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ABSTRACT As compressed videos are transmitted in the communication networks, video packet loss
inevitably occurs. This problem can be solved by error concealment method. We used the motion vector
of the available neighboring blocks to estimate the lost motion vector for the lost block. These estimates
propagate to predict all other missing motion vectors. We further improved the work by using the idea of
the motion vector disparities between neighboring available blocks to modify the motion vector weightings.
Furthermore, the differences between the compensated pixels and the decoded pixels in the neighboring
blocks are computed for another weighting for improvement. These two novelties are combined as a final
indicator to prediction weightings. By comparison against the state-of-the-art method, the four proposed
algorithms increase the average peak signal-to-noise ratio (PSNR) by up to 1.86, 1.93, 1.94, and 2.04 dB on
average, showing the gradual improvement of our design systems. For other video quality measurements,
the average gains of the proposed work against the state-of-the-art work can be up to 0.0575 in structural
similarity index metric (SSIM), —0.0278 in video quality metric (VQM) (the lower the better), —0.0008 in
motion-based video integrity evaluation (MOVIE) (the lower the better), and 2.77 in subjective evaluation.
The proposed work performs slightly worse than a pixel-based state-of-the-art method in PSNR and SSIM
but performs better in VQM and MOVIE (both correlate better with human perception) and subjective
experiments, with much lower computational complexity.

INDEX TERMS H.264, motion vector, video error concealment, motion vector disparities, motion-

compensated differences.

I. INTRODUCTION

Video compression algorithms, such as MPEG-1 [1],
MPEG-2 [2], H.263 [3] and H.264 [4], are important in
the digital era. Among which, H.264 is widely used in
video communication due to its good compression rate [5].
H.264 increases coding-efficiency with new modules, such
as multiple reference frame. It also has flexible block sizes
from 16x 16, to 8x 4, to 4x4 and so on in variety of ways,
giving more flexibilities for application. Video packet loss
may occur during communication. Therefore it is impor-
tant to develop a video packet recovery algorithm for the
end user to watch the video with decent experience dur-
ing the worse condition of the communication channel.
Redundant slices and flexible macroblock ordering are error-
resilient mechanisms for H.264 encoder. For the decoder
part, error concealment technique is popular to recover the

lost packets. Error concealment methods had been discussed
in many literatures. Boundary matching algorithm to esti-
mate the lost motion vectors is developed in [6]. In [7],
edges in the missing blocks are estimated. Optical flow
method is utilized in [8] and [9] to recover the lost pixels.
The work in [10] minimized a joint spatial-temporal cost
function for the lost motion vector. The work in [11] pre-
dicted the missing motion vectors from the available motion
vectors. Statistical methods such as B-spline modeling,
autoregressive models and Bayesian methods are developed
for the error concealment algorithms in [12]-[14], respec-
tively. Recursive algorithm is designed for the motion vec-
tor estimation in [15]. Multiple error concealment methods
are combined in a single method by switching and blending
which are proposed in [16]-[18]. Motion vector extrapolation
was first proposed in [19], which is extended in [20] for
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better performances. In [21], a hybrid method is proposed by
re-weighting the extrapolated motion vectors with available
neighboring information. The work in [22] used coding resid-
uals in surrounding blocks as the reliability index to assist
the recovery of the lost motion vectors. In [23], the coding
partition information in the previous frame were used to
group the motion vectors of possible objects in the lost blocks.
Liu et al. [24] presented a sequential pixel recovery method
with adaptive linear predictor by using Bayesian informa-
tion and spatially neighboring available pixels. In [25], an
error concealment method based on adaptive dual dictio-
nary learning and regularization was proposed, with the uses
of the sparsity of the observed space and the latent space.
Akbari et al. [26] used wavelet decomposition and sparse
optimization framework to recover the lost pixels. However
in the proposed work, to save the computational complex-
ity, we develop a low-complexity motion vector recovery
method that is based on neither other coding parameters as
in [22] and [23], nor pixel domain recovery with complicated
optimization algorithm as in [24]-[26]; our efficient structure
only uses the neighboring motion vectors to estimate the lost
motion vector.

To be specific, the proposed work is categorized as
the motion-compensation-based error concealment method,
since the work aims to estimate the motion vectors for the lost
4 x4 blocks, and the estimated motion vectors are used to take
the pixels in the reference frame. Therefore we analyze recent
works falling into this category of motion-compensation-
based error concealment method, such as [21]-[23]. The
works in [21]-[23] require the additional information from
previous frame, additional computation for processing, and
additional memory for storage. To elaborate, for additional
information, the works [21]-[23] need motion vectors of pre-
vious frame to perform motion vector extrapolation to assist
the estimation of the current lost motion vectors; the works
in [22] and [23] further require additional residual infor-
mation and partition information respectively. For required
additional computation for information from previous frame,
the works [21]-[23] need to perform additional motion vector
extrapolation, and evaluate the overlapped area to estimate the
extrapolated motion vectors. For required additional memory
for information from previous frame, the works [21]-[23]
need to store additional M x N (number of blocks in a frame)
extrapolated motion vectors or extrapolated partition infor-
mation. Therefore, the works [21]-[23] consume too much
resources.

In the proposed work, we aim to develop a low-cost
motion-compensation-based error concealment method. The
proposed work only requires motion vectors in surround-
ing blocks of the lost block in current frame (which are
also used in [21]-[23]). What is more, for the proposed
work, there are no requirements for additional computation
for information from previous frame and additional memory
for information from previous frame. Therefore the pro-
posed work is much more efficient and low-cost than the
state-of-the-art works [21]-[23].
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As for the compared method in the experimental section,
for fairness, we mainly compare with the work in [21] (and
not [22] and [23] since they are too much “expensive”
as discussed) since it uses the closest level of computa-
tional resources (information, complexity and storage) as our
design. (In fact, the requirements for computational resources
(information, complexity and storage) for [21] are still much
higher than the proposed work.)

In our prior work [27], we improved the work in [21]. In the
proposed work, we aim to further improve our prior work
in [27] to have even better performance than the work in [21].
The novelties of our work are as follows:

1. We modify the scheme in the state-of-the-art
method [21] that uses the farther available neigh-
boring motion vectors without reusing the esti-
mates, into the scheme that uses the closer avail-
able neighboring motion vectors with estimation
propagation. This idea and initial results had been
presented in our prior work in a conference paper
in [27]. The improvement of the proposed method
against the state-of-the-art method [21] is up to
1.86 dB in PSNR (Peak Signal to Noise Ratio in dB).

2. The estimation process in previous proposed work
uses only simple average and direct weighting on
the closest available neighboring motion vectors.
We further proposed to use the motion vector
disparities between neighboring motion vectors in
vertical and horizontal directions for differenti-
ated importance of weighting on different neighbor-
ing motion vectors. This method further improved
the performance gain against the state-of-the-art
method [21] by up to 1.93 dB.

3. In addition, we consider the sum of the absolute
difference between the motion-compensated pixels
and the fully decoded pixels as the indicator of
modifying different weightings. This modification
outperformed the state-of-the-art method [21] by up
to 1.94 dB.

4. Finally, by combining the two previous novel
weighting methods and the estimation propagation
scheme, the largest gain against the state-of-the-
art method [21] can be up to 2.04 dB in PSNR on
average. Furthermore, compared with the state-of-
the-art method [21], the our improvement gains on
average can be by up to 0.0575 in SSIM (Structural
Similarity Index Metric), —0.0278 in VQM (Video
Quality Metric) (the lower the better), —0.0008 in
MOVIE (MOtion-based Video Integrity Evalua-
tion) (the lower the better), and 2.77 in subjective
scores (averaged over 50 subjects).

5. The proposed work requires only motion vectors in
the surrounding blocks of the lost block in the cur-
rent frame, which is the most efficient algorithm in
computational resources (information, complexity
and storage) compared to relevant state-of-the-art
works [21]-[23].
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FIGURE 1. lllustration of the method in [21]. Each block has size 4 x4, and
gray area is the lost 16x 16 MB. The white area is available blocks.

6. Compared with a state-of-the-art pixel-based
method [24], the proposed method performs better
in terms of VQM, MOVIE (both relate better with
human perception) and subjective experiments,
with much lower computational complexity, even
though our PSNR and SSIM are slightly worse.

The paper is organized as follows: section 2 discusses

the state-of-the-art method in [21], and our proposed exten-
sion using motion vector estimation propagation (which is
proposed in our prior work in [27]). Section 3 develops an
improved weighting method by using motion vector dispar-
ities in the neighboring available blocks. Section 4 uses the
motion-compensated differences as new weightings to our
algorithm. Section 5 combines the previous two novelties
into a final weighting for the motion vector estimation with
propagation. Section 6 demonstrates the experimental results.
Section 7 is the conclusion of this paper.

Il. PROPOSED MOTION VECTOR ESTIMATION
PROPAGATION METHOD

In this section, we introduced the method in the state-of-the-
art work [21] as the basis of the proposed work. We then
develop an algorithm of the proposed motion vector estima-
tion propagation. Parts of the descriptions in this section are
taken from our prior work in [27].

In [21], for each lost 4 x4 block, the method uses 4 nearest
EMYV (extrapolated motive vector) and 4 nearest MVs in
top, bottom, left, and right available 16 x 16 MB. As shown
in fig. 1 for example, the (3,3) block is a lost block to be
estimated with the motion information from top, bottom, left,
and right closest available blocks. The distance between the
lost block and the available block is important. However,
as the distance becomes larger (for this example the distance
can be up to 2 blocks away, and 3 for the maximum), the
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FIGURE 2. The gray area is the lost 16 x 16 MB. The white area is available
blocks. The estimation of the lost motion vector is in the direction of
arrow.

correlation becomes smaller, which affects the performance
of error concealment. We aim to change the procedure of error
concealment to avoid this problem.

In this section, we proposed the novel motion vector
estimation propagation method. The illustration is shown
in fig. 2. For alost 16 x 16 MB (Macroblock) in a frame, it has
available 16 x 16 MB neighbors in top, bottom, left and right
locations. The available motion vectors in the neighboring
MBs are used for the recovery of the motion vectors in the
lost MB. The number of 4x4 blocks in a lost 16x16 MB
is 16, whose indexes are shown in fig. 2. To recover the
lost motion vectors for each 4 x4 block, we start from the
most top-left 4x4 block (1,1). It has top and left available
neighbor block A and block P, and their motion vectors
MVpy = MVXy, MVY 4) and MV p = (MVX p, MVY p), thus
their average is computed as the estimated motion vectors of
block (1,1):

1 1
MV(LD:(E XMVA+§ x MV p) @))
For (1,2) block, it has a top neighboring motion vector of
block B, and the left estimated motion vectors of block (1,1).
Their average is computed as the estimated motion vectors of
block (1,2):

1 1
MV (1,2 =(§ XMVB+§ x MV (1,1)) 2)

Note that this is where the ““propagation” comes in when later
estimation uses previous estimation. Similarly the procedure
is performed for block (2,1), which has a left neighboring
motion vector of block O, and the top estimated motion vec-
tors of block (1,1). Their average is computed as the estimated
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motion vectors of block (2,1):
1 1
MV 2,1 =(§ *MVan+ 35 x MV o) 3

For the lost block (2,2), it has the top estimated motion
vectors of block (1,2), and the left estimated motion vectors
of block (2,1). The average of them is the estimated motion
vectors of block (2,2):

1 1
MV 22 = (5 x MV 12+ e MV ) 4

As can be seen, these procedures propagate the estimated
from the corner block which has the most number of available
neighboring motion vector (2 available neighbors for (1,1)
in this case), to the more center block which has the least
number of available neighboring motion vector (0 available
neighbors for (2,2) in this case); this processing order is due
to the fact that the estimate with more available neighbors is
more reliable to start with. As the estimate motion vectors
propagate, the more center block has estimated neighboring
motion vectors to use for its recovery of motion vectors.
Above procedure starts from the top-left corner 4 x4 block
(1,1), and the estimate propagation is not suggested to go
farther than (2,2) since the estimation error may accumulate
with more propagation. Therefore we start over the similar
procedure with the top-right 4 x4 block (1,4), propagating the
estimates (with the similar computations) to the more center
block (2,3). Similarly, we start the estimate propagation from
the bottom-left corner 4x4 block (4,1) to the more center
block (3,2), and from the bottom-right corner 4 x4 block (4,4)
to the more center block (3,3). The method designed in this
section is denoted as Proposed.

IIl. WEIGHTING USING DISPARITY OF THE MOTION
VECTORS IN THE NEIGHBORING AVAILABLE BLOCKS

As discussed in the previous section, the prior work in [27]
designed a motion vector estimation propagation algorithm
that directly uses the neighboring available motion vectors
as predictors with simple average. In this section, we aim to
use the disparities of neighboring motion vectors in different
directions for different weights.

The design idea is as follows. For the horizontal neighbor-
ing motion vectors, if their “directions” (to be defined later)
vary a lot, it is likely that they are less reliable to prediction,
thus their weights should be low in the estimation. Similarly,
if the “directions’ for the vertical neighboring motion vectors
have higher variation, less weights should be put on them
for estimation. This is the basic idea for the design. To put
into practice, we first define “direction” of a motion vector
(MVX, MVY) of a neighboring block by their arctangent:
tan~! (A%), this is usually a measurement for the angle of a
set of two dimensional vector MVX, MVY).

To start the algorithm, we take fig. 2 as illustration.
As demonstrated in the previous section, we start from the
left-top of the missing macroblock. Specifically, we start from
the missing block (1,1) whose immediate vertical neighbor
is block A on top and the immediate horizontal neighbor is
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block P on the left. Note that in the estimation in the prior
work in [27], the estimated motion vector of (1,1) is the direct
and simple average of the motion vectors MV 4 and MV p of
the neighbors:

1 1
MV(LD:(E XMVA+§ x MV p) 5)

For the extended method, we used the directional disparity to
improve the simple weighting. The horizontal motion vector
disparity can be computed by the neighboring block A and
block B (they form a horizontal relation), whose motion vec-

tors are (MVX 4, MVY 4) and (MVX g, MVY p), respectively,
MVY 4 MVYp

—1
MV and tan ( MV )

and their directions are tan~! (

respectively. The motion vector disparity of the block A and
block B is computed as their absolute difference in direc-
tions, denoted as DD4p, the horizontal directional disparity
of block A and B:

tan~! (w) —tan”! <w)‘ (6)

DDyp =
AB MVX 4 MVXp

Similarly, the vertical motion vector disparity can be com-

puted by the neighboring block P and block O ((they form
MVYp

a vertical relation)), with the directions being tan~! ( MVXp

—1{MvYy . . . . . .
and tan ( VXS )- The vertical directional disparity in

motion vectors are DDpp

MVY MVY
tan~! [ —L ) —tan~! [ —-2 @)
MVXp MVXo

As mentioned, large disparity in horizontal direction
(DD4p in this case) means the motion vectors in horizontal
direction is inconsistent and thus unreliable, therefore the
motion vectors MV p = (MVXp, MVY p) from block P (the
horizontal (left) to the (1,1)) should receive less weights in
prediction, and the motion vectors MV 4 = (MVX 4, MVY 4)
from block A (the vertical (top) to the (1,1)) should receive
higher weights. To sum up, larger DD4p means higher
weights for MV 4, so the MV, is weighted by DDgp as
DDyp x MV 4. Similarly, if the disparity in vertical direction
(DDpg in this case) is larger, it means the motion vectors
in vertical direction in this neighborhood are inconsistent
and should have lower weights. Therefore the motion vec-
tors from block A (the vertical neighbor of (1,1)) should
weight lower and the block P (the horizontal neighbor
of (1,1)) should weight higher in prediction. Thus larger
DDpp means higher weights for MVp, and the MVp is
weighted by DDpg as DDpp x MV p.

The two weighting contributions are combined as follows
to be the estimate of 1’\/1\\//(1’1):

DDpo =

m(l,l) = (DDap X MV 5 + DDpp x MV p) )
After normalization, the estimate MV (1) is formulated as

MV 1,1y = (W_v_DDq,1y x MV 4 +w_h_DD(; 1) x MV p)
)
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where w_v_DD(j 1) DDiag and w_h_DD( 1) =

DD4p+DDpo
% For MV (1,2), the immediate top neighbor MV g
is weighted by DDp¢ by the same logic. And as in the prior
work in [27], the estimate of the immediate left neighbor
MV 1,1y is used for the estimation propagation, which is now
to be weighted by DDpo by the same idea described previ-
ously. Thus the normalized weighted estimate of MV (1 7) is

MV 1,2y = (W_v_DD(j 2y xMV g + w_h_DDj 2y xMV 1 1))
(10)
DDpc and w_h_DD( 2 =

DDpc+DDpo
For MV 2 1), the immediate top and left neigh-

where w_v_DDj 7

DDpo
DDgc+DDpo

bors are MV (1,1) and MV ¢, so the estimation of MV (3 1) is
modified by DDap and DDy as:

MV 2.1y = (W_v_DD2 1) xMV 1 1) +w_h_DD 1) xMV )

(11

_ DDyp —

where W_V_DD(Z]) = DDas+DDon and W_h_DD(zsl) =
[H)gjr%' Finally, the immediate neighbors of MV, ) are

MV (1,2)yand MV (1), therefore the estimation is weighted by
DDpgc and DDoy :

DDgc
DDgc + DDon

DDoy

DDgc + DDon
xMVia ) (12)

MV(Z’Z) =( X MV(LZ) +

DDpc _
DDpc+DDon and w_h_DDg ) =

Above procedure is performed for the top-left

where w_v_DDp 2 =
DDon
DDgc+DDoy *

4 missing blocks, and for the rest of top-right, left-bottom and
right bottom blocks, the procedure is similar and can be easily
extended. This algorithm is denoted as Porposed_MYVD,
proposed motion-vector disparity method.

IV. WEIGHTING USING DIFFERENCES BETWEEN PIXELS
IN THE NEIGHBORING BLOCKS AND THEIR
MOTION-COMPENSATED BLOCKS

In the previous section, the motion vector disparity in neigh-
boring blocks is used to modify the prediction weighting in
section 2. In this section, we further proposed to improve
the weighting by using the idea of pixel differences between
the decoded pixels and the motion-compensated pixels of the
neighboring available blocks.

As we know, the motion vectors mainly are used in
the decoder to recover the decoded pixel. Take block A
(of size 4x4) in fig. 2 for example, its motion vector
MV 4 = (MVX 4, MVY 4) is first used to produce the motion-
compensated pixels by copying the 4 x4 pixels with the dis-
placement of MV 4 = (MVX4, MVY 4) from its location in
the reference frame. The motion-compensated 4 x4 pixels are
denoted by MC(A(x, y), MV 4), where A(x, y) is the 4 x4 loca-
tion of the block A. This motion-compensated 4 x4 pixels
are added with some coding information in the bitstream to
become the true decoded pixel of 4x4 pixels in block A,
denoted as DP(A(x, y)). We can infer that if the contents
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of 4x4 MC(A(x,y), MV 4) and 4x4 DP(A(x, y)) differ a lot,
it means the motion vector is not a good predictor. This is the
design idea for the algorithm in this section.

To measure the “difference” between 4x4 MC(A(x, y),
MV 4) and 4x4 DP(A(x, y)) of block A, we use the sum of
the absolute difference between them, defined as Dy:

4 4
Da = Zx:l Zy:l

IMC (A (x,y) , MV z) — DP(A(x, y))|

(13)

Therefore, if the value of Dy is large, the MV 4 is not a good
predictor, and if Dy is small, the MV 4 is a good predictor.
This is to be used for the algorithm design. In fig. 2, to start
again with the top-left 4 blocks, the block (1,1) is first pro-
cessed. The two closest available neighbors of it is block A
and block P. We compute the differences D4 and Dp using
the above procedure, respectively. As discussed, higher D
means lower predictability, therefore if Dy is larger, the pre-
dictability of MV 4 is lower, which means the predictability
of MV p is larger; this means the MV p is weighted by Dy
as Dy x MVp. And similarly the MV 4 is weighted by Dp
as Dp x MV 4. The contribution of the two neighbors are
combined as the initial motion vector estimation MV (1L,n:

m(l,l) = (Dp X MVs+ Dy x MVp) (14)

With the normalization process, the estimation is modified as
follows

MV a1y =W_v_Dq,1)y x MV 4+ w_h_Dg 1)y x MVp)
(15)
where W_V_D(L]) = DDJFD , W_h D(] ) = D,iDp +DP With

the same procedure, the estimation of motion vector in the
block (1,2) is:

MV([yz) = (W_V_D(]»z) X MVp—+ W_h_D(],z) X MV(LD)
(16)
where w_v_D( 2) = DBD+Dp w_h_D(12) = 5% For the

block (2,1), the estimation is

MV 1y = W_v_D@, 1)y x MV 1,1y +w_h_De 1) x MV g)

a7)
where W_V_D(]»]) = DatDo +D , W h D(] nH = . And

D,
. . Dy +ADO
finally, the motion vector for block (2,2) is

MV(2’2) = (W_V_D(z)z) X MV(LQ) + W_h_D(z)z) XMV(ZJ))
(18)
where w_v_D ) = ﬁ, w_h_Dp 1) = DsiDo +D . This

idea can be easily extended to the rest of top-right, bottom-
left and bottom right corner of the missing macroblocks. This
method is denoted as Proposed_MCD, the proposed motion-
compensation difference.
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TABLE 1. The PSNR (in dB) comparisons of the error-concealed videos for different methods. It shows the Proposed method, Proposed_MVD,
Proposed_MCD, and Proposed_MVD_MCD, and their performance gains against the state-of-the-art [21], denoted by Gain1, Gain2,
Gain3 and Gain4. Gain5 is the gain of Proposed_MVD_MCD over [24].

QP Video [21] [24] Proposed  Gainl | Proposed_MVD  Gain2 | Proposed_MCD Gain3 Proposed_MVD_MCD  Gain4 | Gain5
Coastguard J 29.08 | 27.83 30.40 1.32 30.52 1.44 30.65 1.57 30.68 1.60 2.85
Foreman 27.50 | 31.05 29.99 2.49 30.14 2.64 30.11 2.61 30.25 2.75 -0.8
City 30.19 | 31.16 31.72 1.53 31.77 1.58 31.85 1.66 31.94 1.75 0.78
Crew 28.27 | 32.14 29.88 1.61 29.92 1.65 29.88 1.61 29.90 1.63 -2.24
20 Flower 23.69 | 25.64 25.33 1.64 2533 1.64 2531 1.62 25.36 1.67 -0.28
Football 23.35 [ 28.59 25.35 2.00 25.46 2.11 25.41 2.06 25.68 233 -2.91
Stefan 22.76 | 26.54 25.21 2.45 2525 2.49 25.26 2.50 25.34 2.58 -1.2
AVERAGE | 26.4 28.99 28.26 1.86 28.34 1.93 28.35 1.94 28.45 2.04 -0.54
Coastguard f 29.01 | 27.81 30.26 1.25 30.37 1.36 30.48 1.47 30.52 1.51 2.71
Foreman 28.34 | 31.13 30.64 2.30 30.76 2.42 30.70 2.36 30.83 2.49 -0.3
City 30.37 | 31.56 31.90 1.53 31.94 1.57 31.95 1.58 32.04 1.67 0.48
Crew 28.23 || 31.96 29.71 1.48 29.85 1.62 29.71 1.48 29.75 1.52 -2.21
22 Flower 23.67 | 25.62 25.34 1.67 2532 1.65 25.29 1.62 2533 1.66 -0.29
Football 23.29 | 2851 25.18 1.89 25.30 2.01 25.18 1.89 25.42 2.13 -3.09
Stefan 22.80 | 26.48 25.22 2.42 25.24 2.44 25.26 2.46 2533 2.53 -1.15
AVERAGE [ 26.53 | 29.01 28.32 1.79 28.39 1.86 28.36 1.83 28.46 1.93 -0.55
Coastguard f 29.15 | 18.14 30.35 1.20 30.43 1.28 30.51 1.36 30.55 1.40 12.41
Foreman 27.91 | 30.54 30.05 2.14 30.27 2.36 30.11 2.20 30.43 2.52 -0.11
City 29.71 | 30.69 31.19 1.48 31.23 1.52 31.22 1.51 31.29 1.58 0.6
Crew 28.08 [ 31.74 29.60 1.52 29.67 1.59 29.58 1.50 29.61 1.53 -2.13
24 Flower 23.66 | 25.58 25.26 1.60 2527 1.61 25.23 1.57 25.25 1.59 -0.33
Football 23.20 | 2828 25.14 1.94 25.33 2.13 25.19 1.99 25.44 2.24 -2.84
Stefan 22.74 | 26.48 25.20 2.46 2522 2.48 25.20 2.46 25.26 2.52 -1.22
AVERAGE [ 26.35 | 27.35 28.11 1.76 28.20 1.85 28.14 1.79 28.26 1.91 0.91
Coastguard J 28.78 | 27.80 29.85 1.07 29.92 1.14 29.95 1.17 29.98 1.20 2.18
Foreman 25.96 | 30.28 28.74 2.78 28.92 2.96 28.83 2.87 28.99 3.03 -1.29
City 29.46 | 30.20 30.76 1.30 30.81 1.35 30.79 133 30.85 1.39 0.65
Crew 28.23 | 31.65 29.52 1.29 29.58 1.35 29.44 1.21 29.54 1.31 -2.11
26 Flower 23.68 | 25.62 25.26 1.58 25.24 1.56 25.21 1.53 25.23 1.55 -0.39
Football 23.12 | 28.13 25.09 1.97 25.26 2.14 25.12 2.00 25.26 2.14 -2.87
Stefan 22.76 | 2639 25.10 2.34 25.11 235 25.11 2.35 25.17 2.41 -1.22
AVERAGE J 25.99 | 28.58 27.76 1.76 27.83 1.83 27.77 1.78 27.86 1.86 -0.72
Coastguard J 28.52 | 27.48 29.48 0.96 29.52 1.00 29.59 1.07 29.61 1.09 2.13
Foreman 25.99 | 30.34 28.35 2.36 28.51 2.52 28.38 2.39 28.56 2.57 -1.78
City 29.45 | 30.06 30.58 1.13 30.61 1.16 30.60 1.15 30.64 1.19 0.58
Crew 28.06 | 31.16 29.20 1.14 29.30 1.24 29.21 1.15 29.31 1.25 -1.85
28 Flower 23.55 | 25.42 25.03 1.48 25.03 1.48 25.00 1.45 25.03 1.48 -0.39
Football 23.20 [ 27.99 24.98 1.78 25.11 1.91 25.00 1.80 25.22 2.02 -2.77
Stefan 22.60 [ 2624 24.86 2.26 2491 231 24.89 2.29 24.94 2.34 -1.3
AVERAGE J 25.91 | 28.38 27.49 1.58 27.57 1.66 27.52 1.61 27.61 1.70 -0.76
Coastguard J 28.26 | 27.22 28.93 0.67 28.94 0.68 29.00 0.74 29.02 0.76 1.8
Foreman 26.43 | 30.10 28.61 2.18 28.67 2.24 28.61 2.18 28.69 2.26 -1.41
City 28.92 | 29.26 29.86 0.94 29.90 0.98 29.85 0.93 29.89 0.97 0.63
Crew 28.24 | 30.92 29.27 1.03 29.36 1.12 29.27 1.03 29.40 1.16 -1.52
30 Flower 23.43 [ 25.18 24.82 1.39 24.84 1.41 24.76 1.33 24.76 1.33 -0.42
Football 23.20 | 27.46 25.05 1.85 2522 2.02 25.17 1.97 25.30 2.10 -2.16
Stefan 22.46 | 2593 24.72 2.26 24.76 2.30 24.74 2.28 24.80 2.34 -1.13
AVERAGE | 25.84 | 28.01 27.32 1.47 27.38 1.53 27.34 1.49 27.40 1.56 -0.60
Coastguard J 28.17 | 27.15 28.65 0.48 28.67 0.50 28.73 0.56 28.73 0.56 1.58
Foreman 25.98 || 29.61 27.96 1.98 28.00 2.02 27.96 1.98 28.03 2.05 -1.58
City 28.48 | 28.64 29.25 0.77 29.25 0.77 29.18 0.70 29.21 0.73 0.57
Crew 28.23 | 30.43 29.09 0.86 29.19 0.96 29.05 0.82 29.16 0.93 -1.27
32 Flower 23.40 [ 24.96 24.74 1.34 24.71 1.31 24.64 1.24 24.66 1.26 -0.3
Football 2290 | 27.23 24.68 1.78 24.88 1.98 24.79 1.89 24.98 2.08 -2.25
Stefan 22.84 [ 26.02 24.76 1.92 24.79 1.95 24.71 1.93 24.83 1.99 -1.19
AVERAGE | 25.71 || 27.72 27.01 1.30 27.07 1.35 27.01 1.30 27.08 1.37 -0.63

V. COMBINATION OF THE TWO PROPOSED WEIGHTINGS

INTO THE PROPOSED ESTIMATION

PROPAGATION SCHEME
In section 3 and section 4, different ideas of changing the
weightings of the algorithm in section 2 are proposed. In this
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section, these two types of weightings are combined to further
improve the performance.

For the purpose of illustration, the block (1,1) is taken for
example, whose closest available neighbors are block A and
block P with motion vector MV 4 and MV p, respectively.
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TABLE 2. The SSIM comparisons of the error-concealed videos for different methods. It shows the Proposed method, Proposed_MVD, Proposed_MCD,
and Proposed_MVD_MCD, and their performance gains against the state-of-the-art [21], denoted by Gain1, Gain2, Gain3 and Gain4. Gain5 is

the gain of Proposed_MVD_MCD over [24].

QP Video [21] [24] Proposed  Gainl Proposed MVD  Gain2 | Proposed MCD  Gain3 Proposed MVD _MCD Gain4 Gain5
Coastguard f§ 0.8996 | 0.8949 0.9302 0.0306 0.9309 0.0314 0.9308 0.0313 0.9310 0.0315 0.0361
Foreman 0.8832 | 0.9295 0.9265 0.0433 0.9279 0.0447 0.9270 0.0438 0.9296 0.0464 0.0001

City 0.8812 | 0.9079 0.9193 0.0381 0.9203 0.0391 0.9208 0.0396 0.9222 0.0410 0.0143

Crew 0.8359 | 0.9124 0.8790 0.0431 0.8805 0.0446 0.8793 0.0434 0.8813 0.0454 -0.0311

20 Flower 0.8846 | 0.9083 0.9190 0.0344 0.9193 0.0347 0.9192 0.0346 0.9202 0.0356 0.0119
Football 0.7750 | 0.9128 0.8418 0.0668 0.8453 0.0703 0.8424 0.0674 0.8506 0.0756 -0.0622
Stefan 0.8310 | 0.9070 0.9011 0.0701 0.9024 0.0714 0.9022 0.0712 0.9048 0.0738 -0.0022
AVERAGE § 0.8557 | 0.9104 0.9024 0.0466 0.9038 0.0480 0.9031 0.0473 0.9056 0.0499 -0.0047
Coastguard J§ 0.8941 0.8894 0.9237 0.0296 0.9244 0.0303 0.9240 0.0299 0.9242 0.0301 0.0348
Foreman 0.9003 | 0.9295 0.9305 0.0302 0.9320 0.0317 0.9306 0.0303 0.9327 0.0324 0.0032

City 0.8837 | 0.9107 0.9204 0.0367 0.9214 0.0377 0.9208 0.0371 0.9222 0.0385 0.0115
Crew 0.8305 | 0.9050 0.8724 0.0419 0.8748 0.0443 0.8722 0.0417 0.8744 0.0439 -0.0306

2 Flower 0.8818 | 0.9061 0.9166 0.0348 0.9166 0.0348 0.9168 0.0350 0.9175 0.0357 0.0114
Football 0.7726 | 0.9064 0.8352 0.0626 0.8376 0.0650 0.8357 0.0631 0.8422 0.0696 -0.0642
Stefan 0.8298 | 0.9055 0.8991 0.0693 0.9000 0.0702 0.8998 0.0700 0.9015 0.0717 -0.0040
AVERAGE J 0.8561 0.9075 0.8997 0.0435 0.9009 0.0448 0.8999 0.0438 0.9021 0.0459 -0.0054
Coastguard f§ 0.8930 || 0.8876 0.9171 0.0241 0.9175 0.0245 0.9171 0.0241 0.9173 0.0243 0.0297
Foreman 0.8865 | 0.9164 0.9180 0.0315 0.9201 0.0336 0.9191 0.0326 0.9215 0.0350 0.0051

City 0.8621 0.8911 0.9028 0.0407 0.9043 0.0422 0.9029 0.0408 0.9048 0.0427 0.0137
Crew 0.8218 | 0.8939 0.8640 0.0422 0.8660 0.0442 0.8636 0.0418 0.8664 0.0446 -0.0275

24 Flower 0.8793 | 0.9027 0.9135 0.0342 0.9137 0.0344 0.9138 0.0345 0.9142 0.0349 0.0115
Football 0.7624 | 0.8927 0.8261 0.0637 0.8305 0.0681 0.8263 0.0639 0.8338 0.0714 -0.0589
Stefan 0.8264 | 0.9026 0.8972 0.0708 0.8984 0.0720 0.8977 0.0713 0.8997 0.0733 -0.0029
AVERAGE J 0.8473 | 0.8981 0.8912 0.0438 0.8843 0.0455 0.8915 0.0441 0.8939 0.0466 -0.0041
Coastguard J§ 0.8784 | 0.8711 0.9017 0.0233 0.9019 0.0235 0.9012 0.0228 0.9014 0.0230 0.0303
Foreman 0.8471 0.9045 0.8957 0.0486 0.8977 0.0506 0.9857 0.1386 0.8990 0.0519 -0.0055

City 0.8491 0.8745 0.8888 0.0397 0.8901 0.0410 0.8885 0.0394 0.8901 0.0410 0.0156
Crew 0.8172 | 0.8834 0.8561 0.0389 0.8577 0.0400 0.8545 0.0373 0.8578 0.0406 -0.0256

26 Flower 0.8767 | 0.8996 0.9101 0.0334 0.9099 0.0336 0.9095 0.0328 0.9101 0.0334 0.0105
Football 0.7540 | 0.8781 0.8150 0.0610 0.8186 0.0646 0.8168 0.0628 0.8209 0.0669 -0.0572

Stefan 0.8230 | 0.8985 0.8920 0.0690 0.8925 0.0695 0.8918 0.0688 0.8935 0.0705 -0.005
AVERAGE J 0.8350 | 0.8871 0.8799 0.0448 0.8812 0.0461 0.8925 0.0575 0.8818 0.0467 -0.0052
Coastguard f§ 0.8617 || 0.8524 0.8840 0.0223 0.8841 0.0224 0.8835 0.0218 0.8837 0.0220 0.0313
Foreman 0.8375 | 0.8983 0.8826 0.0451 0.8842 0.0467 0.8828 0.0453 0.8854 0.0479 -0.0129

City 0.8418 | 0.8640 0.8768 0.0350 0.8781 0.0363 0.8765 0.0347 0.8780 0.0362 0.014

Crew 0.8011 0.8642 0.8374 0.0363 0.8395 0.0384 0.8373 0.0362 0.8407 0.0396 -0.0235

28 Flower 0.8697 | 0.8912 0.9016 0.0319 0.9016 0.0319 0.9012 0.0315 0.9017 0.0320 0.0105
Football 0.7446 | 0.8586 0.7985 0.0539 0.8028 0.0582 0.7999 0.0553 0.8053 0.0607 -0.0533

Stefan 0.8161 0.8919 0.8834 0.0673 0.8851 0.0690 0.8837 0.0677 0.8856 0.0695 -0.0063
AVERAGE J 0.8246 | 0.8743 0.8663 0.0416 0.8679 0.0432 0.8664 0.0417 0.8686 0.0439 -0.0057
Coastguard J§ 0.8438 || 0.8314 0.8603 0.0165 0.8602 0.0164 0.8597 0.0159 0.8600 0.0162 0.0286
Foreman 0.8328 | 0.8856 0.8741 0.0413 0.8750 0.0422 0.8733 0.0405 0.8750 0.0422 -0.0106

City 0.8172 | 0.8320 0.8511 0.0339 0.8522 0.0350 0.8501 0.0329 0.8513 0.0341 0.0193
Crew 0.7945 | 0.8440 0.8222 0.0277 0.8243 0.0298 0.8221 0.0276 0.8254 0.0309 -0.0186

30 Flower 0.8596 | 0.8797 0.8911 0.0315 0.8917 0.0321 0.8903 0.0307 0.8909 0.0313 0.0112
Football 0.7327 | 0.8310 0.7851 0.0524 0.7893 0.0566 0.7873 0.0546 0.7912 0.0585 -0.0398

Stefan 0.8050 | 0.8809 0.8735 0.0685 0.8744 0.0694 0.8736 0.0686 0.8757 0.0707 -0.0052
AVERAGE J 0.8122 | 0.8549 0.8510 0.0388 0.8524 0.0402 0.8509 0.0386 0.8527 0.0405 -0.0021
Coastguard f§ 0.8239 || 0.8106 0.8363 0.0124 0.8363 0.0124 0.8363 0.0124 0.8364 0.0125 0.0258
Foreman 0.8125 | 0.8680 0.8522 0.0397 0.8529 0.0404 0.8517 0.0392 0.8531 0.0406 -0.0149

City 0.7915 | 0.8026 0.8205 0.0290 0.8209 0.0294 0.8181 0.0266 0.8193 0.0278 0.0167
Crew 0.7788 | 0.8188 0.8007 0.0219 0.8026 0.0238 0.7993 0.0205 0.8022 0.0234 -0.0166

32 Flower 0.8511 0.8668 0.8822 0.0311 0.8819 0.0308 0.8798 0.0287 0.8803 0.0292 0.0135
Football 0.7025 | 0.8028 0.7554 0.0529 0.7596 0.0571 0.7565 0.0540 0.7619 0.0594 -0.0409

Stefan 0.8074 | 0.8748 0.8659 0.0585 0.8669 0.0595 0.8651 0.0577 0.8671 0.0647 -0.0077
AVERAGE [ 0.7953 | 0.8349 0.8304 0.0350 0.8315 0.0362 0.8295 0.0341 0.8314 0.0368 -0.0034

In section 3 as shown in eq (9), the motion vectors
are weighted by w_v_DD(; ;) and w_h_DD( ), and in
section 4 as shown in eq (15), the motion vectors are
weighted by w_v_D(; 1) and w_h_D(y 1y. To combine these
two weightings to consider two effects at the same time,
they are directly multiplied to weight corresponding motion
vectors

A’/IT/(M) = ((W_V_DD(LI) x W_v_Dq1,1)) x MV 4
~|—(W_h_DD(1,1) X W_h_D(Ll)) X MVP) (19)
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To normalize the weightings, the formula is modified as
follows:

MV 1,1y = Wy, 1) X MV A+ whq,1) x MVp)  (20)

where

W_V(,1)
W_V_DD(L 1) X W_V_D(l’ 1)

W_V_DD(L X W_V_D(l’l)—i-W_h_DD(l’l) X W_h_D(l,l) ’
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TABLE 3. The VQM comparisons of the error-concealed videos for different methods. It shows the Proposed method, Proposed_MVD, Proposed_MCD, and
Proposed_MVD_MCD, and their performance gains against the state-of-the-art [21], denoted by Gain1, Gain2, Gain3 and Gain4. Gain5 is the gain of
Proposed_MVD_MCD over [24].

QP Video [21] [24] Propose Gainl Proposed_ Gain2 Proposed_ Gain3 Proposed_M Gain4 Gain5
d MVD MCD VD MCD

Coastguard 0.1774 0.4596 0.1769 -0.0005 0.1654 -0.0120 0.1752 -0.0022 0.1652 -0.0121 -0.2944
Foreman 0.2405 0.3227 0.1918 -0.0487 0.1867 -0.0537 0.1871 -0.0534 0.1806 -0.0598 -0.1421
City 0.1238 0.3664 0.1488 0.0249 0.1417 0.0179 0.1433 0.0195 0.1337 0.0099 -0.2327
Crew 0.3107 0.3505 0.2771 -0.0336 0.2829 -0.0279 0.2822 -0.0286 0.2763 -0.0345 -0.0742

20 Flower 0.1699 0.4030 0.1697 -0.0002 0.1594 -0.0105 0.1688 -0.0012 0.1539 -0.0160 -0.2491
Football 0.3020 0.2331 0.2650 -0.0370 0.2624 -0.0396 0.2580 -0.0440 0.2622 -0.0398 0.0291
Stefan 0.2139 0.3128 0.1874 -0.0264 0.1768 -0.0371 0.1787 -0.0352 0.1716 -0.0422 -0.1412
AVERAGE 0.2197 0.3497 0.2024 -0.0174 0.1965 -0.0233 0.1990 -0.0207 0.1919 -0.0278 -0.1578
Coastguard 0.1800 0.4583 0.1805 0.0005 0.1737 -0.0063 0.1797 -0.0003 0.1733 -0.0067 -0.2850
Foreman 0.2108 0.2929 0.1628 -0.0479 0.1648 -0.0459 0.1646 -0.0462 0.1612 -0.0496 -0.1317
City 0.1185 0.3210 0.1401 0.0217 0.1317 0.0133 0.1386 0.0202 0.1290 0.0105 -0.1920
Crew 0.3049 0.3494 0.2844 -0.0205 0.2868 -0.0181 0.2760 -0.0288 0.2830 -0.0219 -0.0664
22 Flower 0.1828 0.4011 0.1886 0.0057 0.1682 -0.0147 0.1790 -0.0039 0.1637 -0.0192 -0.2374
Football 0.3030 0.2488 0.2674 -0.0356 0.2690 -0.0340 0.2600 -0.0430 0.2670 -0.0360 0.0182
Stefan 0.2173 0.3118 0.1864 -0.0308 0.1805 -0.0368 0.1919 -0.0253 0.1838 -0.0334 -0.1280
AVERAGE 0.2167 0.3405 0.2015 -0.0153 0.1964 -0.0204 0.1986 -0.0182 0.1944 -0.0223 -0.1461
Coastguard 0.1974 0.4346 0.1943 -0.0031 0.1875 -0.0099 0.1926 -0.0047 0.1878 -0.0096 -0.2468
Foreman 0.2316 0.3336 0.1974 -0.0342 0.1943 -0.0373 0.1938 -0.0377 0.1866 -0.0449 -0.1470

City 0.1550 0.3892 0.1707 0.0157 0.1697 0.0148 0.1740 0.0191 0.1689 0.0139 -0.2203

Crew 0.3173 0.3558 0.2931 -0.0241 0.2966 -0.0207 0.2905 -0.0268 0.2935 -0.0238 -0.0623

24 Flower 0.1792 0.4049 0.1727 -0.0065 0.1653 -0.0140 0.1694 -0.0098 0.1598 -0.0194 -0.2451
Football 0.3132 0.2596 0.2678 -0.0454 0.2670 -0.0462 0.2658 -0.0474 0.2636 -0.0496 0.0040

Stefan 0.2325 0.3163 0.1949 -0.0377 0.2002 -0.0323 0.2006 -0.0319 0.1932 -0.0393 -0.1231
AVERAGE 0.2323 0.3563 0.2130 -0.0193 0.2115 -0.0208 0.2124 -0.0199 0.2076 -0.0247 -0.1487
Coastguard 0.2318 0.4614 0.2294 -0.0024 0.2218 -0.0100 0.2263 -0.0055 0.2212 -0.0106 -0.2402
Foreman 0.2785 0.3514 0.2435 -0.0350 0.2399 -0.0386 0.2362 -0.0423 0.2304 -0.0481 -0.1210
City 0.1868 0.4179 0.1981 0.0112 0.1945 0.0077 0.1986 0.0117 0.1889 0.0021 -0.2290
Crew 0.3301 0.3542 0.3051 -0.0249 0.3051 -0.0249 0.3030 -0.0271 0.3000 -0.0300 -0.0542
26 Flower 0.1895 0.4033 0.1772 -0.0123 0.1718 -0.0177 0.1868 -0.0027 0.1716 -0.0180 -0.2317
Football 0.3418 0.2731 0.2909 -0.0509 0.2927 -0.0491 0.2901 -0.0517 0.2873 -0.0545 0.0142
Stefan 0.2320 0.3232 0.2054 -0.0267 0.2018 -0.0302 0.2044 -0.0276 0.2012 -0.0308 -0.1220
AVERAGE 0.2558 0.3692 0.2357 -0.0201 0.2325 -0.0233 0.2350 -0.0207 0.2287 -0.0271 -0.1405
Coastguard 0.2731 0.4814 0.2645 -0.0086 0.2617 -0.0114 0.2641 -0.0090 0.2594 -0.0137 -0.2220
Foreman 0.2775 0.3374 0.2458 -0.0317 0.2448 -0.0327 0.2429 -0.0347 0.2419 -0.0357 -0.0955
City 0.1985 0.4020 0.2057 0.0072 0.2017 0.0032 0.2056 0.0071 0.2040 0.0055 -0.1980

Crew 0.3379 0.3756 0.3164 -0.0215 0.3158 -0.0221 0.3177 -0.0202 0.3135 -0.0244 -0.0621
28 Flower 0.1991 0.4141 0.1792 -0.0200 0.1851 -0.0141 0.1879 -0.0113 0.1844 -0.0147 -0.2297
Football 0.3434 0.2961 0.3004 -0.0430 0.3026 -0.0408 0.2922 -0.0512 0.2928 -0.0506 -0.0033
Stefan 0.2537 0.3380 0.2201 -0.0336 0.2236 -0.0301 0.2189 -0.0348 0.2132 -0.0405 -0.1248
AVERAGE [ 02690 | 03778 | 0.2474  -0.0216 | 02479  -0.0211 | 02470  -0.0220 0.2442 0.0249 | -0.1336
Coastguard 0.3176 0.5105 0.3150 -0.0026 0.3104 -0.0072 0.3200 0.0024 0.3103 -0.0073 -0.2002
Foreman 0.3002 0.3339 0.2726 -0.0276 0.2703 -0.0299 0.2680 -0.0322 0.2660 -0.0342 -0.0679
City 0.2639 0.4500 0.2648 0.0009 0.2622 -0.0018 0.2598 -0.0042 0.2603 -0.0037 -0.1897
Crew 0.3464 0.3836 0.3357 -0.0107 0.3296 -0.0167 0.3279 -0.0185 0.3269 -0.0194 -0.0567
30 Flower 0.2245 0.4395 0.2138 -0.0108 0.2074 -0.0171 0.2150 -0.0095 0.2071 -0.0174 -0.2324
Football 0.3603 0.3312 0.3332 -0.0271 0.3196 -0.0407 0.3234 -0.0369 0.3250 -0.0353 -0.0062
Stefan 0.2798 0.3438 0.2499 -0.0299 0.2427 -0.0370 0.2511 -0.0287 0.2422 -0.0376 -0.1016
AVERAGE ] 0.2989 | 03989 | 0.2836  -0.0154 | 02775  -0.0215 | 0.2807  -0.0182 0.2768 0.0221 | -0.1221
Coastguard 0.3603 0.5041 0.3604 0.0001 0.3574 -0.0029 0.3560 -0.0043 0.3570 -0.0033 -0.1471
Foreman 0.3405 0.3646 0.3076 -0.0329 0.3085 -0.0319 0.3059 -0.0345 0.3032 -0.0372 -0.0614
City 0.3161 0.4699 0.3101 -0.0059 0.3070 -0.0090 0.3123 -0.0038 0.3047 -0.0114 -0.1652
Crew 0.3756 0.3951 0.3523 -0.0233 0.3569 -0.0187 0.3507 -0.0249 0.3507 -0.0249 -0.0444

32 Flower 0.2421 0.4424 0.2245 -0.0176 0.2246 -0.0175 0.2234 -0.0187 0.2241 -0.0180 -0.2183
Football 0.3535 0.3532 0.3488 -0.0047 0.3451 -0.0083 0.3423 -0.0112 0.3375 -0.0160 -0.0157

Stefan 0.2862 0.3451 0.2636 -0.0226 0.2572 -0.0290 0.2641 -0.0221 0.2580 -0.0282 -0.0871
AVERAGE | 0.3249 | 04106 | 0.3096  -0.0153 0.3081 -0.0168 0.3078 -0.0171 0.3050 -0.0198 | -0.1056

and can be extended easily. We defined this method

Proposed_MVD_MCD.
W_h( 1,1)

W_h_DD(l,l) X W_h_D(l, 1)

W_V_DD(L 1) X W_V_D(Ll) + W_h_DD(Ll) X W_h_D(l’l)

The combination procedure of the two types of weight-
ing for the rest of missing blocks are similar and
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VI. EXPERIMENTAL RESULTS
In this section, we compare the state-of-the-art method
in [21], against the Proposed method in section 2 (also as

as
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TABLE 4. The MOVIE comparisons of the error-concealed videos for different methods. It shows the Proposed method, Proposed_MVD, Proposed_MCD,
and Proposed_MVD_MCD, and their performance gains against the state-of-the-art [21], denoted by Gain1, Gain2, Gain3 and Gain4. Gain5 is the gain of
Proposed_MVD_MCD over [24].

Q] Video [21] [24] Proposed Gainl Propose Gain2 Proposed_ Gain3 Proposed Gain4 Gain5
P d_MVD MCD _MVD_
MCD
C"as;g“ar 0.0006 0.0041 0.0005 -0.0001 0.0004  -0.0003 0.0004 -0.0002 0.0003 -0.0003 -0.0037
Foreman 0.0020 0.0023 0.0011 -0.0009 0.0009 -0.0011 0.0009 -0.0011 0.0008 -0.0012 -0.0015
City 0.0006 0.0022 0.0005 -0.0001 0.0004 -0.0002 0.0005 -0.0001 0.0003 -0.0002 -0.0019
ol Crew 0.0018 0.0017 0.0012 -0.0006 0.0012 -0.0006 0.0012 -0.0006 0.0013 -0.0006 -0.0005
o] Flower 0.0020 0.0062 0.0013 -0.0007 0.0012 -0.0008 0.0016 -0.0004 0.0013 -0.0006 -0.0048
Football 0.0042 0.0017 0.0026 -0.0016 0.0025 -0.0017 0.0027 -0.0015 0.0026 -0.0016 0.0008
Stefan 0.0026 0.0036 0.0017 -0.0010 0.0015 -0.0011 0.0016 -0.0010 0.0014 -0.0012 -0.0022
AVGEERA 0.0020 0.0031 0.0013 -0.0007 0.0012 -0.0008 0.0013 -0.0007 0.0012 -0.0008 -0.0020
COaS;g”ar 0.0006 0.0039 0.0005 -0.0001 0.0003 -0.0003 0.0004 -0.0002 0.0003 -0.0003 -0.0036
Foreman 0.0017 0.0018 0.0009 -0.0008 0.0007 -0.0009 0.0008 -0.0009 0.0008 -0.0009 -0.0010
City 0.0006 0.0019 0.0004 -0.0001 0.0003 -0.0002 0.0004 -0.0002 0.0003 -0.0002 -0.0015
ol crew 0.0018 0.0017 0.0013 -0.0006 0.0012 -0.0006 0.0012 -0.0007 0.0012 -0.0006 -0.0005
2 Flower 0.0021 0.0061 0.0012 -0.0009 0.0012 -0.0009 0.0014 -0.0007 0.0015 -0.0006 -0.0046
Football 0.0040 0.0017 0.0026 -0.0014 0.0026 -0.0014 0.0029 -0.0011 0.0031 -0.0008 0.0014
Stefan 0.0026 0.0036 0.0017 -0.0009 0.0016 -0.0010 0.0016 -0.0010 0.0015 -0.0011 -0.0021
A‘g:ERA 0.0019 0.0030 0.0012 -0.0007 0.0011 -0.0008 0.0012 -0.0007 0.0013 -0.0007 -0.0017
C"as;g“‘“ 0.0006 0.0033 0.0004 -0.0002 0.0003 -0.0003 0.0004 -0.0002 0.0003 -0.0003 -0.0030
Foreman 0.0018 0.0020 0.0012 -0.0006 0.0010 -0.0008 0.0010 -0.0008 0.0008 -0.0010 -0.0012
City 0.0007 0.0023 0.0005 -0.0002 0.0004 -0.0002 0.0005 -0.0002 0.0004 -0.0003 -0.0019
2 Crew 0.0019 0.0018 0.0012 -0.0006 0.0012 -0.0007 0.0012 -0.0007 0.0012 -0.0006 -0.0005
4] Flower 0.0018 0.0062 0.0012 -0.0006 0.0011 -0.0007 0.0013 -0.0005 0.0015 -0.0003 -0.0046
Football 0.0039 0.0018 0.0026 -0.0013 0.0026 -0.0013 0.0027 -0.0012 0.0026 -0.0013 0.0008
Stefan 0.0026 0.0036 0.0015 -0.0011 0.0015 -0.0011 0.0015 -0.0011 0.0015 -0.0012 -0.0021
A‘gé“ 0.0019 0.0030 0.0012 -0.0007 0.0012 -0.0007 0.0012 -0.0007 0.0012 -0.0007 -0.0018
C"as(;g“ar 0.0007 0.0037 0.0005 -0.0002 0.0004 -0.0002 0.0004 -0.0002 0.0004 -0.0003 -0.0033
Foreman 0.0023 0.0023 0.0014 -0.0009 0.0012 -0.0012 0.0013 -0.0011 0.0010 -0.0013 -0.0012
City 0.0007 0.0024 0.0006 -0.0001 0.0005 -0.0002 0.0006 -0.0001 0.0005 -0.0002 -0.0019
ol Crew 0.0017 0.0016 0.0011 -0.0006 0.0030 0.0013 0.0011 -0.0006 0.0011 -0.0006 -0.0005
6l Flower 0.0015 0.0062 0.0010 -0.0005 0.0011 -0.0004 0.0013 -0.0002 0.0013 -0.0002 -0.0049
Football 0.0036 0.0018 0.0025 -0.0011 0.0024 -0.0012 0.0026 -0.0010 0.0027 -0.0008 0.0010
Stefan 0.0025 0.0035 0.0016 -0.0009 0.0000 -0.0025 0.0016 -0.0009 0.0015 -0.0010 -0.0020
AVGEERA 0.0019 0.0031 0.0013 -0.0006 0.0012 -0.0006 0.0013 -0.0006 0.0012 -0.0006 -0.0018
C"aﬁg““ 0.0007 0.0036 0.0005 -0.0001 0.0005 -0.0002 0.0005 -0.0002 0.0005 -0.0002 -0.0031
Foreman 0.0024 0.0021 0.0013 -0.0010 0.0012 -0.0011 0.0011 -0.0013 0.0010 -0.0014 -0.0011
City 0.0007 0.0021 0.0006 -0.0001 0.0000 -0.0007 0.0005 -0.0002 0.0005 -0.0002 -0.0016
2l Crew 0.0017 0.0016 0.0013 -0.0004 0.0012 -0.0005 0.0012 -0.0005 0.0011 -0.0006 -0.0004
sl Flower 0.0017 0.0061 0.0013 -0.0004 0.0012 -0.0004 0.0015 -0.0002 0.0016 -0.0001 -0.0046
Football 0.0036 0.0018 0.0025 -0.0011 0.0025 -0.0011 0.0027 -0.0009 0.0027 -0.0009 0.0009
Stefan 0.0027 0.0034 0.0017 -0.0010 0.0016 -0.0011 0.0016 -0.0011 0.0016 -0.0011 -0.0018
A‘gé“ 0.0019 0.0029 0.0013 -0.0006 0.0012 -0.0007 0.0013 -0.0006 0.0013 -0.0006 -0.0017
C"as(;g“"“ 0.0007 0.0035 0.0006 -0.0001 0.0006 -0.0002 0.0006 -0.0001 0.0005 -0.0002 -0.0029
Foreman 0.0018 0.0019 0.0012 -0.0007 0.0010 -0.0008 0.0010 -0.0008 0.0009 -0.0009 -0.0010
City 0.0009 0.0024 0.0007 -0.0002 0.0007 -0.0002 0.0007 -0.0002 0.0006 -0.0002 -0.0018
3l Crew 0.0016 0.0014 0.0012 -0.0004 0.0012 -0.0004 0.0011 -0.0005 0.0011 -0.0005 -0.0004
o] Flower 0.0023 0.0063 0.0016 -0.0007 0.0015 -0.0008 0.0017 -0.0006 0.0018 -0.0004 -0.0044
Football 0.0039 0.0018 0.0024 -0.0016 0.0023 -0.0016 0.0025 -0.0014 0.0025 -0.0014 0.0007
Stefan 0.0027 0.0034 0.0017 -0.0010 0.0016 -0.0011 0.0016 -0.0011 0.0015 -0.0012 -0.0019
A‘;;Eé“ 0.0020 0.0030 0.0013 -0.0007 0.0013 -0.0007 0.0013 -0.0007 0.0013 -0.0007 -0.0017
C‘”’S;g“ar 0.0008 0.0032 0.0010 0.0002 0.0006 -0.0001 0.0007 -0.0001 0.0006 -0.0001 -0.0026
Foreman 0.0019 0.0018 0.0013 -0.0006 0.0013 -0.0006 0.0013 -0.0007 0.0012 -0.0007 -0.0005
City 0.0011 0.0024 0.0008 -0.0002 0.0008 -0.0002 0.0008 -0.0002 0.0008 -0.0002 -0.0016
3l Crew 0.0015 0.0014 0.0011 -0.0004 0.0012 -0.0004 0.0012 -0.0004 0.0012 -0.0004 -0.0002
2l Flower 0.0026 0.0066 0.0017 -0.0009 0.0020 -0.0006 0.0019 -0.0007 0.0024 -0.0001 -0.0042
Football 0.0043 0.0019 0.0026 -0.0016 0.0029 -0.0014 0.0026 -0.0016 0.0025 -0.0018 0.0006
Stefan 0.0025 0.0028 0.0016 -0.0009 0.0016 -0.0009 0.0015 -0.0010 0.0015 -0.0010 -0.0013
A‘gzé“ 0.0021 0.0029 0.0014 -0.0006 0.0015 -0.0006 0.0014 -0.0007 0.0015 -0.0006 -0.0014
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TABLE 5. The average subjective score (each is average over 50 subjects) comparisons of the error-concealed videos for different methods. It shows the
Proposed_MVD_MCD and its performance gains against the state-of-the-art [21], denoted by Gain1. Gain2 is the gain of Proposed_MVD_MCD over [24].

QP Video [21] [24] Proposed MVD MCD Gainl Gain2
—

Coastguard | 76.72 73.1 78.64 192 5.54
Foreman 70.08 75.54 73.96 388 -1.58

City 76.28 74.18 79.62 334 544

Crew 77.02 71.47 75.8 122 433

20 Flower 76.1 76.96 77.38 092 042
Football 69.36 74.35 70.7 134 365

Stefan 70.78 74.24 74.48 37 024
AVERAGE | 73.76 74.26 75.79 198 153
Coastguard 75.48 69.97 77.2 1.72 7.23
Foreman 70.16 72.37 75.22 506 285

City 75.9 71.01 78.76 286 775

Crew 74.82 70.83 76.36 154 553

22 Flower 743 69.25 76.16 186 691
Football 68.22 68.85 70.94 272 209

Stefan 71.36 71.32 75 364 368
AVERAGE | 72.89 70.51 75.66 277 515
Coastguard 74.5 73.22 75.56 1.06 2.34
Foreman 68.34 68.97 73.92 558 495

City 75.38 69.28 77.02 168 774

Crew 74.38 69.43 75.92 154 649

24 Flower 76.24 65.36 74.48 176 9.12
Football 67.88 68.02 70.7 282 268

Stefan 70.64 67.44 74.78 441 734
AVERAGE | 72.48 68.81 74.62 219 5381
Coastguard | 77.08 69.72 76 108 6.28
Foreman 67.42 65.12 72.7 5.28 7.58

City 75.66 69.38 77.9 224 852

Crew 76.92 73.22 78.26 184 5.04

26 Flower 75.74 70.29 76.22 048 593
Football 70.7 64.96 67.94 276 298

Stefan 71.84 68.27 74.06 222 579
AVERAGE | 73.62 68.7 74.72 117 602
Coastguard 76.7 69.78 76.04 20.66 626
Foreman 67.92 68.34 73.76 584 542

City 74.46 69.94 76.12 166  6.18

Crew 76.38 73.62 75.2 118 158

28 Flower 74.9 72.48 76.58 168 4.1
Football 67.92 65.46 70.58 266 512

Stefan 69.84 67.4 73.96 412 656
AVERAGE | 72.58 69.57 74.6 201 5.03
Coastguard 72.5 68.41 74.7 2.2 6.29
Foreman 67.98 68.99 73.06 508 407

City 74.48 67.98 75.96 148 798

Crew 76.12 65.86 74.94 118 9.08

30 Flower 73.7 67.02 75.86 214 884
Football 68.06 69.94 70.24 218 03

Stefan 69.46 65.17 72.7 324 7153
AVERAGE | 71.75 67.62 73.92 216 63
Coastguard 77.2 68.9 75.88 -1.32 6.98
Foreman 67.52 69.23 72.98 546 375

City 75.32 69.46 76.38 106 692

Crew 76.16 69.62 76.14 002 654

321 Flower 73.8 67.56 75.02 122 7.46
Football 66.1 66.63 69.2 31 257

Stefan 70.48 68.52 733 282 478
AVERAGE | 7236 68.56 74.12 176 556

our prior work in [27], Proposed_MVD in section 3, compare a recent pixel-based error concealment method

Proposed_MCD in section 4, and Proposed_MVD_MCD in [24]; the codes are provided by the authors and avail-
in section 5. The Proposed_MVD_MCD is also used to able in [28]. We used video encoder H.264 (JM 18.0).
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od [21] [24] Proposed_MVD_MCD
Frame #
-~ - -
I’\| ’\'\ | ! \l ! \\
) o= \_ [
= ., \
104 = =
Frame PSNR=18.04, Frame SSIM=0.6300 Frame PSNR=24.2, Frame SSIM=0.8634 Frame PSNR=22.17, Frame SSIM=0.8373
105
Frame PSNR=18.11, Frame SSIM=0.6374 Frame PSNR=24.33, Frame SSIM=0.8693 Frame PSNR=22.19, Frame SSIM=0.8341

FIGURE 3. Visual comparisons among the work in [21], [24], and Proposed_MVD_MCD for Stefan with QP=20.

The considered videos are Coastguard, Foreman, City, Crew,
Flower, Football and Stefan. We consider the Quantization
Parameters (QP) for 20, 22, 24, 26, 28, 30 and 32 for different
experimental settings. The packet is lost in every GOP (group
of pictures) for error concealment for every video by above-
mentioned methods.

The PSNR (Peak Signal to Noise Ratio in dB) is com-
puted for the recovered video for each method (higher PSNR,
better recovered quality). The PSNR comparison is shown
in table 1. As can be seen in table 1 for QP=20, the Pro-
posed is constantly better than the work in the state-of-
the-art [21]; the Gainl are all positive for all 7 videos and
had an average gain of 1.86 dB. To extend this work by
Proposed_MVD, the gain compared with [21] improved
to 1.93 dB on average. For the work Proposed_MCD, the
average gain against [21] can be up to 1.94 dB. Finally the
combined method Proposed_MVD_MCD is better than [21]
by 2.04 dB on average. As can be seen, the improve-
ment grows from the Proposed toProposed_MVD_MCD,
indicating the effective and positive construction of the
algorithms. For the QP=22, the trends are similar. All
the four proposed method are better than [21] in every
video, and the average gain are 1.79 dB, 1.86 dB, 1.83 dB
and 1.93 dB respectively. It can be seen that both Pro-
posed_MVD andProposed_MCD improved from the Pro-
posed, and the final combination Proposed_MVD_MCD
improved the most. The rest of the comparisons showed the
same performance trends. The comparisons of QP=24 are
shown, which show similar results that the 4 proposed

44372

algorithms (Proposed, Proposed_MVD, Proposed_MCD
and Proposed_MVD_MCD) outperforms [21] in all cases
by 1.76 dB, 1.85 dB, 1.79 dB and 1.91 dB on average. For
QP=26, the gains on average are 1.76 dB, 1.83 dB, 1.78 dB
and 1.86 dB. For QP=28, the average gains are 1.58 dB,
1.66 dB, 1.61 dB and 1.70 dB. For QP=30, the average
gains are 1.47 dB, 1.53 dB, 1.49 dB and 1.56 dB. Finally
for QP=32, the gains are 1.3 dB, 1.35 dB, 1.30 dB and
1.37 dB. These results indicate that the Proposed (as our prior
work in [27]) can perform better than the state-of-the-art [21],
and the Proposed_MVD and Proposed_MCD proposed in
this paper can further improve the performance of Proposed.
Finally the proposed combination of Proposed_MVD_MCD
reaches the largest performance gain against the state-of-the-
art [21]. To compared with the pixel-based error concealment
method in [24], on average, the proposed work is slightly
worse by 0.54 dB to 0.76 dB.

Table 2 shows that the comparisons in SSIM (Structural
Similarity Index Metric) [29], which is typically between
0 and 1, and higher SSIM means better quality. As shown,
all the average gains of the proposed methods against the
state-of-the-art [21] in different QPs are positive, meaning
better quality in SSIM. Again, the Proposed_MVD_MCD
has the best gain among all the proposed works for almost all
the QPs; the gain is 0.0499 for QP=20, 0.0459 for QP=22,
0.0466 for QP=24, 0.0439 for QP=28, 0.0405 for QP=30,
and 0.0368 for QP=32. For QP=26, Proposed_MCD is
the best with gain 0.0575. The Proposed_MVD_MCD
is slightly worse than the pixel-based error concealment
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Method [21] [24] Proposed_MVD_MCD
Frame # -
=N N RN PR RN J/ \
'/ \ 1 | 1 ’ \ | 1 i I'
| /I R ! N ! | | N ! S
S - - . ! -
117

Frame PSNR=27.63, Frame SSIM=0.7710

Frame PSNR=29.41, Frame SSIM=0.8418

Frame PSNR=28.75, Frame SSIM=0.8184

118

Frame PSNR=27.66, Frame SSIM=0.7721

Frame PSNR=29.39, Frame SSIM=0.8403

Frame PSNR=28.91, Frame SSIM=0.8230

FIGURE 4. Visual comparisons among the work in [21], [24], and Proposed_MVD_MCD for crew with QP=26.

method in [24] in SSIM by 0.0021
average.

In table 3, VQM (Video Quality Metric) [30] score is
compared. Lower VQM means better spatial and tempo-
ral quality of the tested video (VQM=0 is the best qual-
ity), therefore if the gain is negative, the proposed work
is visually better than the state-of-the-art [21] in VQM.
Again, the average VQM gains are all negative for all QPs,
meaning that the proposed results are visually better in
VQM compared with the state-of-the-art [21]. For VQM,
the Proposed_MVD_MCD is always the best among the
proposed methods with average gains —0.0278 for QP=20,
—0.0223 for QP=22, —0.0247 for QP=24, —0.0271 for
QP=26, —0.0249 for QP=28, —0.0221 for QP=30, and
—0.0198 for QP=32. The Proposed_MVD_MCD is on aver-
age better than the pixel-based error concealment method
in [24] by 0.1056 to 0.1578 in VQM.

MOVIE (MOtion-based Video Integrity Evaluation) [31]
measurement comparison is performed in table 4. Lower
MOVIE score indicates better motion integrity of the tested
video. Therefore negative gains mean better video quality
in MOVIE measurements. Similarly, all the proposed works
are better than the state-of-the-art [21] in MOVIE since their
average gains are all negative for all QPs; the gains range
from —0.0006 to —0.0008. The Proposed_MVD_MCD out-
performs the pixel-based error concealment method in [24]
by 0.0014 to 0.0020 on average in MOVIE.

Table 5 shows the subjective experiment results. Here
we only use the final version of the proposed work

to 0.0057 on
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Proposed_MVD_MCD to compare with the state-of-the-
art work [21] and the recent pixel-based error concealment
method in [24]. For each video under each QP, the result-
ing 3 videos from the 3 methods are shown to the subject.
The rating system is for the subject to rate the videos with
scores from O to 100, where 0 means the worst quality
and 100 means the best quality. The subject can watch the
videos for more than once and can refine the rating. The
subject gave the final score to each of the 3 videos. One
subject is responsible to evaluate all comparison videos for
all the videos under all QPs. The subjective experiment is
performed for 50 subjects, and each subject went through
the above rating procedure. Each score in the table 5 is
the average of the 50 scores from the 50 subjects for a
specific video under a specific QP. As can be seen, even
though there are negative gains of Proposed_MVD_MCD
from [21] in some videos in some QPs, the average gains for
all videos in specific QPs are positive for all QPs, raning from
1.17 to 2.77. Also, compared with [24], the average gains of
Proposed_MVD_MCD range from 1.53 to 6.3. This is also
consistent with the VQM and MOVIE results which indicate
that the Proposed_MVD_MCD provides better video qual-
ity. This shows that the proposed work produces better video
quality evaluated by human observers.

For visual demonstration of [21], [24], and the proposed
Proposed_MVD_MCD, example error-concealed frames by
the methods are shown in fig. 3 and fig. 4. In fig. 3, the quality
of the proposed Proposed_MVD_MCD is obviously better
than [21]. And even though the frame PSNR and SSIM
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TABLE 6. The time complexity comparison among different compared
methods on average for 1 frame recovery.

Proposed Proposed Proposed
(21 1241 Proposed | “vivp _MCD _MVD_MCD
(Tsl:)e 0.2068 | 28.6037 | 0.1556 0.1564 0.1725 0.2068

of [24] are better, the error-concealed areas by [24] are mostly
blurred (due to the fact that the missing area is difficult to
be estimated by the neighboring pixels when the missing
area contains high frequency components), whereas those
by the proposed Proposed_MVD_MCD are not, as shown
in the red-circle areas. This situation persists in the next
frame 105. The blurriness artifacts draws attentions of human
observers and therefore the subjective scores of [24] is
lower. Similar situation can be observed in fig. 4. The pro-
posed Proposed_MVD_MCD is better than [21]. The pro-
posed Proposed_MVD_MCD is visually better than [24] as
shown in the red-circle areas. The visual results are con-
sistent with the previous measurements of VQM, MOVIE
(both correlate with human perceptions) and subjective
experiments.

For complexity, with the PC using Intel Core 15-3230M
2.60GHz, RAM 8.00GB, the average excecution time of
frame recovcery for each compared methods are in table 6.
As can be seen, the complexity of the proposed work Pro-
posed_MVD_MCD is similar to the one of [21], but is only
about 0.7% of that of the pixel-based work [24]; the high
complexity of the pixel-based error concealment methods is
discussed in the introduction and also in [24]. This shows the
efficiency of the proposed work.

VIi. CONCLUSION

In this paper, we developed a new algorithm to solve packet
loss problem in H.264. We used motion vector estimation
method. From each corner of the lost MB, the motion vectors
are estimated by the immediately available neighbors. And
the estimates are further used to predict the motion vectors
of the next missing block. Compared with the state-of-the-art
method, we outperform by up to 1.86 dB on average. This
work is improved by our design of estimation weightings
with motion vector disparity and the motion-compensated
differences; the improvement gains on average are up to
1.93 dB and 1.94 dB, respectively compared with the state-
of-the-art method. These two mechanisms are combined and
show the further improvement on the state-of-the-art method
by up to 2.04 dB. The comparisons are also made in other
video quality metrics; on average, the proposed work is better
than the state-of-the-art method by up to 0.0575 in SSIM,
—0.0278 in VQM (the lower the better), -0.0008 in MOVIE
(the lower the better), and 2.77 in subjective evaluation. Com-
pared to a state-of-the-art pixel-based method, the proposed
method performs slightly worse in terms of PSNR and SSIM,
but better in terms of VQM, MOVIE (both relate better with
human perception) and subjective experiments, with much
lower computational complexity.
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