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Abstract
Video transcoding is one of the key techniques to provide heterogeneous multimedia applications with Universal Multimedia
Access (UMA) service. Recently, compressed domain (DCT, Discrete Cosine Transform) transcoding architectures have been
proposed to achieve fast transcoding, in which DCT domain Inverse Motion Compensation (IMC) is the most important module to
reduce computational complexity. The problem of IMC has been studied for integer-pixel precision motion vectors (MVs), and,
subsequently, for half-pixel precision MVs in which extra ﬁltering, hence, extra computation is introduced. Since most current video
coding standards, such as H.263, MPEG-2, etc., use half-pixel precision MVs to achieve better quality, reducing computational
complexity of IMC for half-pixel MVs is important for real time fast transcoding video streams encoded by these standards. In this
paper, we propose a novel half-pixel ﬁlter for IMC, which simpliﬁes the extract operations by integrating the interpolation and
translation operations into one single step. Compared to other existing half-pixel ﬁltering algorithms, the proposed ﬁlter does not
introduce any distortion and drift errors. Experimental results demonstrate that the proposed ﬁlter achieves faster transcoding than
other DCT domain transcoders, and almost the same video quality as that of pixel domain transcoders.
r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction
Universal multimedia access [1,2] deals with the
delivery of media resources under different network
conditions, user preferences, and capabilities of terminal
devices. The primary motivation of UMA is that any
media resources should be available to any users at
anytime, anywhere. In transmitting a compressed video
bit-stream over heterogeneous networks and to different
client devices, it is often needed to dynamically adapt the
bit rate of a coded video bit-stream to the available
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bandwidth or convert its format to suit the requirement
of client devices. Video transcoding is one of the
solutions to enable the universal access of encoded bitstreams.
Video Transcoding [3] is the process of converting
pre-compressed video signals from one format into
another according to the requirements of media
resources, network conditions and client devices. Major
metrics for evaluating the performance of different
transcoders are visual quality and computational complexity. Many transcoding architectures have been
proposed in the literature to trade off the visual quality
and the computational complexity. The traditional and
straightforward implementation of a video transcoder is
the drift-free Cascaded Pixel-Domain Transcoder
(CPDT) [4], which connects a standard decoder and a
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standard encoder. CPDT is proved to be able to
maintain the best visual quality among all transcoding
architectures. However, since CPDT does not eliminate
the Motion Estimation (ME) and DCT/IDCT operations, which introduce high computational complexity,
it is not suitable for real time video transcoding.
By simplifying the structure of CPDT, a DCT
Domain Transcoder (DDT) [5] was proposed based on
video manipulation operations in the DCT domain. As
illustrated in Fig. 1, Motion Compensation (MC) in
DDT is implemented completely in DCT domain. The
transcoder is composed of three functionality blocks,
including IQ1 (Inverse quantization with input quantization parameter), Q2 (quantization with new quantization parameter), and DCT-domain MC (corrects the
requantization error introduced by Q2 and IQ2). The
details of evolution from CPDT to DDT can be found in
[5–7].
DCT domain motion compensation is the most
crucial module for DDT. Many video manipulation
functions can be implemented in the compressed domain
and signiﬁcantly reduce the high computational complexity of the corresponding brute force algorithms in
the pixel domain. However, it is difﬁcult to process
motion-compensated DCT coefﬁcients in the DCT
domain. The problem of DCT-domain Inverse Motion
Compensation (IMC), i.e., extracting one DCT block
that is not aligned to the boundaries of 8  8 blocks in
DCT domain, is an essential step of implementing DDT.
Some simple translation manipulations for IMC were
proposed by Chang et al. in [8] and further studied in
[9,10]. However, these schemes involve high cost, when
motion vectors are at half-pixel precision. Since halfpixel precision motion estimation has been widely used
to improve quality of coded video in many video coding
standards, such as H.263 [11], MPEG-2 [12], MPEG-4
[13], etc., implementing an efﬁcient half-pixel IMC is
crucial to DDT. In [7], Assunc- ão et al. proposed a
horizontal ﬁlter and a vertical ﬁlter for half-pixel
precision IMC. Although the computing complexity is
lower than Chang’s method, Assunc- ão’s method introduces some distortion in those blocks located at the
right and bottom boundaries of the macroblock (MB).
IQ1

+
+

+

2. IMC and pixel interpolation
2.1. Integer-pixel inverse motion compensation
As illustrated in Fig. 2, the goal of IMC is to obtain
the reference DCT block B^ from the four neighboring
DCT blocks in the reference frame. In general, B^
pointed by MV(x,y) may not be aligned to the
boundaries of the original 8  8 DCT blocks (B1–B4)
in the reference frame, and may intersect with J
neighboring blocks, J ¼ 1; 2; 4:
As we can see from Fig. 2, when J=1 B^ can be
directly copied from one of the DCT blocks (B1–B4) in
the reference frame. The cases of J=2 can be derived
from the cases of J=4. Therefore, in this paper, we only
consider the case of J=4 as illustrated in Fig. 3, which is
the most general and complicated case.
Let MV(x,y) denotes the half-pixel precision motion
vector carried by the current DCT block B. Fig. 3 shows
that the intersection of the reference block B^ with B1
form a m  n rectangle, where 1pmp7 and 1pnp7 can
be deduced from MV(x,y). This means that the
intersections of B^ with B2, B3, and B4 are rectangle of
sizes m  ð8  nÞ; ð8  mÞ  ð8  nÞ; and ð8  mÞ  n;
respectively. The components of MV(x,y) are deﬁned
as follows:
Vx,w the integer part of MV(x,y) in the horizontal
direction,
Vy,w the integer part of MV(x,y) in the vertical
direction,

Q2

DCTdomain
MC

In this paper, a novel half-pixel ﬁlter for DCT domain
IMC is proposed and implemented. This novel ﬁlter
integrates ﬁltering and extraction operations into one
step, which can speed up the DCT-domain transcoding
process. If half-pixel precision motion vectors exist in
both horizontal and vertical directions, only 4 blockextracting calculations for one luminance macroblock
are needed by using the proposed ﬁlter. The rest of this
paper is organized as follows. The problems of IMC,
pixel interpolation and previous DCT domain ﬁlters,
including Chang’s translation method and Assunc- ão’s
half-pixel ﬁlter, are described in Section 2. The proposed
half-pixel ﬁlter is introduced in Section 3. Experimental
results are presented in Section 4. Concluding remarks
are presented in Section 5.
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Fig. 1. DCT-domain transcoder.
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Fig. 2. Different cases of block intersection.
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m

Let Lim ¼ DCTðl im Þ; Rin ¼ DCTðrin Þ; then

B1
MV(x,y)

B^ ¼

B̂

n

B3

B

8  modðabsðV x;w Þ; 8Þ;
modðabsðV x;w Þ; 8Þ;

V x;w o0;
V x;w 40:

(2)

Let Ih be an identity matrix of size h  h, and matrix fq
be a sparse matrix of size 8  8, 0pqp8, i.e.,


0 I 8q
fq ¼
:
(3)
0 0
Let Fq denote the DCT values of fq.
In the pixel domain, the corresponding pixel blocks
^ The pixel block b^ can be
are denoted by b1–b4, b:
calculated as a superposition of appropriate windowed
and shifted versions of b1–b4, i.e.,
4
X

(6)

2.2. Half-pixel inverse motion compensation

When MV(x,y) only has integer components, i.e.,
V x;h ¼ V y;h ¼ 0; Chang et al. [8] proposed a translation
operation to extract the reference DCT block B^ from the
4 original DCT blocks B1–B4. In this case, m and n can
be computed as follows:

modðabsðV y;w Þ; 8Þ;
V y;w o0;
m¼
(1)
8  modðabsðV y;w Þ; 8Þ; V y;w 40;

b^ ¼

Lim Bi Rin :

B4

Vx,h the half pixel part of MV(x,y) in the horizontal
direction,
Vy,h the half pixel part of MV(x,y) in the vertical
direction.

n¼

4
X
i¼1

Fig. 3. Inverse Motion Compensation.
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l im bi rin ;

(4)

When V x;h a0 and V y;h a0; Eq. (6) is applied four
times to extract the predicted block. Sixteen blocks need
to be extracted from the reference frame to construct
one luminance MB with half-pixel precision motion
vector at both horizontal and vertical direction by using
the translation manipulation proposed in [8].
Assunc- ão et al. [7] proposed a horizontal ﬁlter and a
vertical ﬁlter to interpolate the corresponding blocks in
reference frame for V x;h a0 and V y;h a0; respectively.
Let us consider the DCT blocks Bi of an MC-DCT
luminance MB ordered according to their location
within the MB as in Fig. 3, i ¼ 1; 2; 3; 4: The horizontally
ﬁltered blocks Bhi in the DCT domain are obtained from
the Eq. (7), while the vertically ﬁltered blocks Bvi are
obtained from Eq. (8).
8
h
h
>
< B2 F 1 þ B1 F 2 ; i ¼ 2;
Bhi ¼ B3 F h1 þ B4 F h2 ; i ¼ 3;
(7)
>
:
h
Bi F 3 ;
i ¼ 1; 4;
8 v
v
>
< F 1 B1 þ F 2 B4 ;
Bvi ¼ F v1 B2 þ F v2 B3 ;
>
: v
F 3 Bi ;

i ¼ 1;
i ¼ 2;

(8)

i ¼ 3; 4;

where the ﬁlter coefﬁcient matrices F hi and F vi are
deﬁned as:
F h1 ¼ DCT 12ðf 0 þ ðf 1 ÞT Þ ;
F h2 ¼ DCT 12f 7 ;

i¼1

where

F v1 ¼ DCT 12ðf 0 þ f 1 Þ ;

l 1m ¼ l 2m ¼ f 8m ;

F v2 ¼ DCT 12ðf 7 ÞT ;
2

l 3m ¼ l 4m ¼ ðf m ÞT ;
r1n ¼ r4n ¼ f 8n ;
r2n ¼ r3n ¼ ðf n ÞT :
By applying the distributive property of matrix multiplication with respect to DCT, DCT block B^ can be
calculated as:
^ ¼
DCTðbÞ

4
X
i¼1

0:5
6 0:5
6
6
6 0
6
6 0
6
h
f3 ¼ 6
6 0
6
6 0
6
6
4 0
0

DCTðl im ÞDCTðbi ÞDCTðrin Þ:

(5)
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F v3 ¼ DCTððf h3 ÞT Þ:
The translation manipulation mentioned introduced
in Section 2.1 should also be applied following the
interpolation ﬁltering. To extract one luminance macroblock from a reference frame with half-pixel precision
MV at both horizontal and vertical directions, 8 ﬁlter
operations and 4 block extractions are calculated, which
involves high computation cost. At the same time, this
ﬁlter introduces some distortion in those blocks located
at the right and bottom boundaries of the MB. The
reason will be further investigated in the next Section.

3. Proposed half-pixel ﬁlter
3.1. Half-pixel interpolation
When motion vectors with half-pixel precision are
used, either two or four pixels are needed to calculate
the actual prediction of one single pixel as shown in Fig.
4. In terms of blocks, this is equivalent to computing the
average of either two or four blocks for each pixel.
3.2. Proposed half-pixel filter
The proposed ﬁlter for half-pixel motion vectors can
be derived directly from the Chang’s algorithm. When
the half-pixel components of motion vectors are nonzero, i.e., V x;h a0 and V y;h a0; m and n can be computed
as follows:
(
V x;w  1; V x;h o0;
Vx ¼
V x;w ;
V x;h 40;
(
V y;w  1; V y;h o0;
Vy ¼
ð9Þ
V y;w ;
V y;h 40;

(
my ¼
(
nx ¼

m¼

modðabsðV y Þ; 8Þ;

V y o0;

8  modðabsðV y Þ; 8Þ;

V y X0;

9  modðabsðV x Þ; 8Þ;

V x p0;

modðabsðV x Þ; 8Þ þ 1;

V x 40;

8;
my;

my ¼ 0;
otherwise;


n¼

1;
nx;

ð10Þ
nx ¼ 9;
otherwise:

(11)

Obviously 1pm, np8.
As introduced in the previous section, in order to
extract one DCT block from the reference frame, if we
follow the straightforward translation algorithm proposed by Chang et al. Eq. (6) will be used four times
[14,15], i.e.,
4
4
X
1 X
B^ ¼
Lim Bi Rin þ
Lim Bi Riðn1Þ
4 i¼1
i¼1

þ

4
X
i¼1

Liðm1Þ Bi Rin þ

4
X

!

Liðm1Þ Bi Riðn1Þ :

ð12Þ

i¼1

Sixteen blocks need to be extracted from the reference
frame to construct one luminance MB with half-pixel
precision motion vector at both horizontal and vertical
directions, which introduces very high computational
complexity.
As noticed, if we use Fq to substitute the matrices used
in Eq. (12), it can be rewritten as
1
0
ðF 8m B1 F 8n þ F 8m B2 ðF n ÞT
C
B þðF ÞT B ðF ÞT þ ðF ÞT B F Þ
m
3
n
m
4 8n
C
B
C
B
T
C
B þðF 8m B1 F 8ðn1Þ þ F 8m B2 ðF ðn1Þ Þ
C
B
C
B
T
T
T
þðF
Þ
B
ðF
Þ
þ
ðF
Þ
B
F
Þ
C
B
m
3
ðn1Þ
m
4 8ðn1Þ
1
C:
B^ ¼ B
T
C
B
4 B þðF 8ðm1Þ B1 F 8n þ F 8ðm1Þ B2 ðF n Þ
C
C
B
C
B þðF ðm1Þ ÞT B3 ðF n ÞT þ ðF ðm1Þ ÞT B4 F 8n Þ
C
B
B
T C
@ þðF 8ðm1Þ B1 F 8ðn1Þ þ F 8ðm1Þ B2 ðF ðn1Þ Þ A
þðF ðm1Þ ÞT B3 ðF ðn1Þ ÞT þ ðF ðm1Þ ÞT B4 F 8ðn1Þ Þ

(13)
Through some straight manipulation, we get the
following simpliﬁed expression as follow:
0
1
ðF 8m þ F 9m ÞB1 ðF 8n þ F 9n Þ
TC
1B
B þðF 8m þ F 9m ÞB2 ðF n1 þ F n Þ C
(14)
B^ ¼ B
C:
4 @ þðF m1 þ F m ÞT B3 ðF n1 þ F n ÞT A
þðF m1 þ F m ÞT B4 ðF 8n þ F 9n Þ
If we reorder Eq. (14), then we have:
B^ ¼

Fig. 4. Half-pixel interpolation.

1
1
2ðF ð9mÞ1 þ F 9m Þ B1 2ðF ð9nÞ1 þ F 9n Þ
þ 12ðF ð9mÞ1 þ F 9m Þ B2 12ðF n1 þ F n ÞT
T
þ 12ðF m1 þ F m Þ B3 12ðF n1 þ F n ÞT
þ 12ðF m1 þ F m ÞT B4 12ðF ð9nÞ1 þ F 9n Þ

ð15Þ
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Furthermore, if we deﬁne a set of 8  8 sparse matrices
Xu, 1pup8, as

Table 1
Number of matrix operations with different ﬁlters

X u ¼ 12ðF u1 þ F u Þ

Method

Multiplication

Addition

Chang
Assunc- ão
Proposed

96
36
24

60
16
12

(16)

then, the interpolation and extraction procedure in DCT
domain can be integrated into one step as given by
B^ ¼

4
X

Pim Bi Qin ;

(17)

i¼1

where Pim and Qin perform interpolation, windowing,
and shifting operations, deﬁned as follows:
P1m ¼ P2m ¼ X 9m
P3m ¼ P4m ¼ ðX m ÞT
Q1n ¼ Q4n ¼ X 9n
Q2n ¼ Q3n ¼ ðX n ÞT
This half-pixel ﬁlter is derived from Eq. (6). For halfpixel block extraction, no translation operations are
needed after the ﬁltering. However, the computing
procedure for m and n with half-pixel precision MVs is
different from that without half-pixel precision. The
maximum value of m or n is 8 and 7 for MV with halfpixel precision and integer-pixel precision, respectively.
By using this set of ﬁlters, the half-pixel interpolation
operation proposed by Assunc- ão’s et al. can be
rewritten as
F h1 ¼ ðX 1 ÞT ; F h2 ¼ X 8
8
T
>
< B2 ðX 1 Þ þ B1 X 8 ;
h
Bi ¼ B3 ðX 1 ÞT þ B4 X 8 ;
>
:
Bi F h3 ;
8
T
>
< X 1 B1 þ ðX 8 Þ B4 ;
Bvi ¼ X 1 B1 þ ðX 8 ÞT B3 ;
>
: v
F 3 Bi ;

(18)
i¼2
i¼3

(19)

i ¼ 1; 4
i¼1
i¼2
i ¼ 3; 4

(20)

It
Deﬁne
x1 ¼ IDCT ðX 1 Þ ¼ IDCT 12 ðf 0 þ f 1 Þ :
should be noticed that the deﬁnition of ðf h3 ÞT is the
same as x1 except that the most bottom right element is
1 instead of 0:5; which results in distortion on those
blocks located at the right and bottom boundaries of
the MB.
3.3. Complexity analysis
The numbers of matrix operations (multiplication and
addition) for calculating 4 MC-DCT blocks in a
luminance MB with half-pixel MV are listed in Table 1.
In order to extract a luminance MB with integer-pixel
MV, the Chang’s method needs 24 multiplications and
12 additions, which is the same as the proposed ﬁlter for
a luminance MB with half-pixel MV in both directions.

In order to extract a luminance MB with half-pixel MV
in both directions, Chang’s method needs to extract 4
luminance MBs, and Assunc- ão’s methods needs additional 8 ﬁltering operations besides a luminance MB
extraction operation. Compared with Assunc- ão’s ﬁlter,
the proposed ﬁlter can reduce 33.33% and 25.00% of
the matrix multiplications and addition operations.
As in Eq. (16), Xu are the new half-pixel ﬁlters,
1pup8. To use these ﬁlters in a DCT domain
transcoder, eight matrices need to be calculated and
stored. This is the overhead of using the proposed ﬁlters.
However, considering the improvement on transcoding
speed as illustrated in Table 1, this overhead is worthy.
In addition, since most transcoders are currently
deployed at video servers or proxies, which usually have
large amount of memory.

4. Experimental results
In this work, we implemented a DDT transcoder
based on H.263 codec [16]. Chang’s translation algorithm was implemented for integer-pixel MVs. Assuncão’s half-pixel ﬁlter and the proposed half-pixel ﬁlter
were implemented for half-pixel MVs, separately. A
CPDT transcoder was also implemented as a reference
transcoder because CPDT introduces no drift errors.
Both CPDT and DDT reuse the incoming MVs from the
input bit stream. To verify the performances of the
proposed half-pixel ﬁlter, extensive simulations were
carried out and results of the simulations were compared
with the performance of CPDT. In our experiments, the
transcoder using Assunc- ão’s half-pixel ﬁlter and the
proposed half-pixel ﬁlter are denoted as DDT-Assunc- ão
and DDT-Novel, respectively.
We encoded 300 frames of Quarter Common Intermediate File (QCIF) format ‘‘Carphone’’, ‘‘Foreman’’,
‘‘Table Tennis’’ test sequences using ﬁxed quantization
parameter (Q1=3) with half-pixel MV precision. Only
the ﬁrst frame was encoded as Intra frame, and all other
frames were encoded as Inter (P) frames. The default
intra refresh frequency 132 in H.263 is adopted. The
percentage of half-pixel MVs is shown in Table 2. As we
can see from Table 2, motion vectors with half-pixel
precision is a signiﬁcant part of all motion vectors,
therefore, improving the speed of half-pixel ﬁlters will
improve the efﬁciency of the transcoder signiﬁcantly.
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Table 2
Percentage of half-pixel MV
Sequence

Y (%)

UV (%)

Carphone
Foreman
Table Tennis

39.27
47.35
24.47

46.35
58.58
29.56

Table 3
Comparison between CPDT and DDT using different ﬁlters with
Q2=5 (dB)
Carphone

Foreman

Table tennis

PSNR(Y)

CPDT
DDT-Assunc- ão
DDT-Proposed

36.25
35.72
36.17

35.45
35.05
35.45

35.58
35.29
35.53

PSNR(Cb)

CPDT
DDT-Assunc- ão
DDT-Proposed

40.08
39.26
39.60

40.11
39.29
39.82

40.26
39.76
40.21

PSNR(Cr)

CPDT
DDT-Assunc- ão
DDT-Proposed

40.65
40.27
40.59

40.62
40.08
40.56

39.05
38.69
38.96

Table 4
Comparison between CPDT and DDT using different ﬁlters with
Q2=10 (dB)
Carphone

Foreman

Table tennis

PSNR(Y)

CPDT
DDT-Assunc- ão
DDT-Proposed

32.42
31.79
32.41

31.64
31.22
31.67

31.94
31.60
31.92

PSNR(Cb)

CPDT
DDT-Assunc- ão
DDT-Proposed

37.25
36.70
37.13

37.42
37.01
37.40

37.54
37.40
37.51

PSNR(Cr)

CPDT
DDT-Assunc- ão
DDT-Proposed

37.69
37.58
37.91

37.61
37.10
37.73

36.00
35.70
36.02

The encoded bit streams were transcoded using Q2=5
and Q2=10, and the average PSNR of CPDT, DDTAssunc- ão and DDT-Novel are shown in Tables 3 and 4,
respectively. As we can see, the proposed DDT outperforms DDT-Assunc- ão in every sequence. In the DDT
transcoder, drift errors introduced by Assunc- ão’s ﬁlter
are signiﬁcant in most frames of the test sequences. The
reason is that, in Assunc- ão’s ﬁlter, the bottom right
element of ðf h3 ÞT is 1 instead of 0:5; which results in
distortion on those blocks located at the right and
bottom boundaries of the MB. As we derived, the
bottom right element of ðf h3 ÞT should be 0.5. The
motion-compensated predictive coding algorithm is

Fig. 5. Performance of CPDT and DDT using different half-pixel
ﬁlters when Q2=5: (a) Carphone Luminance (Y). (b) Foreman
Luminance (Y) and (c) Table Tennis Luminance (Y).
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used to reduce the temporal redundancy between the
consecutive frames in the video encoder. The following
frame depends on the current frame, which the minor
distortion errors in the current frame can propagate to
the following continuous frames until the intra blocks
are presented.
Fig. 5 illustrates the PSNR of Luminance component
of the transcoded ‘‘Carphone’’, ‘‘Foreman’’ and ‘‘Table
Tennis’’ test sequences when Q2=5. Compared with the
drift-free CPDT, the transcoded video quality by the
proposed ﬁlters is almost the same as that by the CPDT.
As has been pointed out in [6,10], integer rounding and
saturation in DCT/IDCT implementation is one of the
reasons that cause the drift error in DCT domain
transcoding. The proposed ﬁlters merge interpolation
and translation into one step, which reduces the number
of DCT/IDCT integer rounding and saturation, and
hence improves the transcoded video quality. For the Y
Components of the sequences, the PSNR of the
proposed DDT is just 0.08dB lower than that of CPDT
at most. When Q2=10, the PSNR of some components
outperforms the CPDT.

5. Conclusion and future work
DCT-domain transcoding is becoming a more and
more important technology for transmitting pre-encoded high bit rate video over heterogeneous networks.
In the DCT domain transcoder, DCT domain inverse
motion compensation is the most critical module and
the key for DCT domain transcoding. In this work, we
proposed a novel DCT domain half-pixel ﬁlter that can
be used in the DCT domain transcoder to implement the
inverse motion compensation. The computation complexity is much lower than that of DCT domain
transcoders using other ﬁlters. Our experimental results
show that the DCT domain transcoder using the
proposed ﬁlter can achieve almost the same quality as
CPDT, and may outperforms the CPDT sometimes.
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