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Abstract—in this paper, we propose a two-stage error-conceal- DCT coefficientst Therefore, most of the proposed temporal
ment method for block-based compressed video which was trans- concealment methods first estimate the motion vector associ-
mitted in an error-prone environment. In the first stage, we obtain  teq with a missing block using the motion vectors of adjacent
initial estimates _of t_he missing blocks._lfthe motion vectors associ- blocks [1], [2]. The estimated motion vector is then used to find
ated with the missing blocks are available, motion compensation b el - - A -
is used to provide good estimates. Otherwise, a novel algorithm & block in the previous frame which yields the restoration of
which preserves image continuity is used to estimate the blocks. In the missing block. One problem associated with these methods
the second stage, a maximura posteriori(MAP) estimator, which s that if the adjacent blocks are coded in a nonpredictive way
employs an adaptive Markov random field (MRF) as the imagea (g g - intra-coded), there would not be any data available to esti-
priori model, is used to improve the video reconstruction quality. L . .

The adaptive model enables the estimation to incorporate infor- ma_te th_e m'ssmg_ m_onon Ve_Ctors‘ Thus, ad hoc assumptions for

mation embedded not only in the immediate neighborhood pixels €stimating the missing motion vector should be made, and the

but also in a wider neighborhood into the reconstruction proce- results may be unreliable. Moreover, if the missing block lies

dure without increasing the order of the MRF model. The pro- on the boundary of two objects moving in opposite directions,

posed concealment method achieves very goo_d computation—per-such methods will perform quite poorly.

formance tradeoffs, as demonstrated via experimental results. . L
Spatial error-concealment methods restore the missing

Index Terms—Error concealment, image reconstruction, plocks using the information in the current frame. In [3],

Markov random fields. to restore the missing data, a measure of variations (e.g.,
gradient or Laplacian) between adjacent pixels is minimized.
|. INTRODUCTION The underlying smoothness assumption of this method limits
its ability in restoring image details. In [4], each pixel in a
amaged block is interpolated from the corresponding pixels in
T four neighboring blocks such that the total squared border
or is minimized. In [5] and [6], the missing information
ﬁlterpolated utilizing spatially correlated edge information
m a large local neighborhood. Note that although these
e-based methods are generally more accurate than other
roaches, they are computationally more intensive. In [7],

IGITAL image and video signals require very high bi

rates, thus, compression of such signals before their trap
mission is necessary. Communication channels are not er,
free and, consequently, the encoded bit streams are vulner
to transmission errors—usually causing loss of blocks of d
and/or loss of synchronization. Despite the various methods tlé;d
have been proposed to combat or localize the effects of chang§
errors, the quality of a decodeq video sequence may degr% omputationally simple, spatial directional interpolation
significantly because of the residual errors. Error concealme&theme has been proposed. The two nearest surrounding
intends to conceal the effects of such errors by exploiting redq yers of pixels of a missing block are converted into a binary
dancies in the video signal and limitations of the human visuB\ ttern to reveal the local geometrical structure. Then, the

syitem, WIt:’]OUt reql|1|r|ngtadd[[tr|10r(1jal mformatlciln. df missing pixels are interpolated in a way to preserve the local
emplora tgonctea medn dnfwe 0 sDarte u;sua.ytuse do(; t()elrr ometrical structures. In the statistical error concealment
conceaimentin inter-codedirames. Lata ot an inter-code thods, for example the one proposed in [8], it is assumed

are compoged of the motion vgctor and the DCT cpefﬂme_nts f?'lfat the pixel values in an image or video signal are realizations
the prediction error. If the motion vectors are received wnhou& an underlying statistical model (e.g., MRF model). The sta-
te_rrors, the mlsts 'ggblblolf kSS"?‘re s_et to thelrf tcr(])rre_sépondlng Mitical approaches of spatial error concealment are expected to
'on compensated blocks. Since n many of the video compr itperform the deterministic ones, as they provide a systematic

gocr_lralgo?f'_[h_mst(e.g., H't26|3) thedC(:ﬁledl motlofndve;cto;s ar;tlll gfay for incorporating the priori information about the video
coefficients are interleaved, the loss of data of a blo gnal in the restoration procedure.

usually results in the loss of both the motion vectors and thePrevious spatial error-concealment methods employing the

MRF model usually yield blurry images with a significant loss
of detail in the high frequency or edge portions of the image.
This is due to 1) the type of the MRF selected as the image

model, and 2) the fact that the amount of information that is
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used in the reconstruction process is often restricted to a sindlising the Bayes’ rule we, obtain
pixel wide region around the erroneous area. Incorporating more

pixels in order to enhance restoration of edges and high-fre- X = arg max {10g w}
qguency parts would usually require a higher order MRF model. X Pr(Y)
However, this is computationally expensive, as the complexity = arg max{log Pr(Y'| X) +log Pr(X)} @

grows exponentially with the order of the MRF model.
In this paper, we propose a two-stage error-concealm

method for compressed video. In the first stage, if applicab .
we use the information in the previous frame to obtain initi X, whereT is the transform that converts the decompressed

estimates of the missing blocks. If the motion vectors of grageX into the porrupted OnE 2 The c_ondmonal prob.ab|I|ty
missing blocks are available, motion compensation is used%the corrupted image can be then written as follows:
provide the estimates. Otherwise, an algorithm which preserves 1: Y =Tz

image continuity is employed to compute the initial estimates. 0: Y £ 7Tzx. @
In the second stage, a MAP estimator is used for refinement of i o

the initial estimates. The MAP estimator employs an adaptiwyPstituting (2) in (1), the MAP estimation becomes

MRF as the imagae priori model. The proposed adaptive MRF X = arg win {— log Pr(X)} 3)
takes into account the local image characteristics embedded Xes

not only in the immediate neighborhood pixels of the damaggd,ares — {2Y = Tz).

area but also in a wider neighborhood without a dramatic in- For imagea priori model (Pr(X)), we use the MRF.

crease in computational complexity. Our concealment methﬂgcording to the Hammersley—Clifford theorem, every MRF

improves on the existing statistical methods in that it yields, ;14 have a Gibbs distribution [10] in the following form:
good reconstruction performance regardless of the content of

the missing blocks. 1

To make the compressed data more error resilient, most of Pr(X =2) = 7 P\~ Z Velz) Q)
the standard-compliant video compression systems partitioned ecC
avideo frame into Groups of Blocks (GOB's) or “slices,” whictwhere Z is a normalizing constant/.(-) is called a potential
are coded independently. Therefore, the output bit stream ufunction and is a function of a local group of pixelscalled
ally consists of segments separated with markers, where ealiue, and_ denotes the set of all cliques throughout the image.
segment corresponds to the coded data of the blocks in a GOBhe potential function characterizes the relationship between a
a slice. When channel errors occur, the decoder usually discagesup of pixels by assigning larger costs to configurations of
the erroneous data between two markers surrounding the epixels which are less likely to occur. The choice of the poten-
neous data, effectively discarding the GOB or the slice. Thetal function impacts substantially the performance of the image
loss of data of a slice does not affect the rest of the compresseddel. The functiory .. V.(z) should be convex in order
video sequence. In our work, it is assumed that the framestofhave an easily obtainable global minimum. Otherwise, local
the coded video sequence are partitioned into GOB'’s or slia@nima will be present, and the function must then be mini-
and, thus, the missing data belong to blocks of a GOB or a slierized via a computationally expensive technique such as simu-
Moreover, it is assumed that the decoder knows the locationdated annealing. Commonly, the potential functions are selected
the missing blocks. This information (e.g., the checksum infote be of the form
mation) can be obtained from the network or it can be inferred, ) .
for example, by detecting the semantic or syntactic violations as Z Velz) = Z p (dc‘”) ®)
a result of errors [9]. ceC ceC

The rest of this paper is organized as follows. In Section Mvhered, is a coefficient vectorg is the vector of pixels in the
MAP estimation of missing data is briefly reviewed. Section litliquec, andp(-) is the cost function. The convexity property of
presents the proposed error concealment method. Sectiontt¥ cost function insures that the .. V.(x) remains convex.
discusses the computational complexity of the proposate coefficientsi, are usually selected such th#jtr provides
method. Sections V and VI present our experimental resuif approximation of the first or second derivative of the image
and conclusions, respectively. at each pixel. For the special casepf) = =2, the model is

called a Gauss—Markov random field (GMRF).

é(\q?ere the terntog Pr(Y') has been dropped because it is inde-
endent ofX. The corrupted image can be expresse® as

Pr(Y | X) :{

I1l. PROPOSEDMETHOD
Il. MAP ESTIMATION OF MISSING DATA

As mentioned earlier, our method consists of two stages. The
Let the corrupted image be represented by the va€tarhile  purpose of the first stage of our method is to obtain an initial es-
the decompressed image without errors can be representediipyte of the missing block using information from the previous
X. Using MAP estimation, the decompressed image estimatédrieme. If the missing block has been intra-coded, the initial esti-
given by mate is set to zero. If the missing block has been inter-coded, and
its motion vector is received correctly (e.g., because the encoded

X = arg max log Pr(X[Y). 2See [8] for a more detailed discussion of the transform.
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Fig. 2. A pixel, its cliquec, and the eight directions. The complement of the
cliquec’ is the dark area.

X1 X2
where the vectopr,, consists of the bottom line pixels of the
block to the top of the missing block, amg, consists of the
right column pixels of the block to the left of missing block.
The vectors; andz; are those elements of the estimated block
n X that correspond to the pixels in its top row and left column,
X3 X4 respectively. To ensure the online applicability (e.g., conceal-
R’ ment while decoding the blocks in raster scan), only subblocks
to the left and above the missing block are used. If the condi-
() tion of online concealment is relaxed, the same method can be

extended to include the subblocks of the blocks to the right and
Fig. 1. (a) The four subblocks, (b) their corresponding subblocks in thgalow of the missing block.
previous frame, and the blocks connected to them. The estimation of motion of the subblocks has a high compu-

tational overhead which can possibly introduce unacceptable re-
data have been partitioned), then the estimate is set to the cogfigirements on decoder. The computational overhead can be re-
sponding motion compensation block. When the motion vect@iiced if the search for displacement of each of the subblocks is
is not available, we find an estimate of the missing block sugBstricted to a set of candidate motion vectors. This is a decoder
that image continuity inside the block and across its boundarigstion and can be used to trade performance against computa-
is preserved [11]. To do this, subblocks adjacent to the missitignal complexity. The set consists of the motion vector of the
block, i.e.,ul,u2,11, andi2 in Fig. 1(a), are considered. First,block corresponding to the missing block in the previous frame,
for each of these subblocks, a corresponding subblock in the pife motion vectors of available neighboring blocks, the median
vious frame is determined. The corresponding subblock is fousflithe motion vectors of available neighboring blocks, the av-
by searching a small area around the point corresponding to #tage of the motion vectors of available neighboring blocks, and
center of each of the subblockd,«2,11,12 in the previous the zero motion vector [2].
frame. The sum of absolute differences is used as the measung the second stage of our proposed error-concealment
of similarity. The four subblocks 1,2, 11,12 and their corre- method, the information around each missing block is used
sponding subblockal’, «2’,11’,72" in the previous frame are to refine the initial estimate. This stage is based on a MAP
shown in Fig. 1(a) and (b). For exampid,' is the subblock cor- estimator. We consider a GMRF model with an eight-pixel
responding ta.1. Then, four blocks, namelX'1, X2, X3, and clique around each pixel as the imagepriori model (see
X4, which are connected tol’, u2’, /1, andi2’ (respectively), Fig. 2). The reason for selecting an eight-pixel clique in the
are determined. To obtain an initial estimate of the missing blogkanner shown in Fig. 2 will become clear later. The potential
that smoothly connects to the rest of the image, a block from thighction of (5) is selected as
above four blocks that minimizes the squared sums of border er-
rors, between the estimated block and its adjacent above and left Z Vila) = Z Z Z Wi gna pl@is —ana) (7)

T

blocks, is selected. Thus,

ceC J (kDec
X= arg min 2 . . . . .
X1,X2.X3,X4 wherec is the clique,w; ;.1 is the weight assigned to the
difference between the values of the pixel in positjary) and
where the pixel in its clique at positiotk, /) andp(z) = z2.
2 9 9 Combining the MAP estimator of (3) with the image model
€ =eptep. (6)

[(4) and (7)], the restoration of missing data eventuates in the

Each of the border errors- ande, is defined in terms of pixels following minimization problem:

by
) ) ) ) X = min > > wi ik plwig — Tig) 8
er = (@ —pm)llI” and eg = [[(& — pr.)|| i jeMEk,lec
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where M is the set of all missing pixels in the frame. Sincevheres is a constant and,, is the counter corresponding to di-

p(z) = z%is a convex function, the above minimizatiorrectionm, and directionn corresponds to the direction formed
problem yields a unique global solution. In fact, the estimatday (i, j) and (k,!). Finally, the second stage of the proposed
value of a pixel is given by error-concealment method can be summarized as follows. 1)
Determine the edges in the neighboring blocks and assign them
to eight equally spaced directions. Compute the counter for each
%y = Z Wi, j—k,l «Tk,l/ Z wi -kt (9) direction. 2) Use (10) to find a set of weights for each missing
(kD€ (k) €cle’ block. 3) Use (9) to obtain an estimate of each missing pixel em-

. . o o ploying the weights obtained in the previous step. 4) lteratively

wherec is the clique and’ is its complement shown in Fig. 2. reestimate the missing pixels using (9) until convergence. Note

In our adaptive MRF model, the weight corresponding to thgat since the cost function is convex, convergence is guaran-
difference between a pixel and one of the pixels in its cliqygeq.
[wi j—x1 in (9)] is selected adaptively, based on the likelihood For intra-coded blocks, the missing pixel values are initially
of an edge in the direction of the subject pair of pixels. The raet to zero and then the MAP estimator, using the adaptive MRF
tionale behir_1d this_ selectiqn is_to Weigh more the difference bgnq the data of the neighboring blocks, is applied. For missing
tween the pixels in that direction which will cause the valuggter.coded blocks, an initial estimate are obtained using infor-
of the pixels in that direction to get closer to each other. Thation from the previous frame. Estimates of the prediction er-
likelihood of edges in each of the eight directions is computggys are found using the adaptive MRF model along with the pre-
using blocks around the missing block. In this way, the availablfiction error signals of the neighboring blocks. The estimated
information in a larger area is exploited without increasing thgyyes are then added to the initial estimates. Since the predic-
order of the MRF model (which increases dramatically the cojon, error signal consists mostly of high-frequency components,
putational complexity). To determine the likelihood of edges ifhe MAP estimation stage (i.e., the second stage) will improve

each of the eight directions, edges in the blocks surrounding #g video reconstruction quality, especially around the edges.
missing block whose directions imply that they pass through the

missing block are determined. That is, we first obtain IV. COMPUTATIONAL COMPLEXITY

The numbers provided below for computational complexity

e = Titl,j—1 — Ti—1,j—1 + 2Ti41; ;
g =t bt g correspond to a block and subblock of sizesx186 and 8x

—2i1y F il T Tl 8, respectively. The computational load of the first stage of the
and proposed method consists of those computations required in 1)
Gy = Ti1j41 — Tim1j—1 + 2T j41 estimating the motion, and 2) computing the error of (6). For

motion estimation, we used a spiral search method using an area
of 16 x 16. This requires approximately 197 000 operations. If

for every pixel in the blocks to the left, right, top, and bottom dhe search for the displacement of each of the subblocks is re-

the missing block. The magnitude and angular direction of tSiyricted to the set of candidate motion vectors explained in Sec-
edge at pixel, j) are tion Ill, the required number of operation will reduce to 6100.

— 2% 51 + Tig1,541 — Tig1,5-1
The number of operations required to find the total error of (6)
g for four blocks is approximately 380.
G=,/92+g; and 6= arcban(—y)

Y= those computations required in adapting the weights of the
where# determines if the edge at pixél, j) passes through MRF model, which are approximately 18400 operations for
the value off is rounded to one of the eight directions equall he estimatiqn of miss‘”g pix?'s ”Si“Q ) is an iterative
spaced in the range fronf Qo 18C°. There is a countet rocedure which, for each iteration, requires approximately 30
tension of an edge at pixél, ;) belonging to one of the neigh- for each mi;sing block. On average, 80 iterations are required
boring blocks passes through the missing area, the counterfﬂfrthe algorithm to converge for a block.

Since the employed edge detector is sensitive to the image nof@§th0d is quite reasonable. Our simulation experiments
any of them is less than the threshold, it is set to zero. In fact, reaI-Fimgllciecoqmg (e.g. 10 frames/s for QCIF video
There are eight pixels in the clique of each pixel, and eight dﬁgquences) is still possible on a Pentium 300 MHz PC.

For the second stage, the computational load consists of
the missing block. Since there are eight pixels in the cliqud Missing block, assuming four available neighboring blocks.
(m = 1,2....,8) for each of the eight directions. If the eX_operations for each missing pixel, or ¥616 x 30 operations
that particular direction is incremented by the amountof  Clearly, the computational load of our error-concealment
the values of.,s,m = 1, .., 8 are compared to a threshold. iconfirm that the run time of our method is indeed acceptable.
rections for the detected edges. Each pixel in the clique of a pixel

corresponds to a direction. In our proposed method; . ; V. EXPERIMENTAL RESULTS
is selected based on the edge counter of the direction correajthough the method proposed in this paper is general and
sponding to(z, j) and(k, 1), i.e., can be applied to any block-based video compression method,
H.263 is used as our video coding framework. QCIF (76
Wi j—k,l = Cm (10) 144)video sequences at a temporal resolution of 10 frames/s are
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Fig. 4. An inter-coded frame of the sequence Foreman concealed by the (a)
replacement, (b) median, and (c) proposed methods.

of the above methods is comparable in terms of PSNR, the
video sequences obtained using the proposed method are more
visually appealing than the ones obtained using the other two
methods. Fig. 4(a), (b), and (c) shows the reconstructed video
frame (inter-coded) of the video sequence Foreman. As can be
seen in the images, the replacement method does not generate
good results, especially around the nose area. Moreover, the
B . concealment result of the proposed method is clearly better than
Frame numbet that of the other two methods.
Fig.3. PSNR values for image sequence Foreman with 10% GOB missing forFOr intra-coded blocks, we compare the performance of our
different concealment methods. method (which consists of estimating the missing block using
the adaptive MRF model) to that of four other efficient methods:
coded at 64 kbps and then decoded in the presence of slice/GDB MAP estimator using a nonadaptive GMRF asahgiori
errors. The size of the blocks is 3616, that of the subblock is model where each missing pixel is basically set to the average
8 x 8. of the pixels around it, 2) a suboptimal version of the MAP esti-
To simulate the channel errors, the following tasks areator where a missing pixelis setto the median of pixels around
performed. Coded video information is first grouped intd [8], 3) the deterministic method proposed in [4], and 4) the
packets, where each video packet consists of the coded datdeterministic method proposed in [3]. Although there are other
a GOB or a slice. The video packets are then multiplexed witteterministic methods that are likely to outperform the above
audio information according to the H.223 standard. We usédo methods, for example, the ones proposed in [6] and [7], we
an H.223 multiplexing simulator which receives video packetsgstrict our comparison to the above two deterministic methods.
simulates audio traffic, applies errors to the multiplexed bit fact, a direct comparison of our method, which is statistical,
stream according to an error pattern stored in a file, amaldeterministic methods is difficult because of different design
outputs the packets [12]. The error pattern that we employagdproaches. Our main aim here is to compare our method to pre-
corresponds to a mobile channel [13]. Burst errors will mostously proposed statistical methods.
likely not corrupt two consecutive video packet, since audio In this experiment, we employ different video sequences and
packets are inserted between them. The erroneous bit strefifferent packetization schemes. In the first set of simulation
is decoded such that the effect of errors will appear as missiegperiments, we assign a slice which consists of one block,
slices/GOB'’s. to a packet. Fig. 5(a) shows a frame of the image sequence
For inter-coded blocks, our error concealment consists of deereman encoded and decoded using an H.263 compliant coder.
taining an initial estimate of the missing block using informakig. 5(b)—(g), shows (respectively) the same frame: 1) missing
tion from the previous frame, and finding an estimate of the prapproximately 20% of the packets (blocks), 2) reconstructed
diction error using the adaptive MRF model. We compare thesing the nonadaptive GMRF model, 3) using the suboptimal
performance of the above method with two other methods: MRF model, 4) using the method proposed in [4], 5) using the
a replacement method, where a missing block is replaced wittethod proposed in [3], and 6) using our proposed adaptive
the same block in the previous frame; and 2) a median meth®iRF error concealment method. Clearly, our proposed method
where the motion vector of a missing block is set to the medigerforms best in reconstruction quality, particularly in retrieving
of motion vectors of blocks to the left, above and above-rigttie edges and in the areas of the frame that correspond to adja-
of it, and the estimated motion vector is used to obtain a meent missing blocks.
tion compensation block which serves as the concealment of thén the next set of simulation experiments, we assign the coded
missing block. Here, we consider only the case where a GOBdiata of a GOB, which consists of 11 blocks, to each of the
placed in each of the video packets. Shown in Fig. 3 are the caideo packets. Fig. 6(a) shows a frame of the video sequence
cealment PSNR values for the three methods mentioned ab&eeeman with two missing packets (GOB’s), at approximately
for the video sequence Foreman with a 10% packet (GOB) IdE8% loss rate. Fig. 6(b) and (c) shows the error- concealment
rate. As can be seen, for video sequences with a large amoumesiult obtained using the nonadaptive GMRF model and sub-
motion like Foreman, the performance of the proposed methogtimal MRF models, respectively. Fig. 6(d) and (e) shows the
and the median method are close to each other, and both r@sult obtained using the methods proposed in [4] and [3], re-
better than the replacement method. Although the performarsgectively. Fig. 6(f) shows the result obtained using our adaptive
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Fig. 5. A frame from the video sequence Foreman: (a) original; (b) miss
blocks; reconstructed using (c) a nonadaptive GMRF model; (d) a subopti
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TABLE |
PSNR (dB) @MPARISON OF DIFFERENT
METHODS FOR THEVIDEO SEQUENCEFOREMAN

Method No loss | 20% Block loss | GOB missing
GMRF 32.1 26.3 25.3
Suboptimal MRF 32.1 25.4 23.1
Method proposed in {4] | 32.1 24.3 23.8
Method proposed in [3] | 32.1 25.2 24.1
Adaptive MRF 32.1 28.6 27.2

tiplications to restore a 1& 16 block. Therefore, the number

of computations of our method is 4.4:1 larger than that of [4]
and 1:0.03 less than those of [3]. However, our method out-
performs [4] substantially in terms of the quality of the recon-
structed images. This can be seen in Figs. 5 and 6. This quality
improvement justifies, in most applications, the additional com-
putational complexity.

VI. CONCLUSION

This paper introduces a new method of error concealment

ir1:or block-based coded video communications over error-prone
rﬁ‘i}nannels. The proposed method employs an adaptive MRF

MRF model; (€) the method proposed in [4]; (f) the method proposed in [3]; a@s the imagea priori model in a MAP estimation paradigm.

(g) our adaptive MRF model.

\

|53

{th

The adaptation enables the estimation procedure to incorporate
more information without increasing the order of the MRF.
The proposed concealment method is able to restore missing
blocks located in smooth and low-frequency areas, as well as
in high-frequency and edge portions of a video frame. Our
concealment method achieves very good computation—per-
formance tradeoffs, and outperforms previously proposed
MRF-based concealment methods.
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Fig. 6. A frame from the video sequence Foreman: (a) with missing GOB's,
reconstructed using (b) a nonadaptive GMRF model; (c) a suboptimal MRF

model; (d) the method proposed in [4]; (e) the method proposed in [3]; and (f)

our adaptive MRF model.
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