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Abstract—In video applications where video sequences are com-
pressed and stored in a storage device for future delivery, the en-
coding process is typically carried out without enough prior knowl-
edge about the channel characteristics of a network. Error-resilient
transcoding plays an important role to provide an addition of re-
silience to the video data, where or whenever it is needed. Recently,
a reference picture selection (RPS) scheme has been adopted in an
error-resilient transcoder in order to reduce error effects for the
already encoded video bitstream. In this approach, the transcoder
learns through a feedback channel about the damaged parts of a
previously coded frame and then decides to code the next P-frame
not relative to the most recent, but to an older, reference picture,
which is known to be error-free in the decoder. One straightfor-
ward approach of adopting RPS in error-resilient transcoding is
to decode all the P-frames from the previously nearest I-frame
to the current transmitted frame which is then re-encoded with a
new reference frame; this can create undesirable complexity in the
transcoder as well as introduce re-encoding errors. In this paper,
some novel techniques are suggested for an effective implementa-
tion of RPS in the error-resilient transcoder with the minimum
requirement on its complexity. All the proposed techniques will
manipulate video data in the compressed domain such that the
computational loading of the transcoder is greatly reduced. By uti-
lizing these new compressed-domain techniques, we develop a new
structure to handle various types of macroblocks in the transcoder
which re-uses motion vectors and prediction errors from the en-
coded bitstream. Experimental results demonstrate that significant
improvements in terms of transcoder complexity and quality of re-
constructed video can be achieved by employing our compressed-
domain techniques.

Index Terms—Compressed-domain processing, error-resilient
transcoding, streaming video, video coding.

1. INTRODUCTION

HE efficiency of the present video coding standards
[1]-[4] facilitates the use of digital videos in a great
variety of applications. Many modern video services and
applications [5], [6], such as DVD, video on demand (VoD),
and distance learning, use pre-encoded videos for storage and
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transmission rather than real-time encoded videos. In real-time
video encoding, data arrives from a live source at a fixed frame
rate, which must be compressed in real time and transmitted at
that speed. In coding a live video for transmission, the video
server might use feedback from the client decoder to adapt its
coding parameters to the time-varying conditions. Such coding
parameters include the channel bandwidth and the bit-error-rate
of the communication systems operating in the presence of
noise. On the other hand, an off-line encoder utilizes the video
stream that does not arrive from a live source; rather an entire
video sequence is already available. Such an approach is useful
for production systems such as encoding a large video sequence
into a storage device for future delivery. In this off-line mode,
the time-varying characteristics of the present communica-
tion networks pose difficulties for transmitting the already
encoded video bitstream. For instance, an off-line encoder can
only produce a single bitstream which does not adapt to the
time-varying channel conditions at the time of transmission.
In other words, if the already encoded bitstream is used, the
lack of flexibility makes it difficult to change the bitrate and the
resilience of the bitstream.

To solve the problems of bit rate regulation and error-re-
silience addressed above, several video transcoding proxies,
which consist of a video transcoder or set of transcoders, have
been proposed recently. Many rate management skills of video
transcoders that convert encoded bitstreams into lower rates
have widely been investigated in the literature [7]-[12]. In
addition to the rate management skills of video transcoders, the
error-resilient problem happens when the encoded bitstream
is transmitting over the channel in which part of the already
transmitted bitstream has been corrupted. In this situation,
a further need for error-resilient handling of the transcoded
sequence may arise over time-varying channels. Thus, video
transcoders will play an important role not only matching the
transmission rates to the user requirements, but also providing
the necessary protection for transcoded video bitstreams prior
to their transmission.

A review of some error-resilient video transcoding methods
has been given in [12], [13]. Authors in [14] suggested a
rate-distortion framework with analytical models for error-re-
silient transcoding. By moving the error-resilience support
from the source encoder to the video proxy, the models are
used to characterize how corruption propagates temporally and
spatially in MPEG-encoded video subject to bit errors, and they
optimize the combination of spatial error resilience, temporal
error resilience, and transmission bitrate. In [15], an error-re-
silient transcoding scheme has been proposed for general packet
radio services (GPRS) mobile access network. The transcoding
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process in the video proxy utilizes two error-resilient tools: an
adaptive intra-refresh (AIR) scheme and a reference picture
selection (RPS) scheme with feedback control signaling. Based
on the feedback signal, these tools can reduce the effect of error
propagation when users playback video. For error-resilient
transcoding using AIR, the transcoder increases the temporal
resilience by inserting more intra-macroblocks. The incoming
bitstream is fully decoded and some inter-macroblocks are
then re-encoded as intra-macroblocks. Recently, some varieties
[16]-[19] of using AIR in error-resilient transcoding, which
adaptively adjust the intra-refresh rate according to the video
content and the channel’s packet loss rate, have been proposed
to protect the most important macroblocks against packet losses
over wireless networks. On the other hand, the RPS scheme
adopted in the error-resilient transcoder can stop temporal error
propagation by allowing the transcoder to alter the reference
frames, which are successfully decoded in the decoder, for
motion compensation. Most of the earlier work on RPS have
been studied for use in transmitting a live video [20]-[22], but
have not been examined in transmitting an already encoded bit-
stream. In fact, the impact of adopting RPS on the complexity
of an error-resilient transcoder is tremendous. Consider the
example as shown in Fig. 1. In this figure, the transcoder knows
that a transmission error occurs in frame n — 1 through the
feedback channel. Since B-frames are not used as references,
for the sake of simplicity, we focus our discussion on the
case that the encoded bitstream contains I- and P-frames only.
Since frame n — 1 is required to act as the reference frame
for the reconstruction of the next transmitted frame, frame n,
the quantized discrete cosine transform (DCT) coefficients of
residual signal of frame n are no longer valid because they refer
to frame n — 1 which has been corrupted. In order to stop error
propagation, in RPS, the last frame available without errors at
the decoder should be selected as a reference frame, that is,
frame n — 2 for frame n. The transcoder then needs to decode
frame 0 to frame n and perform re-encoding of frame n with
an older reference frame, frame n — 2, which is known to be
the last frame available without errors in the decoder. Thus,
this straightforward pixel-domain implementation requires
much higher complexity of the transcoder for these decoding
and re-encoding processes. Besides, the video quality suffers
from the re-encoding process, which introduces additional
degradation. Since frame 7 is used as a reference frame for the
following transmitted P-frames, quality degradation propagates
to later frames and it means that the quality of the transcoded
sequence is degraded significantly when RPS is operated in the
error-resilient transcoder.

In this paper, we propose a compressed-domain RPS for
error-resilient transcoding. This scheme is macroblock-based.
It can reduce the computational requirement of the transcoder
and the quality degradation of the transcoded sequence arising
from re-encoding. The organization of this paper is as follows.
Section II of this paper presents a macroblock (MB) viewpoint
of error-resilient transcoding using RPS. The proposed tech-
niques for computing the new motion vectors and prediction
errors in RPS are then described in Sections III and IV respec-
tively. Experimental results are presented in Section V. Finally,
some concluding remarks are given in Section VI.
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Fig. 1. Example of RPS used in error-resilient transcoding.
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prediction error between MC™~! (imuv(}, ) and its motion-compensated MB,
which is not equal to ef,~,) since MC™~" (muy}, ;) is not on a MB boundary).

II. MB VIEWPOINT OF ERROR-RESILIENT TRANSCODING
USING RPS

The techniques proposed in this paper are operated at MB
level. For illustration of our new MB-based techniques, the ex-
ample in Fig. 1 is redrawn in MB level as depicted in Fig. 2,
in which MB’(’h 1y Tepresents the MB at the kth row and Ith
column of frame n. Assume that the transcoder receives an ac-
knowledgment signifying that frame n — 1 has been damaged by
transmission errors. The transcoder needs to re-encode frame n
with frame n — 2. During decoding without transmission errors,
pixels in MB?,C; 1y can be reconstructed by

MBf, ) = MC™ (o)) + €y 1)
where MC"~!(mu; ,,) stands for the motion-compensated
MB of MB?,CJ) which is translated by motion vector, mv?k 0
in the previously reconstructed frame n — 1, and e?k,l) is the
prediction error between MB{}, ;) and Mcm! (mv?k’ l)).

In Fig. 2, due to the transmission errors in frame
n — 1,MB(} ;) is re-encoded with a new reference, frame
n — 2. The new prediction error, é?k, 0y is given by

AN n n— AT
e(k,l) = MB(kl) — MC 2 (m’U(k’l)) (2)

AT . . .
where mv;, ;) is the new motion vector using frame n — 2 as

a reference. The transcoder needs to compute n/z\v:k 1y and then
encode é?k, ; in the quantized DCT domain.

To calculate &), ) in the pixel-domain transcoder, all the re-
lated previous MBs in P-/I-frames need to be decoded. It be-
comes impractical when the length of group of picture (GOP)
is long. For our new MB-based techniques, two types of MBs
are now defined in Fig. 3. MB{j, ;) is defined as a non-motion
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Fig. 3. Definition of non-MC and MC MBs.

compensation (non-MC) MB if the MB is coded without mo-
tion compensation. Otherwise, it is defined as a motion-com-
pensated (MC) MB. For example, in Fig. 3, since the motion
vector of MB(j 4, MUy 1y is zero, it means that MB(j ;) is a
non-MC MB. On the other hand, MB(1 1) is categorized as a
MC MB. In this paper, we develop some efficient techniques,
which are operated in the compressed domain, to handle var-
ious types of MBs in error-resilient transcoding with RPS in
order to avoid re-encoding errors and to reduce the complexity
for transcoding MBs in the affected frame. The new transcoder
has three new features: 1) a quantized DCT-domain technique
for non-MC MBs of the affected frame, 2) DCT-domain opera-
tors for MC MBs of the affected frame, and 3) a region tracking
technique for decoding all the related MBs to the affected MC
MBs. All items target at reducing the transcoder complexity, and
the first one is also used for improved picture quality.

n

III. RE-COMPOSITION OF nQv( k1)

One simple way of getting TT/L\’U?k,l) is to perform full-scale
motion estimation. This approach requires the pixel intensities
of both MB’(’h 1y and the corresponding search area in frame n —
2. The transcoder needs to decode all the related MBs to MB(}, )
and the corresponding search area in frame n — 2 starting from
the previously nearest [-frame. The full-scale motion estimation
thus requires a high computational complexity. To reduce the
computational complexity, the re- use of incoming motion vec-

tors by adding mv< 1) and meMCn mop ) together has been
(k

widely accepted in video transcoders for b1t rate reduction [23],

[24], as depicted in Fig. 2. Note that vacln Lo ) is the

motion vector of MC"_I(mv”k_l)).
Fig. 4 shows the case if MB< 1) is found to be a non-MC MB.

In this case, mv( 1) and mo? ) are equal to zero and
)

—1
MCn—1 ('m’u&

n

mu 1% respectively. Therefore, mv( k1) can be simplified as
A n
M 1y= TV 1) 3)
For MC MBs, (3) does not hold true since MC"_ (mug, 1)) is
not on a MB boundary. In other words, muv}’ is not

Mcn- Hmo, )
available from the encoded bitstream. In order to make an ap-

proximation of vac,, (o, )), it is possible to use the bi-

linear interpolation from the motlon vectors of the four overlap-
ping MBs with MC"‘I(mquk’l)) in frame n — 1. However, the
bilinear interpolation of the motion vectors can lead to the inac-
curacy of the resultant motion vector when the motion vectors
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Fig. 4. RPS in a non-MC MB.

of the four overlapping MBs are too divergent and too large to
be described by a single motion vector [23], [24].

Instead of using the bilinear interpolation of the available mo-
tion vectors, the forward dominant vector selection (FDVS) al-
gorithm [23], [24], which has been well-known to provide better
performance in video transcoders for bit rate reduction, is em-
ployed to speed up the error-resilient transcoding process with
the adoption of RPS. As shown in Fig. 2, the FDVS algorithm
is to select one dominant motion vector from the four overlap-
ping MBs in frame n — 1. A dominant motion vector is defined
as the motion vector carried by a dominant MB. The dominant
MB is the MB that has the largest overlapping segment with
MC™™ 1(mv(k l)) pointed by v, ;. For the example in Fig. 2,
MB( D) is chosen as the dominant MB since it has the largest
overlapping area with MC™ ™~

mv?kfl; is selected as the dominant motion vector. Therefore,

(mv( J,1))» While its motion vector

. AT .
the resultant motion vector of MB{, ;y, mv , ;, pointing to the
MB in frame n — 2 is the sum of the dominant motion vector

mvztk—.s (mv&cln Hmon ) = m”(k l)) and mufj ), which can

. (k1)
be written as

A n
mo g, )= mv(k l) + mv(k - 4)

IV. COMPRESSED-DOMAIN TECHNIQUES
FOR COMPUTING é?k )

After re-composing TT/L\U( k,1)» the next step is to compute é?k 0
By putting (1) into (2), we obtain

oy = el + 7" (5)

where 771
MC" ™ (mawg, ;) and MC" ™2

, as shown in Fig. 2, is the prediction error between
AT .
(mv 1)), and can be written as

(mv?k’l)) —MC"? (77/7}1}1(::,[)> . (6)

Note that 7™~ is not equal to ef}; 11 since MC" ™ (mv(k l)) is
not on a MB boundary. In the MPEG-4 standard, DCT is applied
toan 8 x 8 block and each MB is composed of four 8 x 8 blocks.
Therefore, we can re-write (5) at block level and it is given by

—1 — MCn_l

(k1) = (k)i T ! )

where « = 1,2, 3, and 4, and it represents the coding order (in
raster scan) of blocks within a MB. For the sake of convenience,
we use the same convention for other symbols for the rest of
this paper; i.e., y; represents one of four 8 x 8 blocks in the MB
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Fig. 5. Block order.

named y and the index ¢ indicates the coding order of blocks
within a MB, as shown in Fig. 5. Therefore, "~ 1 Ty 1 Ty L
and rZ‘_l in (7) are the prediction errors of the four 8 x 8 blocks
in r"~1, In the following, some novel techniques for various
types of MBs are proposed to compute é?k’ 0,i in the compressed

domain.

A. Quantized DCT-Domain Techniques for Non—MC MBs

For non MC MBs such as MB(}, ;y in Fig. 4, mv(k ) is equal
(k l), and the spatial position of its motion-compensated
MB, MC"™ 1(mv(k »))> in frame n — 1 is the same as that of
MB? 1) Hence, for this specific case, MC™ ™
to MB?k ll), and (6) can be simplified as

to mv)}

(mv(k’l)) is equal

n— n—1 n—2 1
= MB( D C (mv(k 1))
_ n—1
= ®)
Using (8), (7) can be written as
(k1) = €y T e?kill),i' ©

It is noted that the quantized DCT coefficients of e(k 0.
and e( " l) are already available in the encoded bitstream. Let

them be E(,c 0),i and E(k )i respectlvely That is, e(k Di =
DCT QL (B, ;y,)) and el 5, = DCT(Q* (E" i B
where DCTﬁl() is the inverse DCT operator and @)} () 1s the

inverse quantization operator with the quantization step size L.
Therefore, (9) becomes

é&MLi:])chl(Qzl(E&Jm))
+per (7" (B,

)) (10)

From (10), e(k ), can be computed by adding the decoded

version of E( e.0).i and EE‘k z% To stop the error propagation,
the encoded form of &), ; ; ,QL(DCT( €0k 1) ), is transmitted.
To do so, €} o,0)si needs to undergo transformation and quan-
tization. Although the transcoder only needs to decode quan-
tized DCT coefficients of two 8 x 8 blocks for each block in the
non-MC MB with a new reference instead of decoding all its re-
lated previous MBs in P-/I-frames, the additional quantization
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process can lead to requantization errors, but this can be avoided
if Qr(DCT(e}, iy .)) is computed in the quantized DCT do-
main, which will be discussed as shown below.

By applying DCT to (10) and taking into account the linearity
of DCT, (10) can be written as

DT (¢f4)) = Q7 (Bl ) + 02" (Bi

Note that dequantization is not a linear operation because
of the existence of the dead zone. However, it is reasonable
to approx1mate Q" (B i + E(k i) = Qzl(E&,z)_i) +
QL (E?k l; ) to avoid the process of requantization. Thus, we
obtain the final expression of Qr,(DCT(é} €k1),i ) as

QL (DCT( €(k,1), )) ~ B, t+

Equation (12) implies that the newly quantized DCT coef-
ficients Q. (DCT(éf;, ; ;) can be computed in the quantized
DCT-domain by performing direct addition (DA) of E( ol)i and

). (11)

Enl

(kD),i" (12)

EE’ % . Both of them can be extracted from the already encoded
bitstream by performing entropy decoding only The error-re-
silient transcoder combines E(,c 0. and E& )i together which
is then entropy encoded. Since no complete decodmg process
is necessary during the generation of Q(DCT(ef, ;) ;)). the
computational complexity required for the transcoder is very
low.

B. Modified Quantizer-Dequantizer Pair for Non-MC MBs

From (12), when the effect of making a linear approxima-
tion of inverse quantization is negligible, performing DA of the
quantized DCT coefficients would not give any significant loss
in reconstructing a video frame with a new reference. However,
since in general there is no guarantee that the effect is negligible
all the time, there are non-zero probabilities that the approxima-
tion may cause some loss in the reconstructed frame. From the
previous derivations, it follows that Q (DCT(&f; ) ;)) should
be applied to the decoder. The dequantization process speci-
fied in the MPEG-4 standard is performed as shown in (13), at
the bottom of the page. The term (sign(x))/(2) is required to
deliver the centroid representation of the dequantizer by intro-
ducing an addition or subtraction of half of the quantization step
size, which depends on the polarity of the quantized DCT coef-
ficient.

If the linear approximation of inverse quantization is used, we
obtain the output of the dequantizer by substituting E( el),i

E'(" L , into (13), and it yields

Q7' ( (k)i + B )):(E( )i +E(kl))

L
x L+ sign (Eg;,l),i + E&j&i) x 5. (14

Qr'(x) =

0, ifz =0 L z>0
where sign(z) = 0 z=0 (13)
-1 =<0

(x + %) x L, otherwise
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Fig. 6. Decision levels (vertical line) and representation levels (dot) of the

quantizer (a) with a dead zone and (b) without a dead zone. Both of them have
a quantization step size of L/2.

On the other hand, the output of the dequantizer without linear
approximation is Q' (E%, (kD). O+ Q! (E?k l; ) which can be
actually written as

QZI( (k1) )+QL (Enkli )
= (Bl 3.
x L + |:Sign (E?k,l)ﬂ;) + sign (E?k_ziLﬂ X g
15)

Comparing (14) and (15), they are not equal since
sign(Ef, ), + E’(k ) 7 osign(EG ) + Sign(E(k D)
The possible outputs of sign(E(k ni T Eék e ) are

{-1,0, —l—l} while the possible outcomes of sign(£7, ;) ;) +
sign(E7, (x, l; ) are { 2,-1,0,+1,+2}. For example, when
Ef,p,; and EG5 o are non—zero and with the same sign,

k.l
mgn(E(k ), ;) j— s)ign( (k l) ) is either equal to 2 or —2
whereas 51gn(E( it E(k ), ;) is either equal to 1 or —1. This
implies that the reconstructed quality of using the DA technique
in RPS with the linear approximation of inverse quantization
deviates from the output without linear approximation and
results in a quality drop of the transcoded sequence. The effect
of approximation errors will be given in Section V.

In order to avoid the approximation errors, we need to design

a better way to quantize Q7" (E?k’l),i) +Q7" (E("k l; ) and then
transmit it to the decoder. If the optimum performance is de-
sired, the two steps on quantization and dequantization have to
be designed jointly. From (15), Q7' (Ef;, ;) + Q (Bl
is composed of two terms, (EZLM),. + E(k D ) x L and
[sign(E7, ;) ;) + sign(EE‘k l% )] x (L/2). The former one
is divisible by L. However, possible outputs of the latter
one are {—L,—(L/2),0,+(L/2),+L}, some of which
are not divisible by L. In certain cases, such as when
sign(E7), ;) + sign(EE‘kfl;i) is equal to —1 or 1, the requanti-
zation with a quantization step size of L can lead to additional
errors. One possible way to avoid the requantization errors is
to use a step size of L/2 instead, since both of the terms in (15)
are divisible by L/2. Besides, in MPEG-4, the dead zone is
adopted in the quantization process. The dead zone commonly

refers to the central region of the quantizer, whereby the coeffi-
cients are quantized to zero and it is intended primarily to affect
more non-significant coefficients to become zero resulting in an
increase of the coding efficiency. Fig. 6(a) shows the decision
levels and their corresponding representation levels of the quan-
tizer with a quantization step size of L./2 and a dead zone. Since
the dead zone exists, the representation levels of this quantizer
become {...,—(5L/4), —(3L/4),0,+(3L/4),+(5L/4),...},
which are not the multiple of L/2. That is, the represen-
tation does not match the desired representation levels of
Qz' (Efy ;) + Q' (E() ;) In Fig. 6(b), it shows the deci-
sion levels and their corresponding representation levels of the
quantizer without a dead zone, again, the quantization step size
is equal to L/2. In this case, it exactly matches the possible
outcome of Qzl(E("k’l),i) + Q7! (E<"k l; ;). Taking all of the
above considerations, the new quantlzed DCT coefficients with
a new reference is obtained by

Qr/2 (DCT( C(k.), ))
—QL/Q (QL (Enkl >+QL (E(nk l; ))

=2 (E(nk,l),i, B, li )

+ sign (Ezlk’l)_’i) + sign ( (k )i ) (16)
where Q. /2() is the quantization operator without a dead zone
and its quantization step size is equal to L/2. Similar to the DA
technique of the quantized DCT coefficients, (16) signifies that
the newly quantized DCT coefficients Q. /Q(DCT( (k.0),i )
can be generated in the quantized DCT domain since both
E(k 0. and E(k ), can be extracted from the encoded bit-
stream by performing entropy decoding. The transcoder
doubles the sum of E(k l) , and E(k )i and then adds it to

sign(E7 (k1) )+ sug,n(E( 0. ) which is then entropy encoded.
Again, requantization is not necessary to be carried out in the
formation of QL/Q(DCT( (e.0),i))-

Since Q. /2(DCT(&f ;) ;) is generated from the quantizer
without a dead zone, the term (sign(z)/2) x L is not necessary
in the dequantization process and it can be modified as shown
in (17) during the decoding process of non-MC MBs

~ 0, ifx=0
QL/2($) - { %, otherwise. a7
Using the modified quantizer-dequantizer pair without a dead
zone, the decoder can perfectly reconstruct the non-MC MBs
encoded with a new reference frame. For the proposed tech-
nique, only a small change is needed for the decoder to equip
with the dequantization process as shown in (17). It is exactly
the MPEG dequantization equation for decoding intra-blocks
with half of the quantization factor. During the transmission of
QL/Q(DCT( (k.1),i ;))» MBs that use the modified dequantizer
without a dead zone have to be notified by the decoder. We note
that this notification has to be transmitted as side information in
the MPEG-4 video bitstream by the user data defined in [3].
The derivation in (16) assumes that the round-trip delay
(RTD) corresponds to the duration of encoding time for one
frame. For RTD longer than one frame, the concept can be
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Fig. 7. Proposed techniques for non-MC MBs when RTD corresponds to the
duration of encoding time for 2 frames.

further extended if the motion vectors of MBs that have the
same spatial location in the skipped frames are all equal to zero.
From (16), it can be easily shown that

QL/2 (DCT (é?}ﬁf?dist) )

RTD_dist
= > [2EE s (FT)] 0w
RTD=0

where Q, /Q(DCT(é?,;_}l{)TD‘dM)) is the newly quantized DCT
coefficients of MB{} ;) using frame n — RTD_dist as a new
reference frame. Note that the index RTD_dist indicates the
number of frames corresponding to the duration of encoding
time at one particular RTD. Fig. 7 shows an example when
RTD_dist is equal to 2. Assume that frame n is the current
frame and the transcoder has been informed by the client that
frame n — 2 is corrupted. Since the RTD is equivalent to the
duration of encoding time of two frames, the transcoder then
needs to generate the quantized DCT coefficients of frame n
with a new reference, frame n — 3. Fig. 7 shows also the situ-
ation in MB level in which the motion vectors of MB(}, ;y and
MB’Z,;ll) are both equal to zero. The newly quantized DCT co-

efficients, Q. /Z(DCT(é?k’_zl))), can be computed according to
(18) which is again operated in the quantized DCT domain,
thus eliminating requantization errors and the unnecessary op-
erations for the re-encoding process.

C. Transform-Domain Operations for MC MBs

In MC MBs, the above two techniques cannot be employed
since MC”_I(mvgc 1)) is not equal to MB?k__l), as shown in

Fig. 2. In other words, 7"~ is no longer equal to e?kal) in (8).

To compute €7 ;) ; of MC MBs, one obvious way is to ex-
amine the motion vectors in the already encoded bitstream and
all the related MBs from the previous nearest I-frame to frame
n — 1 should be decoded and perform re-encoding for those
MC MBs with frame n — 2 as the reference. In this paper,
the new error-resilient transcoder can minimize the use of this
pixel-domain re-encoding by applying some DCT-domain op-
erators [25], [26].

In Fig. 2, MC"il(mv&?l)) is generally formed using
parts of four segments which come from its four neighboring
MBs-MBf;~), MB{ " ). MB{7, ), and MB{Z! ... Our
focus here is to investigate whether it is possible to re-use the
DCT coefficients of these four neighboring MBs to come up
with DCT(é?kJ)’i). To avoid pixel-domain re-encoding, we

IEEE TRANSACTIONS ON IMAGE PROCESSING, VOL. 18, NO. 2, FEBRUARY 2009

divide each MC MB into two regions: dominant region (DR)
and non-dominant region (DR). In Fig. 2, the areas filled with
shaded color and diagonal lines are DR and DR, respectively.
The DR includes the pixels in MB{j, ;) that point to the domi-
nant MB in the previously corrupted frame while the remaining
pixels constitute the DR. Therefore, é?k’ ;) can be represented
by

~n,DR

iy = 2 + e (19)

where é?,;]?)R and é?k’rl))R are the prediction errors in the DR and

DR respectively, and these prediction errors are expanded and
padded with zero such that they have the same size as é?k, 0
(8 x 8 in this case), as illustrated in Fig. 2. By taking into ac-
count of the linearity of DCT and applying DCT to (19), it can
be written as

DCT (&) = DCT (&f57) + DCT (f57) . 20)

For DCT(é?,ﬁ)R ), we propose to use DCT-domain operators
to achieve low computational complexity. On the other hand,
pixel-domain re-encoding is still needed in DCT(é?ki%R ). With
the help of FDVS, the DR occupies the dominant area, and we
can then compute DCT(é?,ﬁR) as much as possible in the DCT
form in order to keep the benefits of the DCT-domain manipu-
lation.

To compute DCT(é?,;_II)R) in the DCT domain, the new DCT-
domain operators should %e designed in block level to compute
DCT(é?k,l),i)’ where i = 1,2, 3, and 4. From (7), by consid-
ering only the DR and applying DCT on both sides, we obtain

DCT (é?]ﬁ;{i) =DCT (e?ﬁf‘i) +DCT (T?—l,DR)

2L

where e?k’?)]? ; 1s the prediction error containing the DR of
MB?M) and r?_l’DR is the prediction error overlapping with
the dominant MB in frame n — 1. Again, e?,;%l? . and r?fl’DR
are expanded to 8 x 8 block sizes of zero padded. Our ob-
jectives are to acquire DCT (" “P®) and DCT(e?k’l?)Ri) in
the DCT domain from frame n — 1 and frame n respeétively.
Although both of them cannot be retrieved directly from the
encoded bitstream, they can be obtained from the existing
prediction errors stored in the bitstream through the following
new DCT-domain operators.

1) Shifting Operator for DCT(r"~"P®): Fig. 8 illus-
trates an example showing the detailed block structure of
MC"’_l(mv&J)) in frame n — 1, where muv(, ;) is (Ax, Ay).
Pt e~ BT and 7! are the prediction errors of the
corresponding four 8 x 8 blocks in MC"_I(mU&_ 1)) and their
regions overlapping with the dominant MB in frame n — 1
are denoted by 7y~ "PR pp=LPRB=LDR Cang pn - LR
(the shaded region in Fig. 8). Here, e?k_,zl),pe?k_,zl),zve?k:zl),y
and e'(q‘ktll), 4, are the prediction errors in MB?k_;ll). Their DCT

coefficients (DCT(e{,) ,), DCT(ef ) ,), DCT(ef) ), and
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Fig. 8. Block level in framen — 1.

DCT(e7, (e, 4)) are available in the encoded bitstream after
performing inverse quantization. These are also the four over-

lapping blocks with 7}~ 1PR 2= LDR nmLDR fapq 0 1.DR
from which they are contributed to derive DCT(r]" VPR,
From Fig. 8§, it is observed that

rp PR = gt (22)

In this case, r]~ 1.DR contains contributions from all
n—1 1 n-l
CRE ?k .29 €(k.1),3° and e(k 1) 4 Specnﬁcally, 1t is com-

posed of the lower-right corner of e(k 1) (LR(e}; €k, 1) 1)), the
(LL(e7, €(e), '), the upper-right
(UR( €, ) 4)), and the upper-left corner
of el 1)4 (UL(ey, €(k0), ) ,)), as illustrated in Fig. 9(a). In this
figure, we also supplement these contributions with zeros to
form image blocks with 8 x 8 pixels. Then, 7]~ LDR can be
computed using the shifted DCT sub-blocks, as follows:

lower-left corner of e(k 11)

n—1

corner of €li),3

n—1,DR __ n—1 n—1
" =R (i) +TL (e )
n—1
+ UR ( (k 1), 3) + UL (e k,z),4)
4
_ ver n—1 hor
=D sielin 17 @3)
j=1
where 57 and shor are the pre-multiplication and post-multi-

plication matrices for computing ry LDR "and the sub-block of

interest can be shifted vertically and horizontally respectively.

I, 0)or(0 én)andlm

is identity matnx of size m. The sub-block of interest gener-
ally can be classified into 4 possible locations. They are upper
left, upper right, lower left, and lower right. In the equation of
r?_l’DR, the selection of matrices is summarized in the Table I,
where the subscripts h; ; and w; ; are the number of rows and
columns extracted and they are defined in Fig. 9. To obtain
DCT(r?™" "PRY in the DCT domain directly, we apply DCT to

(23) and use the distributive property of matrix multiplication

ver hor

1% and s7% are matrices like (

n-1 17—1
e, n—-1 —1
(k1)1 (1) Cki)1 ‘ (3(7;c .2
OA‘I Wy W2 0 ' 0 wap
PN IS > LL(e ) {
I, [ER @) 2 i 2|LR(E)
i ] L 0
ot ¥
1 3 |UR@Genps) -_], » 5772,4 UR(efe)a
Wis o Woe ] "> UL(el))) Wog
0 0 ‘o
n-1 n—1 7171 : o111
€(k.1)3 Clk.1)a €3 Cki)4
(a) (b)
n-1 n—-1
e, n-1 e -1
(k1)1 i e (k1)1 e&:/)ﬁ:
0 ol [T ezr—l
Wiz W3y 0 wy (k.1),4
s LRl N hss ?/74,4 LR(e[T)‘)«)
C” 1 < Lrl—l el :
(k)3 y (k.1).4 e
0 |t (k.1)3 0

(©) (d)
Ry =hi=hoo=hss=hs=hy,=8- Ay W= W 3= W= W= W3 3= Wy ,=8-Ax

his=h=hy= Ay W= W= wi=Ax

Fig. 9. Contributions from the four overlapping blocks of (a) r]~ "R,
(b)r; 1,DR (C) 7':7; 1,DR and (d) T‘I 1, I)R
(i.e., DCT(AB) = DCT(A)DCT(B)). Thus, we have
4
n—1,DR ver n or
DCT(r] ) =DCT Zsl et 51
j=1
4
Gver pn 1 hor
Z TEG ) ST (24)

where S7 = DCT(s{) and S% = DCT(s{) are the
shifting matrices for DCT(r}'~ L ) in the DCT domain.
DCT(r7 PR can then be extracted easily from the bitstream
after the inverse VLC and de-quantization processes, which
can reduce the required computation for transcoding MC MBs
with a new reference.

In F1g 9(b)-(d), 74~ LDR  ontains contributions from

LR(efy 1) ») and UR(ef) L)t PR s derived from con-

tributions of LR(efj ; ;) and LL(efj ; ,), and rn-LDR o

contributed from LR(efy ;) ;) only. ry- LPR - LDR

rZ_l’DR can then be computed in the same way using the suit-

able shifting multiplication matrices s;'5 and sﬁl‘]’r, as defined
in Table I. Their DCT representations are also shown in Table 1.
2) Cropping Operator for DCT(e"’DR): The DCT-domain

(k,0),i
coefficients for the second term in (21), i.e., DCT(T?_LDR),

have been proven to be computed using the shifting op-
erator. Now, a similar idea can be applied to compute
DCT(e?,;S)P;) in the DCT domain. Fig. 10 shows the de-
tailed block structure of MB( ;) in frame n. MBy ;) is
composed of the prediction errors, ey ;15 € 1) 25 €51y 30
and e<k 0.4 In the encoded bitstream, their DCT coeffi-
cients (DCT(e(k 1) DCT(ely 1) 2), DCT(efy, 1y 5),  and

, and
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TABLE 1
SHIFTING MATRICES FOR 77~ ""°®
qnuor. DCT(R ™) = SIVE ) Si + 875 By 1St
] :
S B ST + S B SiY
(e ) (0 1, \ (0 0)
LR( e 1), sy = . s =
LL( n—1 ) ver (0 Ih ) hor (O le )
€ k,1),2 S, = . Sl,z = .
(&) 0 0) 0 0)
- (0 0) (0 0)
URCeyy3) | 8 = sy =
\ ) L, )
A
e |s=[ 0 O] sr=f° Ij
(k,l),4 e = L4
L. 9 \0 0
BT DCT( ) = ST S5 + S””E eSaa
LR( n—l1 ) (0 Ih h O O\
€k1)2 5, = 8, =
0 0 .. 0)
n—1 ver ( 0 0 hor ( O O\
UR( e(k,l),4) S2,4 = [ 0 S2,4 = I 0
\ " e W Y,
B DOTOr ) = SIS + B SIT
( - ) (0 I ) (0 0)
LR(e 1) S5, = N s =
\0 0 L., 0)
LL( n—1 ) ver (O Ih ) hor (O Iw
€lk,1)4 S, = S, =
0 0 0 0
rn—l,DR D T n—1,DR verEn—l hor
4 C ( ) S (k,l),4S4,4
n—1 ver O Ih,,\ hor O O
LR( e(k,l),4) S4 . = O O ) S4,4 - [w“ 0

DCT(e?k,l)A)) can be easily extracted by performing in-

verse VLC and inverse quantization These coefficients are
useful for calculatin DR nDR Cand e PR
ge%cl)le%cZQe%cl?)’ e%kl)4

The representations of €1 C(hD),20 C(h D) 30 AN nd e (k )4 are
also shown in Fig. 10. In this figure, it is found that e(k]?)R 1

is equal to efy ;) ., ie, DCT(e DR DCT(efy 1.1)-

k,0),1
. n,DR n,DR n,DR . .
Besides, ()20 €(h1),3° and €y, Are overlapping with

e’(*,ﬁ 0,20 e?k,_l),s’ and e?h .40 respegtiYely, without any shifting.
Therefore, instead of using the shifting operator a new chop-
ping operator is necessary for extracting e’ (k) z (for 1= 2,3,
and 4) from e( e.0),i Given the motion Vector mv(k ) of

MBE‘,CJ), (Az, Ay7), 7we can determine the necessary chopping

region of each e?,;]?)Ri when ¢ = 2,3, and 4. For example,

1nF1g 10, Wy = Wy = 8 — A$7h3 = h4 =8 — Ay, and
ho = w3 = 8. The derivation of the shifting operator can be
also done in that of the chopping operator. Given e’(q',% 0 and
the values of h; and w;, we can describe e?k, 0. in the spatial
domain through matrix multiplications again

nDR

e 25)

row n col
= Chy €(k,0),iCu;
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n n
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I~ B
n,DR n,DR
€k € na
/ S
- \ =
h
h / p :
0 €3 L Ck),4 0
n,DR n,DR
€03 Frame n €k )4

Fig. 10. Block level in frame n.

TABLE II
CHOPPING MATRICES ¢ AND ¢5°! FOR e}

(.1, WHEN i = 2,3, AND 4

n,DR n,DR row rn col
e(k N2 - DCT(e ) = Chz E(k,l),Zsz
me _ I col __ 0 0
hy — 78 cwz - 0 I
w2
n,DR n,DR row ron col
ey DCT(es") =C."E 1) 5C
I, 0
row __ hy col __

Ch, —[ 0 0 c,, =1y
e(nkll);?4 DCT(en DR) — CrowE (e, Ccol
row Ih 0 ! 0 0

¢, = 4 c;o =

4 4
0 O 0 71 W,
where ¢;°" and cﬁ?f are the row and column of the chopping

matrices, which are used to removes h; rows and w; columns

and (0

0 I, ), re-

in ey ;) ; and they are denoted by ( IS’ 0 )
spectively.

In the example as shown in Fig. 10, the selected chopping
matrices used for obtaining e k?)R 1 e?k]?)R - e?,;]?)R 4 and e(k%R
are tabulated in Table II. By applying DCT to (25) and making

use of distributive property in DCT, we obtain

n,DR row ;m co
DT (efht) = G By O (26)
where C;°% = DCT(¢j2V) and Cg' = DCT(c5s!) are the
chopping matrices in the DCT domain.
By adopting the shifting and chopping operators,

DCT(é?k’%R ) in (20) can be obtained with reduced com-
putational burden of the transcoder because it avoids the
conversion processes operating back and forth between the
DCT domain and the spatial domain.

In practical implementation, the DCT representations of the
shifting and cropping matrices in Tables I and II can be pre-com-

puted and stored in memory. From these tables, we can see that
0 0,,0 Iy, I, O

thesematricesareintheformof(I 0),(0 0 ), ( 0 0),
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Fig. 11.

or (0 0 ) where m = 1,2,...,8. There are 8 different ma-

0 I,
trices in each form. For mm = 8, all four forms are the same.

Therefore, 29 8 x 8 matrices need to be stored.

D. Region Tracking for Decoding Process
After obtaining DCT(é, E 1) 1, we now examine how the DCT

coefficients of prediction errors in the DR, DCT (& A? D)R ), which
is another necessary component of (20), can be calculated. In
Fig. 2, the dominant motion vector mv?[& of MB?kfll) is used

to re-compose the new motion vector né\v( k,1)- But other MBs
may have different motion vectors. If one of these motion vec-
tors is different from the dominant motion vector, it is impos-
sible to re-use the DCT coefficients in that MB. The spatial-do-
main re-encoding technique is, therefore, needed to compute
DCT(A? D)R) In other words, é;; ZR is obtained by subtracting
the pixel intensities of the reconstructed MB in frame n with
the corresponding best-matched MB in the new reference, frame
n — 2. That is

A?k]?)R - MB?kl?)R - MB?k 12) DR'

For the pixel-domain re-encoding technique, all MBs from
the previously nearest I-frame to frame n should be decoded.
Then re-encoding is performed for those MC MBs with frame
n — 2 as the reference. With the help of various DCT-domain
techniques, we suggest using a region tracking technique to
trace only the indispensable MBs during the decoding and re-en-
coding processes. This technique traces from the current frame
to the previously nearest I-frame and only the necessary MBs
related to DR need to be decoded. For illustration, an example
for re-encoding MC MBs without the region tracking technique
is depicted in Fig. 11(a). This figure shows a situation in which
MB(j 1y and MB{ ;) are MC MBs in frame 7, and their cor-
responding motion vectors are denoted by the dotted arrows.
Frame n — 1 is the corrupted frame and frame n — 2 is the new
reference. To re-encode MB?O’I) and MB?LI), the transcoder

27)

Situation of MC MBs adopting our proposed DCT-domain techniques (a) without region tracking and (b) with region tracking.

examines the motion vectors in the encoded bitstream and all
the related MBs from frame 7 — 3 to frame n should be decoded.
Three MBs (the shaded MBs) in frame n — 1 are required to act
as references for performing motion compensation of MBE‘OJ)
and MB{ ;). These MBs in frame n — 1 further require to use
their corresponding MBs in frame n — 2. This process continues
until it reaches the previously nearest I-frame. In this example,
the transcoder needs to decode 19 MBs (2, 3, 6, and 8 MBs from
frames n,n — 1,n — 2, and n — 3 respectively) for MB(g ;) and
MB, yy from frame n — 3 to frame 7. This situation gets worse
when the current transmitted frame is far away from the previ-
ously nearest I-frame. However, by applying the region tracking
technique, we find that only DRs of MC MBs needs to be re-en-
coded in the pixel domain. Therefore, some decoded MBs in
Fig. 11(a) do not actually contribute to MB(; ;) and MB(] ;).
The idea of the region tracking technique is to identify the MBs
having actual contribution to DRs of MC MBs in the previous
frame. Let us use Fig. 11(b) to give a clearer account of our
idea. In Fig. 11(b), both MB;, 1) @ and MB{} ; are divided into
two regions—the DR and the DR. The DR is denoted by the
block filled with diagonal lines, which is also the actual region
to be re-encoded in the pixel domain. Since the number of pixels
in each DR is smaller than that in the whole MB, the number
of MBs to be decoded in the previous frames can be reduced.
In this example, only 2, 2, 4, and 4 MBs are required in frames
n,n — 1,n — 2, and n — 3, respectively. This means that the
necessary MBs used to re-encode the current MC MBs can be
saved considerably. The longer the length of GOP, the larger the
savings of the proposed technique.

V. EXPERIMENTAL RESULTS

A large amount of experimental work has been conducted to
evaluate the performances of the proposed techniques for error-
resilient transcoding using RPS. Let us denote them as RPS-DA,
RPS-Q1,/2+Q7 },» and MCMB+RPS-Q /5 + Q7 /- RPS-DA
uses the DA technique in (12) on quantlzed DCT coefficients for
non-MC MBs while RPS-Q, 2+ Q71 L2 employs the modified
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TABLE III
SUMMARY OF TOOLS USED IN RPS-DA, RPS-Q /> + QL/Q AND MCMB + RPS-Q > + QL/)

Non-MC MBs MC MBs
Scheme DA Modified Shifting and
(equation | quantizer-dequantizer Cropping
(12)) pair (equation (18)) operators with
region tracking
RPS-DA v
RPS- éuz + élj/lz v
MCMB v v
+RPS- éuz + éL_/lz
TABLE IV requires to decode all MBs in P-frames from the previously
REQUIREBI?K[I\;}BT%%E:?)VIM ?_PE;L‘PONS FOR nearest I-frame to the current frame, and re-encode all the
LT L MBs in the current frame with a new reference. The major
steps in decoding a single MB are 2-D inverse DCT (2-D
Shifting operator TMM operations IDCT), dequantization, and motion compensation operations
rln—l,DR 4 while the re-encoding process involves 2-D DCT (2-D DCT),
1R 2 quantization, motion estimation, and compensation operations.
v, The main difference in computational complexity between the
7nL.DR 2 decoding and re-encoding processes is the motion estimation
3 operation. It depends on the motion estimation algorithm to
r4"_1’DR 1 be used for the re-encoding process. In general, measuring the
Chopping operator TMM operations difference between the.: costs of thgsg two processes would not
be an easy task. In spite of these, it is possible to assume that
n,DR 0 their complexities are the same for the sake of simplicity. To
€kl re-encode MC MBs in the current transmitted frame of the
e(nk?)R2 1 proposed RPS-DA and RPS-Q~ L2+ QZ/lw only the relevant
MBs in the previous frames to the re-encoded MC MBs should
e("kll)f3 1 be decoded, as depicted in Fig. 11(b). In this situation, the
DR 1 number of necessary MBs to be decoded in the transcoder
€k1)4 can be reduced significantly. For non-MC MBs (12) and (18)
Total TMM operations 12 signify that our RPS-DA and RPS-Q, 2+ Q7! L2 require simple
(equivalent to no. of MBs to be 3) arithmetic operations instead of the comphcated decoding and
decoded) re-encoding processes. Note that the computational require-

quantlzer-dequantlzer pair in (18) For MCMB + RPS- Q L2+
Q7! L/2 it further extends RPS- Q7. 2t Q71 /2 by adopting the
shifting and chopping operators, and the region tracking tech-
nique for creating the prediction errors of MC MBs in the DCT
domain. The tools used in RPS-DA, RPS-Q /2 + QZ}Q, and

MCMB + RPS—QL/Q + QZ/IQ are summarized in Table III. The
results are compared with that obtained using the pixel-domain
re-encoding technique [15]. All test sequences have a length of
140 frames. “Mother and Daughter,” “Salesman,” “Calendar, ”
and “Foreman” are in CIF format while “Football” and “Table
Tennis” are in SIF format. “Carphone” is a typical videophone
sequence in QCIF format. All sequences were encoded by the
MPEG-4 encoder [27] at two different bitrates. For all test se-
quences, the frame-rate of the video bitstream was 30 frames/s
and the GOP length was 15 with an I-P structure.

In order to measure the computational requirements, we
introduce a cost that can directly reflect the computational
burden of the transcoder associated with various techniques. It
is reasonable to approximate the cost to the required number
of MBs to be decoded and re-encoded in the transcoder.
For the pixel-domain re-encoding technique, the transcoder

ment of RPS-Q ;. /2 + Q7! L2 is similar to that of the RPS-DA,
and only two more addition and multiplication operations are
needed. Practically, the multiplication by 2 in (18) can be
implemented by a shift operator. Therefore, these arithmetic
operations are negligible as compared with the 2-D DCT or
2-D IDCT operation. For MCMB + RPS-QL/z + QZ/lw the
DCT-domain shifting and chopping operators are proposed
to handle MC MBs. These operators involve some matrix
manipulations. In general, a target block is predicted from up to
four contributing blocks. The computation of DCT coefficients
of contributing blocks actually requires pre- and post-multipli-
cation of an 8 x 8 data block with two 8 X 8 matrices, where
the matrices can be pre-processed and stored in the transcoder.
Given an 8 x 8 data block D and two 8 x 8 matrices M. and
M5t the computation of My,,e DM, includes two matrix
multiplications. Let us assume, for the sake of argument, that
the type of Mpre D Mo is called a TMM operation, which is
taken as the unit to measure and compare the computational
complexity of the proposed DCT-domain operators. Since the
DCT-domain operations cover the majority of the computations
of the whole transcoding process, using a TMM operation as
the basic unit of computational complexity comparison can
realistically reflect the actual efficiency of different algorithms.
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TABLE V
SAVINGS OF USING THE PROPOSED MB-BASED TECHNIQUES AS COMPARED WITH THE PIXEL-DOMAIN RE-ENCODING TECHNIQUE IN RPS

et RS D4 or RPS =0, , +0;;)| MCMB+RPS - Q, ,, + 0y, %
Sequences| (bits/s (%)
RTD=1 | RTD=2 | RTD=3 | RTD=1 | RTD=2 | RTD=3
Mother 1fb3p75 785 | 775 | 769 91.2 915 86.2
and
daughter kl‘t:;s 74.6 73.4 72.6 88.2 85.6 83.7
| 471 483 | 496 712 68.6 67.7
Salesman 252
wops | 577 58.4 59.1 80.0 76.8 76.4
eB| a4 | w4 | a6 62.8 593 56.9
Football 89§S
kbps | 430 429 432 63.3 59.8 57.5
1.64
Mbos| 238 23.4 232 373 34.4 325
Calendar 82§
wops | 231 22,6 22.4 375 337 31.7
1.44
Table |Mbps| 312 30.5 30.1 43.1 402 383
Tennis lf;’;s 310 303 29.9 440 40.6 38.6
1\11'1:2 18.4 14.7 10.8 35.1 27.0 20.4
Foreman 3555
kops | 170 13.6 10.2 33.9 25.2 19.1
T 297 | 26 24.1 64.7 512 415
Carphone 10%
wops | 290 25.2 232 64.9 522 43.1
For using the shifting operator, Table I shows that the compu- g oARrSG 5t
. n—_1,DR n—1,DR n—1,DR is O eiinpinig -l
tation of DCT(ri” " ),DCT(ry ), DCT(rs ), ta B
1,D H
and DCT(ry” ") requires 4 TMM operations, 2 T™MM s
. . 7 30
operations, 2 TMM operations, and 1 TMM operation, ‘o
respectively. Therefore, 9 TMM operations are needed £m /
to obtain DCT(r"~LDPR). Besides, from (26), the chop- i
ping operators require 3 TMM operations to compute all HE
n,DR n,DR n,DR 0
DCT(e €, 5), DCT (e €. 3), and DCT(e Clh1).4 ,)- Putting all , S B

of these together, 12 TMM operations are required to compute
each DCT(¢ef), ;) for MCMB + RPS- QL/2 + QL 5- On the
other hand, for using the pixel-domain re-encoding technlque
in RPS, the major computation is from 2-D IDCT. Since IDCT
is a separable transform, its 2-D version can be expressed in a
matrix form x = CT X C, where X and z are the 8 x 8 matrices
containing DCT coefficients and pixel values, respectively. C'
is the 8 x 8 transform kernel and C7' is the transpose of C.
Therefore, 4 TMM operations are required for each 16 x 16
MB. Consequently, the computational requirement of the
proposed DCT-domain operators for manipulating one MB is
equal to three (12/4) times as that of decoding one MB using
the pixel-domain re-encoding technique, as summarized in
Table IV.

By taking all these considerations, a detailed comparison
of the computational savings with different RTD of the pro-
posed techniques is given in Table V. All data in Table V
are the average savings when an error occurs in all possible
frames. We show that all RPS-DA, RPS-Q; /> + Q;}Z, and

MCMB + RPS-Q;, /2 + QZ/lz outperform the RPS scheme
using the pixel-domain re-encoding technique in all sequences.
For RPS-DA and RPS-QL /2 + QZ/lz’ Table V shows that
the results are more significant for “Mother and Daughter”

Fig. 12. Savings of various techniques for three different GOP lengths in the
“Foreman” sequence encoded at 1.12 Mbits/s when RTD corresponds to the
duration of encoding time for 1 frame.

and “Salesman” sequences. It is due to the reason that these
sequences contain more non-MC MBs, in which the technique
of DA or Q. 2+ Qz/l2 can be performed more efficiently. For
sequences containing high motion activities such as “Football,”
“Calendar,” “Table Tennis,” “Foreman,” and “Carphone,” the
savings of RPS-DA and RPS-Qr/» + Q7 ), diminish. To
further reduce the number of MBs to be decoded, the proposed
DCT-domain operators can work with RPS—Q~ /2 + QZ/IQ for

MC MBs. Table V also shows that MCMB+RPS-QL/2 +QZ/12
produces further savings, about 10%-35%, as compared with
that of RPS-Q, 2+ (;)Z/lz This can be explained by the ben-
efits of the DCT-domain operators which can manipulate the
prediction errors as much as possible in the compressed form.
Besides, the region tracking technique can further minimize the
number of MBs to be decoded.

Table V also shows the effects of different RTD on the
proposed techniques. From this table, it can be shown that
both RPS-DA and RPS-Q L2+ QZ/lz can retain the saving as
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TABLE VI
AVERAGE PSNR PERFORMANCES OF THE SUCCEEDING FRAMES AFTER THE CORRUPTED FRAME USING DIFFERENT TECHNIQUES IN RPS. APSNR REPRESENTS A
PSNR GAIN OVER THE RE-ENCODING TECHNIQUE (UNIT:DB)

(Unit:dB)
-5 51 i -1
Bitrate Re-encoding technique RPS-DA RPS =012+ 0 MCMB+RPS =0, 12+ O1pp
Sequences (bits/s) (APSNR) (APSNR) (APSNR)

RTD=1 | RTD=2 | RTD=3 | RTD=1 | RTD=2 | RTD=3 | RTD=1 | RTD=2 | RTD=3 | RID=1 | RTD=2 | RTD=3

4380 | 4472 | 4473 | 4484 | 4478 | 4480 | 4488 | 4479 | 44.79
Mother & | 37K | 4465 | 4461 | 4468 | 5 1s) | o1y | (+0.05) | (+0.19) | (+0.17) | (+0.12) | (+023) | (+0.18) | (+0.11)
daughter 4030 | 4029 [T 4030 | 4035 | 4031 [ 4033 [ 4035 | 4031 | 4031
2k | 4027 | 4027 | 4030 1 (o' | (+0.02) | (+0.00) | (+0.08) | (+0.04) | +0.02) | (+0.08) | (+0.04) | (+0.01)

298 | 4293 | 4268 | 4321 | 43.04 | 43.03 | 4328 | 43.06 | 4298
Salesman L1aM ) 42,84 1 4279 | 4268 |0 | vo14) | (40.00) | (+0.37) | (+025) | (+0.35) | (+0.44) | (+027) | (+0.30)
vssr | 3720 | st | 3213 | 3727 | 3716 3748 | 3730 | 3720 | 73724 | T3731 [ 3722 | 3704
: : : +0.07) | (+0.05) | (+0.05) | (+0.10) | +0.09) | (+0.11) | +0.11) | +0.11) | (+0.11)

4189 | 4159 | 4130 | 4236 | 4225 | 4214 | 4237 | 4230 | 42.17
Football 225M | 4L6T 4162 | A4LA8 oy | (0.03) | (-0.18) | (+0.69) | (+0.63) | (+0.66) | (+0.70) | (+0.68) | (+0.69)
cosk | 3040 | 3430 | 3ana | 3454 | 344 773429 |T346d | "3456 3452 | T3496 | 3465 | 3455
. . i (+0.14) (+0.1) | (+0.05) | (+0.24) | (+0.26) | (+0.28) | (+0.56) | (+0.35) | (+0.31)

4172 | 4135 | 4097 | 4189 | 4179 | 4175 | 4189 | 4186 | 41.84
Calondar 16AM | 4149 | 4146 | 4142 | o0 | o1y | (10.45) | (+0.40) | (+033) | (+0.33) | (+0.40) | (+0.40) | (+0.42)
sk | 3500 | 3385 | 3386 | 3418 | 3391 73370 ["3428 3417 3415|3421 |T3414 [ 3415
: : : +0.18) | (+0.02) | (0.16) | (+0.28) | (+028) | (+0.29) | (+021) | (+025) | (+0.29)

4268 | 4175 | 41.62 | 4291 | 4277 | 4263 | 4298 | 4281 | 42.67
Table L4aM | 42,00 | 4178 4169 | e | (L003) | (10.07) | (+0.90) | (+0.99) | (+0.94) | (+0.97) | (+1.03) | (+0.98)
Tennis 35.02 | 3479 [ 73475 |7 35.06 | 3499 73493 [T35.45 | 3499 | 34.76
04k | 3480 | 3462 | 3460 | Loy | G017y | (10.15) | (H026) | (1037) | (+033) | (+035) | (+037) | (+0.16)

02.63 | 4227 | 4217 | 4275 | 4254 | 4256 | 4292 | 4258 | 42.53
Foreman LIZM | 4193 ) 4184 | 4183 | o0 | (10.43) | (+034) | (+0.82) | (+0.70) | (+0.73) | (+0.99) | (+0.74) | (+0.70)
vsar | 36ce | seas | 3650 | 3689 | 3669 | 3667 | 3694 | 3676 | 3679 | 3694 | 3676 | 3677
: : : +0.23) | (+020) | (+0.17) | (+0.28) | +027) | (+0.29) | (+028) | (+027) | (+0.27)

4388 | 4279 | 4234 | 4412 | 43.13 | 4235 | 4415 | #43.12 | 4238
Camshone ATk | 4307 | 4244 4226 | g | (4035) | (+0.08) | (+0.95) | (+0.69) | (+0.09) | (+0.98) | (+0.68) | (+0.12)
P oo | 3728 | 3692 | 3655 | 3770 | 3717 | 3663 | 3786 | 3735 | 3663 | 3788 | 3738 | 3662
: : - (+0.51) | (+025) | (+0.08) | (+0.58) | (+0.43) | (+0.08) | (+0.60) | (+0.46) | (+0.07)

—2&— RPS using the conventional re-encoding technique

445 —e—RPSDA
—%—RPS-0,, +0;l,_
“ur —8— MCMB+RPS- 0y, +0;h
35+
8 s
% 25
2
45
41 :
0 2 4 6 8 10 12 14 16

Frame number

Fig. 13. PSNR performances of various techniques in the “Foreman” sequence
encoded at 1.12 Mbits/s when frame 2 is corrupted and RTD corresponds to the
duration of encoding time for 3 frames.

RTD increases. On the other hand, it is noted that the saving of
MCMB + RPS-Qy, /2 + Q~Z/12 drops as RTD increases. The
reason behind is that the area of DR in the MC MB reduces for a
longer RTD. Eventually, more MBs are required to undergo the
pixel-domain process. However, significant amount of savings
over the re-encoding technique can still be found when RTD is
equal to 3, as shown in Table V.

We also demonstrate the savings of the proposed techniques
over the pixel-domain re-encoding technique in the “Foreman”
sequence encoded at 1.12 Mbits/s when the length of GOP is
varied, as shown in Fig. 12. For the pixel-domain technique, if
the GOP length is long, more MBs need to be decoded, which

induces a significant increase of transcoding complexity. Fig. 12
shows that both of RPS-DA, RPS-Q 1,5 + Q) /,, and MCMB +

RPS—Q /2 + (;)2/12 can provide more savings for long GOP
length.

A detailed comparison of the average PSNR among different
techniques for the succeeding frame right after the corrupted
frame are tabulated in Table VL. It is found that the PSNR per-
formance of the proposed RPS-DA is better than that of the
re-encoding technique when the RTD corresponds to the dura-
tion of encoding time for one frame. When RTD is greater than
1, the average PSNR performance of RPS-DA drops, or it is
even worse than the re-encoding technique in some sequences
such as “Calendar,” “Football,” and “Table Tennis.” This is be-
cause the problem of the non-linear property of inverse quanti-
zation in RPS-DA becomes more significant for a longer RTD.
This problem can be revolved using RPS- Qr J2 + Q7! L2 and

MCMB + RPS- Q L2 + Q Lj2 For different values of RTD,
Table VI shows that the Values of average PSNR achieved by
RPS- QL/2 + QL/2 and MCMB + RPS-Qr /> + QL/2 are very
consistent. Furthermore, the quality degradation will not only
be confined to the frame at the re-encoding point but can propa-
gate and be accumulated in the subsequent P-frames. Such drift
will last until the next I-frame. In Fig. 13, we have realized the
effect of drift using the re-encoding technique and our proposed
MB-based techniques for the “Foreman” sequences. It can be
seen from Fig. 13 that the proposed RPS-DA,RPS-Q;, /2 +Q7} L2

,and MCMB+RPS-Q7, J2+ Q! L2 have remarkable PSNR im-
provements over the pixel- domaln re-encoding technique. This
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further demonstrates the effect of the proposed techniques when
applying RPS to error-resilient transcoding.

VI. CONCLUSION

In this paper, we have addressed some issues on imple-
menting error-resilient transcoding using the RPS. We have
shown that a straightforward approach might result in much
higher complexity of the transcoder and introduce re-en-
coding errors; these are not desirable. A new idea for the
compressed-domain techniques applied to RPS, which can be
adopted in an MPEG-4 encoded bitstream, has been proposed
in this paper. The proposed techniques classify the MBs of the
requested frame into two categories—non-MC MBs and MC
MBs. Then it selects the necessary MBs adaptively, processes
them in the compressed domain and sends the processed MBs
to the decoder. For non-MC MBs, two techniques have been
suggested. The first one is DA of quantized DCT coefficients
to deactivate most of the complex modules of adopting RPS
during transcoding. To avoid the non-linear problem of the DA
technique, a modified quantizer-dequantizer pair for non-MC
MBs has been proposed to maintain the reconstructed quality
of the transcoded sequence. Besides, we have designed two
DCT-domain operators for shifting and chopping the DCT co-
efficients of the encoded bitstream in order to compute the DCT
coefficients of the target block in MC MBs. Through the matrix
manipulation, the shifting operator can obtain some related
DCT coefficients from the coefficients of its four overlapping
DCT blocks in the encoded bitstream while the chopping op-
erator can extract a part of DCT coefficients from the existing
block. Both operators are carried out in the DCT domain. With
the help of FDVS, these operators can be operated as much
as possible in the DCT form in order to keep the benefits of
the DCT-domain manipulation. Although the DCT-domain
operators can reduce the required computations for MC MBs
in the transcoder, some regions are still operated in the spatial
domain. To minimize the use of the spatial-domain re-encoding
technique, a region tracking technique has been employed to
trace only the essential MBs during the re-encoding process. It
can ensure that only the necessary MBs related to regions, that
cannot be manipulated by the DCT-domain operators, are de-
coded. Experimental results show that the proposed techniques
can reduce transcoder complexity significantly as well as pre-
serving the video quality. Note that our proposed techniques
only require a little increase in memory usage as compared with
the pixel-domain re-encoding technique. For the pixel-domain
technique, one picture memory for holding the new reference
frame is needed during error-resilient transcoding using RPS.
Although our proposed techniques do not need to store all
pixel values of the new reference frame due to the benefit of
using the compressed-domain manipulation, the memory for
the new reference frame is still allocated for the sake of easy
implementation. Besides, extra 29 8 x 8 matrices for shifting
and cropping operations are necessary to be pre-computed and
stored in memory. The total memory size of these pre-computed
matrices is insignificant for practical implementation. It is thus
believed that the results of the present work will certainly be
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useful for implementing the RPS in a practical error-resilient
transcoding system.
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