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ABSTRACT

Error concealment at the video decoder is to recover erro-
neous picture region based on correctly decoded region in the
same frame or the neighboring frames. However, the exist-
ing error concealment methods cannot give satisfactory re-
sult in some situations, e.g. when a whole frame is lost. In
this paper, we propose a novel joint forward-backward con-
cealment (JFBC) method. The key observation is that, a fu-
ture frame can be recovered without using its reference frame
when some error resilience tools, such as redundant picture,
are used. Based on this observation, the proposed JFBC per-
forms temporal error concealment along not only forward di-
rection but also backward direction. Furthermore, the JFBC
combines the forward concealment result and the backward
concealment result by using linear minimum mean square er-
ror (LMMSE) estimation. The JFBC estimates for each pixel
an error level such that the weights in LMMSE estimation are
adaptive in pixel-level. In the experiments, the JFBC achieves
considerable gain over the state-of-the-art temporal error con-
cealment method.

Index Terms— Video communication, Error conceal-
ment, Redundant picture, Backward decoding, LMMSE

1. INTRODUCTION

Video communications over the Internet and via mobile
phones becomes more and more popular. However, most
networks such as the Internet and wireless channels are not
reliable enough to guarantee error-free transmission. As a
result, video encoders and decoders should be equipped with
appropriate error resilience and error concealment tools, to
counteract the packet loss of video data.

Error concealment techniques at the decoder attempt to
conceal erroneous picture areas based on the correctly de-
coded region and any other helpful information without mod-
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ifying source and channel coding schemes [1]. In general,
error concealment schemes can be divided into spatial ap-
proaches and temporal approaches [2].

The spatial error concealment approaches estimate or
improve the reconstruction of erroneous region by exploit-
ing the spatial correlation. This can be achieved by using
weighted averages of the correct neighbor pixels or by edge
based spatial interpolation [2], and can also be achieved by
some sophisticated approaches such as projection on convex
set (POCS) [3].

The temporal error concealment approaches, on the other
hand, restore the missing area by exploiting temporal corre-
lation between neighboring frames. For whole frame loss,
typical temporal error concealment approaches include tem-
poral replacement (TR) [2] and optical flow based estima-
tion [4]. For the situation of partial MBs loss, the well-known
boundary matching algorithm (BMA) in [5] chooses for each
lost MB one motion vector among the candidates based on a
spatial smoothness constraint, such that the concealed MB is
smoothly connected to the surrounding pixels. Different from
BMA, the decoder motion vector estimation (DMVE) method
in [6] minimizes the temporal variation of the surrounding
pixels.

The error resilience tools and error concealment tools can
cooperate with each other for better performance. For exam-
ple, the BMA desires to split one macroblock and its neigh-
boring macroblocks in a picture into different slices. This can
be fulfilled by a flexible slice organization format with the er-
ror resilience tool like flexible macroblock ordering (FMO) in
H.264/AVC.

In this paper, we propose a novel joint forward backward
concealment (JFBC) method which can efficiently cooperate
with redundant pictures. Redundant picture is an error re-
silience tool in the state-of-the-art H.264 video coding stan-
dard [7]. When redundant picture is used, a future frame can
be decoded or concealed before its previous frames. Based
on this observation, in [8] we propose a backward conceal-
ment (BC) method. This method use a recovered future frame
to recover the corrupted previous frame. Typically the re-
covered future frame has the MVs, the residues and the re-
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Fig. 1: Example application of proposed backward error
concealment. (a) traditional (forward) temporal error
concealment; (b) proposed backward error concealment

covered reconstructions. Thus in BC method most pixels in
the previous frame are recovered by inverse motion compen-
sation without any error. The rest pixels are recovered by
spatial error concealment in BC. Based on this, the proposed
JFBC method combines the result of BC and the result of con-
ventional forward concealment method, by using linear min-
imum mean square error (LMMSE) estimation. We estimate
for each pixel an error level in BC such that in LMMSE es-
timation the weights are adaptive in pixel-level. The JFBC
takes the advantage of both forward concealment and back-
ward concealment. In the experiments, the JFBC achieves
considerable gain over the state-of-the-art temporal error con-
cealment method and BC method.

The rest of this paper is organized as follows: In section II
we propose an novel backward concealment method. In sec-
tion III, we analyze the error variance of the BC method, and
present the proposed JFBC method and the derivation of the
LMMSE estimation. In section IV we give the experimental
results, and in section V we conclude the paper.

2. PROPOSED BACKWARD CONCEALMENT (BC)

2.1. Background and Basic Idea

In traditional temporal error concealment methods, erroneous
frames are recovered in the decoding order. The decoder es-
timate the MVs of the corrupted frame based on available in-
formation, and then recover the corrupted frame by copying
its reference frames. However, this may not give satisfactory
concealment result especially when the corrupted frame is to-
tally lost. This typically happens in low bit rate wireless video
communication.

In this paper, we consider to use a future available frame
to recover its reference frames. This is based on the observa-
tion that a future frame can be recovered before its reference
frames when some error resilience tools such as redundant
slice are used.
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Fig.1 shows a typical example. In this example, frame 57
is corrupted and frames 57 ~ 60 need to be recovered. Frame
61 has a redundant picture which can be correctly decoded,
so it can be reconstructed independently before its reference
frame (the frame 60). After reconstructing frame 61, since the
primary picture of the frame 61 including both the MVs and
residues is available, we can subtract the residues from the
reconstructions and then copy the results back to its reference
frame (the frame 60) according to the MVs. By this, most pix-
els in the frame 60 can be reconstructed except those pixels
not referenced by any pixels in frame 61. Those unreferenced
pixels can be recovered by spatial or temporal error conceal-
ment methods. In this way, the reconstructed pixels in frame
60 should be very accurate because most of them are recov-
ered by (backward) decoding rather than by error conceal-
ment. By recursively applying this method, we can recover
frame 59, 58 and finally 57. The advantage of this method is
that, it can recover the corrupted frame (frame 57) even if it is
totally lost, because it only use the MVs and residues of the
next frame (frame 58).

2.2. Implementation of backward concealment

Inverse motion compensation

-

N Bl
f (concealment f ( MC! j} -7
" (Referenced pixels) e Tl

Fig. 2: Illustration of backward error concealment

-

Let f,(x) be the original reconstruction value at loca-
tion z in the n'" frame (in error free case). MV, (x) is the
motion vector of the block which the pixel = belongs to.
fr_1(z + MV, (x)) is the value of motion compensated pre-
diction. 7, (z) is the (reconstructed) residue value at location
z. In H.264 and most other hybrid video coding schemes,
the reconstruction is the summation of the prediction and the
residue:

fal@) = faci(@ + MV,(@)) + i () (1)

Suppose the n'" frame has been recovered by backward
error concealment. Let f;(bbc) (z) be the concealed result at lo-
cation z. In the case that x+ MV, (x) is integer pixel location,
we recover the pixel  + MV, (z) in the (n — 1) frame by
backward decoding:

@+ MV,() = £

n n

() = 7n(x) @)

In the case that x + M'V,, () is non-integer pixel location, we
recover the most nearest pixel around 2+ MV, (x) in the (n—



1)t" frame. Denote MV n(2) as the nearest integer motion
vector to M V,,(x). We recover the pixel  + MV ,,(z) by:

FV @+ MV, (@) = f8) (@ + MV, (2) — MV, ()
—fn(z+ MV, (z) — MV, (z)) (3)

where the sub-pixel value of f;(Lbc)(') and 7, () are obtained
by applying the sub-pixel interpolation filter of H.264.

With Eq.(2) and Eq.(3), there are still a small amount of
pixels in the (n — 1)** frame which cannot be recovered.
Those pixels are not referenced by any pixel in the n'* frame.
The percentage of those unreferenced pixels is small. We re-
cover those pixels by copying neighboring available pixels.

Fig.2 is a illustration of the proposed backward error con-
cealment method. The proposed method first recover most
pixels (the referenced pixels) by backward decoding (inverse
motion compensation), then recover the rest pixels (the unref-
erenced pixels) by spatial error concealment.

2.3. Verification and Analysis

Fig.3 shows a real example which include both the interme-
diate result and the final result during the backward conceal-
ment process. The sequence is ‘foreman’ of QCIF at 15Hz,
encoded by H.264 (JM 14.2) baseline profile. As shown in
Fig.1, the frame 57 is lost during the transmission, while the
frame 61 is recovered by using redundant picture. (a) is the
reconstruction of (the redundant picture of) the frame 61. By
applying backward decoding on (a), we recover most pixels
in frame 60 and get partial image (b). We then recover the
remaining pixels (the black holes in (b)) by MV-based con-
cealment and get final backward concealment result (c). The
PSNR of the final backward concealment result is 33.51dB.
The concealment result is also good in visual quality.

By recursively applying the proposed BC method, we can
conceal all the frames before the redundantly coded frame
including the lost frame.

3. JOINT FORWARD BACKWARD CONCEALMENT
(JFBC)

The proposed backward concealment (BC) method can coop-
erate with the existing forward concealment methods to pro-
vide better performance. In this section, we propose an joint
forward backward error concealment algorithm. We first ana-
lyze the error variance of both forward EC and backward EC,
and then propose an optimal LMMSE estimation equation for
combining both the forward EC result and the backward EC
result. We finally simplify the equation for practical usage
such that only one parameter is required.

3.1. Basic Modal

The reconstruction pixel values at the each frame can be mod-
elled as a Laplacian distribution with a zero mean and a co-
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variance 7(A) = E{fn(z)fn(z + A)} = Jj%pm' where p
is the correlation coefficient between immediately neighbor-
ing pixels and A is a 2-D displacement error [9]. Under this
assumption, the residue variance of two adjacent pixels is

Elfu(@) = fule + A)]° = 207E[1 — pl*1] ~ 203(1 — p)E[|A]]

If A can be modelled as isotropic Gaussian with variance 02,

then E[|A|] = 1/To 4 and

E[fn(z) — fulz + A)]* & 0F(1 = p)v/70A (5)

3.2. Error Analysis for Forward Error Concealment

First let us consider the case that there is one frame lost during
transmission. Let 2 be the lost pixel in the n'” frame. In the
existing (forward) temporal error concealment methods, the
decoder guesses a motion vector MV n(x) for each pixel (or
block) and recovers the pixel value by copying from previous
frame:
@) = [ @ MV (@) = fama (04 MV (@) (©)
We define motion vector error Ay, as the difference be-
tween the true motion vector and the guessed motion vector,
ie. Ay = mn(x) — MV, (x). In Fig.4, we give a illus-
tration of the vector error Ay.. We model the motion vector
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Fig. 3: Real example of the proposed backward EC method: recovering frame 60 by using frame 61. (a) is reconstruction of
frame 61 (redundant picture); (b) is the intermediate result after backward decoding is performed on (a); (c) is the final result

after MV-based concealment.

error Ay, as isotropic Gaussian with variance O'QAfC. We con-
sider the reconstructed residue 7, (+) as independent with the

reference frame fn() According to (1) (5) and (6), we can
derive the error variance 0(2 fe) A8 follows

Tlte) Elfn(z) — £ (2))? (7)
= E[fo1(z+MV(z))

— faca(@ + MV (2)) + ()] (8)

~ o}l —p)roa, +o0? )

In this expression, the first item is caused by losing the motion
vectors and the second item is caused by losing the residues.
Then let us consider the situation that there are totally m
frames lost before the current frame. In this situation, the mo-
tion vector error can be approximated by the accumulation
of multiple i.i.d isotropic Gaussian RV A;lc), A;QC), . A(fng)
each with variance O'QAfc. This means the accumulated motion
vector error is still a Gaussian RV but with variance maQAfu.

The accumulated residue variance is mo? under the assump-
tion that the residue in each frame is independent with each
other. Then, the error variance can be approximated by

(10)

O'(ch) ~ 0’?:(1 — p)V/Tmoa,, +mo;

3.3. Error Analysis for Backward Error Concealment

In backward EC, we classify all the pixels into different er-
ror levels and analyze the error variance of each level respec-
tively. The error level of each pixel is defined as how many
times of MV-based concealment is used during the backward
error concealment process of that pixel. The error level of
each pixel is calculated as follows:

e If a pixel x is refreshed by intra coding or redundant
picture, then the error level is set to be 0. This is be-
cause that, there is only quantization noise but no con-
cealment error in this pixel.
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e If a pixel x in the n*" frame is recovered by backward
decoding from a pixel z’ in the (n + 1)** frame (i.e.
x =2’ + MV, 41(2)), and the error level of pixel 2’
is k, then the error level of x is also set to be k. This
is because the backward decoding does not introduce
additional error.

If a pixel z is recovered by the MV-based concealment
from a pixel 2’ in the same frame (i.e. A,(lbc)(x) =
fr(lbc) (2')), and the error level of pixel 2’ is k, then the

error level of x is set to be k + 1. This is because the
MV-based concealment may introduce additional error.

Table 1: Error variances of the pixels with different k at
different frame positions

| [ k=0 [ k=1 [ k=2 | k=3 | k=4 | k=5 | k=6 |
n 164 = = = - - -
-l 170 | 1789 - - - - -
n2 186 | 1778 | 201.1 = - - -
n-3 208 | 1706 | 1974 | 2797 - - -
n-d 229 | 1685 | 2035 | 2796 | 4332 - -
05 251 | 1520 | 1893 | 2715 | 4228 | 5875 -
n-6 274 | 1400 | 1799 | 2483 | 4241 | 5324 | 5622

[Caverage | 234 | 162.1 | 186.2 | 2574 [ 411.7 | 5264 | 5383 |

The error variances of the pixels with different k at dif-
ferent frame positions are given in Table 1. The test con-
dition is similar to the test for Fig.?? and the sequence is
‘foreman_qcif” at 15Hz. According to this table, pixels in
same frame with different error level k has quite different er-
ror variance. Pixels with same error level k in different frame
has similar error variance. This means it is more reasonable
to classify pixels according to % than according to frame po-
sitions.

The error variance of the pixels with different £ are de-
rived as follows:

Pixels with £ = 0 in each frame are recovered by back-
ward decoding. There are only quantization noise, so the con-
cealment error variance O'(ch) is 0.



For any pixel z with & = 1 in the n'”* frame, there must
exist ), 23 2(M) with k = 1 in frame n + 1,n +

2, ...,n + m respectively, such that = is recovered by back-
ward decoding via (), () . z(™) je.
m

Ay(Lbc) (J?) bC) (m) (7,)

)= 2 Pt

(1)

and (™) is recovered by copying an error-free pixel z("+1)
(with k = 0) in frame n + m, i.e.

b P m
F (@) = = frpm (@),

Since originally z is the reference pixel of z(1), z(1) is the
reference pixel of @, ..., and 2™~V is the reference pixel
of (™) we have

f(bc)

n+m

(z(m+D) (12)

Prri(2®)  (13)

fn(x) = fner(x(m)) - Z
We define Ap. = 2+ — 2(m) 44 the displacement error
as shown in Fig.4. We model A, as isotropic Gaussian with

variance O'QAbC. Then according to (11)(12)(13) and (5), the
error variance of x is:

Thhe) E[fn(z) — £ (x))? (14)
Elftm (™) = fram (@™ + Ape)]? (15)

~ of(1-p)Vroa, (16)
Similar to forward concealment, for = with &k > 1, the

displacement error can be approximated by the accumulation
of multiple i.i.d isotropic Gaussian RV Al A2 AR
with variance O’QA . Then the accumulated dlsplacement error
is still a Gau531an RV but with variance ko2 Ay . Therefore, the
error variance can be approximated by

O'(ch) ~ O'?»(l — p)Vrkon,, 17)

This means the backward concealment error variance
O'(2b o) of each pixel is proportional to the square root of the
error level k of that pixel. We verify this relation by simula-
tion. The test sequences are ‘foreman’, ‘football’, ‘news’ and
‘silent’. The average error variance of pixels in different error
levels are given in Fig.5. We can see that the data basically
complies with the proposed modal.

3.4. Pixel-level Adaptive LMMSE

In this chapter, the forward concealment error and the back-
ward concealment error are assumed to be independent, be-
cause they come from different temporal directions. The for-
ward concealment error is due to the loss of previous frame.
The backward concealment error is mainly due to the con-
cealment of the unreferenced pixels of current or following
frames.
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Fig. 5: Error variance of pixels at different error level in
backward concealment

We use linear minimum mean square error (LMMSE)
estimation to combine the forward concealment result and
the backward concealment result. The LMMSE estimation is
through:

F @) + 40 ()

F(jec) — 18
[ (@) T, (18)
where
1 —p)y/mroa,, +mo?
v = ( fo) ( ) Age (19)

—o)Whknoa,

In (19), only m and k are variables, so we can rewrite it as

Tlhe) af(1

m m
= — — 20
Y=y e NG (20)
where
T4z o7
=— = (2D
n 0 Ay " 0—120 (1-p) \/EJA!;C
And Eq.(20) can be further simplified as
m
Y= L (22)

This simplification is mainly due to following two reasons:

Firstly, in (20) we have v; > ~5. In forward error con-
cealment, normally the error caused by losing motion vector
is much more serious than losing residue. Therefore, in (7),
we have 0120(1 — p)\/ToA,, > of and this implies 1 > 7
in (20).

The second reason is that, (20) and (22) are equivalent
when m < 1 or k = 0. In typical situations there are only up



to 1% of pixels satisfies both m > 1 and k > 0, according to
our experiments. Here the typical situation means that the in-
serting rate of the redundant picture is equal to the the packet
loss rate.

Different pixels in the same frame have same m but can
have different k. This means both (20) and (22) are adaptive
in pixel level.

4. EXPERIMENTS

In the experiments, we compare following four methods: the
first is the temporal replacement (TR), i.e. each damaged re-
gion is directly replaced by the co-located region in the tem-
porally previous picture with zero motion [2]; the second is
the state-of-the-art error concealment method for whole frame
loss based on the optical flow constraint (OptFlow) [4]; the
third is the proposed backward concealment method (BC);
the last is the proposed joint-forward-backward concealment
method (JFBC).

The test is based on H.264 (JM 14.2) baseline profile. The
GOP structure is ‘IPPP..’. Redundant pictures (RP) are pe-
riodically inserted, such that frame 1, 11, 21, ... have both
primary pictures and redundant pictures. Similar to [4], the
experiments focus on the situation of low bit rate such that
each transmission packet contains a whole picture.

Fig.6 gives a frame-by-frame PSNR comparison. The test
sequence is ‘foreman’ of QCIF size at I5Hz. The quantization
parameter is set to be 28. The bit rate of primary pictures is
108.40kb/s. The bit rate of redundant picture is 30.92kb/s.
The total bit rate is 139.32kb/s. The frames 20, 24, 26, 28,
30, 47, 55, 64 are lost during transmission. Temporarily we
set 79 = 0.4 in this test.

According to this figure, the proposed BC can signifi-
cantly improve the reconstruction PSNR in some cases. For
example, when the 47" frame is lost and the 51" frame
is refreshed by the corresponding redundant picture, BC is
6~10dB better than both TR and OptFlow for the frames
47 ~ 50. In this figure, there are also some frames in which
the BC is worse than OptFlow, e.g. frames 55 ~ 57 and
64 ~ 66. This typically happens when the lost frame is too
far away from the next redundant picture. In this situation,
there may be some pixels in very high error levels (larger £ in
Fig. 5). The proposed JFBC takes advantage of both forward
concealment and backward concealment by combining them
together. It gives large weight to forward concealment result
for those pixels with large k, and gives large weight to back-
ward concealment result for those pixels with small k. There-
fore, as shown in Fig.6, JFBC outperforms both OptFlow and
BC significantly in frames 55 ~ 60 and 64 ~ 70.

Fig.7 shows the visual quality and the PSNR of the frames
57 ~ 60 (from left to right in this figure) when OptFlow, BC
or JFBC (from top to bottom in this figure) is used. By com-
paring the first two rows, we can see that OptFlow is relatively
better than BC at frame 57, while BC is better at frame 59
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and 60. The JFBC has best visual quality and highest PSNR
among three methods, taking the advantages of both forward
concealment and backward concealment.
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The optimal v for (22) is found by full search. We ex-
plore different video sequences and different 9. The quanti-
zation parameter is set to be 28. The packet loss rate is 10%.
For each 7, and each test sequence, we simulate 100 different
loss patterns obtained from [10]. The gain of JFBC over BC
is given in Fig.8. According to this figure, the gain is not very
sensitive to g, and 9 = 0.4 is near optimal for most tested
video sequences.

Then we fix 79 = 0.4 and compare the end-to-end distor-
tion at loss rate 10%. For each bit rate and each test sequence,
we simulate 100 different loss patterns obtained from [10].
The result is given in Table 2. The proposed JFBC performs
the best. On the average, it gains 1.35dB and 0.65dB over
TR and OptFlow respectively. Note that here each PSNR is
the average of a whole sequence including both correctly de-
coded frames and corrupted frames. If only corrupted frames
are considered, the gain will be much higher. As shown in
Fig.6, the gain can be up to 10dB for some frames.

5. CONCLUSION

In this chapter, we propose a novel joint forward backward
concealment (JFBC) method. Different from existing meth-
ods, JFBC performs temporal error concealment along not
only forward direction but also backward direction. The for-
ward concealment result and the backward concealment re-
sult are combined by using LMMSE estimation. Experiments
suggest that the proposed method can achieve considerable
gain over the state-of-the-art temporal error concealment
method in both objective and subjective quality.
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Z

Frame 57 | Frame 58 | Frame 59 | Frame 60 |
OptFlow | 26.08dB | 26.19dB | 26.23dB | 26.30dB
BC 26.04dB | 28.86dB | 31.41dB | 33.51dB
JFBC 29.55dB | 31.18dB | 32.54dB | 34.02dB

Fig. 7: Reconstruction frames 57 ~ 60 (from left to right) when OptFlow, BC or JFBC (from top to bottom) is used.
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Table 2: Error concealment test

sequence bitrate | PSNR (dB) |
(kb/s) [(DTR | @ OptFlow [ ®BC | ®JBC | @-1) [ ®-—1O [ @-—1) |
Toreman 22218 | 32.52 3326 3424 3447 0.74 171 1.05
13744 | 31.00 31.60 32.62 32.85 0.69 161 185
8275 | 29.68 30.33 3114 31.38 0.65 146 .60
5231 | 2852 20.12 20.82 30.05 0.60 130 153
football 569.82 | 31.00 31.25 31.25 32.04 0.25 0.25 1.03
12654 | 2963 20.92 29.88 30.64 0.29 0.26 .01
307.88 | 28.20 28.48 28.37 29.15 0.28 0.17 0.95
21514 | 26.89 2720 27.07 2781 031 0.18 0.1
news 107.82 | 35.61 36.15 36.07 36.74 0.54 0.46 1.13
7526 | 34.20 34.66 34.61 35.19 0.46 041 0.99
5141 | 3263 33.04 33.04 3352 041 042 0.90
3497 | 3115 3748 31.48 31.80 0.33 0.33 0.74
silent 11499 | 3524 3531 35.42 36.15 0.07 0.18 0.1
8088 | 33.19 33.86 3308 34.60 0.07 0.20 0.81
5492 | 32.20 3227 3235 32.88 0.07 0.15 0.68
3728 | 30.73 30.80 30.8% 31.29 0.07 011 0.56
bus 42322 | 29.83 31.96 31.94 32.82 2.13 211 2.99
303.07 | 28.33 30.40 30.30 31.20 2.06 2.06 2.87
20476 | 26.73 28.68 28.60 29.42 1.95 1.6 2.69
13634 | 2530 27.13 27.16 27,79 134 .86 2.50
paris 21428 | 3421 34.63 3457 3522 042 035 .01
15499 | 32.57 32.95 32.93 33.49 0.38 0.35 092
106.65 | 30.78 3111 31.07 31.53 0.33 0.29 0.76
7017 | 29.05 29.33 29.30 29.67 0.27 0.25 0.62
mother_daughter | 66.72 | 37.62 37.88 3831 38.58 0.25 0.69 0.96
261 | 3621 36.41 36.73 36.99 0.20 052 0.77
2684 | 3470 3434 35.10 3531 0.14 0.40 0.61
1739 | 3326 33.37 33.49 33.60 0.11 0.23 0.43
coastguard 347.02 | 31.93 33.83 34.14 34.48 1.00 221 255
22550 | 30.51 3224 32.46 32.76 174 1.95 225
130.04 | 29.01 3051 30.71 30.9% 151 .70 .94
24T | 2772 2896 29.13 2931 123 T4 159
[ average [ [ 070 [ 08 [ 135 ]
6. REFERENCES [7] C.Zhu, Y.K. Wang, MM Hannuksela, and H. Li, “Error
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