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Abstract—Since variable block-size motion compensation (MC)
and rate-distortion optimization (RDO) techniques are adopted in
H.264/MPEG-4 AVC, modes and motion vectors (MVs) in input
stream can no longer be reused equivalently efficient over a wide
range of bit rate in transcoded streams. This paper proposes a
new RDO model to maintain good coding efficiency and greatly
reduce computation of the H.264/MPEG-4 AVC transcoding, in
which the distortion caused by motion and mode changes is not
calculated directly from the sum of absolute difference (SAD)
or the sum of square difference (SSD) between source signals
and interpolated prediction signals. Instead, distortion is directly
estimated from MV variation and the power spectrum (PS) of
the prediction signal generated from input stream. The proposed
RDO model can be applied to both the pixel-domain transcoding
and the transform-domain transcoding even when coded signals
are not reconstructed at all. Furthermore, the techniques as to
derive the Lagrangian multiplier in the proposed model are devel-
oped in respective pixel- and transform-domains. Additionally, we
propose an H.264/MPEG-4 transcoding scheme that demonstrates
the advantage of the proposed RDO model in terms of peak
signal-to-noise ratio and transcoding speed, in which P-pictures
are transcoded in the pixel domain for achieving reconstructed
high quality and B-pictures are transcoded in the transform
domain for high-transcoding speed.

Index Terms—H.264/MPEG-4 AVC, picture power spectrum
(PS), rate-distortion optimization (RDO), video coding, video
transcoding.

1. INTRODUCTION

that have the capability of video playback, such as laptops,
PDAs and even smart phones, are extensively used in media
applications. However, these devices may be quite different
in display resolutions, memory, processing powers, access
bandwidths, and so on. How to make media contents especially
video be free enjoyed among various devices becomes very
challenging. Video adaptation through transcoding [1]-[3] is
one of the most promising methods, which can provide bit-rate
reduction, resolution reduction and format conversion to meet
various requirements from devices as well as heterogeneous
wired and wireless networks.

NOWADAYS, more and more consumer electronic devices
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A video transcoder can change coding parameters of a com-
pressed video stream to generate another. In the early work on
transcoding, researchers focused on bit-rate reduction to adapt
to different access bandwidths. As more and more mobile de-
vices with constrained display resolutions have been emerging
in modern life, transcoding compressed video streams from a
display resolution to a deducted one is extensively studied as
well. Furthermore, since several video coding standards, such
as H.261/3/4 and MPEG 1/2/4, exist for different video applica-
tions, transcoding video from a compressed format to another
is also a need for the interoperability of video contents. All of
the above cases can be implemented by directly concatenating
a decoder and a corresponding encoder, where input stream is
fully decoded and then the decoded pictures are re-encoded
to target stream. This category of transcoders is the so-called
pixel-domain transcoder because motion compensation (MC)
is always performed in the pixel domain. It is drift-free with
imperceptible degradation on visual quality compared with the
case of directly coding raw video. But usually the transcoding
in the pixel domain needs intensive computation. By exploiting
the structural redundancy of the pixel-domain transcoder and
the linear property of discrete cosine transform (DCT)/ inverse
DCT (IDCT)/MC, the transform-domain transcoder is devel-
oped, in which decoded video is not completely reconstructed
and transcoding is performed in transform domain. The trans-
form-domain transcoder reduces computation but in return it
would lead to quality degradation due to the drifting errors.
So how to achieve the best tradeoff between computation and
reconstructed video quality is the main focus in the current
transcoding researches.

In this paper, we focus our attention to the H.264/MPEG-4
AVC (H.264 in short) transcoding from a higher bit rate to a
lower bit rate. Format conversion from this standard to other
standards is out of this paper’s scope. The up-to-date H.264
video coding standard [4]-[6] achieves a significant improve-
ment on coding efficiency by introducing some new techniques.
However, most of them greatly influence the transcoding of
the H.264 streams in terms of speed and quality. For example,
intra prediction would propagate drifting errors to the whole
image in the transform-domain transcoding; rounding and clip-
ping operations in the half-/quarter-pixel interpolation make
motion-compensation nonlinear; moreover, in-loop deblocking
filters at the encoder and the decoder are nonlinear operations
again. All of them make the cascaded loops of decoding and
re-encoding impossible to be merged together mathematically
equivalent. In other words, these techniques would prevent
fast transcoding of successive pictures in transform domain
because they would cause severe drifting errors [3]. But the
transform-domain transcoder may be still feasible when there
are only short-term/no dependencies among frames.
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In pixel-domain transcoders, the motion-vector (MV)-reuse
approach has been demonstrated to be an efficient way to
achieve a good tradeoff between computation and quality in
transcoding of streams generated by previous video coding
standards (e.g. MPEG-2) [3]. However, since H.264 employs
variable block-size MC and rate-distortion optimized (RDO)
motion and mode selection [6], motion and mode data used
at high bit rates is quite different from that at low bit rates.
Therefore, directly using input motion and mode data during
transcoding would cause significant degradation on coding
efficiency. Unfortunately, since the conventional RDO motion
and mode selection needs intensive computation, the re-en-
coding process would prevent the pixel-domain transcoder
from real-time applications especially for high-resolution
video. Moreover, the conventional R-D model cannot be ap-
plied to transform-domain transcoding because there are no
reconstructed pictures available.

Several solutions have been reported in the literature to ad-
dress the above problems in pixel-domain transcoding. Zhang
et al. [7] propose a mode mapping for the H.264 spatial resolu-
tion reduction, which is time-saving but suffers from more than
3.0 dB losses. In [8] and [9], fast motion estimation and mode
refinement have been proposed by limiting possible modes as
well as searching points for bit-rate reduction. [10] proposes
the area-weighted vector median motion estimation, and [11]
presents an approach that includes bottom-up motion re-esti-
mation, fast mode selection and adaptive motion refinement for
the H.264 resolution reduction. The techniques in [8]-[11] can
achieve a comparable coding efficiency with the fully re-en-
coding. However, since for a macroblock multiple modes have
to be evaluated in the motion re-estimation or motion refinement
and a mass of sum of absolute difference/sum of square differ-
ence (SAD/SSD) computation as well as interpolation has to be
involved, these techniques still need intensive computation. In
addition, to the authors’ best knowledge, little work has been
involved in the RDO problem in transform-domain transcoding
so far.

Therefore, besides reducing possible modes and motion
search points, the more important is whether we can avoid
fractional-pixel interpolation and SAD/SSD calculation to
speed up the H.264 transcoding. Furthermore, to enable RDO
in transform-domain transcoding, can the R-D cost be esti-
mated without raw signal? Motivated by Secker’s work on
scalable MV coding for the wavelet-based video coding [15],
we propose a new RDO model for the H.264 transcoding. In
our proposed model, the distortion, which is defined as the SSD
of two predictions generated from two sets of MV, is estimated
based on the differences of two sets of MV and the power spec-
trum (PS) of the prediction generated from input MVs. Since
the computation of the prediction’s PS still needs interpolation,
we further propose techniques to approximate the PS of predic-
tion in pixel-domain and transform-domain, respectively. Thus,
our distortion computation is free from SAD/SSD computation,
subpixel interpolation and also original signal.

In our proposed R-D model, the Lagrangian multiplier is
different in pixel-domain transcoding and in transform-do-
main transcoding. In pixel-domain transcoding, we borrow
the technique used in H.264. However, in transform-domain
transcoding, different MVs used in the encoder and decoder
contribute distortion in addition to quantization. According
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to [17], the distortions caused by quantization and motion
mismatch are independent. Consequently, the R-D cost of our
proposed model can be split into two parts: one related to
quantization and the other to motion adjustment. Following
the equal slope principle, the Lagrangian multipliers in quan-
tization and motion parts are derived from the relationship of
quantized distortion and used residual bits. Furthermore, the
derived Lagrangian multipliers are adjusted by taking error
propagation into account in the case of hierarchical B-picture
transcoding. Our proposed RDO model and its applications in
different transcoders have been first reported in our conference
papers [12]-[14].

The rest of this paper is organized as follows. Section II
discusses the proposed R-D model and the distortion estima-
tion based on the PS function. The techniques to calculate
Lagrangian multipliers in our R-D model are presented in
Section III. The proposed H.264 transcoding scheme for bit
reduction is described in Section IV. Section V presents the ex-
perimental results of various transcoding scenarios. Section VI
concludes this paper.

II. PROPOSED RDO

In this section, we will first review the conventional RDO
method used in the H.264 encoder and point out the problems
when it is applied to its transcoding. Then our proposed RDO
model for the H.264 transcoding is discussed in detail.

A. Conventional Rate-Distortion Optimization

H.264 employs multiple macroblock partition modes for
motion-compensated prediction. The Lagrangian optimization
method is used to find the optimum MV for inter-coded block
and optimum coding mode for each macroblock. It can achieve
optimum bit allocation between motion data and residual data.
In the H.264 RDO method, the rate-constrained motion estima-
tion is first performed to find optimum MV for an inter-coded
block by minimizing

J(B7 I|Amotion) = Ddfd(B7 I) + )‘motioanotion(B7 I) (1)

Here, B denotes an encoding block and I represents coding pa-
rameters for B. Distortion Dgsq(B, I) denotes the difference
between original block and prediction of B with parameters I,
which is represented by SAD or SSD. Rotion 1S the number
of bits to code MVs of this block. The Lagrangian multiplier
Amotion 18 adjusted dependent on the use of SAD or SSD. If
the distortion is represented by SSD, the Lagrangian multiplier
Amotion 18 equal to

A = 0.85 x 2(QP—12)/3 )

where, QP denotes quantization parameter (QP) used in H.264.

Otherwise, the Lagrangian multiplier Ayoti0n 1S equal to V.
After MVs are selected, rate-constrained mode selection is

employed to find optimum coding mode by minimizing

J(B7 I|/\m0dc) = Droc(37 I) + /\mochtotal(Bv I) (3)

Here, D,.. denotes the SSD between an original block and its
reconstruction. Ry, is the number of bits for coding quantized
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transform residual data as well as motion data. The Lagrangian
multiplier Aj04e in (3) is equal to the A in (2).

Notice that the prediction in (1) is usually generated by half-/
quarter-pixel interpolation because of fractional MV. Further-
more, the distortion has to be calculated for each search point in
motion estimation, which involves a mass of SAD/SSD compu-
tation. Thus, this optimization process is of high computational
intensity. In (3), one macroblock has to be coded repeatedly to
obtain its reconstructed distortion and used bits for every can-
didate mode. The computation of this process is even higher.
Therefore, the existing RDO method is hard to be applied to
real-time transcoding. In addition, the optimization in (1) and
(3) cannot be directly used in transform-domain transcoding due
to the lack of reconstructed pictures.

B. Proposed Rate-Distortion Model

To further reduce the complexity of RDO motion estimation
and mode selection, a new R-D model is proposed for the fast
H.264 transcoding, in which the distortion is estimated from
MYV variation and picture PS.

In rate-reduction transcoding, input stream is usually of high
quality and high bit rate. Motion data used in input stream can
be granted as a precise representation of real motion and needs
many bits to code. However, these motion bits would be a heavy
burden in low bit rate coding so as to hurt coding performance.
Without any adjustment on motion data, the transcoder cannot
operate equivalently efficient over a wide range of bit rate. As-
suming that input MVs and modes are an optimum point at the
input bit rate, the RDO problem in transcoding can be general-
ized as reshaping input modes as well as MVs to another op-
timum point. It motivates us to think about the RDO problem
by taking the input modes and M Vs as a start point and find the
optimum MVs and modes at a new bit rate.

For convenience, we use mvy, to represent input MV for the
current block hereafter. pj is the prediction block generated
using mvy, and the previous transcoded frame. Let MV, rep-
resent the set of candidate M Vs in the transcoded stream. p; is
the prediction block resulting from mv;(mv, € MV ) and the
previous transcoded frame. To select optimum MVs and mode
in transcoding, we propose an RDO model with the similar form
of (1) and (3), where MVs and mode are selected by minimizing

J(B,I|Ap) = Dp(B,I) + A\ R,(B, I). 4)
Here R, is defined as
R,(B,I) = Ry(B) — Ri(B, ). (5)

Here Ry, (B) represents the number of bits to code input MV
and mode of block B, whereas R;(B,I) denotes the number
of bits to code the candidate MV and mode of block B with
parameter set /. The distortion D), represents the SSD between
two prediction blocks resulting from two different sets of MV
but with the same reference, that is

Dyp(B.1) =" (piln] — pu[n))® (6)

neB

where n is the pixel index in block B. To reduce the compu-
tation of RDO, we would not like to calculate p; and D, for
each candidate MV mv;. Instead, if p; is modeled as a func-
tion of py,, the distortion D, can be directly calculated free from

SSD computation. Similar to the scalable MV coding work [15]
for wavelet-based video coding, the distortion is estimated by
power spectral density (PSD) of prediction p;, and the difference
between two sets of MV mv;, and mv;. The brief derivation is
given here for the self-contained purpose.

For convenience, we use P}, (w1, w2) to denote the prediction
py, after Fourier transform. Here, w = (w1,ws) is a 2-D fre-
quency row vector. If an input MV is adjusted to a new one, their
difference is represented as Amv = (Amv,,, Amv,)". The pre-
diction block from the new MV is p;, which is also denoted by
P;(w1,ws) in frequency domain. Since pixel shift corresponds
to linear phase shift in frequency domain after Fourier trans-
form, we have P;(wy,ws) = e 9“4 Py (wy, ws). According
to the Parseval’s theorem, the sum of square errors, as denoted
by D, between p;, and p;, can be calculated in frequency do-
main by

1 —jwAmv
Dp N W / / Sh(wl’w2> ’ (1 —e! A )de1dw2.
(_7"77!')
)

Sh(w1,ws) is the power spectral density of py,. The Taylor ex-
pansion of (1 — e /@A™ yields

(1- e_j“’AmV)2 _ 2(wAmv)? 3 2(wAmv)?
2! 4!
6(wAmv)®
Jsedm®

For small values of (wAmv), by omitting high-order terms in
(8), we have the approximation as follows:

1
D, = W/ / Sp(w1,ws) - (wWAMV)?dwidws.  (9)
(_ﬂ';ﬂ']
Equation (9) can be further expressed as

D, ~ @mAmvi + goyAva + Quy|Amv, Amv, |

~ . Amv2 + goyAmvf/ (10)
where ¢,., ¢,, and @, are
1
Pr = @) / Sp(wi,ws) - widwidws
(77‘—77‘—]
1 2
Oy = @z | Sh(w1,ws) - wydwrdws
(77‘—77‘—]
- [[g ( ) dw: d (11)
Py = (27r)2 ' hlwi,w2) - wiwadwidws.
(—7\',7\']

The final approximation in (10) is made based on the fact that
the value of ¢, | Amv, Amv, | is usually much smaller than that
of o, AmvZ + wyAmvg.

The power spectral density of p;, is conventionally estimated
by the square of 2-D fast Fourier transform (FFT) of each
block. Considering the proposed transcoding scheme is built
upon H.264, a more simple method is to use integer 4 X 4
DCT-like transform [16] instead of FFT, where the coefficients
after 4 x 4 integer transform are properly scaled in the same
way as the case that QP is 4 [16]. These coefficients represent
the estimated spectrum magnitudes at discrete frequency points
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+27u/2N withu =0, 1, 2,3 and N = 4. Modifying (11) into
discrete forms, ¢, and ¢, are easy to get by setting wq and wo
as £27u/2N.

Let’s qualitatively analyze our proposed model and the con-
ventional one on calculating distortion in terms of computation.
In the R-D models as shown in (1) and (3), the distortions
for each block and for each check point are obtained through
SSD/SAD computation and subpixel interpolation if MV points
to a half-/quarter-pixel position. Moreover, the transcoder
has to access the reference picture in memory according to
the changing of checking point during motion estimation. It
greatly increases data traffic in transcoding. Furthermore, the
conventional R-D model cannot be directly applied to trans-
form-domain transcoding because there are no reconstructed
signals available.

In our proposed model, the distortion between two predic-
tions is estimated by (10) in frequency domain, which only
needs to calculate MV difference for each checking point. In
the worst case, we need to calculate one differential vector (i.e.,
Amv) for each 4 x 4 block corresponding to the 4 x 4 block
mode; whereas in the best case, only one Amv for each 16
x 16 block is computed corresponding to the 16 x 16 block
mode. Moreover, ¢, and ¢, can be calculated before the mode
decision of this block, and are independent of the number of
checking points. In the case of a mass of checking points, the
computation burden of ¢, and ¢, is still constant and can be
negligible. Thus, our proposed model is free from SAD/SSD
computation, subpixel interpolation and vast memory access
during RDO. In addition, (10) provides a way to estimate dis-
tortion without reconstruction so that it enables RDO in trans-
form-domain transcoding.

C. Approximating ¢, and p, of Prediction

Equation (10) indicates that we need to generate prediction
first from input motion data to calculate ¢, and ¢,. In this
process, subpixel interpolation may still be performed on ref-
erences if input MVs are of fractional precision, which is time
consuming. In pixel-domain transcoding, current reconstructed
pictures of input stream are always available as the source to
generate transcoded stream. Considering input MV as a precise
representation of source motion and strong correlation among
neighboring temporal pictures, spatial textural feature of pre-
diction signal is very similar to that of the current reconstructed
signal especially at regular motion regions. Therefore, it is rea-
sonable to approximate the PS of prediction block by that of
input reconstructed block so that the interpolation for generating
prediction is avoided. That is, ¢, and ¢, of prediction blocks
are approximated by those of input reconstructed blocks. T

A much tough problem is how to approximate ¢, and ¢,
of prediction in transform-domain transcoding because re-
constructed blocks are not available there. Transform-domain
transcoding schemes are widely used in B-pictures. Although
H.264 allows B-pictures to be predicted from B-pictures in the
hierarchical B-picture structure, the prediction path of B-pic-
tures is usually relatively shorter than that of P-pictures. In this
case, error accumulation is not as severe as that in P-pictures.
In addition, since P-pictures are transcoded in pixel-domain in
our proposed scheme, the reconstructed P-pictures severing as
references in B-picture coding are always available. Therefore,
in this paper we propose a technique to estimate ¢, and ¢,
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Fig. 1. Computation of ., and ¢, through weight-averaging the corre-
sponding values in the motion aligned reference blocks.

of prediction from the forward and backward references in
transform-domain transcoding for B-pictures.

In our transform-domain transcoder, ¢, and ¢, of reference
blocks can be calculated by the conventional method. Since the
block size is very small (e.g., 4 X 4 in this paper) and there is
strong correlation among neighboring pixels, we assume that the
spatial texture feature is uniform within such a small 2-D-block.
Based on this assumption, the PS of the motion-compensated
block can be approximated by weight-averaging the PS from
four overlapped blocks. As the integral operator is linear, we
can estimate ¢, and ¢, of prediction by weight-averaging the
corresponding values of the motion aligned blocks in the refer-
ence, i.e.,

{ @x,t[j] ~ ZZ Wi Pt [L] (12)

@y,t[j] ~ Zl WiPy,t! [L]

Here, ¢ indicates the current picture and ¢’ represents the forward
or backward reference. j is the current block and ¢ denotes the
blocks in the reference covered partially or completely by cur-
rent block. The weight factors w; are determined with regard to
the ratio of overlapped pixels, as shown in Fig. 1. The square
block with solid borders denotes a 4 x 4 block in the current
frame, and the square blocks with dashed borders denote the cor-
responding motion-aligned blocks in the reference frame. The
weight factors wi, wo, wsz, and wy correspond to the ratios of
the overlapped pixels. When the hierarchical B-picture structure
is supported, ¢, and ¢, of the B-pictures can be estimated re-
cursively using the approach (12).

III. LAGRANGIAN MULTIPLIER IN OUR PROPOSED
RDO MODEL

In this section, we will discuss how to derive the Lagrangian
multiplier in the proposed RDO model. Although the same
RDO model is used in pixel-domain and transform-domain
transcoding schemes, different techniques are used to derive
Lagrangian multiplier because the reconstructed video distor-
tion in pixel-domain transcoding is caused by quantization only
but the reconstructed video distortion in transform-domain
transcoding is caused by both quantization and MV mismatch.

A. Lagrangian Multiplier in Pixel Domain

How to derive Lagrangian multiplier in pixel-domain
transcoding is a relatively simple issue because the sim-
ilar problem has been addressed in H.264. In pixel-domain
transcoding, an input stream is fully decoded and the recon-
structed video is served as source. The proposed technique
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Fig. 2. Comparisons of Dyotar and ( Dmotion + Dtexture) in terms of MSE.

simplifies the calculation of distortion but does not modify
the relationship of distortion and used bits. In other words,
Lagrangian multiplier should be the same as that in H.264.
Since SSD is used in our proposed RDO model, Apixel in
pixel-domain transcoding is

/\pixel =\ (13)

B. Lagrangian Multiplier in Transform Domain

Generally, total coded rate consists of two parts: motion rate

and texture rate, denoted as

Rtotal = Rmotion + Rtexture- (14)
Here Riotion 1S the number of the bits spent in coding sub-
macroblock/macroblock modes and MVs, while Ricyture 18 the
number of the bits in coding quantized transform coefficients.
In traditional transform-domain transcoding schemes, rate re-
duction is achieved by only amplifying quantization, namely,
reducing Riexture, Whereas MVs and modes are simply reused.
However, when the RDO method is applied to H.264, R otion
also needs to be downscaled; otherwise too many bits would be
spent in coding motion data at low bit rates.

How to optimally reduce motion rate as well as texture rate
is a new problem in the fast transform-domain transcoding.
In this case, two kinds of distortions are introduced: one from
re-quantized transform coefficients and the other from motion
data which is modified to a coarse representation without
a pixel-domain motion re-compensation loop. Let Diexture
denote the former, where motion data is completely reused in
transcoding. Let D otion denote the latter, where re-quanti-
zation is not modified at all. Then let D;.i,; denote the total
distortion introduced by both texture quantization and motion
adjustment during transform-domain transcoding.

Experiments have been designed to analyze the relationship
among Diotal, Dmotion, and Diexture in the H.264 B-picture
coding. Fig. 2 shows the typical relationship among them by
taking the 8th, 12th, 16th, and 24th frames of Foreman (CIF)
sequence as examples. These frames are coded as hierarchical
B-frames in the GOP of 32 with a fixed QP, as depicted in
Fig. 2. And during transcoding, these frames are re-quantized
by another fixed QP and motion-adjusted by different MV vari-
ations. The Amv is manually set to (1, 1), (2, 2), (3, 3), and

(4, 4) at quarter-pixel resolution respectively and the motion-in-
duced distortions (that is, Dotion) are increasing correspond-
ingly. The actual values of Dy, are depicted by the dashed
lines in Fig. 2, whereas the solid lines represent the values of
(Dmotion + Dtexture ). One can observe that the total distortion
D ota in B-picture transcoding can be well approximated by the
sum of distortions, Dotion aNd Diexture, 1.€.,

Dtotal ~ Dmotion + Dtexture~ (15)

It has been reported in [17] that D ,oti0n 1S highly indepen-
dent of texture-induced distortion. So, according to (14) and
(15), the RDO model can be separated to texture RDO model
and motion RDO model as:

IninI J(B, I|)‘) = Inin] Jmotion(87 I|)\transform)

+ HliIl] Jtexture(B7 I|/\transform) (16)
where,
Jmotion(Ba I|)\transform)
= Dmotion(B7 I) + )\transformRmotion(Bv I)
Jtexture (B, I|)‘transform)
= Dtexture(B> I) + )\transformRtexture(B-, I) (17)

The motion R-D optimization can be achieved by modification
of MVs and submacroblock/macroblock modes, while the tex-
ture R-D optimization can be achieved by adjusting QPs. In the
optimization (16), Lagrangian multipliers in two terms should
be equal to each other according to the equal slope principle.
Therefore, we use Airansform to denote them.

C. Lagrangian Multiplier of One Picture

We will derive Atyansform from the texture quantization op-
timization. As the texture R-D optimization is separated from
the motion R-D optimization in our proposed transform-domain
R-D model, it is inferable that Jiexture(B, I|Atransform ) is only
determined by QP as well as Lagrangian multiplier and is irrel-
evant to macroblock mode and MVs.

If the distortion-rate function Diexture(Rtexture) 18 strictly
convex, the minimum of the Lagrangian cost function is given
by setting its derivative to zero [6], i.e.,

aJtexture o al)texture
8-Rtexture a-Rtexture

which yields

+ )\transform =0

(18)

A _ al)tcxturc

£ = .
transform aRtexture
In the derivation of Lagrangian multiplier, the models of rate

and distortion corresponding to QP presented in [18] are used,
i.e.,

19)

(20)

Rtexture ~ aQ—a
B
Dtexture ~ bQ’

which assume that the transform coefficients have a Cauchy dis-
tribution and a uniform quantizer is used with step size Q. a, b,
« and 3 are parameters which depend on video content.

Then we get

‘ al)texture aQ

8-Rtexture

~ cQ". 21

8-Rtext ure aQ

_ ‘ al)texture
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Here, ¢ = b3/a(a+1) and v = a+ (3. (21) can also be derived
to a linear expression, that is

al)texture

_— 22
8-Rtexture ( )

log, ~ vlog, @ + log, c.

To ascertain parameters v and ¢, some compressed streams
are transcoded in transform-domain open-loop structure to dif-
ferent low bit rates with different (s by reusing the input motion
data. The results of Foreman and Mobile sequences are showed
in Fig. 3. The bold line is the linear approximation of real data
with the least square method. It can be described as

al)texture

Y 2.54log, Q — 5.35.

log, (23)

So the approximation of the relationship between the quantizer
@ and the Lagrangian multiplier can be described as

al)toxturo

/\transform = ‘
8Iztexture

1
~ QT (24)

D. Lagrangian Multiplier Considering Error Propagation

In H.264, B-pictures can be predicted from B-pictures. For
example, Fig. 4 depicts a hierarchical B-coding structure, where
B-pictures are organized into several levels. B-pictures at lower
level are predicted from those at higher level. In such a struc-
ture, errors of B-pictures at higher level will be propagated into
those B-pictures at lower level when reconstructing these pic-
tures. Considering this error propagation, the estimated distor-
tion should be multiplied by different energy gain factors at
different temporal levels. Equivalently, the Lagrangian multi-
plier is divided by the energy factor so that the RDO model still
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Fig. 5. Block diagram of the proposed transcoding scheme in pixel domain.

MV_0 4x4 MV_1
Initial mode & MV mv2 B4 mvs
— T4

4x4 —4x8  _ Bxh— 88

Modes to be checked

/\

MV_1

MV_0

MVs to be checked

MV 2 MV 3

Fig. 6. Bottom-up submacroblock mode selection.

has the same form as (4). For the case depicted in Fig. 4, the
Lagrangian multiplier at level [ should be
1 -
)\ ransform ~ S 2.54 G . 25
transf 1 Q™G (25)
@ denotes the energy gain factor considering distortion propa-

gation at the temporal level /. According to [15], it can be for-
mulated as

2! 9
G=1+2) (1-5)" (26)

n=1
Here we assume that most of blocks are bi-directionally pre-
dicted in the input high bit rate stream. According to (10)
and (25), the motion-induced R-D cost is able to be estimated
without pixel-domain reconstruction in transform-domain
transcoding.

IV. PROPOSED TRANSCODING SCHEMES

This section presents the proposed transcoding schemes in
pixel domain and transform domain to demonstrate the advan-
tages of our proposed RDO model.

A. Transcoding Scheme in Pixel Domain

Fig. 5 illustrates the block diagram of our proposed
transcoding scheme in pixel domain. The input H.264 stream is
fully decoded first. The decoded video is regarded as original
video for the H.264 re-encoder, in which motion estimation and
mode decision do not exist. The extracted MVs and modes are
used to aid the mode selection and motion refinement processes.

In general, low bit rate stream prefers large block-size modes
to small block-size modes. Thus, in our scheme, the mode selec-
tion process is accelerated by the bottom-up mode constraint. It
starts from the initial input MV and mode which are the entropy-
decoded ones. For example, if the initial macroblock mode is 8
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Fig. 7. Block diagram of the transcoding scheme in transform domain.
x 8 mode (including 8 x 8, 8 x 4,4 x 8 and 4 x 4 submac- 40 ! !
roblock modes), the bottom-up submacroblock mode selection 354 IF"F‘;Of'f:
R T | | L (I N RN N -of-Rec
is first performed before the bottom-up macroblock mode selec- - d
tion. The submacroblock mode selection routes from the initial k
mode to larger block-size modes. If the initial mode of current 25

submacroblock is 4 x 4, submacroblock modes 4 x 4,4 x 8, 8
x 4 and 8 x 8 will be checked, as illustrated in Fig. 6. The mode
that has the minimum cost according to (4) is selected as the
final submacroblock mode. Along with the mode selection, the
motion selection is also performed subject to (4). As depicted
in Fig. 6, when the cost of the 8 x 4 submacroblock mode is
checked, the MVs of the two corresponding 4 X 4 blocks will be
used in the cost calculation, respectively. The MV that has less
cost is selected for this partition. After submacroblock mode is
decided, the rest of modes, 8 X 16,16 x 8 and 16 x 16, will be
checked by the mode selection with the same principle to finally
determine the partition mode of this macroblock.

Motion refinement is introduced after the mode selection to
maintain good coding efficiency for the pixel-domain P-frame
transcoding. In our scheme, the resulting MV obtained by mode
selection is used as the search center of the motion refinement.
The search range of the motion refinement can be variable to
pursuit different coding performance. In our scheme, as the ini-
tial MVs are obtained by the proposed R-D mode selection, the
initial MV are usually reliable so that the search range is only 1
integer pixel which involves eight integer-pixel positions, eight
half-pixel positions and eight quarter-pixel positions. The MV
of the macroblock are determined by minimizing the cost de-
fined in (1).

B. Transcoding Scheme in Transform Domain

Fig. 7 illustrates the block diagram of our transform-domain
transcoding scheme. The input stream is only entropy-decoded
first. The extracted transform coefficients are de-quantized with
the input QP (QP1). Then the de-quantized coefficients are di-
rectly re-quantized with the new QP (QP2), and the re-quantized
coefficients are entropy-encoded to generate the output stream.
In addition, the new MVs and modes are generated after the pro-
posed bottom-up mode decision which has been discussed in the
above subsection.

V. EXPERIMENTAL RESULTS

Experiments are designed to evaluate the performances of our
proposed RDO model as well as the transcoding schemes in both
pixel domain and transform domain. First, the accuracy on cal-
culating ¢, and ¢, using 4 x 4 DCT-like integer transform is
verified. Second, our proposed P-picture transcoding scheme is
used for bit-rate reduction in pixel domain. Finally, hierarchical
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Fig. 8. Computing ¢, and ¢, of reconstructed blocks by 4 X 4 FFT/integer
transform.

B-pictures are transcoded in transform domain to demonstrate
the performance of our proposed method. We select JSVM1 [19]
as benchmark to implement our schemes although both JSVM1
and JM [20] support hierarchical B-coding. Our simulation plat-
form is Windows XP running on P4 3.0 GHz with 1 GB RAM.

A. Approximating ¢, and @,

In general, the PS is estimated by the square of FFT. In our
scheme, 4 x 4 DCT-like integer transform replaces FFT to cal-
culate ¢, and ¢, of the input reconstructed block. Therefore,
this experiment is used to compare ¢, and ¢, by 4 x 4 DCT
with those by 4 x 4 FFT.

In this experiment, the first two frames of “Foreman” se-
quence at CIF resolution are coded as I frame and P-frame,
respectively, with QP = 22. The ¢, and ¢, of the first 100
reconstructed 4 X 4-blocks in the second frame are shown in
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Fig. 9. Coding efficiency comparisons among different transcoders for bit-rate
reduction at CIF resolution.

Fig. 8. From the curves, one can observe that ¢, and ¢, of re-
constructed blocks can be well approximated by those calcu-
lated by 4 x 4 integer transform which is computationally more
simple than FFT.

B. P-Frame Transcoding in Pixel Domain

In this experiment, the sequences (“Foreman,” “Mobile,” and
“Football” at CIF resolution with 30 fps, “Carphone” and “Table
Tennis” at QCIF resolution with 15 fps) are coded by the H.264
main profile with RDO enabled. QP is fixed at 22. FRExt is dis-
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Fig. 10. Coding efficiency comparisons among different transcoders for bit-
rate reduction at QCIF resolution.

abled. The first frame is coded as I-frame, others are all P-frames
and only one reference frame is used.

Several different transcoders are implemented in this ex-
periment for comparisons: In the Full-search transcoder, the
high bit rate stream is fully decoded first and then the de-
coded sequence is re-encoded by the H.264 encoder with the
full-scale motion search whose range is 16; in the Motion-reuse
transcoder, the MVs and modes are directly re-used; the Pro-
posed-est transcoder means that the R-D optimization follows
the criteria defined in (4), in which the distortion is estimated
and free from SSD computation during motion selection; the
Proposed-real transcoder is the same as the Proposed-est one,
except that the prediction errors used in the bottom-up mode
selection is obtained by computing SSD; the Only-motion-re-
fine transcoder means that the transcoder re-uses input MVs
and modes and refines the MVs within 4+/ — 1 search window
following the criteria defined in (1), which is commonly used
for previous coding standards; the Zhang’s method proposed in
[8] is also considered for comparison in this paper.

Figs. 9 and 10 show the coding efficiency comparisons among
different transcoders for bit-rate reduction, while Fig. 11 illus-
trates the transcoding speed comparisons in terms of processed
frames per second for “Foreman” and “Carphone”. One can ob-
serve that our proposed transcoding schemes can achieve com-
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Fig. 11. Complexity comparisons in terms of frames per second among dif-
ferent transcoders.

parable coding performance in terms of PSNR. At the very low
bit rate on Football, which is the worst case, the loss between
our proposed and the full-search one is about 1.0 dB. How-
ever, Fig. 11 indicates that our proposed method can accelerate
the transcoding process more than ten times compared with the
Zhang’s method.

C. Hierarchical B-Picture Transcoding in Transform Domain

Three test sequences, “Foreman,” “Mobile,” and “Football”
at CIF resolution, are used in this test. The source streams to
be transcoded are generated by JSVMI [19] with the hierar-
chical B-structure. The GOP size is 32. The main profile is
used and FREXxt is disabled. The first frame is encoded as I
frames, one P-frame is inserted every 32 frames, and other
frames are hierarchically coded as B-frames. The constrained
intra mode is used. It means intra blocks are only predicted
from intra blocks and it is usually adopted in error-prone sce-
narios for error-resilience purpose. For comparison, three other
transcoding schemes are considered in this experiment: 1) the
Motion-reuse-DCT transcoder which directly reuses input
motion data and performs re-quantization on transform coef-
ficients; 2) the Motion-reuse-pixel transcoder which involves
fully decoding and re-encoding using input motion data; 3) the
Full-search transcoder in which the source stream is decoded
and then re-encoded with fully R-D optimal motion estimation
and mode selection in pixel domain. In all of these transcoders,
the MVs and modes in P-frames as well as the modes in intra
blocks are reused.

The R-D curves of the transcoding results are given in Fig. 12,
while the transcoding speed in terms of processed frames per
second for “Foreman” sequence is compared in Fig. 13. At high
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Fig. 12. Performance comparisons among different transcoders for the B-pic-
ture transform-domain transcoding.

bit rates, four transcoding schemes have similar results. But at
low bit rates, our transcoding scheme achieves an average of
4.0 dB gain over the motion-reuse transcoders in pixel domain
and in transform domain as well. Moreover, the complexity of
the proposed scheme is only marginally higher than that of the
motion-reuse-DCT transcoder and is much lower than that of
the full-search transcoder. Therefore, the proposed transcoding
scheme can significantly improve the performance of the hier-
archical B-picture transcoding at low bit rates with limited and
controllable computation increasing.
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Fig. 13. Complexity comparisons in terms of processed frames per second
among different hierarchical B-picture transcoders on Foreman.

VI. CONCLUSION

In this paper, we propose an RDO model both for
the pixel-domain transcoding and the transform-domain
transcoding based on H.264. In this model, the distortion,
defined as the difference of two predictions which come from
two different sets of MVs but the same reference, is demon-
strated approximately linear to the MV MSE. So the distortion
can be estimated free from SAD/SSD, and the complexity of
RDO is significantly reduced as well. Experimental results
show that our proposed transcoding schemes in pixel/transform
domain along with the proposed RDO method provide better
performances in terms of tradeoff between high performance
and transcoding speed.

REFERENCES

[1] A. Vetro, C. Christopoulos, and H. Sun, “Video transcoding architec-
tures and techniques: An overview,” IEEE Signal Process. Mag., vol.
20, no. 2, pp. 18-29, Mar. 2003.

[2] J. Xin, C.-W. Lin, and M.-T. Sun, “Digital video transcoding,” Proc.
IEEE, vol. 93, no. 1, pp. 84-97, Jan. 2005.

[3] I. Ahmad, X. Wei, Y. Sun, and Y.-Q. Zhang, “Video transcoding: An
overview of various techniques and research issues,” IEEE Trans. Mul-
timedia, vol. 7, no. 5, pp. 793-804, Oct. 2005.

[4] Advanced Video Coding for Generic Audiovisual Services, ITU-T Rec.
H.264-ISO/IEC 14496 AVC, ITU-T and ISO/IEC JTC1, Mar. 2003.

[5] T. Wiegand, G. J. Sullivan, G. Bjontegaard, and A. Luthra, “Overview
of the H.264/AVC video coding standard,” IEEE Trans. Circuits Syst.
Video Technol., vol. 13, no. 7, pp. 560-576, Jul. 2003.

[6] T. Wiegand, H. Schwarz, A. Joch, F. Kossentini, and G. J. Sullivan,
“Rate-constrained coder control and comparison of video coding stan-
dards,” IEEE Trans. Circuits Syst. Video Technol., vol. 13, no. 7, pp.
688-703, Jul. 2003.

[7] P. Zhang, Y. Lu, Q.-M. Huang, and W. Gao, “Mode mapping method
for H.264/AVC spatial downscaling transcoding,” in Proc. Int. Conf.
Image Process., Oct. 2004, vol. 4, pp. 2781-2784.

[8] P.Zhang, Q.-M. Huang, and W. Gao, “Key techniques of bit-rate reduc-
tion for H.264 streams,” in Proc. Pacific-Rim Conf. Multimedia (PCM),
2004, pp. 985-992.

[9] J. Youn, M.-T. Sun, and C.-W. Lin, “Motion vector refinement for high-
performance transcoding,” IEEE Trans. Multimedia, vol. 1, no. 1, pp.
30-40, Mar. 1999.

[10] Y.-P. Tan and H. Sun, “Fast motion re-estimation for arbitrary down-
sizing video transcoding using H.264/AVC standard,” IEEE Trans.
Consum. Electron., vol. 50, no. 3, pp. 887-894, Aug. 2004.

755

[11] C.-H. Li, C.-N. Wang, and T. Chiang, “A fast downsizing video
transcoder based on H.264/AVC standard,” in Proc. Pacific-Rim Conf.
Multimedia (PCM), 2004, pp. 215-223.

[12] H. Shen, X. Sun, F. Wu, and S. Li, “R-D optimal motion estimation
for fast H.264/AVC bit-rate reduction,” presented at the Picture Coding
Symp., Beijing, China, 2006.

[13] H. Shen, X. Sun, F. Wu, H. Li, and S. Li, “A fast downsizing video
transcoder for H.264/AVC with R-D optimal mode decision,” in Proc.
Int. Conf. Multimedia Expo (ICME), Toronto, ON, Canada, Jun. 2006,
pp- 2017-2020.

[14] H. Shen, X. Sun, F. Wu, and S. Li, “Rate-distortion optimization for fast
hierarchical B-picture transcoding,” in Proc. IEEE Int. Symp. Circuits
Syst. (ISCAS), 2006, pp. 5279-5282.

[15] A. Secker and D. Taubman, “Highly scalable video compression with
scalable motion coding,” IEEE Trans. Image Process., vol. 13, no. 8,
pp- 1029-1041, Aug. 2004.

[16] 1. E. G. Richardson, “H.264/MPEG-4 Part 10 White Paper: Transform
& Quantization,” (2008). [Online]. Available: www.vcodex.com

[17] R. Xiong, J. Xu, F. Wu, and Y.-Q. Zhang, “Layered motion estimation
and coding for fully scalable 3D wavelet video coding,” in Proc. Int.
Conf. Image Process., 2004, vol. 4, pp. 2271-2274.

[18] N.Kamaci, Y. Altunbasak, and R. M. Mersereau, “Frame bit allocation
for the H.264/AVC video coder via Cauchy-density-based rate and dis-
tortion models,” IEEE Trans. Circuits Syst. Video Technol., vol. 15, no.
8, pp. 994-1006, Aug. 2005.

[19] JSVM 1 Software, INT-N22, ITU-T and ISO/IEC JTC1, Jan. 2005.

[20] H.264/AVC Reference Software (2008). [Online]. Available:
http://www.iphome.hhi.de/suehring/tml/download/

Huifeng Shen received the B.S. degree from the Uni-
versity of Science and Technology of China (USTC),
Hefei, China, in 2005, where he is currently working
toward the Ph.D. degree.

His research interests include video compression,
video transcoding, and texture compression.

Xiaoyan Sun received the B.S., M.S., and Ph.D. de-
grees in computer science from the Harbin Institute of
Technology, Harbin, China, in 1997, 1999, and 2004,
respectively.

She joined Microsoft Research Asia, Beijing,
China, as an Associate Researcher in 2003 and has
been a Researcher since 2006. She has authored and
co-authored over 30 conference and journal papers
and submitted several proposals and contributed
techniques to MPEG-4 and H.264. Her research
interests include video/image compression, video
streaming and multimedia processing.

Feng Wu (M’99-SM’06) received the B.S. degree
in electrical engineering from Xidian University,
China, in 1992, and the M.S. and Ph.D. degrees
in computer science from the Harbin Institute of
Technology, Harbin, China, in 1996 and 1999,
respectively.

He joined in Microsoft Research China, Beijing,
China, as an Associate Researcher in 1999. He has
been a Researcher since 2001. His research interests
include image and video representation, media com-
pression and communication, computer vision, and
graphics. He has been an active contributor to ISO/MPEG and ITU-T standards.
Some techniques have been adopted by MPEG-4 FGS, H.264/MPEG-4 AVC,
and the coming H.264 SVC standard. He served as the Chairman of the China
AVS video group from 2002 to 2004 and led the efforts on developing the China
AVS video standard 1.0. He has authored or coauthored over 100 conference and
journal papers. He has about 30 U.S. patents granted or pending in video and
image coding.



