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ABSTRACT

A novel motion compensated temporal filtering (MCTF) scheme
is proposed in this paper by properly using forward and
backward motion compensations. The mean, the second
moment and the maximum value for the temporal distance
of all motion compensation pairs (MCPs) in a group of frames
(GOF) are minimized such that the number of “unconnected”
pixels is minimized. The overall coding efficiency is im-
proved by up to 1.5dB when compared to the scheme pro-
vided in [?] while the total number of motion estimation
remains the same.

1. INTRODUCTION

Reliable transmission of video over heterogeneous networks
requires efficient coding, as well as scalability to differ-
ent client capabilities, system resources, and network con-
ditions. For example, clients may have different display
resolutions, systems may have different caching or inter-
mediate storage resources, and networks may have varying
bandwidths, loss rates, and best-effort or quality of service
(QoS) capabilities. Scalable video coding has been pro-
posed to increase its adaptability to network and client con-
ditions. There are many applications that require scalable
and reliable video coding: Internet video, wireless LAN
video, mobile wireless video for conversational, video on
demand (VOD), live broadcasting purposes, end-to-end In-
ternet/wireless video delivery, multi-channel content pro-
duction and distribution, storage applications, multi-point
surveillance systems, and so on.

Recently, three dimensional subband wavelet coding was
proposed as an efficient scalable video coding scheme, es-
pecially with the concept of motion compensated tempo-
ral filtering (MCTF). The MCTF was proposed by Ohm
[?] as an efficient tool to remove temporal redundancies
in wavelet based video coding schemes. The pixels are

classified into “connected” and “unconnected” pixels by the
MCTF [?]. Typically, there are about 3-5% of the pixels
that will be “unconnected” in the MCTF process, and they
seriously affect both the overall coding gain and the subjec-
tive video quality. It is thus very important to reduce the
number of “unconnected” pixels. Ohm [?] proposed an in-
teresting method in which motion compensation prediction
is performed for the “unconnected” pixels in the previous
frame by using the reconstructed frame just before it. Re-
cently, Choi and Woods proposed another novel method in
[?] to improve the MCTF by making the direction of the
motion estimation the same as that of motion compensa-
tion. These subband positions are better suited in the case
of “unconnected” pixels than that in [?].

Obviously, the existing schemes [?, ?] focused on im-
proving the coding efficiency of the high subbands at the
first round. This is not enough because the motion-composed
3-D subband coding is usually an iterative process. For ex-
ample, when the number of frames in a group of frames
(GOF) is 16, four rounds of MCTF will be performed. It
is thus also very important to improve the coding efficiency
of the high subbands in the other rounds by reducing the
number of “unconnected” pixels in these rounds.

To minimize the total number of “unconnected” pix-
els, the mean, the second moment and the maximum value
for the temporal distances of all motion compensation pairs
(MCPs) in a GOF should be minimized. The MCP is com-
posed of a predicted frame and the corresponding reference
frame where the predicted frame preforms motion compen-
sation based on the reference frame. It is with this objective
that we propose our MCTF scheme. In our scheme, let M

denote the total number of rounds of MCTF. If M is less
than 4, the forward and backward motion compensations are
alternatively used in all rounds of MCTF. Otherwise, they
are alteratively used in all except for the (M − 2)th round
of MCTF, where a combination of forward-backward and
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backward-backward predictions is used. All the means, the
second moments and the maximum values for the temporal
distances of all MCPs in a GOF are minimized. The overall
coding efficiency is improved by up to 1.5dB when com-
pared to that proposed in [?]. Meanwhile, the total num-
ber of motion estimations remains the same as that of the
schemes proposed in [?, ?]. Our scheme is thus very attrac-
tive for wavelet based scalable video coding.

There are some other ways to improve the overall cod-
ing efficiency. Among these are the lifting-based MCTF
schemes proposed in [?, ?] and the unconstrained motion
compensated temporal filtering (UMCTF) in [?]. It is also
possible to take a long tap filter for two-channel subband
analysis and cascade it in a tree-structured manner. How-
ever, the computation involved in these schemes is much
more complex than the schemes proposed in [?, ?] and the
associated coding delay would be too long [?].

The rest of this paper is organized as follows. The prob-
lem formulation and our proposed scheme are given in Sec-
tion 2. Section 3 contains extensive experimental results to
illustrate the effectiveness of our scheme. Finally, conclud-
ing remarks are provided in Section 4.

2. A NOVEL MCTF SCHEME

2.1. Problem Formulation

In this section, we shall first present the concept of MCP. An
MCP consists of a predicted frame and the corresponding
reference frame where the predicted frame preforms motion
compensation based on the reference frame.

The process of MCTF together with block matching be-
tween an MCP is described as follows. Matched blocks in
the reference frame overlap with neighboring blocks except
in the case of no motion or pure translational motion. The
pixels are classified into “connected” and “unconnected” by
their estimated motion vectors [?]. The “connected” pixels
are filtered along the motion trajectory while for the remain-
ing “unconnected” pixels, the original pixel value of a frame
(the predicted frame or the reference frame) is inserted into
the temporal low subband and the scaled displaced frame
difference (DFD) is inserted into the temporal high subband.

The number of “unconnected pixels” depends heavily
on the temporal distance between each MCP. Suppose that
the temporal distance between the ith MCP in the jth GOF
is di,j and the corresponding mean for the percentage of
“unconnected” pixels is βi,j%. The relationship between
βi,j and di,j is given by

βi,j = f(di,j) (1)

Since the “unconnected” pixels seriously affect both the
overall coding gain and the subjective video quality, it is
very important to minimize the total number of “uncon-
nected” pixels.

Let β̄j denote the average value of βi,j , and suppose that
the total number of MCPs in the jth GOF is Nj . The prob-
lem can then be formulated as the following optimization
problem.

min
d1,j ,··· ,dNj,j

β̄j (2)

2.2. The Proposed MCTF Scheme

Normally, it is very difficult to solve the optimization prob-
lem (??) because f is not available in advance. However,
the Taylor expansion of f can be used to simplify the prob-
lem.

It can be shown from Table 2 in Section 3 that f is a
non-decreasing function of di,j , and f(di,j) is well approx-
imated by its second order Taylor series expansion when
di,j is less than 4, i.e.

f(di,j) = f ′(0)∗di,j +
f ′′(0)

2
d2

i,j +o(d3

i,j) ; di,j ≤ 3 (3)

where f ′(0) and f ′′(0) are greater than 0.
Let d̄j , d̄2

j and dj,max denote the mean, the second mo-
ment and the maximum value of di,j , respectively. When
dj,max is less than 4, we have

β̄j ≈ f ′(0) ∗ d̄j +
f ′′(0)

2
d̄2

j (4)

Therefore, an optimal solution can be achieved by minimiz-
ing all d̄j , d̄2

j and dj,max.
Let M denote the total number of rounds of MCTF, the

optimal solution can then be obtained as follows:

1. If M is less than 4, the forward and backward predic-
tions are alteratively used in all rounds of MCTF.

2. Otherwise, the forward and backward predictions are
alteratively used in all except for the (M −2)th round
of MCTF, where a combination of forward-backward
and backward-backward predictions is used.

After the temporal distance of each MCP is determined,
the remaining process is similar to the scheme in [?]. The
low subband is located at the position of the reference frame
while the high subband is situated at the corresponding po-
sition in the predicted frame. In other words, the advantage
of motion estimation is well used in our scheme in the sense
that the high frequency subbands have smaller energy and
are compatible with a scalable DFD value for the “uncon-
nected” pixels.

The comparison of our scheme with that in [?] is illus-
trated in Figures ?? and ?? with the size of the GOF set as
16. The solid lines in the second, third, fourth and fifth rows
stand for low subbands while dash lines represent high sub-
bands. The solid lines with arrows represent the first round
of motion compensation for the original frames while the
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dash lines with arrows stand for the second round of motion
compensation for an MCP. The temporal distances between
each MCP in our scheme and that in the scheme proposed
in [?] (we denote this by MCTF [?]) are listed in Table 1.
It can be easily computed that d̄j , d̄2

j and dj,max are 1.53,
2.53 and 4, respectively for our scheme while they are 2.13,
8 and 8, respectively for the scheme proposed in [?].

Table 1. Comparison of temporal distance between each
MCP

Round of MCTF Number of MCPs Scheme Temporal distance

1 8
Proposed 1
MCTF [?] 1

2 4
Proposed 1
MCTF [?] 2

3 2
Proposed 3 or 4
MCTF [?] 4

4 1
Proposed 4
MCTF [?] 8
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Fig. 1. The proposed MCTF.
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Fig. 2. The MCTF proposed by Choi and Woods [2].

3. EXPERIMENTAL RESULTS

Our experiments are based on the MC-EZBC interframe
wavelet coder [?]. Two standard video sequences, Flower

Garden with SIF size (352×240) and Foreman with CIF
size (352×288), are used in our test to compare our pro-
posed scheme with the scheme in [?] (we denote this by
MCTF [?]). The frame rates of these two sequences are set
as 20f/s. The bit rate is 1024kb/s. The hierarchical variable
size block matching (HVSBM) algorithm provided in [?]
is used with the maximum search width/height at the low-
est resolution in the hierarchical motion estimation set as 1
pixel. The overlapped block motion compensation (OBMC)
scheme with 1/8 block overlapped is also employed in our
experiments to give better smoothness in the motion vector
field.

Table 2. Comparison of the number of unconnected pixels
for the sequence Flower Garden at GOFsize=16, half-pixel
accuracy

Frames to be filtered Method
pixels number

“connected” “unconnected”

A1-B1
MCTF [?] 81779 2701
Proposed 81967 2513

A2-B2
MCTF [?] 81489 2991
Proposed 81489 2991

A3-B3
MCTF [?] 81562 2918
Proposed 82089 2391

A4-B4
MCTF [?] 81971 2509
Proposed 81971 2509

A5-B5
MCTF [?] 82115 2365
Proposed 82070 2410

A6-B6
MCTF [?] 81831 2649
Proposed 81831 2649

A7-B7
MCTF [?] 82052 2428
Proposed 82262 2218

A8-B8
MCTF [?] 82241 2239
Proposed 82241 2239

L1-L2
MCTF [?] 77700 6780
Proposed 81165 3315

L3-L4
MCTF [?] 77560 6920
Proposed 80664 3816

L5-L6
MCTF [?] 78037 6443
Proposed 81185 3295

L7-L8
MCTF [?] 78724 5756
Proposed 81546 2934

LL1-LL2
MCTF [?] 67384 17096
Proposed 71062 13418

LL3-LL4
MCTF [?] 67368 17112
Proposed 67461 17019

LLL1-LLL2
MCTF [?] 54460 30020
Proposed 65480 19000

Table 2 shows the number of “connected” and “uncon-
nected” pixels for each MCP in a GOF with size set as 16.
At the first round, the difference in the number of “uncon-
nected” pixels is very slight. However, the number of “un-
connected” pixels is reduced significantly in the other three
rounds. The maximal reduction ratio of the unconnected
pixels is more than 50%.

We next compare our scheme with that in [?] for differ-
ent choices of GOF size in term of PSNR gain. The experi-
mental results are illustrated in Table 3. Clearly, we obtain
a higher gain with a larger GOF size.

We also compare our scheme with that in [?] for differ-
ent bitrates and different subpixel accuracy. It is shown in
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Table 3. Comparison of PSNR gain for different GOF size,
half-pixel accuracy

GOF Size Video Sequence PSNR Gain(dB)

4
Foreman 0.14

Flower Garden 0.44

8
Foreman 0.24

Flower Garden 0.82

16
Foreman 0.57

Flower Garden 1.24

Table 4. Comparison of the average PSNR for the sequence
Foreman at different bitrate, GOFsize=16, half-pixel accu-
racy

Bitrate (kbps) PSNR
Method

GainMCTF [?] Propsed

128
Y (dB) 30.74 31.90 +1.16
U (dB) 38.10 39.12 +1.02
V (dB) 39.00 40.48 +1.48

192
Y (dB) 32.79 33.80 +1.01
U (dB) 39.70 40.44 +0.74
V (dB) 41.14 42.22 +1.08

256
Y (dB) 33.95 34.99 +1.04
U (dB) 40.60 41.27 +0.67
V (dB) 42.06 43.28 +1.22

512
Y (dB) 36.78 37.61 +0.83
U (dB) 42.90 43.48 +0.58
V (dB) 44.39 45.38 +0.99

1024
Y (dB) 39.92 40.49 +0.57
U (dB) 44.90 45.48 +0.58
V (dB) 46.41 47.23 +0.82

Tables 4 and 5 that our scheme outperforms the result of [?]
for each bitrate and subpixel accuracy.

Overall, our scheme achieves a higher coding efficiency
for any GOF size, bitrate, and subpixel accuracy, while the
PSNR variation is comparable. Meanwhile, the number of
motion estimation remains the same. Thus, our scheme is
very attractive for wavelet based scalable video coding.

Table 5. Comparison of the average PSNR for the se-
quence Flower Garden with different subpixel accuracy,
GOFsize=16

Subpixel PSNR
Method

GainMCTF [?] Proposed

Full
Y (dB) 27.10 27.87 +0.77
U (dB) 30.80 31.53 +0.73
V (dB) 32.54 33.21 +0.67

Half
Y (dB) 28.11 29.35 +1.24
U (dB) 32.00 32.98 +0.98
V (dB) 33.49 34.45 +0.96

Quater
Y (dB) 28.69 30.11 +1.42
U (dB) 32.50 33.83 +1.33
V (dB) 33.80 34.97 +1.17

Eighth
Y (dB) 28.77 30.27 +1.50
U (dB) 32.70 34.24 +1.54
V (dB) 33.89 35.23 +1.34

4. CONCLUSION

A novel MCTF has been proposed in this paper by mini-
mizing all the means, the second moments and the maxi-
mum values for the temporal distances of all motion com-
pensation pairs in a group of frames. The overall coding
efficiency is improved by up to 1.5 dB when compared to
the existing scheme without any increase in the number of
motion estimation. Our scheme is thus very attractive for
wavelet based scalable video coding.
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