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Abstract—An adaptive reference selection (ARS) scheme is In H.264, multiple reference (long-term reference) motion
proposed to enhance error resilience performance of H.264 video compensation predictive coding (LTMCP) is used to enhance
in this work, where multiple prediction paths can be created in the coding efficiency of the compressed video stream. This

the compressed video stream at the macroblock level without a th imil di feat d bef h b
large amount of bit rate overhead. We first develop a method or other simifar coding Teature propose efore has been

to measure the expected distortion at the decoder when the investigated for error resilience. For example, a reference
H.264 video is transmitted through erroneous channels. Then, we selection scheme was proposed in [6] for real-time encoders

use an updated rate-distortion cost function to incorporate this to select the best reference frame by evaluating the expected
measurement into the mode decision process. The best prediction o onstruction calculated based on the error feedback and an
for each macroblock is selected with the objective to achieve the .
highest expected rate-distortion performance of the GOP in the error propagatlo'n. model. Recently, we propo;ed a feedback-
received video stream. It is shown by experimental results that based error resilient scheme called "alternative macroblock
error propagation is largely reduced and the quality of received coding (AMC)” in [7] and [8] that is able to largely stop error
video stream is improved significantly by the proposed scheme. propagation for off-line coded video. One of the methods to
Topic area - Multimedia Processing. create alternative error-resilient macroblocks is to utilize the
long-term reference frames.
In this work, we further explore the LTMCP feature to
Digital video communication has found a broader range develop an error resilient video coding scheme that is able to
applications. When the communication channel fails to providgnerate off-line coded video with improved error resilience
guaranteed quality of service (QoS), video data packets maygsformance without the requirement of a feedback channel.
lost, corrupted or delayed during transmission. A single trand/e observe that quality degradation caused by error propa-
mission error can degrade the PSNR and subjective qualitygaftion in coded H.264 video can be largely reduced using
received video over a long period due to error propagatiomultiple prediction paths. An adaptive reference selection
Even though the emerging video coding standard, H.264 [TARS) scheme is developed to select the best reference frame
has excellent performance in the rate-distortion performande; each macroblock to create multiple prediction paths and
there is not much work reported in the literature on its err@achieve the highest expected rate-distortion performance of the
resilient coding to reduce error propagation by exploring nesgceived video in erroneous environment. The ARS scheme
features of this new standard. can also be tailored to other adaptive mode decision problems
Various error resilient tools have been introduced in the pastan erroneous environment.
[2] to improve the error resilience of coded video such as The rest of the paper is organized as follows. A new error
error resilient entropy coding [3] and unequal error protectiaesilient video coding scheme is proposed in Sec. I, where the
by scalable or layered coding [4]. They can be implementedncept of multi-path predictive coding and the ARS scheme
to help reconstruction of corrupted video data. However, &s discussed in detail. The method of calculating expected
the reconstruction is not perfect, mismatch exists and erdecoder distortion for H.264 is also illustrated in this section. It
propagation cannot be stopped properly. Additionally, thesefollowed by experimental results in Sec. IV and concluding
methods may not be compatible with the H.264 standamgmarks in Sec. V.
One way to reduce error propagation in previous standards
is to insert intra macroblocks in temporally coded (P or B ) -
video frames, which is called intra refreshing. An optimaft- Observation and Research Motivation
intra/inter mode selection method was proposed in [5] with When a compressed video stream is transmitted over er-
excellent error resilient coding performance. However, as intraneous channel, a correctly received macroblock may not
macroblocks in H.264 are coded by intra predictions based ba perfectly reconstructed if its reference used in predictive
pixels of neighboring areas, the insertion of intra macroblockeding is corrupted by errors. Similarly, blocks in subsequent
may fail to stop error propagation since its neighboring blockeames that use part of this macroblock as reference will be
could be corrupted or affected by transmission errors. Anothefffected as well. This phenomenon is called error propagation,
problem of intra refreshing is that intra macroblocks hawehich degrades the quality of received video over a long while.
much lower coding efficiency than inter macroblocks so th&ig. 1 (a) shows how video frames are usually coded using
the overall coding efficiency of the video stream may bmotion compensation in a group of pictures (GOP). Each P
degraded significantly if a large number of intra macroblocksame uses its immediate preceding frame as the reference.
are inserted. Based on this prediction pattern, a single transmission error
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Fig. 1. Different patterns in multi-path predictive coding.

may cause error propagation in all subsequent frames. Itfiame may vary significantly for different macroblocks since
obvious that video frames that are further away from theis largely dependent on the video content. It is difficult
| frame, which is the first frame in the figure, are moréo design a fixed prediction pattern at the frame level to
vulnerable to error propagation since any transmission ermealize multi-path predictive coding without sacrificing coding
that occurs in any of its previous frames may affect itsfficiency significantly.
reconstruction. In H.264, reference frame selection is done at the mac-
In H.264, the new coding feature LTMCP allows thd&oblock level. Motion estimation is processed with respect to
encoder to choose the best prediction from a number i€ macroblock of the target frame, and rate-distortion costs
reference frames. It improves coding efficiency of motioff various macroblock predictions in multiple reference frames
compensated predictive video coding since the best refere¢e compared. The macroblock that offers the best prediction
for the prediction of some blocks may exist in a long-terrt$ chosen as the final reference. It is desirable to incorporate
reference frame. However, only a small potion of blocks fall§e idea of multi-path predictive coding at the macroblock
in this category, and the prediction shown in Fig. 1 (a) is stilevel to seek the best balance between error resilience and
common for H.264 coded video. coding efficiency. To realize this idea, different levels of error

In this work, we argue that it is actually convenient to Crea{@s]her?ce 'performapce of predictions .need to be measured,
multiple prediction paths in the coded video stream by utilizinwhICh is discussed in the next subsection.
long term reference frames for the purpose of error resilience. ) ) )
As shown in Fig. 1 (b) and (c), video frames are encodést Computation of Expected Decoder Distortion
into certain predictive patterns to create multiple prediction Based on examples given in Fig. 1, it is clear that multiple
paths. For a given P frame, sa;,, the number of frames reference frames can provide different error resilience degrees.
in its prediction path is reduced by about one half and omeis important to measure the error resilience degree and
third in patterns (b) and (c) as compared to that in pattefiicorporate it in the reference selection process.
(a). As a result, these two patterns are much less vulnerablghe expected decoder distortidn,, which measures the
to error propagation. In particular, for every frame in pattergistortion between the expected reconstruction of the video
(b), the number of frames in its prediction path reduces ¥ream after being transmitted through an erroneous channel
one half. Errors that occur in even-indexed P frames Wilnd its reconstruction in an error-free environment, can be
not affect the reconstruction of odd-indexed P frames, apded as a measure for this purpose. Even though a number
vice versa. For pattern (c), transmission errors that occur df results were reported in the literature [5], [9] to compute
frames P, and P31 are less critical than errors in framesexpected decoder distortion in previous standards, some of new
Ps,—1. Thus, the error resilience performance of the codegding features in H.264e.g. quarter-pel motion resolution
video stream is improved significantly using such alternativgnd in-loop de-blocking filters, affects the error propagation
prediction patterns. behavior. Thus, a new method to calculate the expected

It is possible to create multiple prediction paths in the codeticoder distortion for H.264 accurately is needed.
video stream at the frame level as shown in Fig. 1. However, asMe propose a direct method to compute the expected
most video frames are forced to use a distant reference framdecoder distortion. An error map is created and maintained
coding efficiency is likely to be sacrificed if a video streanfor each allowed reference frame in the reference buffer. The
is encoded into these fixed prediction patterns. The codiegor map stores the absolute value of the expected erobr
performance of predictions generated from the same refereewery pixel in the frame, which is the difference between the



expected decoder reconstructignin erroneous environment well as. Therefore, the concealed reconstruction of neigh-

and the reconstructioffi in error-free environment. We have boring macroblocks should be used in the de-blocking
P filter.
e=If—fl ) « Pixels on the horizontal outer boundary of a macroblock

As f cannot be obtained directly, for a given pixel in thé’

frame, we update its value efby We refer to Pixel ¢ in Fig. 2 as an example. Since

vertically neighboring macroblocks may not be grouped

en = (1= pe)epn + PeCon, (2) in the same packet as the current macroblock, they

can be correctly reconstructed often so that the original

where p. is the channel error rateg,, is the expected reconstruction of the neighboring macroblocks should be
error from error propagation ane.,, is the expected error used in this case.

from error concealment when the pixel is lost and has to bey cgculate e the motion vector of the block that
P,

concealed at the decoder. contains the pixel is retrieved and the propagating error is

To calculater..,,, the mismatch caused by the reconstructiogycylated from the error map of its reference frame. Since
of a certain error concealment scheme is calculated. Here, Wearter-pel motion resolution is used, the error is attenuated.
consider a simple error concealment method to illustrate tg get the precise value of the propagating error, the same in-
basic idea. That is, a block in intra-coded pictures is concealgilyoation method used for motion compensation is processed
by copying pixels from the boundary of the correctly recony, the error map. For example, for the luminance component,
structed block above the target block. A block in inter-codegls 6-tap filter (1, —5,20,20,—5,1) is used to create half

pictures is concealed by copying the block from the samgmples while quarter samples are created by averaging full
position in the previous frame. Then, the mismatch can Bgy nai samples in the error map.

calculated using the concealed reconstruction and the originak , thermore. the propagating error value of pixels at the

reconstruction under an error-free environment. To compuyig, ,ndaries oft x 4 blocks will go through another round of
the concealed reconstruction, the expected errors of pixels ua%golocking. These values are updated by applying the same
to conceal the block should be taken into account. The dgs piocking filters to the propagating error of its neighboring

blocking operation should also be considered in the distorti%rikebl The overall attenuated propagation erpof the n'"
calculation since the error generated by error concealmentis .o can be written of the following form:

attenuated by the in-loop de-blocking filter. Fig. 2 shows an
example of pixels at different boundaries ©# 4 block, M. €pn = Qn_1€n_1, (3)

d wheree, _; is the error value of the pixel that is closest to
e block M the position where the motion vector points in the reference
g ?:A frame anda,,—; is the attenuation factor of the propagating
error from the(n — 1)** frame to then'" frame.a,,_, can be
calculated to evaluate the overall attenuation of propagation
error.
With the above method, the expected propagation error
Fig. 2. The in-loop de-blocking operation applied to concealed blocks.and concealment error of each pixel can be calculated in
a straightforward fashion. The expected decoder distortion
These pixels can be grouped into the following three catgrroduced for a given prediction is retrieved from the error

Macroblock

gories and they should be treated differently. map of the prediction block by taking the square of the error
« Pixels on the inner boundary of a macroblock. values as
_ 2
One such example is Pixel A in Fig. 2. It is on the Dep = €. (4)

boundary of M with another block that resides in the
same macroblock. As all blocks in a macroblock are
lost and concealed together, the de-blocking operationin LTMCP, motion search is performed with respect to
should be processed using the concealed reconstructeath of allowed reference frames, and multiple predictions
of the corrupted block itself and its neighboring block tare created accordingly. As shown in Fig. 3, predictions A
calculate the new reconstruction value of A. Then, thend B generated from different reference frames can be used
valuee. of A can be updated accordingly. to encode blockM . As pixels in each prediction go through

« Pixels on the vertical outer boundary of a macroblock.different prediction paths, they have a different impact on error

propagation when they are chosen to predi¢t Generally

Pixel B in Fig. 2 provides an example for this casespeaking, by choosing prediction A, blodk will be less
When the macroblock is lost or corrupted, its neighboringulnerable against error propagation since fewer frames exist
macroblock in the same row is usually lost or corrupted @s this prediction path. Such a difference can be measured by

[1l. ADAPTIVE REFERENCESELECTION (ARS) SCHEME



Prediction A video stream under the same constraint. As discussed,

Q - g - measures the expected distortion between the expected decoder
/’ T~ reconstructionf in erroneous environment and the reconstruc-
\, Prediction B 1 tion f in error-free environment. Suppose the original value
e of the pixel is f, then the overall expected distortion of the
— — reconstruction at the decoder end after transmitted through an
> erroneous channel can be written as
Time E(D") = E[(f-])
Fig. 3. Two predictions generated by two paths. - E(f - f)2 + E(f - f)2
2E(f = [)(f = 1) 8

the expected decoder distortid®, of block M when using The termf — f is the expected error that has mean zero and

different predictions as discussed in the previous section. it is uncorrelated to the encoder errér— f. Therefore, we
We propose an adaptive reference selection (ARS) schef®ve

that incorporates the expected de_co_der distortion in the refer_- E(D)=E(f - )2+ E(f - f)?=D + D.. 9)

ence selection process. The predictions generated from multi-

ple reference frames are evaluated based on both their codiig can re-write Eqn. 6 and Eqn. 7 as

and error resilience performance. With the ARS scheme, N
multiple prediction paths for each macroblock can be created min ZJ’(XZ.7mN’qN)7 (10)
and selected automatically during the encoding process. MNLAN ST

Propagating errors caused by a single transmission eryar o
are confined within a group of pictures (GOP) since the
next GOP starts with a intra picture that is immune to error J'(X;,mn,qn) = D(Xi,mn,qn) + De(X;,my)
propagation from previous GOPs. Thus, we choose the GOP +AR(Xs, mN, qn). (11)
as one coding unit. It contains a number of frames, where ] ) )
each frame contains a number of macroblocks.etbe the IS the updated Lagrange rate-distortion cost function.
set of all N macroblocks in a GOP andy = (X1, -+, Xn). In words, the problem is to find the best combination
MacroblockX;; is encoded with mod@Z; by choosing from all ©f coding modes and parameters to get the best overall
possible modes that include the macroblock type, the referefige-distortion performance of the reconstructed video stream
frames, the motion estimation block sizes, etc. We use modgough erroneous channels. Here, we only consider different
vector my = (M-, My) to denote all modes selectece!ror resilience performance caused by the reference frame
by each macroblock. The quantization parameters usedSgection. ThusD.(X; my) is only affected by the choice

encode these macroblocks are also expressed in vector féfinfeference frames. _ .
asqn = (Q1, -+, Qn). Eqgn. 10 is difficult to solve if we consider the dependency

Then, the overall mode decision problem is to find &M°Ng macroblocks. Some methods have been proposed to

combination of coding modes and quantization parameté%'ve a simplified version of Egn. 10 using optimization tech-

for each macroblock to achieve the best coding performarféidues by assuming that the impact on rate and distortion of
at a given rate constraint of GOR,. It can be formulated any give macroblock is limited to its neighbors spatially [11].
mathematically as ‘ However, a high computational complexity is still required to

solve the problem.
min D(zn,my,qn) subject toR(zn,mn,qn) < Rg. (5) A practical solution to this problem is often adopted by
A assuming that the mode decision of a given macroblock is
where D(z,m, q) and R(z,m, q) are the sums of distortions not affected by other macroblocks. Then, the mode decision

and bit rates of all macroblocks in the GOP. The problem Cgﬂob|em of each macroblock can be solved independenﬂy‘
be converted to an unconstraint optimization problem usifgathematically, we can re-write Eqn. 10 as

the Lagrange Multiplier method [10]. That is, we have N

N
N min J(X;,mn, = min J'(X;, M;, Q;). (12
min Y J(X;,mn, an), (6) mN’qN; ( v ;M“Qi | @) a2
MN,4N ~

=t This approach works well for mode decision without consid-
where ering the error resilience performance. However, it does not
work well when error resilience is considered. This can be
J(Xi,mn,qn) = D(Xi,my, qn) + AR(Xi, my,qn)  (7) explained by the observation that the weights of expected
is the Lagrange cost function for macroblogk. decoder distortions for macroblocks in mode decision are
In erroneous environment, the above problem needs to identical in Eqn. 12. However, in a given GOP, the error
updated by minimizing the expected distortion of the receivedsilience performance of macroblocks in earlier frames should



TABLE |

have more impact to the GOP than that in later frames due to
THE LIST OF TEST CONDITIONS

error propagation.

To determine the mode and the quantization parameter ["rest Condition Error Type

for me}croblockXi to achle\{e the best re;ult for thhe wholel. = L % 10-3 Random Packet Loss
GQP in an erroneous environment, we impose the simpli- - 5 % 10—% Random Packet Loss
fying assumption; namely, rat®(X;, M;,Q;) and distortion

i . T3 1 x 10~2 Random Packet Loss
D(X;, M;, Q;) of macroblocki have no impact to other mac-

. . T4 5 x 10~2 Random Packet Loss
roblocks. However, expected decoder distortitn(X;, M;), -
does affect macroblocks in subsequent frames due to error 15 1 x 107" Burst Packet Loss {Length = 3
propagation. Such an impact can be estimated by calculating T6 5 x 10~ Burst Packet Loss (Length = 3
the total propagation distortion in the GOP introduced by T7 1 x 10~ Burst Packet Loss (Length = 3
D.(X;, F;). Since bothD and R are additive terms, the local T8 5 x 10~2 Burst Packet Loss (Length = 3
mode decision cost function for macroblogk satisfying the
TABLE I

objective function in Eqn. 10 can be written as
minyy, @, J7 (X, Mi, Qi)

PSNR ©B) oF THE RECEIVEDFOREMAN QCIF SEQUENCE

= min [D(X;, M;, Q;) + (1 + 8)De(X;, M;) Test Cond. | Proposed Scheme| Benchmark | PSNR Gain
Mi,Qi T1 35.82 35.60 +0.22
FAR(X;, Mi, Qi) (13) T2 35.64 35.13 +0.51
wherefD.(X;, M;) is the expected overall distortion of other T3 35.43 34.11 +1.32
parts of the GOP introduced by,.(X;, F;) due to error T4 33.03 30.66 +2.37
propagation and T5 35.85 35.60 +0.25
M T6 35.67 35.12 +0.55
8= Z a?, (14) T7 35.45 34.03 11.42
i=1 T8 33.23 30.70 +2.53

and wherex is the attenuation factor antl/ is the expected
number of frames in the future prediction path of the pixel.

The method to calculatd/ is shown in Fig. 4. and error resilience using the proposed ARS scheme. A
sub-optimal solution can be derived to achieve a good R-D

1 aml/\a performance of the received video stream through erroneous
channels. The performance of the proposed ARS scheme is

evaluated in the next section.

IV. EXPERIMENTAL RESULTS

In our experiments, the H.264 reference codec JM 10.2 [12]
was modified to include the proposed error resilient coding
Fig. 4. lllustration of M calculation. scheme as a module. Its error resilience performance was
) _ ) ~evaluated under test conditions listed in Table 1. We simulated
As shown in the figure, when evaluating the predictiothe network packet loss caused by both random errors and
generated from the reference frantg, for a macroblock in pyrst errors with different error rates. The proposed scheme is
the current framer”, the previous prediction path is examinegompared with the standard H.264 video coding, which serves
and the number of frames in the prediction path, denoted B¥ the performance benchmark.
a, is calculated. Suppose that the total number of frames in argple 11 shows the PSNR values of received video using
GOP isN and the current frame is thé" frame in the GOP. the proposed adaptive multi-path selection scheme and the
Then, by assuming that the same prediction path is goingggnchmark, where the Foreman QCIF sequence was used in
be repeated in future frames, the expected number of framgs experiment. The default error concealment tools were used

I b-6" b-s* b-4" b-3" b-2% b-1* b

in its future prediction path is estimated as in the decoder to conceal corrupted video data. As shown in
M= E(N —b). (15 the table, the proposed scheme outperforms the benchmark
b significantly and improves the quality of received video under

With this updated cost function, the mode decision of eadil test conditions. The quality gain of the proposed scheme

macroblock can still be processed independently while thecreases when the error rate becomes higher.

objective of achieving the best rate-distortion performance of With the proposed ARS scheme and the updated cost func-

the received video stream through erroneous channels is ¢tidh, multiple predictions paths can be created automatically

met. It can be used directly to select the best reference frarae.the macroblock level. To show that multiple prediction
In summary, the reference frame for a given macroblock caaths can be created effectively by the proposed scheme, the

be selected adaptively by considering both coding efficieneyeraged reference frame indices used by all macroblocks in a



GOP at different packet loss rates are shown in Fig. 5, where
the preceding frame has index 0 and the index for long-term
(distant) reference frames increases by 1 when the distance
becomes longer by one frame in the temporal domain. When
the loss rate is 0, the original reference frame selection scheme
that considers only coding efficiency is used. We see that only
a small number of blocks use long-term reference frames in
this case. When the loss rate becomes higher, the average
reference frame index of the proposed scheme becomes larger.
Thus, the proposed ARS scheme generates multiple prediction
paths automatically during the mode decision process.

Average Reference Frame Index (Foreman QCIF)
2 T T T T

Fig. 7.

R-D Performance Comaprison - Mobile CIF (Test Case T7, Error Rate = 0.01)
42 T T T T T T T

40t g

32+

~&- Benchmark
-8~ Proposed Scheme

L
3000

L L L
2500 3500 4000

Bit Rate (kbits/s)

30 L L L
500 1000 1500 2000 4500

The R-D performance comparison under test condition T7.

Average Index

for H.264 to calculate the expected decoder distortion gener-
ated by different predictions to support the proposed scheme.
It was demonstrated by experimental results that the existence
of multiple prediction paths improves the error resilience
performance of H.264 coded video significantly. The proposed
scheme is able to maintain good coding efficiency of the
compressed stream while serve as an effective error resilience

tool

Packet Loss Rates

in visual communication applications. In the future, we

plan to develop a new model to simplify the calculation of the

expected decoder distortion to reduce the complexity of the

Fig. 5. The averaged frame index.

R-D Performance Comaprison - Mobile CIF (Test Case T2, Error Rate = 0.005)
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Fig. 6. The R-D performance comparison under test condition T2. (7]
To further demonstrate the performance of the proposeg
error resilient video coding scheme, the R-D performance of
received video for mobile CIF sequence is shown in Fig. X
and Fig. 7. We see from these two figures that the proposed
scheme has much better R-D performance than the benchmark.
It confirms the claim that the proposed scheme is ablea[tl%
enhance the error resilience performance of transmitted video
without significantly degrading its coding efficiency. 1]
11
V. CONCLUSION AND FUTURE WORK

An adaptive prediction selection scheme was proposed in
this work to create multiple prediction paths in the compressé@]
video stream. An accurate method was developed specifically

proposed scheme.
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