-
distortion optimization parameter,λ = 50, was empirically
determined. For CGI and OBMC, we use a full-search BMA
to obtain the initial MVs because its complexity is less than
that of the method in [1]. The motion field is then updated
by our algorithm. During motion refinement, CGI uses the
bilinear transform to obtain sub-pel accuracy motion vectors,
which are then rounded to integer-pel accuracy. Our OBMC
uses the24 × 24 weighting window in [13]. The MV rate
used in (8) is estimated by the universal variable length
code (UVLC) proposed in H.264, and all motion vectors are
differentially encoded as the standard suggests. First, three
levels of temporal filtering of the5 − 3 filter are applied,
followed by three levels of spatial wavelet transform with the
9 − 7 filter. Finally, we use 3-D SPIHT (Set Partitioning in
Hierarchical Trees) [7] to encode the wavelet coefficients.

In Figure 2, the curves labeled BM-CGI, are the per-
formance results of CGI using BMA to obtain the MVs.
Compared to the performance of BMA, the average PSNR
degradation of BM-CGI is significant. As shown by the curves
labeled DP-CGI, whose MVs are derived by our algorithm,
the PSNRs are significantly better (0.5 - 1.3 dB) than those
of BM-CGI. The results of OBMC in Figure 2, including
BM-OBMC (MVs obtained by BMA) and DP-OBMC (MVs
obtained by our algorithm), demonstrate a considerable PSNR
performance improvement over BMA. The coding gain is0.2
- 0.5 dB on average. Given the small PSNR improvement
of DP-OBMC over BM-OBMC, we conclude that OBMC is
relatively insensitive to the accuracy of the motion field. Figure
3 shows the subjective evaluation results of various motion
compensation methods at low bit-rates; News was encoded
at 100 kbits/sec, Silent at 125 kbits/sec, Salesman at 125
kbits/sec, Dancer at 200 kbits/sec, Foreman at 350 kbits/sec,
and Mother and Daughter at 200 kbits/sec. The scores were
obtained by averaging the individual scores of15 participants.
The results show that both DP-CGI and DP-OBMC achieve
better perceptual quality of various video sequences compared
to that obtained by BMA.
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Fig. 2. The PSNRs of BMA, BM-CGI, DP-CGI, BM-OBMC, and DP-
OBMC at various bit-rates (including MV rates) for different video sequences
and formats.
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Fig. 4. (a)The average percentage of blocks with blocking artifacts versus
motion activity in theDancer andForeman OBMC sequences. (b) Comparison
of the average percentage of blocks with blocking artifactsin the OBMC and
OBCG sequences.

III. A H YBRID OBMC/CGI SCHEME

Our objective results indicate that, in general, OBMC
achieves a better PSNR than CGI. However, the artifact
patterns of the methods are different. Although CGI sequences
usually contain fewer blocking artifacts, they tend to over-
smooth the edges or object boundaries. OBMC sequences, on
the other hand, remove some, but not all, blocking artifacts. In
many parts of the OBMC sequences, we can clearly observe
blocking artifacts. To further substantiate our observation, we
asked our testers to identify, frame-by-frame, the blocks that
contained blocking artifacts after coding by OBMC. The plot
in Figure 4 shows the average percentage of blocks with
blocking artifacts versus the motion activity of various OBMC
sequences. The motion activity was measured by calculating
the maximal absolute difference between the motion vector of
a block and the motion vectors of its neighboring blocks. We
observe that blocking artifacts are still very likely to occur in
areas where motion activity is high. Inspired by the approach
in [8], which selects the mode at the decoder, we propose
a mode selection approach that removes blocking artifacts
during motion compensation at the encoder. Our proposed
approach, which is straightforward, combines the advantages
of the higher PSNR of OBMC and fewer blocking artifacts of
CGI.
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Fig. 5. Each block is assigned one MV in OBCG. (a) shows that ifthe marked
block is to be compensated for by CGI, then the MVs at the corners of the
block are obtained from the neighboring MVs of the block. Forexample, the
MV of the upper left-hand corner is obtained fromvi−1,j−1, vi−1,j , vi,j−1,
andvi,j by bilinear interpolation. (b) shows the implementation of the case
if the marked block is compensated for by OBMC.

A. Mode Decision and Optimized Motion Estimation

To select the proper mode of a block, either CGI or OBMC,
we examine the local image characteristics. When the motion
activity of a block is relatively high, CGI is used because it
has a stronger smoothing operation that produces a better de-
blocking effect. In contrast, OBMC is sufficient to achieve
the desired de-blocking effect for blocks in which the motion
activity is relatively low. The mode decision of a block is
based on the following motion activity measurement:

φi,j =







1 , if max {|vi+p,j+q − vi,j | | p, q = −1, 0, 1}
≥ Threshold

0 , otherwise.
(10)

In (10), if the difference between the target block’s MV (vi,j)
and any of its neighboring block’s MV (vi+p,j+q) is larger
than a pre-defined threshold, thenφi,j is set to1 and CGI is
adopted for this block. Otherwise,φi,j is set to0, and OBMC
is adopted. Our goal is to find the optimal MVs that minimize

∑

i,j

[COBMC(Pi,j , V
OBCG(Pi,j)) · (1− φi,j)

+CCGI(Pi,j , V
OBCG(Pi,j)) · φi,j ], (11)

whereV OBCG(Pi,j) = {vi+p,j+q | p = −1, 0, 1; q = −1, 0, 1}.
Our proposed OBCG assigns a single MV to each block.
Therefore, CGI, which assigns four MVs to each block,
must be modified to suit the configuration of OBCG.
The implementation of our OBCG, shown in Figure 5,
comprises two examples, (a) and (b), which represent a block
compensated for by CGI and OBMC respectively. (11) can
be solved by modifying the proposed algorithm (i.e., adding
an extra step to calculateφi,j before executingSteps 2 and 3
in our algorithm). The order of the computational complexity
is the same as that of DP-OBMC and DP-CGI. Since the
MVs are transmitted to the decoder losslessly, the decoder
can use the same set of MVs to derive{φi,j}; therefore,
our system does not need to perform the proposed algorithm
at the decoder, nor to transmit the mode of each block as
additional overhead to the decoder.
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29

30

31

32

33

34

35

36

0 10 20 30 40 50 60 70 80

frame number

PS
NR



on-on off-off on-off

(d)

Fig. 6. (a) and (b) The PSNRs of different update processes atvarious bit-
rates (including MV rates). (c) and (d) The frame-by-frame PSNR of different
update processes at low bit-rates.
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B. Performance Evaluation of the Hybrid System

In the following experiments, theThreshold in (10) is
empirically determined as20 for CIF and 10 for QCIF
sequences. The video parameters of the subjective test are set
to the same values as those in Figure 3. In [15], it is reported
that disabling the update step within the MCTF at the decoder
reduces the PSNR, but does not affect the subjective qualityof
video sequences at high bit rates. We perform subjective and
objective comparisons to study the effect of the update step
within the MCTF at low bit rates. We useon-on to indicate
that the update step is on at both the encoder and the decoder;
on-off for on at the encoder, but off at the decoder; andoff-
off for off at both the encoder and the decoder. As shown in
Figure 6(a), the PSNR ofon-on is the highest; while that of
on-off is the lowest, due to drifting. Note that we only show
the results of BMA and DP-OBCG, as our experiments on
OBMC and CGI yielded the same results. Their performance
is not shown so that the figure is easier to read. Figure 6(b)
compares the PSNR frame-by-frame, and shows thaton-on
has the smallest PSNR fluctuation, which is consistent with
the result in [15]. Figure 7 shows thaton-on achieves a better
subjective result thanon-off or off-off. We conclude that, both
subjectively and objectively,on-on outperformson-off andoff-
off at low bit rates for all the motion compensation methods,
i.e., BMA, DP-OBMC, DP-CGI, and DP-OBCG. Hence, the
following comparisons are made in the case ofon-on.

Figures 8 and 9(a) compare the performance of BM-OBCG
and DP-OBCG. We conclude that the proposed motion estima-
tion algorithm improves both the PSNR and the visual quality
of BM-OBCG. We also evaluate DP-OBCG by comparing its
performance with the coding schemes of DP-CGI and DP-
OBMC. Figure 8 shows the PSNR of different video sequences
under various bit-rates. Because DP-CGI and DP-OBMC are
special cases of DP-OBCG, the PSNR of DP-OBCG lies
between the two methods. One can observe that the PSNRs
of DP-OBCG are slightly lower than those of DP-OBMC;
however, they are significantly better than those of DP-CGI.
The subjective comparisons of DP-CGI, DP-OBMC, and DP-
OBCG, shown in Figures 9(b) and 9(c), demonstrate that the
visual quality of DP-OBCG sequences is substantially better
than those of DP-CGI and DP-OBMC. Figure 10 compares
several snapshots of video sequences encoded at low bit-rates.
We also used another subjective test in which the testers were
asked to identify, frame-by-frame, the blocks containing the
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Fig. 9. Perceptual comparison of BM-OBCG, DP-OBCG, DP-CGI, and DP-OBMC.

(a) BMA(PSNR=31.75) (b) DP-OBMC(PSNR=32.09)

(c) DP-CGI(PSNR=31.63) (d) DP-OBCG(PSNR=32.07)

Fig. 10. Perceptual quality of Frame 40 of theDancer at 230 kbits/sec using
various coding techniques.

blocking artifacts in video sequences encoded by different
methods. From the results shown in Figure 4(b), we conclude
that OBCG removes more than50% of the blocking artifacts
that appear in OBMC sequences.

IV. CONCLUSION

We have compared, both objectively and subjectively, the
performance of various advanced motion compensation meth-
ods designed to reduce blocking artifacts in a 3-D wavelet-
based coding system. The optimal motion vectors were ob-
tained by applying a sequence of 1-D dynamic programming
algorithms. The experiment results show that our proposed hy-
brid OBMC/CGI system combines the high PSNR of OBMC
sequences and the low blocking artifacts of CGI sequences.
In our future research, we will improve the proposed system
by adding more sophisticated functions. This will allow us to
compare our approach with mature codecs.
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