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Decision Trees for Error Concealment
In Video Decoding

Song Cen and Pamela C. Cosm8enior Member, IEEE

Abstract—When macroblocks are lost in a video decoder such  Spatial concealmen®ne can interpolate directly in the spa-
as MPEG-2, the decoder can try to conceal the error by estimating tial domain (e.qg., [10], [13], [14]). If one had neighboring blocks
or interpolating the missing area. Many different methods for = 4 4| four sides, then each pixel in the missing macroblock
this type of post-processing concealment have been proposed, ) . . .
operating in the spatial, frequency, or temporal domains, or some (MB) could be reponStrUCted with b_'l'n_ear interpolation from
hybrid combination of them. In this paper, we show how the use of the four nearest pixels that are not missing. If MBs are available
a decision tree that can adaptively choose among several different only above and below the missing MB, then one can do one-di-
error concealment methods can outperform each single method. mensional linear interpolation from the nearest pixels from the
\é\é‘?‘gg’rﬁéﬁf’ose two promising new methods for temporal error y|4cks above and below the missing MB. Other strategies exist,

' e.g., directional interpolation that seeks to preserve edges [14].
' In general, spatial concealment is complex since a computation
must be done for each pixel.
In temporal concealmenblocks from other frames are used
|. INTRODUCTION for concealment, either by attempting to reconstruct the motion
HEN video signals are compressed and transmitted oW&ctor Of the lost MB, or by searching for a block that has a
Wunreliable channels, some strategy for error control §0°d match to the sides and neighborhood of the missing block
concealment must be employed. Possible strategies incldﬁ%e’ for examp_le,_ [1], [2], [8]). If the estlm_at|on (_)f the mo-
forward error correction added at the encoder, post-processiify! vector (MV)is inaccurate, the block obtained will have dis-
methods employed by the decoder, and interactive requeté?sa'”g art.|facts at the boundaries with its neighbors. The.MV
for repeated data, involving both encoder and decoder. In tGR" P€ estimated using, for example, the average or median of
paper, we are concerned with post-processing methods ¢ MVs from MBs above, be!ow, and diagonal. Alternatively,
ployed by the decoder. We consider the single-layer case th?é:h neighboring magroblock sMVcanbe Con5|d'ered asacan-
coding modes, motion vectors, quantized DCT coefficien [date MV for the missing MB, and the corre_spondlng candidate
and other information about macroblocks are all sent with thg'erence blocks are all checked to see which one produces the
same priority. When errors strike the bitstream, we assume f#fest match for the boundary pixels. .
decoder loses all information about that slice up to the nextHyPrid methods’A variety of hybrid algorithms have been
resynchronization point. In the absence of block interleavingPAoPosed which combine more than one of the frequency,
horizontal swath of macroblocks is missing, and the decodePBatial, and temporal approaches. For example, in temporal
post-processing methods must conceal this from the viewer. concealment, the referenced block can be improved by spatial

Many post-processing error concealment methods have b&8#Pothing at its edges, to make it conform to the neighbors, at
proposed (see, e.g., [11, [2], [4], [5], [7]-[10], [12]-[15]). Theythe expense of adQ|t|onaI compI.eX|t.y. In[17], a.MB is estimated
can be divided into three main approaches: frequency, spati, Satisfying a weighted combination of spatial and temporal
and temporal. There are also hybrids of these three main grouffg00thness constraints.

and the methods can be made adaptive. Adaptive methodsOften, error concealment (EC) involves

In frequency concealmeri®], [12], DCT coefficients of gsing a single fixed method fqr reconstructing any MB which
missing blocks are estimated using the corresponding DESrlost, however, a few adaptive EC methods have been pro-
coefficient of neighboring blocks, or using the neighbor's D@0sed. In [17], the coding mode and block loss patterns are clus-
values, or other neighborhood features. These methods usulld into four groups, and the weighting between the spatial
attempt to estimate low frequency coefficients. and temporal smoothness constraints depends on the group. A

further level of adaptivity appears in [11] and [6]. In [11], tem-
. . . _ dporal concealment is used for most blocks. However, a scene

Manuscript received July 18, 2000; revised December 19, 2001. This waork . . .
was supported by the National Science Foundation and by the Center for whigtector (which looks at the mean and variance of the MVsin a
less Communications at the University of California at San Diego. This wofkame, as well as at the number of intracoded blocks) attempts to

was presented in part at the 1999 |IEEE Wireless Communications and "Gétect scene changes and irregular motion. in which case tem-
working Conference and the 1999 Data Compression Conference. The associat ’

e 2= -
editor coordinating the review of this paper and approving it for publication waoral concealment is likely to do poorly. In that case, a decision

Dr. Thomas R. Gardos. is made next on complexity. If there are too many lost blocks,
The authors are with the Department of Electrical and Computer Engineeriggan spatial concealment cannot be used in real time for this

University of California at San Diego, La Jolla, CA 92093-0407 USA (e-mail; . L e .

pcosman@code.ucsd.edu). frame. If the complexity constraint is satisfied, then a last choice

Digital Object Identifier 10.1109/TMM.2003.808825 is made between frequency and spatial concealment based on a

Index Terms—Adaptive error concealment, decision trees
MPEG video.

1520-9210/03%$17.00 © 2003 IEEE



2 IEEE TRANSACTIONS ON MULTIMEDIA, VOL. 5, NO. 1, MARCH 2003

TABLE |

OUR SET OF AVAILABLE METHODS FORERROR CONCEALMENT
Method Name | Frame Type How it works
spatial LPB interpolate linearly from boundary pixels in top/bottom MBs
frequency I weighted average of first 9 DCT coefficients of top/bottom MBs
panning LP.B use the camera panning motion vector
top/botMV P.B use top MV for top 8x16 sub-MB, use bottom MV for bottom 8x16 sub-MB
averageMV P.B use the average motion vectors of top and bottom MBs
useonlyMV P.B top or bottom MB is Intra-coded = use the only MV available
spat+onlyMV P.B use only available MV for nearest half, spatial interpolation for rest
copyPmb I copy co-sited MB from previous P frame if it’s Intra-coded or has MV=0

five-category classification of the overall activity and color re- The spatial interpolation method works by linearly interpo-
guirements of the video. Similar criteria are used in [6]. For Rting within a vertical column from the two nearest pixels in
and B frames, if the variance of the MVs in the frame does ntite adjacent top and bottom MBs. For us, an MB consists of 6
exceed a threshold, and also the number of intracoded MBs db&scks of 8x 8 pixels, four from the luminance plane and one
not exceed its threshold, then spatial concealment is used, dtbm each chrominance plane. In frequency interpolation, the
erwise temporal is used. For I-frames, a choice is made betwédamnest nine DCT coefficients (for each of the six blocks com-
spatial and frequency concealment. posing the missing MB) are estimated by a weighted average of

The research presented in this paper is in a similar spirit thfe corresponding lowest nine DCT coefficients of the blocks
adaptivity, with the added new feature that the encoder cahove and below. Both spatial and frequency interpolation can
guide the decoder in choosing among EC methods. Of the used for any type of frame. However, this frequency interpo-
many methods available, which one is best will depend dation requires the presence of the neighbor’'s DCT coefficients,
the characteristics of the missing block, its neighbors, and ttieis both top and bottom MBs must be intracoded, which nor-
overall frame. We design a decision tree which can examinglly happens less than 5% of the time for P frames and 0.5%
these characteristics and choose among several EC methéatsB frames. So frequency concealment is not used for P and
The tree splits are chosen based on a sequence of data, Bficimes.
thus the trees are tailored for particular sequences, or for arrhere are five different methods which depend on the pres-
individual group of pictures (GOP). The decision trees mughce of other motion vectors in the frame, and so are not im-
therefore get included as side information with each sequengediately applicable to | frames. Two of these are new, and are
or with each GOP. denoted “panning” and “top/botMV.”

There are other approaches in which enhanced capability forPanning:When a camera pans, many MBs in a scene have
error concealment comes at the expense of added side infor@gilar Mv's corresponding to the true panning motion. Indi-
tion. The MPEG-2 standard allows the use of concealment Mgg 5] MBs might have different MVs for a variety of reasons
tion vectors (CMVs) to be transmitted for all intracoded MBgg ¢ noise, object motion). If the global panning MV can be
[4]; this leads to enhanced EC, but the bits employed for thi&timated, it might constitute a better estimate for EC purposes
CMVs detract from the source coding rate. Similarly, the use @3, the MVs of the neighboring blocks. We estimate the pan-
more slices per horizontal strip costs more bits but allows fasy%g MV by putting all nonzero MVs for the current frame into
re-synchronization. The transmission of EC decision trees pionistogram with 4% 47 bins, which represents MVs ranging
vides yet an additional tradeoff between the bit-rate for side iffom [—23, 23] half pixels in both dimensions. The histogram
formation and the EC advantage under noisy conditions.  pin with the largest count is assumed to represent the global pan.

As we will see, the decision tree provides lower distortion iftis was found to give better results compared to just averaging
the concealed blocks than does the use of any single fixed C@Yether all nonzero MVs for the frame, since averaging in-
cealment method among those tested. We also present two ReYYes objects which may be moving contrary to the global pan-
methods for temporal EC. The paper is organized as followging direction. This method can be applied to | frames by using
In Section II, we present our new EC methods, as well as othgk panning parameters estimated from the previous P frame.

ones available to our decision tree. In Section Ill, we discuss theTop/botMV'In a P or B frame, if both the top and bottom

classification tree design and our experiments. Results and CRIBs have MVs associated with them. we can estimate the MV
clusions are described in Section IV. '

for the missing MB by taking the average of the ones above
and below (averageMV method). If the MVs above and below
are very different in magnitude or direction from each other,
We considered the eight different EC methods listed ih might not make sense to average them. Instead, we might
Table I. The first column lists the name by which we referenceish to use the MV for the block above for the top half of the
the method, the second column lists the types of frames foissing MB (8x 16 submacroblock for luminance andk8
which it is used, and the last column summarizes how it worksubblock for chrominance), and use the MV for the block below
Note that we consider only MBs which have both top anfibr the bottom half. This is called the top/botMV method. This
bottom vertical neighbors in a frame, i.e., do not reside in thmethod performs very well, but it has the disadvantage that since
first or last slice of a frame. we are not providing one single MV for the missing MB, we

Il. ERRORCONCEALMENT METHODS
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cannot consider this error concealer as a front-end to a standard TABLE I

MPEG-2 decoder. If exactly one of the top or bottom MBs iEXAMPLES OF PARAMETERS PROVIDED AS INPUTS TO THECART ALGORITHM.
’ THE FIRST COLUMN PROVIDES A DESCRIPTION OFWHAT THE PARAMETER

intracoded, then we have only one motion vector to go by. g:presenTsAND WHETHER IT IS AN ORDINAL OR CATEGORICAL VARIABLE.
might want to use this one as the MV for the entire missing MBOR CATEGORICAL VARIABLES, THE NUMBER OF CATEGORIES ISLISTED. THE
(useonlyMV) or we might want to use it only for the half MB to SECOND COLUMN LISTS THETYPES OFFRAME FORWHICH IT IS APPLICABLE

which it is closer, using spatial interpolation for the other half Parameters related to macroblock position:
(spat+ onlyMV). Vertical position of lost MB O|LPB

The last method in Table | was employed only for | frames. If g(ggmlwleOSiffriol? Olf 105;33“3 8 i’?g
the co-sited MB in the previous P frame was intracoded, or had number of the lost "

. . . Frame # (among the same type) of the lost MB O|PB

a motion vector with value zero, the_n t_hat MB might be useful Parameters related to object motion:
directly as a replacement for the missing MB. If, however, the Ttop/bot MBs intra/zeroMV/nonzeroMV mode cO) [P
co-sited MB had a nonzero motion vector, then likely it is not  top/bot MBs intra/forw/back/interp mode C(16) | B
an accurate reconstruction of the current missing | frame MB. Absolute sum of top/bot MVs O|PB

. . Amplitude of diff. vector (top-MV - bottom_MV) O|PB
This method is referred to as COpmeb. Angle of diff. vector (top-MV - bottom_MV) O|PB

Parameters related to panning motion:
Percentage of MBs with MV equal 0 in (prev) P frame O
[ll. EXPERIMENTS max(|top-MV — pan_MV|, [bot_MV — pan_MV'|) 0

. . Parameters related to texture:
We encoded six sequences, each of 150 frames, with MPEG-Z |deviation| of luminance values in top/bot blocks O|LPB
O
O
O

Ip
P,B

)

at a rate of 1.5 Mbits/s. As the size of each frame is 82210 Sum of selected DCT coefficients in neighbors
pixels, there araf2/16 (240716 —2) = 286 MBS perframe s votin St o BV ol 0
that are notin the first or last slices. For all 286 MBs in all frames :
that are of the same type (i.e., I, P, or B) in each sequence, a clas-
sification tree was built at the encoder. It was then transmittedCARTl algorithm for designing classification and regression
to the receiver. The transmission of the tree was assumed tqheq [3] was used to design the tree at the encoder. It works
error free which can be achieved by duplicating it several timeg fq)jows. Lets be the vector of measurements associated
in different packets if it were packed together with the videQ;ih the missing MB (including those shown in Table Il and
data, or it can be packed in separate packets and transmifigch s that are not shown), and 8t= 1,2,...,8 be the set
using a reliable protocol (e.g., TCP). The video data itself | gjght EC methods listed in Table I. A classifier is a function
transmitted with some unreliable transport protocol (e.g., RTﬁx) which assigns to every vectar a classj from C. A
or UDP). Upon error when receiving the video data, the decodghning sample (also called a training sequence) consists
employs the decision tree to find the recommended concealmgpty5i4 (z1,51), (22, 2); - - -, (zx,jy) corresponding to all
method for every lost macroblock. _ _ N MBs from the same type of frames in a video sequence;
The tree classifies every MB (not in the first and last slice gfiat js, v “lost” macroblocks for which the best concealment
a frame) to a concealment method based on its characteristigsinod is knownN equals 2860 MBs and 11440 MBs for

The true class of every MB is defined to be the best concealmgit ten | frames and the 40 P frames in each video sequence
method for that MB, that is, the method among those applica%’spectively.

in Table | which provides the minimum MSE. The true class The root node of the tree contains all thetraining cases.

of every MB is obtained at the encoder by reconstructing evefy, gesign the classification tree, we consider, for each terminal
MB with all applicable candidate methods, and computing the, e of the tree, a standard set of possible splits of the data in
MSE with the original MB. The true class of every MB is N0yt node. In the standard set, each split depends on the value of
available at the decoder. Instead, the decoder will classify eqﬁlﬂy a single variable. For each ordinal variablg, we include

lost MB using the tree designed by the encoder and transmiti{;gpsp“tting questions of the form “Is,,, < ¢?" For example,

to the decoder. “Is the vertical position of the missing/ B < 10?” If x,, is
The classification parameters are used at the encoder 10 dgrqorical, taking values iB = {b;,bs, ..., bz}, then we in-

sign the classification tree, as well as at the decoder to classifyige all questions of the form: “Is,, € S?” asS ranges over

the MB in order to find its recommended concealment methogy s bsets of3.

They are measurements which describe the spatial, temporalhere js a finite number of distinct splits. For each variable,
and frequency domain context of a MB. They must be paramga find the split which provides the greatest decrease in node
ters which are available to the decoder even if the MB in Cons'ﬁﬁpurity. (We used the Gini index of diversity [3] to measure
eration and the slice containing it are lost. For example, they i purity of a set of data.) We compare all of these, and find the

clude information on the MVs for the MBs above and below, angpst gverall split of the data. A class assignment rule assigns an
on the number of nonzero AC coefficients for the MBs abovec method;j € {L1,2,..., 8} to every terminal node. We use

and below. For missing I, P, and B frame MBs, the parametgfg, simple plurality rule which assigns to each terminal node

contained 18, 19, and 21 measurements, respectively. Thesgig-£c method which was best for the largest number of MBs
clude both ordinal and categorical variables. For example, theinat node.

coding mode of the top MB is a categorical variable; the mag-
nitude of its MV (if it hqs 0”"‘7‘) is an ordinal variable. Some of 1caRT is a registered trademark of of California Statistical Software, Inc.,
these parameters are listed in Table II. and is exclusively licensed to Salford Systems.

—
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Once the tree is designed and transmitted to the decoder, spatial panning copyPmb
whenever a loss occurs, the decoder will measure the input pa- 8%, 31%, 40%
rameters associated with each lost MB, and will follow the splits osited MB in

in the decision tree to find out which EC method to use for that previous P frame
MB. The decoder will reconstruct each lost MB with the desig- has MV =0

Yes(42%

nated method. es42%) 45%, 50%, 23%
How large a tree should one transmit as side information? The  [4q, 5% % of MB in previous
ize of the t d by the total number of nodes, is di- | cc P frame whose MV
size of the tree, as measured by the total number of nodes, isdi- | copyPmb equals panningMYV < 4

rectly proportional to the number of bits that will be required
as side information to transmit the tree to the decoder. At each

Yes(55%) No(45%)

69%, 27%, 1%

stage of tree growth, we are concerned with the size of the tree vertical position 16, 4%
and its MSE performance. The MSE performance of the tree is of MB <10 panning
measured by supposing that each MB in th_e sequence is lost,
and reconstructing it using the EC method dictated by the tree. X

79%) 18%, 1% luminance avg of

The average MSE for all MBs is then computed. If the tree is al- spatial top/botMB <136

lowed to grow large enough, eventually the classification will be Yes(85%) No(15%)
perfect. The MSE will then be what results from each MB being
concealed by itbestEC method among the set. We call this the 39p 3% ;83’ 2%

“omniscient minimum” MSE, and it could also be obtained by
transmlttmg afew bits explicitly for each MB to tell the d.eCOder:ig. 1. Five-terminal-node tree grown for table-tennis | pictures. The ovals

which EC method to use for that MB. What we consider theow the test which is used to split the data in that node. The percentages show
“maximum” MSE is the MSE that results from using a Siﬂgl@‘e amount of data in each node that has the spatial, panning, or copyPmb

fixed and best method from Table II. The last three metho§&'ceament method as the best concealment method.
are often excluded as candidates for the best fixed method since
for most sequences they can be applied to less than 25% of the
MBs. Since certain P,B methods cannot be used next to intra-
coded MBs, the use of a single fixed method really means em-
ploying one method in all the cases to which it is applicable,
and using other pre-determined methods in those cases where it
is not. The same pre-determined method is also used when the
method dictated by the decision tree is not applicable to the lost
MB.

Our goal is to see whether much of this difference between the
maximum MSE and the omniscient minimum MSE can be effi-
ciently captured by the use of a decision tree, with significantly
less overhead than is required by the explicit specification of EC
methods for each MB. We are therefore interested in looking
at plots of the MSE reduction versus the number of nodes as
the tree grows. Trees were developed for several sequences, in-

panning avemgeMVtop/bOtMV
21%, 13%, 63%

@p_mvl == Ibottom@
Te—

Yes(46%) T No(54%)

33%, 23%, 39%

6%, 1% MB in the left—
top/bot most column?
Yes(7.5%) No(92.5%)
30%, 25%, 41%
@ 4%, 5% horizontal position
panning of MB < 17

Yes(73%) No(27%)
35%, 26%, 35%

17%, 20%(59%

average of top & bot

luminance value < 161 top/botMV
Yes(25%) No(75%)
39%, 29%, 28%

cluding mobile calendar, flower garden, bicycle, cact, susi, and 20%, 19%(54% [top_mvl + Ibot_mvl < 9
tennis, as well as for separate GOPs from these sequences. top/botMV Yes@1%) T NoG9%)
18%, 28% 31% 36, 29%
IV. RESULTS panning averageMV

We are interested in a loss scenario where occasional iso-Fig. 2. Six-terminal-node tree grown for mobile-calendar P pictures.
lated slices (a horizontal strip of macroblocks) gets lost. Rather
than obtaining results by averaging over random loss patternsdirthe best of the fixed concealment methods). Clearly though,
which case thousands of random loss patterns would be needbyd;alculating the MSE for a frame based on losing each slice in
and the comparison between approaches would be obscuredhgyframe individually and then concealing it, the MSEs for all
the randomness inherent in the simulation), we chose inst¢hd concealment approaches are very much worse than the MSE
to simulate the loss of each complete horizontal strip in the enfFthe compressed and reconstructed sequence with no slice loss.
tire sequence individually, and our MSE results are for recoRer this reason, although we also report results as absolute MSE
structed frames in whicaveryslice (except the top and bottom(the MSE of the concealed frames) these values should not be
most ones) has been individually lost and concealed. This lasnpared to the MSE of compressed frames which underwent
the advantage of directly constructing a useful comparison b MB loss.
the decision tree concealment approach against any fixed conFig. 1 shows a CART tree with five terminal nodes built for
cealment approach. For this reason, we report results primatie 10 | frames of the complete table tennis sequence. Fig. 2
as relative MSE (the MSE of the tree approach compared to tishbws the six-terminal-node tree grown for the data from the



CEN AND COSMAN: DECISION TREES FOR ERROR CONCEALMENT 5
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Fig. 3. MSE versus number of tree terminal nodes and bit rate overhead for
10 | frames of cact, susi, and tennis sequences. Fig. 4. MSE versus number of tree terminal nodes and bit rate overhead for
40 P frames of cact, susi, and tennis sequences.

mobile-calendar sequence 40 P pictures. At each node of these
trees, the oval lists the splitting test which is applied to split trvailable. In the figure, the dashed horizontal lines show the
data of that node. Above the oval is listed for each node tRgWNiscient minimum MSE, the lowest MSE which the decision
percentage of the node data that has the spatial, panning, Bf@ reaches if it grows large enough. Note that misclassifica-
copyPmb EC methods as théiestEC method. For example, tion error always decreases as the size of the tree increases; this
for the root node of the tree in Fig. 1, copyPmb wins 40%. ThAoes not necessarily mean the MSE also decreases because a
means that, if we takall the MBs fromall the I-frames in the larger tree may make fewer classification errors but which are
sequence, 40% of the time the best concealment method pre costly in terms of MSE. However as shown in the figures,
those MBs is to use copyPmb. The spatial wins 28% of the timdSE usually decreases with increasing tree size as well. The bit
panning wins 31%, and the frequency concealment method (F€ overhead corresponding to the number of terminal nodes is
listed) makes up the remaining 1%. The test applied to this nogmputed as follows. The total bit count for the video data is
is to check whether the co-sited MB in the previous P frame has$ * 1.5 Mbps= 7.5 Mbits as the 150 frames are encoded at
motion vector equal to zero. The tree branches are labeled wit Mbps with 30 frames/s. For a binary tree, the number of in-
the percentages of the data set that go down each branch. Fof@hgal nodes is always 1 less than the number of terminal nodes.
terminal nodes, the EC method that has the highest percentf§é any node, 1 bit is needed to indicate which type of node
of wins for that node data is selected by the plurality rule ds's- Further, for an internal node, another five bits are needed
the class for all data in the node. We see that 42% of the I-frafeSpecify which variable to split on, and seven more bits to
macroblockslohave a co-sited MB in the previous P-frame thatPecify the splitting threshold; while for a terminal node, only
has a motion vector of zero. For these data, the tree ends. TH¥&(for four methods applicable to | frame MBs) or three (for
MBs will be reconstructed with the copyPmb method (copyin@ix methods applicable to P/B frame MBs) more bits are needed
the co-sited MB from the previous P-frame), and for 91% df specify the concealment method to use.
them, this will in fact be the best that could be done. Of the For the table tennis | pictures, the best fixed method
I-frame MBs in the root node, 58%0 nothave a co-sited MB is copyPmb. This corresponds to the max MSE of 1. The
in the previous P-frame withd V' = 0. For these MBs, there areomniscient minimum has a relative value of 0.59 and requires
further splits of the data, and either the panning method or s@abit rate overhead of 0.08% (as two bits are needed for all
tial concealment ends up being used. The concealment meth2860 MBs = ten | framesx 286 MBs/frame). As shown in
dictated by this tree would result in an MSE that is 77% of theig. 3, a tree with 53 terminal nodes (corresponds to a bit
best fixed method, which translates to a 1.13 dB improvemeamate overhead of 0.01%) achieves a relative MSE of 0.67. The
in PSNR. average depth of the 53-terminal-node tree is less than six, so
For long sequences, the overhead of transmitting a treethe decoder needs to follow a sequence of 6 binary tests on
amortized, and one can consider transmitting large trees. Pliis average to figure out which concealment method to use.
of distortion versus number of terminal nodes and bit rate oven-the same figure, trees with 61 and ten terminal nodes reach
head for ten | frames of three different sequences—cact, susiative MSEs of 0.64 and 0.69 for the cact and susi | pictures,
and tennis, appear in Fig. 3. For the 40 P frames from each of tegpectively (which have omniscient minima of 0.56 and 0.58,
same sequences, the plots of distortion reduction versus numiespectively). The best fixed method for the cact | frames was
of terminal nodes and bit rate overhead are shown in Fig. 4.panning; and for the susi | frames, the spatial method. For P
the plots, the maximum MSE is normalized to 1, correspondirfigames of all three sequences, the best fixed methods are the
to the MSE of the best single EC method out of the methodame, top/botMV.
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TABLE 1lI
MSE RESULTS (AVERAGED OVER 4 LUMINANCE AND 2 CHROMINANCE BLOCKS) FOR VARIOUS CONCEALMENT METHODS
ALL DECISION TREESHAVE LESSTHAN 120 TERMINAL NODES. (A-MSE: ABSOLUTE MSE; R-MSE: RELATIVE MSE)

I frames P frames
susi tennis susi tennis

i A-mse | R-mse | A-mse | R-mse | A-mse | R-mse | A-mse | R-mse
spatial 146 1.00 964 2.16 148 1.04 927 2.13
frequency 304 2.08 1087 | 2.43

panning 388 2.66 747 1.67 300 2.11 765 1.76
top/botMV 44.7 0.31 198 0.46
averageMV 51.9 0.37 241 0.55
copyPmb 231 1.58 165 0.37

best fixed 146 1.00 447 1.00 142 1.00 435 1.00
no MB loss 3.63 0.025 | 25.8 0.058 | 3.70 0.026 | 20.4 0.047
omnisc. min 85 0.58 262 0.59 35.7 0.25 191 0.44
CART-tree 95 0.65 297 0.66 47.9 0.34 263 0.60

As shown in Fig. 4, the gains for P pictures are larger. Than separating a MB into top and bottom halves for separate use
best results are for the susi sequence, where a tiny tree watiMVs from above and below. These new EC methods were
about five terminal nodes achieves one third of the MSE of tludten the best choices among the fixed methods. The use of a
best fixed method. This translates to a PSNR improvementdagcision tree to choose adaptively among the various methods
4.7 dB. The omniscient minimum is about 25% of the MSE afonsistently provided lower distortion than any fixed method
the best fixed method, so the tiny tree is capturing most of tiaéone.
available gain. However, the omniscient performance comes at &Ve envision that decision trees could be designed for indi-
cost of 0.45% bit rate overhead (three bits for alk&&B6 MBs), vidual GOPs, or for individual frames; or decision trees could
whereas a five-terminal node tree takes only about 0.001% bé designed for variable-length groups of data as the previous
rate overhead. The cact and tennis sequences are more typaaicealment strategy becomes outdated. The decision tree re-
Compared to using the best single error concealment methqdires only a very small and adjustable level of overhead that
using a small tree (less than 10 terminal nodes) provides a 1@&pends on the tree size. The memory and computational re-
and 25% reduction in MSE for cact and tennis, respectively. quirements for this approach are quite asymmetric. The decoder

Some numerical results appear in Table Il for the susi amuhly has to store a tiny tree; and the main computational com-
tennis sequences. The MSE for each fixed method (used onlymexity involved is using the tree and having more than one error
the MBs which are applicable) is listed, as well as the omniscietiancealment method available. On the other hand, the encoder
minimum MSE, and the MSE from using the decision tree. Weeeds to obtain and store the learning sample. The main com-
list the MSE for the “best fix” which is where the best singlgutational complexity involved is finding the best concealment
error concealment method is used for all macroblocks for whichethod for each MB and building the tree. As for the memory
itis applicable, and a different method where it is not applicableequirement at the encoder, the learning sample derived from
this approach provides the normalized value of 1in Figs. 3 andadframe is about 20 times smaller than the frame itself, so a
These MSEs are all given in the column A-mse. Relative MSH&arning sample derived from a GOP or multiple GOPs may
are provided in the column R-mse, where the “best fix” methaslell be reasonable (consider the memory requirements of mo-
is normalized to 1. We also list the MSE of the reconstructébn compensation over a large number of frames as proposed
sequencewith no MB loss in [16]).

When implemented at the level of individual GOPs, tree suc-
cess rates varied. In our experiment each GOP was composed
of 15 frames, including one | frame, four P frames, and ten B
frames. For P frames, in mobile-calendar, trees with about 4d1] S. Aign, A temporal errt’),r_ concealme’nt technique for I-pictures in an
terminal nodes capture 40% to 80% of the available MSE reduc-, g'_PEIg;zn\gfg ?;gg Cﬁ_dsr’TL?éﬂ?'“\Tlﬁéﬁniﬁjiﬁgélcigri‘s?&;O;_rclfs' on a
tion, capturing on average about 70% and providing MSES typ-  digital satellite TV encoder,Signal Process.: Image Commywol. 11,
ically in the range of 75% to 90% of the best_fixed EC methgd. . Epérle(i)fn_alnl% agiz{e dman. RA. Olshen. and C. 1. Statassification
In the flower garden sequence, often trees_wnh only 20 terml_nal[ ] and Regreési'on'ﬁees Belmont. CA: Wadsworth. 1984. >
nodes can capture 75% to 95% of the available MSE reductions) s cen and . Cosman, “Comparison of error concealment strategies for
providing MSEs in the range of 50% to 70% of the best fixed  MPEG video,” inProc. 1999 IEEE Wireless Communications and Net-

EC method. The overhead rate for sending one tree of size 2([)5] gocr:klng F?%nfr Sept. 1939# Ii\p- ?;l29—?>3§|-3 o trees | |
. . . Cen, P. Cosman, and F. Azadegan, “Decision trees for error conceal-
terminal nodes for each GOP is 0.04%. ment in video decoding,” iProc. Data Compression ConMar. 1999,
pp. 384-393.
[6] P. Cuenca, A. Garrido, F. Quiles, L. Orozco-Barbosa, T. Olivares, and
V. CONCLUSIONS M. Lozano, “Dynamic error concealment technique for the transmis-
sion of hierarchical encoded MPEG-2 video over ATM networks,” in
We have presented two new temporal EC methods, one Proc. 1997 IEEE Pacific Rim Conf. on Communications, Computers and

based on estimating global pan parameters, and another based Signal Processingvol. 2, Aug. 1997, pp. 912-915.
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