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Abstract

Video transmission plays an important role in multimedia communication. Due to transmission error; robust video transmission has
become increasingly important in providing better quality of services. Based on our proposed novel adaptive estimation scheme, this
paper presents an efficient hybrid error concealment algorithm for robust video transmission. Using the information of neighboring mac-
roblocks (MBs) of the corrupted MBs, the corrupted MBs are first classified into three types. According to the type of the corrupted MB,
our proposed adaptive estimation scheme could adopt the Bézier surface estimation, the first-order plane estimation, or the centroid of
major cluster estimation to conceal the corrupted MB efficiently. Based on six testing video sequences, experimental results demonstrate
that our proposed hybrid error concealment algorithm can improve the video quality and the execution-time performance over different

loss rates.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Most video sequence coding systems use the block
motion compensation to remove temporal redundancy
for video compression. In real world, due to the transmis-
sion error, the video sequence coding systems cannot pro-
vide a completely guaranteed quality of services. Thus,
error concealment for corrupted macroblocks (MBs) is nec-
essary in decoding phase to increase the transmission qual-
ity. In this research, we assume that the corrupted MBs in
the current frame are known in advance. The readers are
suggested to refer to the previous efficient algorithms
[4,11,14,22] for detecting the damaged MBs. In the past
years, based on this assumption, many error concealment
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algorithms have been developed. These developed error
concealment approaches can be classified into three types,
namely the temporal error concealment, the spatial error
concealment, and the temporal- and spatial-based error
concealment.

Among these temporal-based error concealment algo-
rithms, the corrupted MB can be estimated by using the
information of the neighboring regions of the reference
MB with the same location of the corrupted MB; the best
matching MB in the search region of the previous frame
is used to replace the corrupted MB. Al-Mualla et al. [1]
presented a temporal error concealment algorithm using
two techniques, the bilinear motion field interpolation
and the boundary matching scheme. Zhang et al. [19] pre-
sented an efficient motion vector-based algorithm to esti-
mate the corrupted MBs. In order to reduce the error
propagation to the succeeding frames, Lee et al. [12] pre-
sented a multi-frame boundary matching algorithm which
utilizes the boundary smoothness property in the decoded
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and succeeding frames. Feng et al. [5] presented a modified
boundary matching algorithm to determine the best match-
ing block in the reference frame for recovering the cor-
rupted MB. Based on the motion estimation of enlarged
block, Jang and Ra [8] presented an efficient error localiza-
tion and temporal error concealment algorithm. Using the
concept of block-wise similarity within a frame, Wang et al.
[17] presented a best neighborhood matching algorithm for
error concealment. Among these spatial-based error con-
cealment algorithms, the damaged MB is recovered by
using the spatial information within the current frame.
Park and Lee [13] utilized a non-uniform rational B-spline
approximation to estimate the damaged MB. Zhao et al.
[20] presented a spatial error concealment approach based
on the directional decision and the intra-prediction. Zeng
and Liu [18] presented a directional filtering scheme which
uses the extracted geometric information to preserve the
geometric structure of the corrupted MB. Among these
developed temporal- and spatial-based error concealment
algorithms, both temporal and spatial information are used
to estimate the corrupted MB. Kang and Leou [10] con-
cealed the lost MB occurred in the intra-frames and
inter-frames by using the spatial linear interpolation and
the boundary matching technique. Combining the side-
match criterion [9] and the overlapped motion compensa-
tion, Chen et al. [2] presented an efficient error concealment
algorithm. Tsekeridou et al. [16] presented a block-match-
ing principle which consists of the split-match and the for-
ward-backward block-match techniques. Recently, Chen
et al. [3] presented a more efficient error concealment algo-
rithm using the recursive block-matching principle. Zheng
and Chau [21] presented an efficient first-order plane esti-
mation to conceal the corrupted MB for the video coding
standard H.26 L [15]. In their error concealment method,
the motion vectors of four neighboring of the corrupted
MB are used to estimate the four corners of the corrupted
MB. Although a 16 x 16 MB in H.26 L can be divided into
different block division modes, their method can be applied
to the other video coding systems. The simulation results
demonstrate that the first-order plane estimation outper-
forms the temporal replacement method.

Based on our proposed novel adaptive estimation
scheme, this paper presents a hybrid error concealment
algorithm for robust video transmission. Based on the eight
neighboring MBs of the corrupted MBs, the corrupted
MBs can be classified into three types, the tie and high var-
iance type (TAH), the tie and low variance (TAL) type, and
the dominance type. According to the classified type of the
current corrupted MB, our proposed hybrid error conceal-
ment (HEC) algorithm can determine what kind of error
concealment method should be used to recover the dam-
aged MB. If the corrupted MB belongs to the TAH
(TAL) type, the proposed Bézier surface (the existing
first-order plane) estimation is used to conceal the cor-
rupted MB. The reason to explain why the Bézier surface
estimation is better than the first-order plane estimation
for the TAH type and why using centroid instead of first-

order plane estimation for the dominance type will be
described in Section 3. If the corrupted MB belongs to
the dominance type, the centroid of major cluster estima-
tion is used to conceal the corrupted MB. Experimental
results demonstrate that our proposed algorithm can effi-
ciently improve the video quality and the execution-time
performance over different MB loss rates when compared
to the currently published error concealment algorithm
by Zheng and Chau [21].

The remainder of this paper is organized as follows. Sec-
tion 2 surveys the previous first-order plane estimation for
error concealment by Zheng and Chau. Section 3 presents
our proposed hybrid error concealment algorithm. Experi-
mental results are demonstrated in Section 4. Conclusions
are addressed in Section 5.

2. The past work by Zheng and Chau

In this section, the currently published error conceal-
ment algorithm by Zheng and Chau is surveyed. Their
algorithm is based on the first-order plane estimation. In
Zheng and Chau’s result, for one 16 x 16 MB, there are
seven different block division modes to fit the requirement
of H.26 L [15]. We only consider the case for mode 0, i.e.
the 16 x 16 MB, to introduce the first-order plane estima-
tion. In fact, the concept of plane equations and bilinear
interpolation technique used in the first-order plane estima-
tion can be easily applied to the remaining six different
block division modes for error concealment.

The corrupted MB and its eight neighboring MBs are
shown in Fig. la where MB; ; denotes the corrupted MB
and the set NB = {MB,_, ; |, MB,; ,MB;, ;_|, MB;_;,
MB,‘JFI"/, MBifl,jJrh MB[’A/+1, MBi+1,j+l} denotes the eight
neighboring MBs of MB; ;. In Fig. 1b, the eight motion
vectors of the set NB are denoted by MV,_,;_j,
MV, ;_i,..., and MV, ;1. The motion vector of MB,
MV, ;, is estimated by two-phase approach. In the first
phase, the motion vectors of the four corners of the cor-
rupted MB, MV}J., MVij, MVij, and MV?J., are estimated
by using the first-order plane estimation. For simplicity,
we only introduce how to estimate the left-top motion

a b
ZMB[—I./‘—I MB,;_, A/[Bm,_H MV, il MV
MYV, MV
MBHJ. M?,.,j MB‘.HJ MV_,, MV” MV,
‘ ‘ M‘fo I‘W.-'f
]MB[—],/’H MBLjH IMBHI,_/H MV_, . M) it MV:+1‘/+1

Fig. 1. The depiction of first-order plane estimation. (a) The corrupted
MB and its eight neighboring MBs. (b) The estimation of left-top motion
vector for corrupted MB.
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vector of MB, ;, i.e. MV}J (see Fig. 1b). For this case, the
known motion vectors MV, _; 9 MV;_, ;_1, and MV, ;_;
are used to estimate MV1 by using the first-order plane.

As shown in Fig. 2, assume that in the current frame, the
coordinate of the top-left pixel in the corrupted MB is (0, 0)
and the coordinates of three central pixels in MB;_, j,
MB,_; ;_;, and MB,;_; are (-2.5,—-1.5), (=2.5,2.5), and
(1.5,2.5), respectively. Considering the three motion vec-
tors of MB,_, ;, MB,_; ;_i, and MB; ;_; as the values in
Z-axis of the 3-D space, the coordinates of the three central
pixels are thus denoted by (=2.5,-1.5,MV;_; ), (=2.5,2.5,
MV,_y 1), and (1.5,2.5, MV, ;_;), respectively. Based on
the new coordinates of the three central pixels, the first-
order plane P can be constructed by the following plane
equation:

X y z
IR AT | 1
a * b i c W
where
25MV,_; =MV, +2.5MV;;
a—
MVi—l,j—l - Mvi,j—l
b — 25MV; 1 ; =MV, y; | +25MV,;;
MV,-,Lj - Mvi—l,jfl
oo 2MViy = MViyy £ 2.5MViy

4

Because the coordinate of the left-top motion vector

of MB,; is defined to (0,0), by Eq. (1),
25MV, Y MV, L1 +2.5MV,

c= L L =L can be wused to estimate

MV} MV, MV3 and MV4 can also be estimated in a

similar Way/

After estimating the four motion vectors at four corners
of the corrupted MB, in the second phase, a bilinear inter-
polation is applied to estimate the motion vector of each
pixel in the corrupted MB. Given the coordinate of each
pixel in the corrupted MB, the motion vector of that pixel
located at (x,y) can be estimated by the following bilinear
interpolation:

MV~ =MV, [7(1 - )] + MV} (X7)
+MV[(1=-3)(1 =)+ MV F1-7)]  (2)

AY

(-2.5,2.5)

=Y

(0,0)

(-2.5,-1.5)

Fig. 2. The coordinates of three central pixels of neighboring MBs.

where X and y represent the normalized pixel coordinates
that are calculated by x = xl 0 and y = lfy“o, X0, X1, Vo,
and y; represent the boundary ‘coordinates of lost MB in
the left, right, bottom, and top sides, respectively.

In summary, the first-order plane estimation proposed
by Zheng and Chau uses four plane equations (see Eq.
(1)) to compute the motion vectors of the four corners of
the corrupted MB and then Eq. (2) is used to conceal each
pixel of the corrupted MB.

3. Our proposed hybrid error concealment algorithm

In first section, we describe how to classify the corrupted
MBs into three types. We then describe what kind of error
concealment method among the three feasible methods
should be used when the type of the corrupted MB is deter-
mined. In second subsection, our proposed Bézier surface
estimation method, which is one of the three used estima-
tion methods in the proposed HEC algorithm, is presented.
In last subsection, our proposed HEC algorithm is
presented.

3.1. Classifying corrupted MBs into three types

For each corrupted MB, MB; , according to the motion
vectors of eight neighboring MBs of MB, ;, i.e. NB, we first
apply the K-means (K = 2) clustering method to partition
the NB into two clusters. According to eight motion vec-
tors of NB, suppose these eight motion vectors have been
partitioned into two clusters, C; and C,, by using the K-
means clustering method. We further compute two vari-
ances of the eight motion vectors of NB for x axis and y
axis; let the two obtained variances be denoted by o2 and
af, respectively. Based on |Cy|, |Co|, a7, and o), the cor-
rupted MBs can be classified into three types, the tie and
high variance (TAH) type, the tie and low variance
(TAL) type, and the dominance type. For a corrupted
MB, its type can be used to determine the most suitable
one among the three error concealment methods.

Definition 1. (Corrupted MB being TAH type) When
[Ci| =Gl <2 and of > T, (or o} > T,), the corrupted
MB is of TAH type where T, is a specified threshold. Here,
we set T,=6 which is explained in the following
paragraph.

As shown in Fig. 3a, using the K-means clustering
method, the eight neighboring MBs are partitioned into
two clusters, C; and C,, where Cj is denoted by four white
MBs and C, is denoted by four gray MBs. Considering the
condition |C| —|Cy|<2in Definition 1, we assume
|Ci| = |C5| for convenience. The pair (|Cy|,|C,|) satisfying
this condition may be (5,3) or (4,4). For the pair (5,3) or
the pair (4,4), it reveals that may be the cluster C; belongs
to one region and the cluster C, belongs to the adjacent
region. On the other hand, for the condition ||C)| — |G| < 2,
the corrupted MB is located at the boundary of the two
adjacent regions. We further examine the two variances,
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(a) TAH type.

(b) TAL type.

— ™ 2-3) 0-2) f C5-D | 5,0 P N
-8,1) | (-7,2) p ' (-6,0) | (-8,1) | (-6,2)
) X v (O,; iy (;/5" 1) v~ X ™~
(-81) (3,3) (-6,1) (-7,2)
~ s ” CL-1) 1 10) | (-2-D) - T~ (0,-9)
4 || O | (L1 - (-6,0) | (-8,1)
v

(¢) Dominance type.

Fig. 3. Examples of three classified types of corrupted MBs.

o2 and o2, along the x axis and the y axis, respectively, in
order to know the variation degree of the surface covering
the cluster C; and the cluster C,. Considering the x (y)
coordinate of each motion vector among the eight neigh-
boring motion vectors, since the search window is of size
33 x 33, the motion displacement is ranged from 0 to 16
along the x (y) axis. Here, we set the average motion dis-
placement 8 (= %) to be the upper bound of the threshold
T, and set the square root of the maximal motion displace-
ment, 4 (= v/16), to be the lower bound of T,. Empirically,
we set the average bound 6 (=(4 + 8)/2) to be the variance
threshold 7,. Return to Fig. 3a again. According to the
motion vectors of the eight neighboring MBs, we have
two variances 6> = 19.38 and ¢> = 3.38. By Definition 1,
because of ||C)| —| Cy| <2 and o2(=19.38) > T\, (= 6),
the type of the corrupted MB as shown in Fig. 3a belongs
to the TAH type.

When the corrupted MB belongs to the TAH type, by
Definition 1, the corrupted MB is highly possible on a sur-
face with high variation, where the surface contains the
clusters C; and C,. For the corrupted MB being TAH type,
since the concerned surface is of high variation, we adopt
the Bézier surface fitting technique used in computer
graphics [7] to emulate the surface which can be con-
structed by our proposed method described in Section
3.2. Based on the constructed Bézier surface, the lost
motion vector of the corrupted MB can be estimated effi-
ciently. For the corrupted MB being TAH type, our pro-
posed Bézier surface estimation for error concealment
will be described in next section.

Definition 2. (Corrupted MB being TAL type) When
ICi| = |G| €2, 6 < T\, and o} < Ty, the corrupted MB
is of TAL type where T, = 6 is a specified threshold.

As shown in Fig. 3b, by using the K-means clustering
method, the eight neighboring MBs are partitioned into
two clusters, C; and C,, where C| is denoted by five white
MBs and C, is denoted by three gray MBs. According to
the motion vectors of eight neighboring MBs, we have
two variances > = 4.63 and ¢ = 1.13. By Definition 2,
because of ||Cy| — |Cof| < 2, 02(=4.63) < T,(=6), and a;
(=1.13) < T(=6), the type of the corrupted MB as shown
in Fig. 3b belongs to the TAL type. The discussion for
the condition ||C)| —|Cyl| < 2 reveals that the corrupted

MB is located at the boundary of the two adjacent regions.
From ¢? < T, and aﬁ < T,, we know that along the x axis
and the y axis, the variation degree of the surface covering
the cluster C; and the cluster C, is low.

When the corrupted MB belongs to the TAL type, by
Definition 2, the corrupted MB is highly possible on a sur-
face with low variation, where the surface contains the clus-
ters C, and C,. For the corrupted MB being TAL type,
since the concerned surface is of low variation, we adopt
the polygonal mesh model [6] to emulate this kind of sur-
face. In [6], plane equations (see Eq. (1)) are good mathe-
matical model to emulate it. From the description for the
first-order plane estimation (see Section 2), Zheng and
Chau [21] utilized four plane equations to estimate four
corner motion vectors of the corrupted MB, and then uti-
lized bilinear interpolation to conceal the lost motion vec-
tors of all pixels in the corrupted MB. Consequently, we
adopt the first-order plane estimation technique to handle
the corrupted MB being TAL type.

Definition 3. (Corrupted MB being dominance type) When
[[Ci1] = |Cyf| = 4, the corrupted MB is of dominance type.

As shown in Fig. 3c, by using the K-means clustering
method, the eight neighboring MBs are partitioned into
two clusters, C; and C»; one is denoted by seven white
MBs and another one is denoted by one gray MBs. By
Definition 3, because of ||Ci| — |C,|| = 4, the type of the
corrupted MB as shown in Fig. 3¢ belongs to the domi-
nance type. For exposition, we still suppose |Cy| > |Cy|.
When a corrupted MB is of dominance type, the pair
(IC1],]C5)) may be (8,0), (7,1), or (6,2). For the case
(IC1],1C)) = (8,0) and (|Cy|,|C5))=(7,1), the corrupted MB
is inside the major cluster Cj; for the case
(ICil,1C5]) = (6,2), it is highly possible that the corrupted
MB is a portion of the major cluster C;. From the above
analysis, for dominance type, the corrupted MB can be
concealed by using the information of motion vectors in
the major cluster C;, and we ignore the motion vectors in
the smaller cluster C, due to |Cy| — |C,| = 4. Consequently,
when the corrupted MB is of dominance type, for saving
execution time requirement, it is a feasible way to estimate
the lost motion vectors of the corrupted MB by using the
centroid of major cluster C;. That is, according to the
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centroid of major cluster, we get the corresponding MB in
the reference frame, and use it to replace the corrupted
MB.

3.2. Bézier surface estimation

In this section, our proposed Bézier surface estimation is
presented to conceal the corrupted MB being the TAH
type. The Bézier surface is represented as the cartesian
product of the blending functions of two orthogonal Bézier
curves [7] and that surface B(u,v) is expressed by

:Z ZP,]Cm D' (1 — )" C(n, j)v/ (1 —v)",
i=0 ;=0
O<u<l,0<o<1, (3)
where C(m l) (m B) and C(i’l ]) m, iJ is the i, ]th

control  point. Eq (3) reveals that there are
(m =+ 1)x(n+ 1) control points in the 3-D space. Fig. 4
illustrates the Bézier surface with nine control points for
m=2 and n=2; the control points are connected by
dashed lines, and the solid lines constitute the patches of
the Bézier surface. The corresponding point for u =v=10

Fig. 4. One Bézier surface constructed by nine control points for m =2
and n=2.

P 008

u

on the Bézier surface is the control point P;;; for
u = v = 1, the corresponding point is the control point P 3.

Based on the Bézier surface estimation, our proposed
error concealment method is now presented when the cor-
rupted MB is of TAH type. As mentioned before, the loca-
tion of the corrupted MB has been detected and its own
eight neighboring MBs have been decoded successfully.
As shown in Fig. 5a, the control point P,,(u=1,v=1)
denotes the location of the corrupted MB and the set of
control  points  CP = {Py(0,0),P,(3,0),P;5:(1,0),
Plyz(o,%),P3'2(17%)7P13(0, 1),P2_’3(%7 1)7P3A3(1, 1)} denotes
the locations of the eight neighboring MBs. We next map
the nine control points in Fig. 5a to the nine motion vectors
in Fig. 5b. In Fig. 5b, the nine motion vectors can deter-
mine the configuration of the Bézier surface.

After plugging the nine motion vectors into the nine
control points, Eq. (3) can be represented by the following
form:

(1-v)?
B(u,v) = [(1—u)* 2u(1 —u) u?)] x [P x | 20(1 —v) (4)
l)2
where
Mvi—l,j—l MVi,j—l MV:‘+1,/>1
[P] = MV,;lJ MV,‘J MVi+l,_j
MV MV MV

It is known that the location of the corrupted MB is de-

noted by Pzz(u—i,v:%). As a result, the estimated

motion vector of the corrupted MB is given by

—
=
1=
N

| x [P] x

INECTENT

We thus have

B(3,3) =MV,
= EMVi—],j—] + %Mvi,j—l + %MVHU,]
+gMViy, + MV, MV
+ %MV"—IJH + %le\/‘rl + %MVHL/H'

Equivalently, we have

Fig. 5. Using nine motion vectors to construct the Bézier surface. (a) The nine control points of the MBs. (b) The constructed Bézier surface.
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MVI*J' — lMViT]‘ ==

1 MV,1J1+MVIJ]+ MV,+111
+§MVi—1,j + gMVH—l,j

+ =MV + MV 4+ MV

Consequently, the estimated motion vector of the cor-
rupted MB can be calculated by

MV, =3(EMV o + MV + =MV oy
+ gMVl—lJ' + §Mvi+1,j
+ MV + MV + MV 40)
MV + MV +5MV
+ MV + MV,
+SMVy i + MV + S5MVeg .

Fig. 6 depicts the corresponding 3 X 3 mask and the esti-
mated motion vector MV, ; equals to the response when
applying the depicted 3 x 3 mask on the eight motion vec-
tors of neighboring MBs.

3.3. The proposed HEC algorithm

In this section, our proposed HEC algorithm for error
concealment is presented. Based on the motion vectors of
eight neighboring MBs of the corrupted MB, by using
the K-means algorithm, the corrupted MB can be deter-
mined to one of the three types, the TAH type, the TAL
type, or the dominance type. According to the classified
type of the damaged MB, our proposed HEC algorithm
can determine what kind of the error concealment method
should be used. If the corrupted MB belongs to the TAH
(TAL) type, the Bézier surface (the first-order plane) esti-
mation is used to conceal the corrupted MB. If the cor-
rupted MB belongs to the dominance type, the centroid
of major cluster is used to conceal the corrupted MB.
Our proposed HEC algorithm consists of the following
eight steps:

Step 1. For the corrupted MB in current image frame, the
motion vectors of eight neighboring decoded MBs

are given.

1 1 1

12 6 12
1

1 X 1

6 6

DI S

12 6 12

Fig. 6. The 3 x 3 mask used to estimate the motion vector of corrupted
MB.

Step 2. For the corrupted MB, MB; ;, applying the K-means
(K=2) clustering method to partition the eight
neighboring MBs of MB, ;, say NB, into two clusters,
Cyand G, If||Cy| — |C5f| > 2, go to Step 3; otherwise,
go to Step 4.

Step 3. The type of the corrupted MB is the dominance
type and use the centroid of the major cluster to
estimate the motion vector of the corrupted MB.
Go to Step 7.

Step 4. Compute the variances of the eight motion vectors
of NB for x axis and y axis; let the two obtained
variances be denoted by ¢? and o respectively.
If 62> T, (or 6> > T,), where T,= 6 is a specified
threshold go to Step 5; otherwise, go to Step 6.

Step 5. The corrupted MB is of TAH type. The Bézier sur-
face estimation is used to estimate the motion vec-
tor of the corrupted MB. Go to Step 7.

Step 6. The corrupted MB is of TAL type. The first-order
plane estimation is used to estimate the motion vec-
tor of the corrupted MB. Go to Step 7.

Step 7. According to the estimated motion vector of the
corrupted MB, we can get the corresponding MB
in the reference frame, and use it to replace the cor-
rupted MB.

Step 8. Repeat Steps 1-7 until all corrupted MBs have
been concealed.

After presenting our proposed whole HEC algorithm,
the flowchart for the first seven steps in the proposed algo-
rithm for error concealment is depicted in Fig. 7.

4. Experimental results

In this section, some experiments are demonstrated to
show better image quality and execution-time performance
of our proposed HEC algorithm when compared to the
previous first-order plane estimation algorithm [21]. Six
testing video sequences, two 352 x 288 CIF video sequences
(Foreman and Stefan) and four 352 %240 SIF video
sequences (Salesman, Akiyo, Mobile and Calendar, and
Football), are used to evaluate the performance compari-
son. Since each MB is of size 16 x 16, there are 396 MBs
for each image frame in the CIF video sequences and 330
MBs for each image frame in the SIF video sequences.

The PSNR (Peak Signal-to-Noise Ratio) measure is
used to evaluate the image quality in the first-order plane
estimation algorithm [21] and our proposed HEC algo-
rithm for different loss rates. Here, the PSNR is defined by

255
PSNR =10 logmm
M— lel
MSE= —— 2 I'(x,y))
x= y70

where M x N denotes the image size; I(x,y) and I'(x,y) de-
note the original image frame and the reconstructed image
frame. In our experiments, the two loss rates of corrupted
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MBs are given by 5% and 10%; the locations of corrupted
MBs are randomly specified in advance. The loss rate 5%
(10%) means that the number of corrupted MBs over all
the MBs in the compensated image is 5% (10%). As shown
in Fig. 8a and Fig. 9a, the compensated images are the
decompressed P frames which are encoded by using the
motion estimation technique and the JPEG compression
method. Here, the compensated images are also called
the error-free images because they are not corrupted.
Fig. 8b and Fig. 9b denote the corrupted image frames with
loss rates 5% and 10%, respectively, where the corrupted
MBs are denoted by black boxes in the compensated
image.

In Tables 1 and 2, the term PSNRgg denotes the average
PSNR of compensated frames for each of the six testing

error-free video sequences. In Tables 1 and 2, under 5%
and 10% loss rates, respectively, the term PSNRgop
denotes the average PSNR for each of the six video
sequences concealed by he first-order plane estimation.
The term PSNRygc denotes the average PSNR for each
of the six video sequences concealed by our proposed
HEC algorithm. From the two tables, under 5% and 10%
loss rates, the average PSNRs of the error-free algorithm,
the previous first-order plane estimation algorithm, and
our proposed HEC algorithm are 32.25, 31.72 (=(31.88 +
31.55)/2), and 31.99 (=(32.07 + 31.9)/2), respectively, where
the PSNR of the error-free algorithm is equal to the PSNR of
the original image over the compensated image without any
corrupted MBs. In average, our proposed HEC algorithm
has 0.27 (=31.99 — 31.72) db image quality improvement

Input the motion vectors of eight
neighboring MBs of
corrupted MB

!

Partition the eight motion vectors
into two clusters by using
K-means algorithm

i

HCI‘_‘CZHSZ?

(Stepl)

(Step2)
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2 2
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>threshold Ty
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Using centroid of major cluster to
estimate the motion vector of
corrupted MB

Using first-order plane to estimate
the motion vector of corrupted MB

Using Bezier surface to estimate the
motion vector of corrupted MB

A 4

Replace the corrupted MB by using

the MB in reference frame (Step7)

Fig. 7. Flowchart for the first seven steps in the proposed HEC algorithm.
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Fig. 8. The error-free and concealed image frames of the 11th frame in the Football sequence with 5% loss rate. (a) The error-free image frame. (b) The
corrupted image frame. (c) The concealed image frame by using first-order plane estimation algorithm with 22.97 db. (d) The concealed result by using our
proposed HEC algorithm with 23.48 db.

when compared to the first-order plane estimation tioned in the last paragraph, the visual quality improve-
algorithm. ment of our proposed algorithm is demonstrated in this

Besides the image quality improvement (in terms of  paragraph and the next paragraph for the corrupted MBs
average PSNR) of our proposed HEC algorithm men-  being the dominance type and the TAH type, respectively.

a - b

Fig. 9. The error-free and concealed image frames of the 16th frame in the Foreman sequence with 10% loss rate. (a) The error-free image frame. (b) The
corrupted image frame. (c) The concealed image frame by using first-order plane estimation algorithm with 31.28 db. (d)The concealed result by using our
proposed HEC algorithm with 31.68 db.
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Table 1
Image quality comparison for six testing sequences with 5% loss rate

Sequences Foreman Stefan Salesman Akiyo Mobile & Calendar Football Average PSNR
PSNRgr 33.96 25.30 34.67 43.94 31.78 23.89 32.25
PSNREgop 33.43 25.08 34.23 43.66 31.48 23.42 31.88
PSNRugc 33.70 25.15 34.51 43.87 31.63 23.53 32.07

Table 2

Image quality comparison for six testing sequences with 10% loss rate

Sequences Foreman Stefan Salesman Akiyo Mobile & Calendar Football Average PSNR
PSNRgr 33.96 25.30 34.67 43.94 31.78 23.89 32.25
PSNREgop 32.88 24.87 33.87 43.46 31.23 23.00 31.55
PSNRygc 33.48 25.02 34.35 43.80 31.54 23.22 31.9

Table 3

Average frame execution time comparison for six testing sequences with 10% loss rate

Sequences Foreman Stefan Salesman Akiyo Mobile & calendar Football Average time
TIMEgop(s) 0.0703 0.0647 0.0694 0.0629 0.0579 0.0596 0.0641
TIMEygc(s) 0.0687 0.0692 0.0632 0.0532 0.059%4 0.0603 0.0624

Fig. 8a illustrates the original 11th error-free image frame
in the Football video sequence. Under 5% loss rate for
Fig. 8a, Fig. 8b depicts the corrupted image where the ran-
domly selected corrupted MBs are denoted by black boxes.
Fig. 8c demonstrates four concealed MBs by using the first-
order plane estimation and Fig. 8d demonstrates the corre-
sponding four concealed MBs by using our proposed HEC
algorithm. It is observed that our proposed HEC algorithm
has better visual effect (see the parts inside the four circles).
In Fig. 8c and d, all the four corrupted MBs inside the four
circles are of dominance type. When the corrupted MB is
of dominance type, instead of using the first-order plane
estimation, using the centroid of major cluster estimation
to conceal the corrupted MB can have better visual effect
since it is highly possible that the corrupted MB is a por-
tion of the major cluster.

In this paragraph, the visual quality improvement of
our proposed algorithm is demonstrated again. Fig. 9a
illustrates the 16th error-free image frame in the Fore-
man video sequence. Under 10% loss rate for Fig. 9a,
Fig. 9b depicts the corrupted image where the randomly
selected corrupted MBs are denoted by black boxes.
Fig. 9c demonstrates four concealed MBs by using the
first-order plane estimation and Fig. 9d demonstrates
the corresponding four concealed MBs by using our pro-
posed HEC algorithm. It is observed that our proposed
HEC algorithm has better visual effect (see the parts
inside the four circles). In Fig. 9¢ and d, the top cor-
rupted MB inside the top circle is of dominance type
and the remaining three corrupted MBs are of TAH
type. When the corrupted MB is of TAH (dominance)
type, using the Bézier surface (centroid of major cluster)
estimation to conceal the corrupted MB can have better
visual effect. The readers can compare the four concealed
MBs with the ones in Fig. 9a.

Finally, based on the above same testing video sequences,
Table 3 is used to demonstrate the execution time compar-
ison between the previous first-order plane estimation algo-
rithm and our proposed HEC algorithm. From the average
execution time comparison in Table 3, it is observed that
under the same loss rate, our proposed HEC algorithm
has little better execution-time performance.

5. Conclusions

The proposed HEC algorithm for error concealment has
been presented in this paper. Based on neighboring MBs of
the corrupted MBs, the corrupted MBs can be classified
into three types by using our proposed novel adaptive
estimation scheme. According to the classified type of the
current corrupted MB, our proposed hybrid error conceal-
ment algorithm can determine what kind of error conceal-
ment method should be used to achieve better image
quality and execution-time performance. Experimental
results demonstrate that our proposed hybrid error
concealment algorithm can improve the video quality and
the execution-time performance over different loss rates.
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