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7

(a) Spatial error propagation in the third frame (b) Temporal error propagation in the sixth
frame

Figure 9.2: Spatial and temporal error propagation due to a single-bit error in QSIF TABLE TENNIS
H.263 encoded at 10 frames/s (46 kbits/s)

Figure 9.2 shows an example of spatial and temporal error propagation in
the QSIF TasLE Tennis sequence H.263 encoded’ at a frame rate of 10 frames/s
(about 46 kbits/s). Figure 9.2(a) shows the third frame of the sequence, where
a single bit error hits the macroblock in the position shown. This error converts
the VLC codeword representing the vertical vector difference to another valid
codeword of the same length. This causes an error in the compensation of this
particular macroblock. In addition, because of the predictive coding of motion
vectors, this error propagates spatially to all macroblocks to the right and
up to the border of the frame. Figure 9.2(b) shows how motion-compensated
prediction caused the errors in the third frame to propagate temporally to the
sixth frame. This example shows how serious even a single bit error can be
and clearly highlights the need for error detection and control techniques.

9.5 Error Detection

Before being able to combat the effects of errors, it is first necessary to detect
whether and where errors have occurred. Error detection can be performed by
the channel decoder and/or the source decoder.

One method for error detection is the use of header information. This can
be used by both the channel decoder and the source decoder. For example,
in a packet-based network like ATM, each packet contains a header with a

Telenor H.263 implementation was used. The luma component was zero padded to 128 lines
to be a multiple of 16. The chroma components were also zero padded correspondingly. The
optional mode to insert synchronization codewords at the start of each GOB was switched on.
All other optional modes were switched off. The initial quantization parameter was set to 10.
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sequence number subfield. This sequence number can be used to detect packet
losses at the channel decoder. Similarly, the group-number (GN) codeword in
an H.263 GOB header can be used to detect errors at the source decoder.

Another method that can be used by both the channel decoder and the
source decoder is forward error correction (FEC). For example, Annex H of
the H.263 standard provides an optional FEC mode. In this mode, 18 parity
bits are used to provide error detection and correction for each 493 video bits.

A commonly used method at the source decoder is the detection of syntax
and semantic violations. Examples of such violations are:

e An illegal codeword is detected.

e An invalid number of units is decoded. For example, the number of de-
coded DCT coefficients within a block is invalid, the number of decoded
blocks within a MB is invalid, the number of decoded MBs within a
GOB is invalid, or the number of decoded GOBs within a frame is
invalid.

e A decoded motion vector points outside the permissible range.
e A decoded quantization parameter is out of range.

Another method that can be used at the source decoder is the detection of
violations to the general characteristics of natural video signals, for example,
the detection of strong discontinuitics at the borders of blocks, blocks with
highly saturated colours (e.g., pink and green), or blocks where most pels
need clipping.

None of these methods guarantee finding all errors within a video bitstream.
In fact, the last method may sometimes detect an error-free block as an erro-
neous one. In practical systems, different combinations of these methods are
employed.

Having detected the occurrence of errors and identified their locations,
a number of methods can be used to combat the effects of errors on the
video bitstream. The following three sections describe three categories of
error-resilience techniques: forward techniques, postprocessing techniques, and
interactive techniques. The three sections follow closely the classification used
in the comprehensive reviews by Wang et al. [179, 180].

9.6 Forward Techniques
In forward techniques, the encoder plays the primary role. Such techniques

work by adding a controlled amount of redundancy to the video bitstream.
This means that they sacrifice some coding efficiency to gain in terms of error
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resilience. Some techniques are designed to minimize the effects of transmis-
sion errors, some are designed to make error handling at the decoder more
effective, and others are designed to guarantee a basic level of quality while
providing graceful degradation in the presence of transmission errors. Exam-
ples of forward techniques are briefly described in the following subsections.

9.6.1 Forward Error Correction (FEC)

Forward error correction works by adding redundant bits to a bitstream to help
the decoder detect and correct some transmission errors without the need for
retransmission. The name forward stems from the fact that the flow of data
is always in the forward direction (i.e., from encoder to decoder).

For example, in block codes the transmitted bitstream is divided into blocks
of k bits. Each block is then appended with r parity bits to form an n-bit
codeword. This is called an (n, k) code.

For example, Annex H of the H.263 standard provides an optional FEC
mode. This mode uses a (511,493) BCH (Bose-Chaudhuri-Hocquenghem)
code. Blocks of kK =493 bits (consisting of 492 video bits and 1 fill indicator
bit) are appended with r=18 parity bits to form a codeword of n=>511 bits.
Use of this mode allows the detection of double-bit errors and the correction
of single-bit errors within each block.

9.6.2 Robust Waveform Coding

As already discussed, the waveform encoder in a typical video communication
system works by removing statistical and psychovisual redundancies present
in the input video. Robust waveform coding techniques, however, intentionally
keep (or even add) some redundancy to achieve error resilience. Examples of
such techniques are given next.

9.6.2.1 Adding Redundant Information

This technique adds auxiliary information or repeats some previously coded
information to help error handling at the decoder. For example, as is shown in
Section 9.7, a powerful technique for error concealment is temporal conceal-
ment. The performance of this technique is highly dependent on the availability
of motion information for the damaged blocks. Thus, this technique is usually
used for concealing INTER macroblocks. In MPEG-2, however, the encoder
can optionally send auxiliary motion vectors for INTRA macroblocks. In the
presence of errors, such vectors can be used to temporally conceal damaged
macroblocks.

Another example is the header extension code (HEC) included by MPEG-
4 in packet headers. If this bit is set to “1,” then some data, like timing
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information and VOP coding type, is repeated from the VOP header. This
helps error detection and resynchronization. A similar example is the picture
header repetition allowed by the optional additional supplemental enhancement
information mode (annex W) of H.263++.

9.6.2.2 Using INTRA Refresh

An effective way to stop temporal error propagation is to periodically encode
pictures in INTRA mode. Given the large number of bits consumed by IN-
TRA pictures, this leads to a significant increase in the total bit rate. A more
suitable approach for applications like mobile video communication is to use
INTRA refresh on the macroblock level. By controlling the number and spatial
location of INTRA MBs, INTRA refresh can be a very efficient and scalable
error-resilience tool.

Obviously, the required number of INTRA MBs is highly dependent on
the channel quality and capacity. Such information is usually available to
the encoder. For example, in mobile networks, antenna parameters can give
an indication of the channel quality. In Ref. 181, Haskell and Messerschmitt
discuss how to select a suitable number of INTRA MBs.

There are many methods for selecting the spatial location of INTRA MBs
within frames. One method is to choose the locations randomly [181, 182].
Another method is to follow a raster scanning order. In Ref. 183 the INTRA
MBs are placed adaptively in regions with high activity.

Recently, a very powerful technique for deciding both the number and
spatial locations of INTRA MBs has been proposed by Co6té et al. [182, 184].
In Ref. 182 they propose a rate-distortion optimized mode selection method for
packet lossy networks. This method takes into account the channel conditions
and the error concealment method used at the decoder. In Ref. 184 they apply
the same method to bit-oriented networks.

Obviously, if there is a feedback channel from the decoder, then information
regarding the number and locations of damaged MBs can help the encoder to
better decide the number and locations of INTRA MBs.

9.6.2.3 Using Restricted Prediction

In this technique, prediction is limited within nonoverlapping spatial
and/or temporal regions. This clearly limits temporal and/or spatial error
propagation.

For example, in the independent segment decoding mode (annex R) of
H.263+4, video pictures are divided into segments. Each video picture segment
is then encoded with complete independence from all other segments in the
same picture, and also with complete independence from all data outside the
corresponding segment in the reference picture(s). For example, motion vectors
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of blocks outside the current segment cannot be used when calculating the
current motion vector predictor. Similarly, motion vectors of blocks outside the
current segment cannot be used as remote motion vectors for overlapped block-
motion compensation when the advanced prediction mode is in use. In addition,
no motion vectors are allowed to reference areas outside the corresponding
segment in the reference picture.

9.6.3 Robust Entropy Coding

In this case, redundancy is added at the entropy encoder. Examples of robust
entropy coding techniques are discussed next.

9.6.3.1 Resynchronization Codewords

As already discussed, one of the disadvantages of VLC coding is that errors
in the bitstream can cause loss of synchronization between the encoder and
the decoder, and this leads to spatial error propagation. One way to reduce
this effect is to insert unique markers called resynchronization codewords in
the bitstream. When an error is detected, the decoder skips the remaining bits
until it finds a resynchronization codeword. This reestablishes synchronization
with the encoder, and the decoder then proceeds to decode from that point on.
This is illustrated in Figure 9.3(a).

Resynchronization codewords can be inserted at regular intervals in the spa-
tial domain, as illustrated in Figure 9.4(a). For example, version 1 of H.263
adopts a GOB-based resynchronization approach. This means that a resynchro-
nization codeword is inserted every time a fixed number of macroblocks has
been encoded. A disadvantage of this approach is that, since the number of
bits can vary between macroblocks, the resynchronization codewords will most
likely be unevenly spaced throughout the bitstream. Therefore, certain parts of
the sequence, such as high-motion areas with high bit content, will be more
susceptible to errors and will also be more difficult to conceal.

A more robust approach is to insert resynchronization codewords at regu-
lar intervals in the bit domain, as illustrated in Figure 9.4(b). For example,
MPEG-4 adopts a packet-based resynchronization approach. In this approach
each packet contains approximately the same number of bits. This means that
the resynchronization codewords are almost periodic in the bitstream. A sim-
ilar approach has also been adopted in the slice structured mode (annex K)
of H.263+.

Another problem with VLC coding is that errors can emulate the occurrence
of resynchronization codewords. To reduce this effect, MPEG-4 provides a
second resynchronization approach called fixed-interval synchronization. In
this approach, resynchronization codewords appear only at legal fixed-interval
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Figure 9.3: Resynchronization using synchronization codewords

locations in the bitstream. Thus, only codewords at those legal locations will
be used by the decoder to reestablish synchronization.

As described in Section 9.4, loss of synchronization appears in two forms:
loss of codeword synchronization and loss of positional (or coefficient) syn-
chronization. Inserting resynchronization codewords reduces the effect of loss
of codeword synchronization. In order to reduce the effect of loss of posi-
tional synchronization, resynchronization codewords are usually followed by
some positional information, like the address and the temporal reference of
the macroblock immediately following the resynchronization codeword. This
allows the decoder to resume its normal operation.
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Figure 9.4: Resynchronisation codewords at regular intervals

9.6.3.2 The Error-Resilience Entropy Code (EREC)

An interesting alternative to inserting resynchronisation codewords is the error
resilience entropy code (EREC) [177, 185]. The EREC takes variable-length
blocks of data and rearranges them into fixed-length slots. For example, assume
that there are N variable-length blocks with lengths b;, i=1...N. The encoder
first chooses a total data size 7> ) b;, which is sufficient to encode all the
data. This total data size is split into N slots of fixed lengths s;, i=1...N.
An N-stage algorithm is then used to place the data from the variable-length
blocks into the fixed-length slots. At each stage n, a block i with data left
unplaced searches slot j =i+ ¢, (mod N) for space to place some or all of the
remaining data. Here, ¢, is an offset sequence that is usually pseudo-random.

Figure 9.5 shows an example of the EREC algorithm. In this case, there are
N = 6 variable-length blocks, with lengths 11, 9, 4, 3, 9, and 6 bits. The total
data size is chosen as T'=42 and is divided into N =6 slots, with a length
of s; =7 bits each. The offset sequence is ¢, ={0,1,2,3,4,5,6}. In stage 1 of
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Figure 9.5: Example of the EREC algorithm

the algorithm, blocks 3, 4, and 6 are completely placed into the corresponding
slots, with some leftover space in those slots. Blocks 1, 2, and 5, however,
are only partially placed in the corresponding slots and have some bits left
to be placed in empty spaces in other slots. According to the offset sequence,
block 1 searches slot 2 for empty space, block 2 searches slot 3, and block
5 searches slot 6. Both blocks 2 and 5 find empty spaces. Thus, in stage 2,
all the remaining bits from block 2 are placed in slot 3, whereas some of
the remaining bits of block 5 are placed in slot 6. Since block 1 did not find
empty spaces in slot 2, then, according to the offset sequence, it searches slot
3, and so on. By the end of stage 6, all data bits are placed in the slots. The
decoder operates in a similar manner. Thus bits in a slot are decoded and
placed in a block until an end-of-block codeword is encountered.

In the presence of errors, the resilience provided by the EREC algorithm
is due to two factors. First, each block starts at a known position in the
bitstream (i.e., the start of the corresponding slot). Thus, in the case of loss of
synchronization, the decoder simply jumps to the start of the next slot without
the need for resynchronization codewords. Second, subjectively less important
data (e.g., high-frequency DCT coefficients) are usually placed in later stages
of the algorithm. With the EREC algorithm, most error propagation effects
(due, for example, to missing or falsely detecting end-of-block codewords) hit
data placed at later stages of the algorithm rather than the more important data
at the start of the slots.

9.6.3.3 Reversible Variable-Length Coding (RVLC)

Reversible VLC codewords are designed to be decoded both in the forward
and backward directions. As already described, when an error is detected in
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the bitstream, the decoder discards all bits until the next resynchronization
codeword, where synchronization is reestablished and the decoder resumes its
decoding process. The discarded bits may well be correctly received but cannot
be decoded correctly due to loss of synchronization. In the case of RVLCs,
when the decoder identifies the next resynchronization codeword, instead of
discarding all preceding bits, the decoder starts decoding in the reverse di-
rection to recover and utilize some of those bits. This is illustrated in Figure
9.3(b).

Reversible variable-length coding has been adopted in most recent stan-
dardization efforts. For example, the modified unrestricted motion vector mode
(modified annex D) of H.263+ uses RVLC to encode motion vector differ-
ences, the data partitioned slice mode (annex V) of H.2634++ uses RVLC to
encode header and motion information, and MPEG-4 uses RVLC to encode
texture information.

9.6.4 Layered Coding with Prioritization

In layered coding, video is encoded into a base layer and one or more enhance-
ment layers. The base layer is separately decodable and provides a basic level
of perceived quality. The enhancement layers can be decoded to incrementally
improve this quality.

Layered coding can be useful when applied over heterogenous networks
with varying bandwidth capacity. However, to be used as an error-resilience
tool, layered coding must be combined with prioritized transmission or what
is commonly known as unequal error protection. In this case, the base layer
is transmitted with higher priority or a higher degree of error protection. For
example, in Ref. 186 Ghanbari introduced the concept of layered coding with
prioritized transmission to increase the robustness of video against cell loss
in ATM networks. In this technique, the encoder generates two bitstreams.
The base-layer bitstream contains the most vital video information, whereas
the enhancement-layer bitstream contains residual information to improve the
quality of the base layer. The base layer is then transmitted using high-priority
ATM cells, whereas the enhancement layer is transmitted using low-priority
cells. When traffic congestion occurs, low-priority cells are discarded first.
Another example is the power control method proposed in Ref. 187. In this
method, when video is transmitted over a wireless network, more power is
used to transmit the base layer, whereas less power is used to transmit the
enhancement layers.

There are many ways to encode video into more than one layer. For exam-
ple, the base layer can include a low-frame-rate version of video, whereas the
enhancement layers can contain frames used to increase the frame rate. This is
usually referred to as temporal scalability. Another method is when the base
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layer contains a coarsely quantized version of video, whereas the enhancement
layers carry the error between the original version and this coarsely quantized
version. This is known as SNR scalability. Another form is spatial scalability.
This is very similar to SNR scalability. The only difference is that pictures in
the base layer are subsampled to a smaller size. Yet another form of layered
coding is known as data partitioning. In this case, the base layer contains vital
video information like headers, motion vectors, and low-frequency DCT coef-
ficients. Other information, like high-frequency DCT coefficients, is included
in the enhancement layers.

Note that all these forms of layered coding are supported in recent standard-
ization efforts. For example, MPEG-4 supports temporal and spatial scalability
in addition to data partitioning. H.263+ supports temporal, SNR, and spatial
scalability in annex O, and H.263++ supports data partitioning in annex V.

9.6.5 Multiple Description Coding

This technique assumes that there are multiple channels between the encoder
and the decoder. These multiple channels can be physically distinct paths or
they can be a single path divided into multiple virtual channels using, for
example, time or frequency division. The technique further assumes that the
error events of these multiple channels are independent. This means that the
probability that all channels simultaneously experience errors is very small.

Similar to layered coding, multiple description coding encodes video into
multiple streams known as descriptions. In this case, however, the descriptions
are correlated and have equal importance. The requirement that all descriptions
have equal importance means that the descriptions must share some fundamen-
tal information about the input video. As a consequence of this information
sharing, the descriptions are correlated.

At the encoder, cach description is transmitted on a different channel. As
already mentioned, the error events of the channels are independent. As a
result, at least one description will be received at the decoder without errors.
This description carries some fundamental information about the transmitted
video and can, therefore, be used to provide a basic level of quality. Since
the descriptions are correlated, missing descriptions can be estimated from
correctly received descriptions and the quality can be improved.

There are a number of methods to achieve the required decomposition into
descriptions. For example, in Ref. 188, the input signal is decomposed and
encoded into two streams. The two streams are obtained by transmitting two
quantization indices for each quantized level. The index assignment is de-
signed such that when both indices are received, the reconstruction quality
is equivalent to that of a fine quantizer. When, however, only one index is
received, the reconstruction quality is equivalent to that of a coarse quantizer.
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Figure 9.6: Coding and transmission order with and without interleaving

There are also other multiple description techniques, as detailed in Refs. 179
and 180.

9.6.6 Interleaved Coding

In normal coding, the blocks of a given frame are encoded in raster scan
order, as illustrated in Figure 9.6(a). In this case, when an error occurs in
one block, spatial error propagation results in the loss of a contiguous set of
blocks. In the example shown, an error in block 12 results in the loss of all
blocks to its right.> As is discussed later, the concealment of a damaged block
depends heavily on the availability of its four neighboring blocks. In this case,
a damaged block will have only its top and bottom neighbors intact.
Interleaved coding attempts to separate the information of neighboring
blocks as far as possible. As a result, an error in a block will propagate
to nonadjacent blocks. Figure 9.6(b) shows the even/odd interleaving scheme
adopted in Ref. 189. The numbers here indicate the encoding and transmis-
sion order. Thus, the first block in the first row (block 1) is encoded and
transmitted first, followed by the second block in the second row (block 2),
and so on. Note that in this case, when an error occurs in block 12, the lost
set of blocks is not contiguous. Thus, a damaged block will have all its four
neighbors intact and this will help the error concealment process considerably.

9.7 Postprocessing (or Concealment) Techniques

The second category of error-resilience techniques are postprocessing (or
concealment) techniques. In postprocessing techniques, the decoder plays the

2This example assumes that resynchronization codewords are inserted at the beginning of each
row of blocks.
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primary role. Thus, the decoder attempts to conceal the effects of errors by
providing a subjectively acceptable approximation to the original data. This is
achieved by exploiting the limitations of the human visual system and the high
temporal and/or spatial correlation of video sequences. Error concealment is
an ill-posed problem since it does not have a unique solution. Thus, error con-
cealment techniques exploit a priori knowledge of the characteristics of video
signals to restrict the otherwise large number of possible solutions. Depending
on the information used for concealment, postprocessing techniques can be
divided into three main categories: spatial techniques, temporal techniques,
and hybrid techniques.

9.7.1 Spatial Error Concealment

Spatial techniques exploit the high spatial correlation of video signals and
conceal damaged pels in a frame using information from correctly received
and/or previously concealed neighboring pels within the same frame. Such
techniques apply primarily to intracoded blocks but may also be used to con-
ceal intercoded blocks with missing motion information or to recover the DFD
signal.

In Ref. 190 a damaged pel within a block is interpolated from the four
comer pels outside the block, as illustrated in Figure 9.7(a). Interpolation
from the four nearest pels outside the block boundaries, as illustrated in
Figure 9.7(b), is proposed in Ref. 191. Interpolation in the frequency do-
main has also been used. For example, in Ref. 192 the DC coefficient of
a damaged block is recovered as the average or the median of the DC
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Figure 9.7: Error concealment using spatial interpolation
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coefficients of the four or eight neighboring blocks. Another approach is to
form a partial DC value at each boundary by taking the average of a one-,
two-, or four-pels-wide neighborhood. The recovered DC coefficient is then
the average or the median of the four partial DC values.

In Ref. 193 the lost DCT coefficients of an intracoded block are recovered
by minimizing the intersample variation within the block and across the block
boundaries. This is based on the smoothness property of image and video
sequences. In Ref. 189 the same method is extended by adding a temporal
smoothness measure.

Another property that is used in error concealment is edge continuity. Thus,
if the direction of an edge in a neighboring block indicates that the edge
passes through the damaged block, then the concealment process must con-
serve the continuity of this edge. For example, in Ref. 194 an edge classifier is
applied to the neighboring blocks to determine which directions characterize
the strongest edges passing through the damaged block. For each of these clas-
sified directions, directional spatial interpolation along the respective direction
is used to create a block from the neighboring pels. The blocks are then
mixed together in such a way that all the strong edge features are preserved
and combined in a single block used for concealment.

Statistical correlation is another a priori assumption utilized in error
concealment. For example, in Ref. 195 the pel values of a frame are
modeled as a Markov random field (MRF). Maximum a posteriori proba-
bility (MAP) estimation is then used to spatially interpolate the damaged
blocks.

9.7.2 Temporal Error Concealment

Temporal techniques exploit the high temporal correlation of video signals and
conceal damaged pels in a frame using information from correctly received
and/or previously concealed pels within a reference frame. Such techniques
apply primarily to intercoded blocks. They may work for some intracoded
blocks but will completely fail in cases like scene changes and uncovered
background.

As in motion-compensated prediction, the process of temporal concealment
involves two stages: concealment displacement estimation and displacement
compensation, as shown in Figure 9.8(a). For this reason, temporal conceal-
ment is sometimes referred to as motion-compensated concealment.

Conventional temporal techniques estimate one concealment displacement
for the whole damaged block and then use translational displacement com-
pensation to conceal the block, as shown in Figure 9.8(b). Such techniques
perform very well when the original motion vector of the damaged block is
available. In this case the first stage of the temporal concealment process,
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Figure 9.8: Temporal error concealment

i.e., displacement estimation, is bypassed and the concealment displacement is
simply set to the original motion vector.

In practice, however, the motion vector of a damaged block is usually lost
or erroneously received. This is due mainly to spatial error propagation. For
example, an erroneous codeword will usually lead to loss of synchronization at
the decoder and all blocks, including their motion information, up to the next
synchronization point will be undecodable and completely lost.> In such cases,
the displacement estimation stage at the decoder is extremely important. In
fact, the only difference between the various conventional temporal techniques
reported in the literature is in their displacement estimation algorithm. This
stage is also known as motion information recovery, because it attempts to
recover or provide an approximation to the original motion information.

The simplest and most commonly used technique is to replace the dam-
aged motion vector with (0,0) [179, 192]. This is based on the center-biased
property of video block-motion fields, which is also equivalent to the temporal
smoothness property of video signals. The technique is usually referred to as

3 As already discussed, RVLCs and data partitioning into motion and texture data are some of
the mechanisms that can be used to reduce this effect.
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temporal replacement (TR) because it effectively replaces the damaged block
by its corresponding block in the reference frame. This method works well
for stationary and quasi-stationary areas, e.g., background, but will fail for
fast-moving areas.

Another technique is to exploit the high-correlation property of video block-
motion fields and replace the damaged motion vector with the gverage (AV)
[179, 190, 189, 191, 192] or the median [179, 192] of neighboring vectors.
This technique works well for areas with smooth motion but will fail for areas
with unsmooth motion, e.g., at the boundaries of objects moving in different
directions.

A boundary matching (BM) technique has also been used to select a suitable
replacement from a set of candidate motion vectors [196, 197, 198]. Assume
that a set of M neighboring motion vectors ¥ ={vy,v,,..., ¥y} is to be used
for the concealment of a damaged block % of size N x N with its top-left
corner at (x,, ¥,). Each candidate vector v; =(vj,v}) in 7" is used to conceal
the damaged block %. The quality of this concealment is assessed using the
continuity across the concealed block boundaries. This continuity is measured
using the side-match distortion (SMD) measure, defined as

SMD; — SMD/ + SMD¥ + SMD! + sMD?, (9.1)

where SMD;L is the sum of absolute, or squared, differences across the left
boundary of block % when concealed using candidate vector v;. Thus

N—-1

SMD/ = " glfi(xo — 1, o + k) — fioado + 0 Yo+ 0] + 0], (9:2)
k=0

where f; and f,_a, are the current and reference frames, respectively, g=(-)>
for the SSD, and g=]| - | for the SAD. Similarly, SMDZ, SMD! and SMD?
are the side-match distortions across the right, top, and bottom boundaries,
respectively. Based on the smoothness property of video signals, the candidate
motion vector that achieves the minimum SMD is chosen as the recovered
motion vector. Thus

¥ = arg min SMD,. (9.3)

\= s

The main advantage of this method is that displacement estimation is based on
a distortion measure. The method will fail for areas with unsmooth motion and
also for areas with low spatial correlation, e.g., at the boundaries of objects.

Similar to spatial concealment, Bayesian statistical approaches have also
been used for motion vector recovery, e.g., Ref. 195.
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9.7.3 Hybrid Error Concealment

Hybrid techniques exploit both spatial and temporal correlations of video sig-
nals. A straightforward technique is to use spatial concealment for intracoded
blocks and temporal concealment for intercoded blocks. More sophisticated
combinations are also possible. For example, in Ref. 199 temporal conceal-
ment is first used to get an initial estimate of the damaged block. This initial
estimate is then refined using spatial concealment.

9.7.4 Coding-Mode Recovery

As already discussed, each of the preceding concealment techniques applies
to a particular type of macroblocks. More specifically, spatial concealment is
more applicable to intracoded blocks, whereas temporal concealment is more
suitable for intercoded blocks. Provided that the coding mode of a damaged
block is known, the appropriate type of concealment is applied. In many cases,
however, the coding-mode information of a damaged block is also damaged.
Thus, coding-mode information needs to be recovered first before being able
to choose the appropriate concealment method.

In Ref. 189, when the coding mode is damaged it is simply set to INTRA
and the corresponding block is concealed using spatial techniques.

Usually, there is a high correlation between the coding modes of adjacent
blocks. Thus, the coding mode of a damaged block can be estimated from
the coding modes of neighboring blocks. In Ref. 200, the coding mode of a
damaged MB in an MPEG-2 coded video is estimated from the coding modes
of its top and bottom neighboring MBs. For example, the coding mode of
a damaged MB in a P-frame is set to INTRA only if its top and bottom
neighboring MBs are both INTRA coded; otherwise, a FORWARD INTER
mode is assumed.

9.8 Interactive Techniques

The third type of error-resilience methods are interactive techniques. In this
case, the encoder and decoder cooperate to minimize the effects of transmission
errors. In such techniques, the decoder uses a feedback channel to inform the
encoder about which parts of the transmitted video have been received in error.
Based on this feedback information, the encoder adjusts its operation to combat
the effects of such errors. The following subsections discuss some examples
of interactive (or feedback-based) techniques. A more comprehensive review
of such techniques can be found in Ref. 201.
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9.8.1 Automatic Repeat Request (ARQ)

In this technique, when an error is detected, the decoder automatically requests
the encoder to retransmit the damaged data. When this ARQ is received, the
encoder retransmits the requested data. Usually, this retransmission is repeated
until either the requested data is correctly received or a predetermined number
of retransmissions is exceeded.

Typically, when a decoder sends an ARQ, it waits for the arrival of the
requested data before resuming normal operation. This introduces delays that
may not be acceptable in real-time applications like mobile video communi-
cation. To overcome such delays, Wang and Zhu [179] proposed a technique
called retransmission without waiting. In this technique, instead of waiting
for the arrival of the requested data, the damaged video part is concealed
and normal decoding operation is then resumed. A trace of the affected pels
and their associated coding information is recorded until the arrival of the
requested data. This error trace, along with the received data, is then used to
correct the affected pels. Another technique proposed in Ref. 179 is the mul-
ticopy retransmission. In this technique, multiple copies of the damaged data
are sent in each single retransmission trial. This reduces the required number
of retransmissions and, consequently, reduces delays.

9.8.2 Error Tracking

When feedback information is received, the encoder can reconstruct the error
propagation process. In other words, the encoder can track the error prop-
agation from the original occurrence up to the current frame. A number of
techniques can then be used to utilize this error trace, as discussed next.

9.8.2.1 INTRA Refresh Based on Feedback

Based on the error trace, areas in the current frame that would have been
predicted from affected pels in the reference frame are INTRA encoded. This
is illustrated in Figure 9.9. Figure 9.9(a) shows the spatial and temporal prop-
agation in a sequence of frames due to an error in frame n. In Figure 9.9(b)
a feedback message arrives at the encoder before the time to encode frame
n + d. The encoder tracks this error and the affected pels from frame n up
to frame n+ d — 1. During the encoding process of the current frame, n+ d,
blocks that would have been predicted from affected pels in the reference
frame, n + d — 1, are encoded in INTRA mode to stop error propagation to
the next frame, n +d + 1.

There are two main drawbacks to this approach. First, a perfect reconstruc-
tion of error propagation is a computationally complex process. Second, in
cases of high error rates, INTRA refresh can result in a significant loss in
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n n+l n+d+1
damaged
arca
(a) Error propagation in a sequence of frames
n+l n+d+1

NACK(n)

(b) INTRA refresh based on error tracking and feedback information

NACK (1) blocks predicted from
erro-free areas in reference

(¢) Restricted prediction based on error tracking and feedback information

Figure 9.9: Error tracking techniques

coding efficiency. In Ref. 202 Steinbach er al. propose a reduced-complexity
error-tracking algorithm that can provide a sufficiently accurate estimate of the
true error propagation. In order to reduce the loss of coding efficiency, they
INTRA refresh only severely affected blocks. Thus, if the process of error
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concealment is successful and the error of a given block is sufficiently small,
then the encoder may decide against INTRA encoding. Note that this method
requires the encoder to perform the same error concealment process that was
used at the decoder.

9.8.2.2 Restricted Prediction Based on Feedback

Based on the error trace, prediction of the current frame is restricted to use
only error-free areas in the reference frame. For example, in Figure 9.9(c) the
affected pels in the reference frame, n+d — 1, are not used for predicting the
current frame, n-+d. This stops error propagation to the next frame, n+d -+ 1.
This restricted prediction based on feedback and error tracking was proposed
by Wada in the selective recovery technique [203].

Again, this technique can also benefit from the reduced-complexity error-
tracking algorithm of Steinbach er al. [202], and the coding efficiency can
also be improved by performing error concealment in the encoder so that both
encoder and decoder use the same reference frames for prediction.

9.8.3 Reference Picture Selection

In reference picture selection (RPS), both the encoder and decoder store mul-
tiple previous frames to be used as reference frames. When the encoder learns,
through feedback messages from the decoder, that the most recent reference
frame contains errors, the encoder switches to use another older reference
frame that is known to be error free. Provided the alternative reference frame
is not too far away from the current frame, the loss in coding efficiency is not
significant. In particular, this technique is more efficient than the INTRA re-
fresh technique. The RPS technique has been adopted by H.263+ in annex N,
and an enhanced version of the technique has been included in annex U of
H.2634++.

Figure 9.10 shows the RPS technique with two types of feedback messages.
In the negative acknowledgment mode, illustrated in Figure 9.10(a), the de-
coder sends a negative acknowledgment (NACK) message whenever errors
are detected in a frame. In the example shown, the decoder detects an error
in frame 3 and sends a NACK(3) message to the encoder. At the encoder,
the encoding operation proceeds in the normal way (i.e., using the most re-
cent reference frame for prediction) until the NACK(3) message arrives before
encoding frame 6. Based on this message, the encoder knows that errors oc-
curred in frame 3 and propagated up to the most recent reference frame 5.
To stop this error propagation, the encoder uses the older error-free reference
frame 2 instead of the most recent reference frame 5 to encode the current
frame 6.
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f

(a) Reference picture selection with negative acknowledgment messages

b :

~ ; ; ACK(1) 2 ACK(2) : j ACK4)

(b) Reference picture selection with positive acknowledgment messages
Figure 9.10: Reference picture selection based on feedback

In the positive acknowledgment mode, illustrated in Figure 9.10(b), the de-
coder sends an acknowledgment (ACK) message whenever a frame is received
error-free. At the encoder, only acknowledged frames are used as references.
In the example shown, the encoder continues to use frame 1 for prediction
until it receives the acknowledgment for frame 2. The encoder then starts
using the acknowledged frame 2 for prediction until the acknowledgment of
the next error-free reference frame is received. Note that since the erroneous
frame 3 is not acknowledged, it is never used for prediction and its errors do
not propagate to subsequent frames.

Note that during error-free transmission, the NACK mode is more efficient
than the ACK mode since the most recent reference frame is used for pre-
diction. During erroneous transmission, however, the NACK mode results in
longer periods of error propagation than the ACK mode. Thus, the NACK
mode is more suitable if errors occur only rarely after long periods of error-
free transmission, whereas the ACK mode is preferred for highly error-prone
transmissions.

250



Section 9.9. Discussion 229

9.9 Discussion

When transmitted over a mobile channel, compressed video can suffer severe
degradation. Thus, error resilience is one of the main requirements for mobile
video communication.

Due to the use of predictive and VLC coding, transmission (both random
and erasure) errors cause temporal and spatial error propagation in compressed
video.

Before being able to combat these effects, it is first necessary to detect
whether and where errors have occurred. Different techniques can be used to
achieve this error detection.

Error control techniques can be broadly classified into three categories:
forward, postprocessing, and interactive techniques. In forward techniques, the
encoder plays the primary role. Such techniques work by adding a controlled
amount of redundancy to the video bitstream. In postprocessing techniques,
the decoder plays the primary role. Thus, the decoder attempts to conceal the
effects of errors by providing a subjectively acceptable approximation to the
original data. This is achieved by exploiting the limitations of the human visual
system and the high temporal and/or spatial correlation of video sequences.
In interactive techniques, the encoder and decoder cooperate to minimize the
effects of transmission errors. In such techniques, the decoder uses a feedback
channel to inform the encoder about which parts of the transmitted video have
been received in error. Based on this feedback information, the encoder adjusts
its operation to combat the effects of such errors.

It should be emphasized that the three categories of techniques are not
mutually exclusive, and different combinations can be employed in practical
systems.
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Chapter 10

Error Concealment Using Motion
Field Interpolation

10.1 Overview

Chapter 9 discussed three categories of error-resilience techniques: forward,
postprocessing (or concealment), and interactive techniques. Almost all for-
ward techniques increase the bit rate because they work by adding redun-
dancy to the data, e.g., FEC. Some of them may also require modifications
to the encoder, e.g., layered coding, and others may not be suitable for some
applications, e.g., multiple description coding assumes several parallel chan-
nels between transmitter and receiver. Most interactive techniques depend on
a feedback channel between the encoder and decoder. Such a channel may
not be available in some applications, e.g., multipoint broadcasting. Most in-
teractive techniques will also introduce some delay and may, therefore, be
unsuitable for real-time applications like mobile video communication. On the
other hand, concealment techniques do not increase the bit rate, do not require
any modifications to the encoder, do not introduce any delay, and can be ap-
plied in almost any application. This makes them a very attractive choice for
mobile video communication, where bit rate and delay are very critical issues.

A very successful class of error concealment is temporal error conceal-
ment. Conventional temporal concealment techniques estimate one conceal-
ment displacement for the whole damaged block and then use translational
displacement compensation to conceal the block from a reference frame. The
main problem with such techniques is that incorrect estimation of the conceal-
ment displacement can lead to poor concealment of the whole or most of the
block.

This chapter describes the design of two novel temporal concealment tech-
niques. In the first technique, motion field interpolation (MFI) is used to
estimate one concealment displacement per pel of the damaged block. Each
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pel is then concealed individually. In this case, incorrect estimation of a con-
cealment displacement will affect only the corresponding pel. On a block level,
this may affect few pels rather than the entire block. In the second technique,
multihypothesis motion compensation (MHMC) is used to combine the first
technique with a boundary matching (BM) temporal concealment technique
to obtain a more robust performance.

The chapter also investigates the performance of different temporal error
concealment techniques when incorporated within a multiple-reference video
codec. In particular, the chapter finds a combination of techniques that best
recovers the spatial-temporal components of a damaged multiple-reference
motion vector. In addition, the chapter describes the design of a novel
multihypothesis temporal concealment technique that can be used with
multiple-reference systems.

The rest of the chapter is organized as follows. Section 10.2 describes
the MFI temporal concealment technique, whereas Section 10.3 presents the
combined BM-MFI technique. Section 10.4 presents some simulation results.
Section 10.5 investigates the performance of temporal error concealment within
multiple-reference video codecs. It also describes the multihypothesis multiple-
reference temporal concealment technique. The chapter concludes with a dis-
cussion in Section 10.6.

Preliminary results of this chapter have appeared in Refs. 204, 205, 206,
207, and 208.

10.2 Temporal Error Concealment Using Motion
Field Interpolation (MFI)

10.2.1 Motivation

As described earlier, conventional temporal concealment techniques estimate
one concealment displacement for the whole damaged block and then use
translational displacement compensation to conceal the block from a reference
frame. As already discussed in Section 9.7.2, there are many cases where
conventional temporal concealment techniques can fail and the concealment
displacement can be incorrectly estimated. The main problem with such tech-
niques is that incorrect estimation of the concealment displacement can lead to
poor concealment of the entire or most of the block. This section describes a
new temporal error concealment technique. This technique estimates one con-
cealment displacement per pel of the damaged block and then conceals each
pel individually. In this case, incorrect estimation of a concealment displace-
ment will affect only the corresponding pel. On a block level, this may affect
few pels rather than the entire block.
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The described technique uses motion field interpolation (MFI) in its dis-
placement estimation stage. In MFI, motion information needs to be available
only at a number of nodal or control points within the motion field. The
motion vector at any other point within the field can be approximated by
interpolating the motion vectors of the surrounding control points. Thus, mo-
tion information recovery is inherent in MFI. As discussed in Chapter 5, MFI
is used in warping-based motion compensation. Its main advantage over con-
ventional translational compensation is that it provides a smoothly varying mo-
tion field that reduces blocking artefacts and compensates for more types of
motion. These two features, i.e., inherent motion information recovery and
better motion compensation, can improve both stages of the temporal con-
cealment process, i.e., estimation and compensation, respectively. This makes
MFI a very attractive choice for temporal error concealment.

10.2.2 Description of the Technique

Let fi(x,y) be the value of the current frame at pel location (x, y) and f;_a,
be a previously reconstructed and concealed frame. Further, let = { fi(x, y):
X €[x1,X3), ¥y €[y1, yu]} be a damaged block within the current frame and v;,
vz, vy, and vz be the motion vectors of the blocks to the left of, to the
right of, above, and below the damaged block, respectively. The concealment
displacement, ¥(x, y) = (d,(x, y), b,(x, y)), at any pel (x, y) within the damaged
block & can be estimated by interpolating the neighboring motion vectors as
follows:

hy (Ve + (1 — hy(xn))Ve + Ay (ya)vr + (1 — Ay (3) Ve
5 >

Wx, y)= (10.1)

=X A = (102)
Yo — Vi Xhp — X]

Vn

where (x,, v,) are the normalized spatial coordinates of pel (x, y) within the
damaged block, ranging from (0,0) at the top-left corner to (1,1) at the
bottom-right corner, and 4,(-) is a suitable interpolation kernel.

Thus, the estimated displacement is a weighted sum of the neighboring
motion vectors. The interpolation kernel, /,(-), is used to adjust the weights
according to the spatial location of the pel within the damaged block. Intu-
itively, a pel on the left border should have a high contribution from the left
vector, vz, and a low contribution from the right vector, vg, and so on. To
achieve this, the following interpolation kernel [209] was used:

k(p(2a —1)) — k()

MO k)

0<ag<land y>1, (10.3)
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where

1

MO =1

(10.4)

The parameter y in Equation (10.3) is used to control the smoothness of the
interpolation kernel. As y varies from 1 to oo, the interpolation kernel varies
from an approximately linear shape to a brickwall shape, as illustrated in
Figure 10.1.

Once the concealment displacement is estimated, then the damaged pel is
concealed as follows:

f;(xs y):f;—Ar(x + ﬁx(xs y)sy—" ﬁy(x:v ,V)) (105)

In the case where the estimation process produces a subpel accurate displace-
ment, the compensation process will require accessing a pel at a nonsampling
location within the reference frame. Interpolation (e.g., bilinear) of the pels at
surrounding sampling locations can be employed to provide an approximation
to the required pel.

Figure 10.1: Interpolation kernel A,(-) with different values of the smoothness parameter y
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Table 10.1: Computational complexity of the displacement estimation stage of different temporal
concealment techniques with a block of 16 x 16 pels

Add/subtract Multiply/divide Magnitude
TR — — —
AV 6 2 —
BM 496 — 256
MFI 516 6 —

10.2.3 Reduced-Complexity MFI

One of the main disadvantages of MFI is its high computational complexity.
In the case of a linear interpolation kernel, Equation (10.1) reduces to

(I —x)vz +x,v8 + (1 — Yu)¥7 + VuVa
3 .

A direct implementation of Equations (10.6) and (10.2) requires 10N?2
additions/subtractions and 12N? multiplications/divisions for an N x N block.
This complexity can be reduced using a number of methods. One method is to
calculate the weights off-line and store them in a lookup table. This reduces the
complexity to 6N? additions/subtractions and 8N? multiplications/divisions.
Another method is to use a line-scanning technique. That is, once ¥(x, y) is
calculated, the displacement of the next pel in the row and the next pel in the
column can be calculated as follows:

V(x,y)= (10.6)

Yr — VL Yg — Vr
2N 2N

It is very simple to derive Equations (10.7) from Equation (10.6). Note that
the second term in both of Equations (10.7) is a constant and needs to be
calculated only once per block. This line-scanning technique further reduces
the complexity to (2N? + 4) additions/subtractions and six multiplications/
divisions.

Table 10.1 compares the computational complexity of different temporal
concealment techniques for a 16 x 16 block. The figures in the table refer to
the complexity of the displacement estimation stage and do not include the
complexity of the displacement compensation stage.! The figures for BM are
based on four candidate motion vectors and SAD as the SMD measure. They
do not include the complexity of sorting the SMDs and choosing the vector
with the minimum SMD. Although the MFI technique has the highest num-
ber of multiplications/divisions, this increased complexity can be justified by

Vx + Ly)=v(x,y) + and V(x,y + 1)=¥(x,y) + - (10.7)

IFor MFI, the displacement compensation stage is more complex, since it may involve inter-
polation.
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improved concealment quality, as will be shown later. A point to note here
is that MFI will be used only for damaged blocks. Thus, provided that the
error rate is relatively low, this will not increase the complexity of the decoder
considerably.

10.3 Temporal Error Concealment Using a
Combined BM-MFI Technique

10.3.1 Motivation

In this section, multihypothesis motion compensation (MHMC) [106] is used
to further improve the second stage, i.c., compensation, of the temporal con-
cealment process. In MHMC, a block is compensated using a weighted average
of several motion-compensated predictions (hypotheses). This is a general term
that can be used to describe techniques like overlapped motion compensation,
bidirectional motion compensation, and any other technique that compensates
individual pels using more than one motion vector. When applied to temporal
error concealment, this means that each pel of the damaged block will be
concealed using more than one concealment displacement. In the described
technique, fwo concealment displacements are used per pel: one is estimated
using BM, as described in Section 9.7.2, and the other is estimated using
MFI, as described in Section 10.2. The BM technique was chosen because it
is one of the best conventional temporal error concealment techniques. A sim-
ilar combination between BM and overlapped motion compensation has also
been reported in Ref. 198.

In addition to improving the second stage of the temporal concealment pro-
cess, the combination of BM and MFI can provide a more robust performance.
This can be explained as follows. There are many cases where the BM tech-
nique will fail but the MFI technique will not, and vice versa. In such cases, a
combination may be more robust because it may average out the concealment
distortion.

10.3.2 Description of the Technique

Let m(x, y)=(m.(x, y),m,(x,y)) be the displacement estimated using MFI

to conceal pel (x, y) of the damaged block &, and let B:(Bx,f)y) be the
displacement estimated using BM to conceal the whole block. Then pel (x, y)
is concealed as follows:

F1%, ) = Ws(Xny ) fr ae(X 4 (%, ), ¥ + iy (x, )
+ (1 — Ws(Xns Yu)) fioad(X + by y + by). (10.8)
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Thus, the concealed pel is a weighted sum of two predictions. The function
ws(-,-) is used to adjust the weights given to MFI and BM according to the
spatial location of the pel within the damaged block. Knowledge of the way
both BM and MFI work can provide some insights into designing a suitable
ws(-,-). For example, the SMD measure of the BM technique involves the
border pels of the damaged block. It is expected, therefore, that BM will
perform well at those pels. Therefore, BM must be given high weights at
the borders of the block and low weights at the center. To achieve this, the
following function was used:

95(xn)gs(¥n) + 1

w{‘i(xm yr!): 7 s (109)
where
k(3(4a—1))—k(5) 1
1= owm » 0=a=3
gs(a)= (10.10)
gs(1 — a), ;<a<l

and k(-) is defined by Equation (10.4). The parameter J is used to control the
smoothness of ws(-,-), as illustrated in Figure 10.2.

Before proceeding to present simulation results, it is valuable at this point
to highlight the main differences between the two novel algorithms, MFI and
BM-MFI, and conventional temporal error concealment techniques. These are
summarized in Table 10.2.

10.4 Simulation Results

10.4.1 Results Within an Isolated Error Environment

It is very important to evaluate the performance of the techniques in isolation
from any external effects, like temporal and spatial error propagation and the
choice of the error detection algorithm. This is particularly important for a fair
comparison, since such error mechanisms and algorithm choices may randomly
affect one technique more than another. Thus, in this set of simulations, the
following assumptions were made

1. There is no temporal error propagation. This was achieved by using
original reference frames for the concealment process.

2. There is no spatial error propagation. This is equivalent to using fixed-
length codes and no predictive coding.

3. The concealment process is supported by an ideal error detection algo-
rithm that can identify all damaged blocks.
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Figure 10.2: Multihypothesis weights ws(-, -) with different values of the smoothness parameter &

Table 10.2: Comparison between conventional temporal concealment and the MFI and BM-MFI
techniques

Conventional temporal

concealment MF1 BM-MFI
Displacement One displacement per One displacement per Two displacements
estimation block using AV, pel using MFI per pel: one
TR, BM, etc. (weighted sum of produced by MFI
four neighboring and another
vectors) produced by BM
Displacement Translational, same Translational, but on a Multihypothesis
compensa- displacement for pel-by-pel basis motion
tion the whole block. compensation

(each pel is a
weighted sum of
two concealments)
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Hereafter, the term isolated error environment will be used to refer to this set
of test conditions.

All results in this subsection were generated using a full-search block-
matching algorithm with blocks of 16 x 16 pels, a maximum allowed dis-
placement of =15 pels, SAD as the distortion measure, restricted motion
vectors, and full-pel accuracy. Block losses were introduced randomly. Five
temporal error concealment techniques were simulated: temporal replacement
(TR), average vector (AV), boundary matching with side-match distortion
(BM), motion field interpolation (MFI), and the combination of BM and
MFI (BM-MFI). In each technique, the motion vectors of the four neigh-
boring blocks—Ileft, right, above and below—were used in the concealment
displacement estimation stage. Whenever a neighboring motion vector was not
available, e.g., damaged or does not exist as in border blocks, it was set to
(0,0). For the BM technique, SAD was used in the side-match distortion cal-
culations. Again, to mask any external effects, all quoted PSNRs in this set of
simulations were calculated for concealed blocks only and averaged over the
whole sequence. All quoted results refer to the luma components of sequences.

10.4.1.1 Choice of Parameters

Before evaluating the performance of MFI and BM-MFI, suitable values for
the smoothness parameters y and é need to be chosen. Figure 10.3 shows the
effect of changing the smoothness parameter y on the performance of MFI
when applied to Foreman at 25 frames/s with different block loss rates. In
general, the performance is not particularly sensitive to the choice of y (a
change of about 0.3 dB). As y increases, the performance of MFI deteriorates
slightly. The best performance is achieved with y —1. This is approximately a
linear kernel. Thus, a linear interpolation kernel will be used in all subsequent
simulations. Note that a linear kernel also facilitates the use of a line-scanning
technique to reduce complexity, as was shown in Section 10.2.3.

Figure 10.4 shows the effect of changing the smoothness parameter 6 on the
performance of BM-MFI when applied to Foreman at 25 frames/s with differ-
ent block loss rates. Again, the performance is not very sensitive to changes
in 6. As ¢ increases, the performance of BM-MFI slightly deteriorates. The
best performance is achieved with 6 =1. The corresponding multihypothesis
weights are those shown in Figures 10.2(a) and 10.2(b). In what follows, this
value of & will be used.

10.4.1.2 Performance Evaluation

Figures 10.5, 10.6, and 10.7 compare the performance of the five techniques
when applied to Akivo, Foreman, and TaBLE Tennis, respectively. All results
were generated with a frame skip of 1.
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Figure 10.3: Performance of MFI when applied to QSIF Foreman at 25 frames/s with different
interpolation kernels. PSNRs are for damaged blocks only
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Figure 10.4: Performance of BM-MFI when applied to QSIF Foreman at 25 frames,/s with different
multihypothesis weights. PSNRs are for damaged blocks only
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Figure 10.5: Comparison between different temporal concealment techniques when applied to
QSIF Axivo at 30 frames/s. PSNRs are for damaged blocks only
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Figure 10.6: Comparison between different temporal concealment techniques when applied to
QSIF Foreman at 25 frames/s. PSNRs are for damaged blocks only
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Figure 10.7: Comparison between different temporal concealment techniques when applied to
QSIF Tasie Tennis at 30 frames/s. PSNRs are for damaged blocks only

In general, the best performance was achieved by BM-MFI, followed by
MFI, then BM, AV, and TR. As expected, TR performs well for the low-
movement Axrvo sequence. The poor performance of BM for Akivo may be
due to an ambiguity problem where neighboring motion vectors give similar
SMD measures. A very interesting point to note is that the performance of
MFI starts to deteriorate for ForEmaN at high block loss rates. This may be
due to the high dependency of MFI on the availability of the neighboring
motion vectors. This can be improved using interleaving techniques, as was
described in Chapter 9. In all cases, however, the BM-MFI technique main-
tained its superior performance. This is a clear indication of the robustness
of the technique. Over the three sequences and the considered block loss rate
range, MFI provides on average 0.3dB, 0.9dB, and 1.4dB improvements over
BM, AV, and TR, respectively, whereas BM-MFI provides a further 0.5 dB
improvement over MFI. This corresponds to improvements of about 0.8 dB,
1.4 dB, and 1.9 dB over BM, AV, and TR, respectively.

Figure 10.8 shows the subjective quality of the 58" frame of TABLE TENNIS
with a block loss rate of 30% when concealed using BM and BM-MFI. The
superior performance of the BM-MFI technique is immediately evident from
the good concealment of the left hand of the player. Note, however, that some
parts of the shirt are less sharp with the BM-MFI technique. This may be due
to the low-pass filtering effect of the averaging (weighting) process.
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(c) Concealed using BM (d) Concealed using BM-MFI

Figure 10.8: Subjective quality of concealed 58 frame of QSIF Tasie Tenwis at 30 frames/s with
a block loss rate of 30%

10.4.2 Results Within an H.263 Decoder

This set of simulations tests the performance of the techniques when incor-
porated within an H.263 decoder. In this case, the assumptions made in the
previous set of simulations will be relaxed. In other words, previously re-
constructed, possibly damaged and concealed, frames will be used for both
prediction and concealment. This will result in temporal error propagation. In
addition, spatial error propagation will also occur, since H.263 uses VLC and
predictive coding.

The Telenor implementation [144] of H.263 was used in this simulation.
The decoder was modified to perform error detection by detecting syntax and
semantic violations, as was described in Section 9.5. When an error is detected,
the decoding process is stopped, the decoder searches for the next synchro-
nization codeword, and decoding is resumed. All macroblocks between the
point where the error was detected and the synchronization point are marked
as damaged macroblocks. In this simulation, the H.263 encoder option to in-
sert synchronization codewords at the start of each GOB was switched on. All
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Table 10.3: Comparison between different temporal concealment techniques when applied to three
test sequences corrupted with a random bit error rate of 10—3. PSNRs are for whole frames

Error
free TR AV BM MFI BM-MFI
Axivo PSNRy- 35.15 30.01 29.93 28.19 30.21 30.35
12 kbits/s PSNRCF; 37.18 34.01 33.67 30.61 34.12 34.23
PSNRCI; 39.16 36.14 36.03 35.00 36.20 36.32
PSNR 35.92 31.12 31.02 29.18 31.31 31.45
Foreman PSNRy: 27.93 19.11 19.30 19.59 19.56 20.05
24 kbits/s PSNRCE 35.02 3049 29.01 28.92 30.64 30.67
PSNRC!; 34.54 29.93 29.37 29.23 30.34 30.40
PSNR 29.26 20.71 20.84 21.11 21.15 21.62
TasLe TENNIS PSNRy/ 33.21 18.36 18.25 18.58 18.68 18.95
48 kbits/s PSNRCE 38.21 23.86 22.50 22.40 23.91 23.93
PSNRCI; 36.79 21.79 21.32 21.42 22.22 22.34
PSNR 34.22 19.39 19.16 19.43 19.70 19.94

other optional modes were switched off. No INTRA refresh was employed.
Thus, only the first frame was INTRA coded.

The H.263 encoder was used to encode the three sequences Akivo, FOREMAN,
and TaBLE Tennis? at bit rates of 12 kbits/s, 24 kbits/s, and 48 kbits/s, respec-
tively. Note that the bit rates were chosen according to the amount of spatial
detail and movement within each sequence. Note also that all bit rates were
chosen within the very-low-bit-rate range, i.e., less than 64 kbits/s.

The compressed bitstreams were corrupted with random bit errors gener-
ated according to the MPEG-4 error robustness test specification [210]. The
specifications provide an initial period of 1.5 s during which no errors are
injected. This allows for the encoder to transmit an initial INTRA frame
and for the codec operation to stabilize into a steady state before errors are
introduced.

Table 10.3 summarizes the performance of the five techniques when applied
to the three test sequences with a frame skip of 1 and a bit error rate (BER)
of 1073, The quoted PSNRs are for whole frames and averaged over the
sequence. The quantities PSNRy-, PSNRc, and PSNRc; represent the PSNRs
of the separate luma and two chroma components, respectively, whereas PSNR

2The luma components of both Axivo and TasLe Tenmis were zero-padded vertically to 128 lines
because Telenor’s H.263 can work only with an integer multiple of 16. The corresponding chroma
components were also appropriately padded.
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QSIF Foreman at 24 kbits/s
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Figure 10.9: Comparison between different temporal concealment techniques when applied to
QSIF Foreman. The sequence was H.263 encoded at 24 kbits/s and then corrupted with a range
of bit error rates

represents the PSNR of the three components together with a 4:2:0 subsam-
pling. Again, the best performance in each case was achieved by BM-MFI,
followed by MFI. For example, for the TABLE TeEnNis sequence, MFI provides
improvements of 0.27dB, 0.54dB, and 0.31dB over BM, AV, and TR, respec-
tively, whereas BM-MFI provides a further 0.24 dB improvement over MFL
This corresponds to improvements of about 0.51dB, 0.78dB, and 0.55dB over
BM, AV, and TR, respectively.

Figure 10.9 shows the performance of the five techniques when used to
conceal the 24 kbits/s QSIF Foreman sequence corrupted with BERs in the
range 10~* to 1073. At low BERs the differences between the techniques are
small. However, as the BER increases, the techniques split into three perfor-
mance levels. The lowest level includes TR and AV, the next level includes
BM and MFI, and the highest level includes BM-MFI.

Figure 10.10 shows a frame of the 24 kbits/s QSIF ForeMaN corrupted with
a BER of 1073 and then decoded and concealed using BM and BM-MFI.
The superior performance of the BM-MFI technique is immediately evident,
especially at the eyes and the edges of the face.

It is worth noting here that at a BER of 1073, the PSNRs of the con-
cealed sequences drop by about 5-9 dB compared to the error-free values,
and the subjective quality may not be acceptable. A close inspection of the
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(a) Error free

- o

(c) Concealed using BM (d) Concealed using BM-MFI

Figure 10.10: Subjective quality of decoded and concealed frame of QSIF Foreman. The sequence
was H.263 encoded at 24 kbits/s and corrupted with a 10—2 bit error rate

decoded and concealed sequences revealed that this poor performance is due
mainly to the effects of spatial and temporal error propagation and also to
the imperfections of the error detection approach. In addition, it was observed
that temporal techniques do not perform well for intracoded blocks, scene
changes, and uncovered backgrounds. Thus, despite their advantages, temporal
error concealment techniques must be combined with spatial error conceal-
ment and, more importantly, must be supported by some error containment
techniques, such as INTRA refresh.

10.5 Temporal Error Concealment for Multiple-
Reference Motion-Compensated Prediction

As already discussed, temporal error concealment is an important tool to
combat the effects of errors on transmitted video. A number of temporal error
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concealment techniques have been proposed in the literature, and their per-
formances have been extensively studied within typical single-reference video
codecs operating over various error-prone channels. There is, however, a need
to characterize the performance of such techniques within multiple-reference
video codecs. This is the main aim of this section.

Temporal error concealment within a multiple-reference video codec can be
split into two problems: spatial-components (d.,d,) recovery and temporal-
component d; recovery. Thus, a multiple-reference temporal error concealment
method can be represented by a combination of the form S-T, where S is the
technique used to recover the spatial components and T is the technique used
to recover the temporal component. In this section, S and T can be chosen
from the following list of techniques

ZR The recovered motion component (either spatial or temporal) is set to
zero. In Chapter 9 this was referred to as temporal replacement (TR).

AV The recovered motion component is set to the average of the correspond-
ing components of a set of neighboring motion vectors. In this section,
four neighboring vectors are used: top, bottom, left, and right.

BM This is a boundary-matching method (refer to Section 9.7.2 for a detailed
description). A set of candidate vectors is first chosen. Each candidate
is then used to conceal the damaged block. The quality of this conceal-
ment is assessed using the side-match distortion (SMD) measure, which
is defined as the sum of absolute (or squared) differences across the four
boundaries of the block. The candidate with the minimum SMD is cho-
sen. In this section, the set of candidates includes the four neighboring
vectors—top, bottom, left, and right—and the SMD is defined as the SAD
across the boundaries.

MFI This is the method described in this chapter. It uses motion field in-
terpolation to recover one vector per pel of the damaged block. In this
section a linear interpolation kernel is employed.

Since there are four techniques in the list, there are 16 possible combina-
tions of the form S-T. Each combination leads to a different long-term temporal
concealment method. For example, assume that 1=(/,/,,[;), r=(re,1,1),
t=(t.1,,%), and b=(b,,b,,b,) are, respectively, the motion vectors of the
blocks to the left of, to the right of, above, and below the damaged block. A
combination of the form AV-BM means that the spatial components (d,,d,)
are first recovered using the AV method:

Cfx:lx+rx+rx+bx and Jy:ly+ry+ty+by-
4 4

(10.11)
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Then a set 4 = {dls“;"!j‘} of four candidates is formed from the recovered
spatial components (d;,d,) and the four temporal components of the neigh-
boring blocks. In other words: d; = (dy,d,, 1), &y =(d,, d,,11), d3 = (ds, d,.1,),
and d4 :(cfx, cfy, b;). The BM technique is then used to recover the temporal
component by choosing from this set of candidates. Thus

~

d=arg gneilé SMD(d;). (10.12)

A multiple-reference rate-constrained H.263-like codec was used to generate
the results of this section. This codec uses full-pel full-search block matching
with macroblocks of 16 x 16 pels, a maximum allowed spatial displacement
of +15 pels, SAD as the distortion measure, restricted motion vectors, and
reconstructed reference frames. Motion vectors are coded using the median
predictor and the VLC table of the H.263 standard. The frame signal (in case
of INTRA) and the DFD signal (in case of INTER) are transform encoded
according to the H.263 standard. The codec uses rate-constrained motion esti-
mation and mode decision as defined in the high-complexity mode of TMN10.
The codec employs a sliding-window control to maintain a long-term memory
of size M =10 frames. Only the first frame is INTRA coded, and no INTRA
refresh is employed. A fixed quantization parameter of QP — 10 is used. Errors
were introduced randomly on a macroblock level. Thus, an error rate of 20%
means that 20% of the macroblocks are damaged per frame. It is assumed that
the decoder uses an ideal error detection mechanism. All quoted results refer
to the luma components of sequences.

10.5.1 Temporal-Component Recovery

This set of experiments investigate the best technique for recovering the tem-
poral component d; of a damaged long-term motion vector. In this case, the
spatial recovery technique S, in the combination S-T, was kept constant at ZR,
whereas the temporal recovery technique T was varied over ZR, AV, BM, and
MFI. In other words, four S-T combinations were considered: ZR-ZR, ZR-AV,
ZR-BM, and ZR-MFI.

Figures 10.11, 10.12, and 10.13 show the results for the QSIF sequences
Axrvo, Foreman, and TABLE TennIs, respectively. Part (a) of each figure shows
the performance with a frame skip of 3 over a range of macroblock error rates,
whereas part (b) shows the performance with a macroblock error rate of 20%
over a range of frame skips.

In general, the best temporal-component recovery is achieved by ZR and
BM (i.e., ZR-ZR and ZR-BM). The good performance of ZR is due to the
zero-biased distribution of the temporal components (Property 6.3.1.2). In other
words, the temporal component d; — 0 has the highest frequency of occurrence
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Temporal-componant recovery, Akivo, M=10, QP=10, Macroblock emor rate=20%
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Figure 10.11: Temporal-component recovery for QSIF Axivo with M =10 and QP =10
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Figure 10.12: Temporal-component recovery for QSIF Foreman with M =10 and QP =10
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Figure 10.13: Temporal-component recovery for QSIF Tase Tenmis with M =10 and QP =10
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within the long-term memory block-motion field. Note that at low frame skips,
this simple ZR method is sufficient, whereas at high frame skips the more
complex method of BM has to be employed. This may be due to the fact
that at high frame skips, the zero-biased distribution becomes more spread
(see Property 6.3.1.2 and Figure 6.3). In other words, d; =0 becomes less
probable, and longer temporal components start to appear more frequently in
the motion field. Such components need to be recovered using BM. Both AV
and MFI provide poor temporal-component recovery compared to BM and ZR.

10.5.2 Spatial-Components Recovery

This set of experiments investigates the best technique for recovering the spa-
tial components (d,,d,) of a damaged long-term motion vector. In this case,
the temporal recovery technique T, in the combination S-T, was kept con-
stant at ZR, whereas the spatial recovery technique S was varied over ZR,
AV, BM, and MFI. In other words, four S-T combinations were considered:
ZR-7ZR, AV-ZR, BM-ZR, and MFI-ZR.

Figures 10.14, 10.15, and 10.16 show the results for the QSIF sequences
Axrvo, Foreman, and TaBLE Tennis, respectively. Part (a) of each figure shows
the performance with a frame skip of 3 over a range of macroblock error rates,
whereas part (b) shows the performance with a macroblock error rate of 20%
over a range of frame skips.

In general, the best spatial-components recovery is achieved by MFI
followed by BM. This is similar to the single-reference results reported in
Section 10.4. Thus, moving from a single-reference system to a multiple-
reference system does not significantly influence the spatial-components

Spatial-companents recovery, Akiyo, M=10, OP=10, Skip=3 Spafial-companents recavery, Akiyo, M=10, QP=10, Macroblock error rate=20%
T T T T T T

- ZR-ZR
—i— AV-ZR
—4— BM-ZR

30 40 50 1 2 3 4
Macroblock error rate (%) Frame skip

10

(a) Performance over a range of error rates (b) Performance over a range of frame skips

Figure 10.14: Spatial-components recovery for QSIF Axivo with M =10 and QP =10

272



Section 10.5. Temporal Error Concealment for Multiple-Reference 251
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Figure 10.15: Spatial-components recovery for QSIF Foreman with M =10 and QP =10
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Figure 10.16: Spatial-components recovery for QSIF Tasie Tenmis with M =10 and QP =10

recovery process. A very interesting point to note is that the performance of
MFI starts to deteriorate at high frame skips. This may be due to the fact that
at high frame skips, the spatial components within the motion field become
less correlated (see Property 6.3.1.3 and Figures 6.4(a) and 6.4(b)). Since MFI
assumes a high correlation between the spatial components, its performance
will deteriorate with decreased correlation.

10.5.3 Spatial-Temporal-Components Recovery

Comparing the results of Section 10.5.1 to those of Section 10.5.2 it can be
concluded that spatial-components recovery is, in general, more important than
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Table 10.4: Spatial-temporal recovery for QSIF Axivo with M =10, QP =10, skip=3, and a
macroblock error rate of 30%

Spatial-components recovery

ZR AV BM MFI

Temporal- TR 2791 27.80 26.79 29.22
component AV 2723 2749 27.07 28.58
recovery BM 28.33 28.10 27.38 29.48
MFI 2742 27.58 26.38 28.69

Table 10.5: Spatial-temporal recovery for QSIF Foreman with M =10, QP =10, skip=3, and a
macroblock error rate of 30%

Spatial-components recovery

ZR AV BM MFI

Temporal- TR 18.57 19.68 2032 20.71
component AV 18.25 19.58 19.72 20.56
recovery BM 18.59 20.13 20.80 21.18
MFI 18.14 19.51 19.65 20.48

temporal-component recovery. For example, in Figure 10.13(b), at a frame
skip of 3, moving from the best technique, ZR-BM, to the worst technique,
ZR-MFI, drops the quality by about 0.3 dB, whereas in Figure 10.16(b) mov-
ing from the best technique, MFI-ZR, to the worst technique, AV-ZR, drops
the quality by about 1dB. It can be concluded also that spatial-components re-
covery is, in general, more complex than temporal-component recovery. With
temporal-component recovery, a simple technique like ZR can be sufficient,
whereas with spatial-components recovery more complex techniques like MFI
and BM are essential. Furthermore, the results of Sections 10.5.1 and 10.5.2
indicate that the combination MFI-BM (i.e., spatial recovery using MFI and
temporal recovery using BM) may provide the best spatial-temporal recovery.
This is confirmed in Tables 10.4, 10.5, and 10.6, which show the performance
of all 16 possible combinations with a frame skip of 3 and a macroblock error
rate of 30%.

10.5.4 Multihypothesis Temporal Error Concealment

It was demonstrated in Section 10.4 that a more robust performance can
be achieved if the concealed block is a weighted average of a number of
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Table 10.6: Spatial-temporal recovery for QSIF TasLe Tenmis with M =10, QP =10, skip =3, and
a macroblock error rate of 30%

Spatial-components recovery

ZR AV BM MF1

Temporal- TR 19.62 19.57 20.06 20.46
component AV 19.54 19.57 20.02 20.40
recovery BM 19.68 19.87 20.09 20.58
MFI 19.55 19.74 20.00 20.40

candidate concealments, where each candidate concealment is provided using
a different recovered motion vector. This is very similar to multihypothesis
motion compensation [106]. Thus, it is termed multihypothesis temporal er-
ror concealment.

In this subsection a multihypothesis temporal concealment technique to be
used with long-term memory motion-compensated prediction is presented. In
this case, the candidate concealments are taken from different reference frames.
The details of this technique are as follows. The spatial components are first
recovered using MFI (as suggested in Section 10.5.2). However, instead of
recovering a single temporal component, all four neighboring temporal com-
ponents are utilized. Combined with the recovered spatial components, cach
neighboring temporal component provides a candidate concealment from the
corresponding reference frame. The four candidate concealments are then av-
eraged and used to conceal the damaged block in the current frame. In other
words, a damaged pel (x, y) in the current frame f. is concealed as follows:

A 4 ~ A
i) =3 3 A+ )y + d ) (1013)

where f,.(-,-,d;) refers to reference frame 4, in the multiframe memory,
(c‘fz(x, ), tfy(x, y)) are the spatial components recovered at pel (x,y) using
MFI, and d,, i=1,...,4 are the temporal components of the four neighboring
vectors. In what follows, this approach is designated as MFI-MH.

Figures 10.17, 10.18, and 10.19 compare the performance of the MFI-MH
technique to that of MFI-BM (which is the best combination, as suggested in
Section 10.5.3) and also to that of ZR-ZR (which is the simplest and most
commonly used combination). The figures confirm the superior performance
of the suggested combination, MFI-BM, compared to the most commonly used
combination, ZR-ZR. In addition, the figures show that further improvements
can be achieved using the multihypothesis MFI-MH technique.
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Akiyo. M=10, QP=10, Skip=3 Akiyo, M=10, QP=10, Macrblock emor rate=20%
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Figure 10.17: Multihypothesis temporal concealment for QSIF Axivo with M =10 and QP =10
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Figure 10.18: Multihypothesis temporal concealment for QSIF Foreman with M =10 and QP =10

This is also confirmed using Figure 10.20, which shows the subjective
quality of the 102" frame of QSIF Foreman encoded at 8.33 frames/s with
M =10, QP =10, and corrupted with a random macroblock error rate of 20%.
Figure 10.20(a) shows the error-free reconstructed frame, whereas
Figure 10.20(b) shows the locations of the damaged macroblocks in addition
to errors propagated from previous frames. Figures 10.20(c), 10.20(d), and
10.20(e) show the same frame when concealed using ZR-ZR, MFI-BM, and
MFI-MH, respectively. The figures clearly show that the suggested MFI-BM
combination and the multihypothesis MFI-MH technique both outperform the
commonly used ZR-ZR technique. In addition, the figures clearly show the
superior subjective quality of the MFI-MH technique (Figure 10.20(¢)), even
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Table Tennis, M=10, QP=10, Skip=3 Table Tennis, M=10, QP=10, Macrblock error rate=20%
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Figure 10.19: Multihypothesis temporal concealment for QSIF Tase Tenwmis with M =10 and
QP=10

over that of MFI-BM (Figure 10.20(d)). In particular note the left eye of
Foreman (to the right of the viewer) and the diagonal lines in the walls.

10.6 Discussion

Because of their simplicity, no added redundancy, and minimum delay, error
concealment techniques were identified in this chapter as the most suitable
techniques for mobile video applications. Thus, it was decided to concentrate
on error concealment and in particular on temporal techniques.

Conventional temporal concealment techniques estimate one concealment
displacement for the whole damaged block and then use translational dis-
placement compensation to conceal the block from a reference frame. It was
realized, therefore, that wrong estimation of the concealment displacement can
lead to poor concealment of the entire or most of the block. To overcome
this drawback, a novel temporal concealment technique was designed. In this
technique, motion field interpolation (MFI) is used to estimate one conceal-
ment displacement per pel of the damaged block. Each pel is then concealed
individually. In this case, incorrect estimation of a concealment displacement
will affect only the corresponding pel rather than the entire block. The inherent
motion information recovery and the good motion compensation performance
of the MFI technique improve both stages of temporal concealment, i.e., esti-
mation and compensation.

To achieve a more robust performance, a second novel temporal conceal-
ment technique was also designed. In this technique, multihypothesis mo-
tion compensation (MHMC) is used to combine the MFI technique with a

277



256 Chapter 10. Error Concealment Using Motion Field Interpolation

N

. - N = T b ks B-h st

(c) Concealed using ZR-ZR (20.62 dB) (d) Concealed using MFI-BM (22.91 dB)

=

Figure 10.20: Subjective quality of 102™ frame of QSIF Foreman encoded at 8.33 frames/s with
M =10, QP =10, and corrupted with a macroblock error rate of 20%
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boundary matching (BM) temporal technique. In effect, this improves the sec-
ond stage of temporal concealment, i.e., compensation.

Simulation results, within both an isolated error environment and an H.263
codec, showed the superior objective and subjective performances of the
designed techniques. The MFI technique achieved reasonable improvements
over conventional temporal concealment techniques, but it was found that
its performance can slightly deteriorate at very high error rates. The com-
bined BM-MFI technique showed a more superior and robust performance at
all error rates.

It was also observed that factors like spatial and temporal error propagation,
imperfections of the error detection algorithm, scene changes, and uncovered
background can severely degrade the performance of temporal concealment
techniques. Thus, despite their advantages, such techniques must be combined
with spatial techniques and must also be supported by powerful error detection
and error containment techniques.

The chapter also investigated the performance of temporal error conceal-
ment techniques when incorporated within an LTM-MCP codec. It was found
that the best techniques to recover the temporal component are zero replace-
ment (ZR) and boundary matching (BM). The former is sufficient at low frame
skips, whereas the latter is preferred at high frame skips. It was also found that
the best technique to recover the spatial components is the MFI technique. All
these findings were explained in view of the properties of the long-term mem-
ory block-motion field. In general, it was concluded that spatial-components
recovery is more complex and more important than temporal-component re-
covery. In addition, a combination of the form MFI-BM (i.e., spatial recovery
using MFI and temporal recovery using BM) will provide the best spatial-
temporal recovery. In order to achieve a more robust performance, the chapter
described the design of a multihypothesis multiple-reference temporal con-
cealment technique. In this technique, a damaged block is concealed using
the average of four candidate concealments, probably from different reference
frames. Simulation results showed the superior performance of this technique.
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Appendix
Fast Block-Matching Algorithms

A.1 Notation and Assumptions

e BDM: a block distortion measure, like the SSD or SAD.
e d,: maximum allowed motion displacement.

e N: total number of steps in the search. It is an integer number greater
than 0.

e s: current search step size.

® (cx,cy): current search center.

e (my,my): current location of minimum distortion.
e (d,,d,): final motion vector.

e |-]: floor operator. It rounds its argument to the nearest integer toward
—oc.

e [-]: ceil operator. It rounds its argument to the nearest integer toward
—+oc.

e min: minimize operator. It returns the minimum of a given function.
e max: maximize operator. It returns the maximum of a given function.
e arg: argument operator. It returns the argument of a given function.

e All algorithms presented in this appendix assume full-pel accuracy. Sub-
pel accuracy can easily be achieved using very minor modifications.

e If the search procedure attempts to search a location outside the search
window, the corresponding BDM is set to a maximum value.
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e It is assumed that the search procedure keeps a record of all locations
searched so far and their BDM values. This avoids reevaluating the same
BDMs in subsequent steps.

A.2 The Two-Dimensional Logarithmic (TDL) Search

The two-dimensional logarithmic (TDL) search was proposed by Jain and
Jain in 1981 [54]. It uses a uniform search pattern of five locations (the
center and endpoints of a + shape). At each step, the search pattern is
centered at the minimum location from the previous step. The step size is
halved if the center of the search is the same as that of the previous step.
The search is stopped when the step size is 1. In this case, nine locations,
rather than five, are searched (the center and endpoints of a * shape) to find
the final motion vector. The TDL algorithm is described in the following
procedure.

1. Initialize the search step size to
s = max(2,2le2dm] -1y
2. Initialize the center of search to the origin of the search window:
(cx,¢,)=1(0,0).

3. Evaluate the BDM at the center of the search and its four vertical and horizontal neighbors
at a step size of s. Out of this set of five locations, find the one that achieves the minimum
BDM:

my,my)=arg min BDM(, ),
(mx, my) g(f,j)e,% (i,7)
where

P = {(C.ra C}-), (ex +, Cfv):(cx - -";C}')s (cx, Cy + 5),(cx, Cy — S)}

4. IF the minimum is at the center of the search pattern, i.e., if (m,my)=(cx, cy),
THEN

(a) Halve the search step size:
s
5=
2
(b) IF the search step size is 1, i.e., if s=1, THEN

i. Evaluate the BDM at the center of the search and its eight immediate neigh-
bors. Out of this set of nine locations, set the motion vector to the one that
achieves the minimum BDM:

(dv,dy)=arg min  BDM(,J),
: (i.jye Py
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where
Py ={(exsey)i(ex + 1,a)(ex — Loy )y (exy o0 + 1), (exscp — 1),
(cx — Ly — D) (cx — Ly + 1), (ex + Ley — 1), (ex + 1,6, + D}
ii. STOP
(c) ELSE (when the step size is not 1, i.e., s # 1) GOTO step 3.
5. ELSE (when the minimum is not in the center, i.e., (my,my)#(cx,c))

(a) Set the center of the search to the new minimum location:

(cx, o) = (mx, my).
(b) GOTO step 3.

A.3 The N-Steps Search (NSS)

This is the general form of the three-steps search (TSS) reported by Koga
et al. in 1981 [145]. It uses a uniform search pattern of nine locations (the
center and endpoints of a * shape). At each step, the step size is halved
and the search pattern is centered at the minimum location from the previous
step. The search is stopped when the step size is 1. The TSS starts with
a step size of 4 pels in the first step, then +2 pels in the second step
and £ 1 pel in the third step. This gives a maximum allowed displacement of
+ 4424 1 =47 pels. For larger search windows the number of steps must be
increased. This is called the N-steps search and is described in the following
procedure.

1. Find the required number of steps N such that
2V-l<q, <oV
2. Initialize the search step size to
s=2N-1,
3. Initialize the center of search to the origin of the search window:
(cx,ey)=1(0,0).

4. Evaluate the BDM at the center of the search and its eight neighbors at a step size of s.
Out of this set of nine locations, find the one that achieves the minimum BDM:

(mx, my) = arg (j_)l}}iél » BDMG. ),
where
P= {(st Cy ). (cx + s, C)’)s (cx — s, Cy),(CI, ¢+ ), (cxs Gy — s),

(ex — 5,00 —5),(cx — 5,09 +5),(cx + 5,60 — 5),(cx + 5,00 + 5)}.
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5. IF the search step size is 1, i.e., if s=1, THEN

(a) Set the final motion vector to the minimum location found so far:

(dx:dy) = (my, my)-
(b) STOP.

6. ELSE (when the step size is not 1, i.e. s# 1)

(a) Halve the step size:

5= =

>
(b) Set the center of the search to the minimum location:

(cxs C'y) = (my, my )
(c) GOTO step 4.

A.4 The One-at-a-Time Search (OTS)

The one-at-a-time search (OTS) was proposed by Srinivasan and Rao in 1985
[146]. It uses two fixed-size uniform patterns. The search starts using a hori-
zontal pattern of one center location and its immediate left and right neighbors.
At each step, this search pattern is moved horizontally and centered at the min-
imum location from the previous step. This continues until the minimum is in
the center of the pattern (i.e., the minimum is the same as that of the previous
step). In this case, the search switches to the vertical direction using a pattern
of one center location and its immediate top and bottom neighbors. This is
explained in the following procedure.

1. Initialize the center of search to the origin of the search window:
(ex:6y)=(0,0).

2. Evaluate the BDM at the center of the search and its immediate left and right neighbors.
Out of this set of three locations, find the one that achieves the minimum BDM:

my,m,)=arg min BDM(, /),
(maomy) =arg  min BDM(, )

where
Py = {(Cx,cy)-» (ex + l,cy)»(f—'x - l':c}’)}'

3. IF the minimum is at the center of the search pattern, i.e., (my,my)=(cx,c,), THEN GOTO
step 5 (i.e., vertical direction).

4. ELSE
(a) Move the center of the search to the new minimum location:
(ex, C'y) = (my, my ).

(b) GOTO step 2 (i.e., continue in the horizontal direction).
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5. Evaluate the BDM at the center of the search and its immediate top and bottom neighbors.
Out of this set of three locations, find the one that achieves the minimum BDM:

(my,my)=arg min _ BDM(, j),
(L) E P,

where
Po={(ex,cv),(ex,p + 1), (ex, 0 — D}
6. IF the minimum is at the center of the search pattern, i.e., (mx,my)=(cx,cy), THEN

(a) Set the final motion vector to the current minimum:
(dx,dy) = (inx,my)
(b) STOP.
7. ELSE

(a) Move the center of the search to the new minimum location:

(¢x» Cy )= (my, my, ).

(b) GOTO step 5 (i.e., continue in the vertical direction).

A.5 The Cross-Search Algorithm (CSA)

The cross-search algorithm (CSA) was proposed by Ghanbari in 1990 [147].
The search includes an ecarly-termination criterion where, in the first step, a
threshold is used to detect if the block is stationary. The search starts with a
uniform pattern of five locations (the center and endpoints of an x shape). At
each step, the search step size is halved and the search pattern is centered at
the minimum location from the previous step. The search is stopped when the
step size is 1. In this case, the search switches to one of two uniform patterns:

five locations using either an x shape or a + shape. This is explained in the
following procedure.

1. Evaluate BDM(0,0).
2. IF BDM(0,0) < Threshold, THEN STOP.

3. Initialize the center of search to the origin of the search window:

(cx.¢y)=(0,0).

4. Initialize the search step size to half the maximum allowed displacement:

-4
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5. Evaluate the BDM at the center of the search and its four diagonal neighbors at a step
size of s. Out of this set of five locations, find the one that achieves the minimum BDM:

my,my)=arg min BDM(, ),
(mx, my) g(:‘,j)e:?l (i.7)
where
P = {(Cn C}’)z (Cx —5CG — S),(Cx + 5,0 — S)': (Cx —50G +5)=(Cx + 35,0 + S)}
6. IF search step size is 1, i.e., if s=1, THEN

(a) IF the minimum (m,m,) is one of the three locations (c:,¢y), (ex — 1,6, — 1),
or (ex +1,¢p + 1), THEN

i. Set the center of search to the minimum location:

(CI'» Cy ) = (ml'» my )

ii. Evaluate the BDM at the center of the search and its four horizontal and
vertical immediate neighbors. Out of this set of five locations, set the
motion vector fo the one that achieves the minimum BDM:

(dx,dy) = arg @ glien_ ” BDM(, /),
where
Pr={(ex,p)(ex — Ligy),(ex + Ligy)(exsoy — 1), (cxep + D}
iii. STOP.
(b) ELSE
i. Set the center of search to the minimum location:
(e &) = (m,my).

ii. Evaluate the BDM at the center of the search and its four diagonal imme-
diate neighbors. Out of this set of five locations, set the motion vector to
the one that achieves the minimum BDM:

(dx,dy)= arg o, BDM(i, j),
where
P = {(tr,ep)(ex — L — 1), (ex + 1, — 1),
(ex — Lo +1)(ex+ 1,6+ 1)}
iii. STOP.

7. ELSE (when step size is not 1, i.e,, s#1)

2

(b) Set the center of the search to the minimum location:

(a) Halve the step size: TS
s=[=]-

(cx» Cy )= (my, my, ).

(c) GOTO step 5.
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A.6 The Diamond Search (DS)

The diamond search (DS) algorithm was proposed by Zhu and Ma in 1997
[150,151]. An identical version of the algorithm has also been proposed by
Tham er al in 1998 [149]. The algorithm uses two fixed-search patterns. It
starts with a pattern of nine locations forming a diamond with a step size of
2. At each step, this search pattern is centered at the minimum location from
the previous step. This process continues until the minimum is in the center
of the pattern (i.e., the minimum is the same as that of the previous step). In
this case, the algorithm switches to the second pattern. This consists of five
locations forming a diamond with a step size of 1. This pattern is used only
once and the search is then terminated. This is explained in the following
procedure.

1. Initialize the center of search to the origin of the search window:
(ex:6y)=(0,0).

2. Evaluate the BDM at nine locations forming a diamond with a step size of 2 centered
at the current center location (cy,c,). Out of this set of nine locations, find the one that
achieves the minimum BDM:

(my,my)=arg min BDM(, j),
R (.)€ 7y,
where

.@’dl ={(ex,&), (ex + 2,¢0),(ex — 2,¢9), (ex, 69 + 2), (e, — 2)
(ex—lLg—1)(ex+Lep — ) (ex — Ly + 1), (ex + Ly + 1)}
3. IF the minimum is at the center of the search patiem, ie., (my,m,)=/(cx.cy),

THEN

(a) Evaluate the BDM at five locations forming a diamond with a step size of 1
centered at the current center location (cx,cy). Out of this set of five locations,
set the motion vector to the one that achieves the minimum BDM:

dy,dy)= min  BDM(i, j),
(do,dy) = arg | min, BDMC. )

where
Doy = (€ 0p), (e + 1,6 ) (e — 1,6), (€xrp + 1), (€60 — 1)}
(b) STOP.
4. ELSE (when the minimum is not in the center, i.e., (my,m,) # (cx.cy)),
(a) Set the center of the search to the new minimum location:
(ex, op) = (mx, my).

(b) GOTO step 2.
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63

Progressive scanning, 10

Projected motion, 94

PSNR. See Peak signal-to-noise ratio

Psychovisual redundancy, 18

P-VOP. See Predicted-VOP

Pyramidal coding, 37

Q

QCIF, 3, 18
QMEF. See Quadrature mirror filter
QSIF, 16
Quadrature mirror filter (QMF), 34
Quadrilateral patches, 128
Quad-tree coding, 38
Quantization, 20-23
entropy-constrained vector quantization
(ECVQ), 36
H.263 standard, 53
MPEG-4, 81-82
scalar quantization, 20-21
uniform quantization, 21-23
vector quantization (VQ), 21, 35-37
Quantizer, 19, 206
Quantizer step size, 21

R

Random bit errors, 207
Raster scanning, 10
Ratd-distortion function, 20
Rate-distortion theory, 20
RBMAD. See Reduced-bits mean absolute
difference
Reconstruction level, 21
Rectangular (RS) submode, 62
Recursive coding, 38
Reduced-bits mean absolute difference
(RBMAD), 163
Reduced complexity block-matching motion
estimation (BMME), 175
Reduced-complexity MFI, 235-236
Reduced-complexity motion estimation,
159-173, 175, 202
fast full-search techniques, 168-170
hierarchical search techniques, 166168,
170-172
need for, 159-161
subsampled block-motion field, 163, 164-166
two-dimensional logarithmic (TDL) search,
161-163
Reduced-resolution update mode, H.263+
standard, 67-68
Redundancy, 18, 24
Reference picture resampling mode, H.263+
standard, 67
Reference picture selection (RPS), 64, 142,
227-228
Refresh rate, 10-11
Region-growing, 37
Region of support, motion estimation (ME), 98
Repetitive padding, 80, 194
Restricted motion vectors, 111
Resynchronization, MPEG-4, 8687
Resynchronization codewords, 87, 213-214, 291
Retrace, 10
Retransmission without waiting, 225
Reversible methods, 19
Reversible variable-length coding (RVLC), 59,
216-217
RGB system, 11
Robust entropy coding, 213-217
Robust waveform coding, 211-213
RPS. See Reference picture selection
Run-length encoding, 24
RVLC. See Reversible variable-length coding
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S

Saturation, 11
Scalability, 64—67, 85-86, 218
Scalability pictures, 58
Scalability pre-/postprocessor, 86
Scalable shape coding, 79
Scalable sprite coding, 85
Scalar quantization, 20-21
Scanning, 10, 83
SDM algorithm, 170-172
SEA. See Successive elimination algorithm
Search range, 109-110
Search window, 40
SECAM, 11, 12
Second-generation coding, 37
Segmented coding, 37
Segmented decoding mode, 212
Selective recovery technique, 227
Semantic-based coding, 42
Sequential Coleur Avec Memoire. See SECAM
Shape coding, MPEG-4, 76-79
Shape encoding, 75
Short-term frame memory/long-term frame
memory (STFM/LTFM), 142
Side-match distortion (SMD), 223
SIF. See Source Input Format
Simple profile, 89
Simplex, 177-178, 181
Simplex minimization (SM) algorithm, 177-178
Simplex minimization (SM) optimization, 177-180
Simplex minimization search (SMS), 157,
175-202
constraints on independent variable, 182
in H.263-like codec, 188-190
initialization procedure, 181-182
in isolated test environment, 183—188
in MPEG-4 codec, 190-196
motion vector refinement, 183
for multiple-reference motion estimation,
196-201
simplex minimization optimization,
177-180
termination criterion, 182—-183
Simplex minimization search (SMS) algorithm,
181
Single-reference encoder, 149, 150
Single-reference rate-constrained encoder,
150-151
Slice, 62
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Sliced structured mode, H.263+ standard,
61-62, 71

Sliding-window control method, 144

SM algorithm. See Simplex minimization
algorithm

SMD. See Side match distortion

SMF algorithm, 170-172

SMS. See Simplex minimization search

SMS algorithm. See Simplex minimization
search (SMS) algorithm

SNR scalability, 65-67, 218

Source coding theorem, 20

Source encoder, 205

Source Input Format (SIF), 16

Spatial displacement, long-term memory,
145

Spatial error concealment, 220-221

Spatial error propagation, 208

Spatial redundancy reduction, 28

Spatial scalability, 66, 67, 218

Spatial transformation, 129

Spatial transformation functions, 126

Spectral leakage, 104

SPIHT algorithm. See Hierarchical trees
algorithm

Split-and-merge, 37

Sprite, 84-85

Sprite coding, MPEG-4, 84-85, 142

SQCIE. See Sub-QCIF

SSD. See Sum of squared differences

Statistical redundancy, 18

Steepest-descent methods, 100-101

STFM/LTFM. See Short-term frame
memory/long-term frame memory

Still image, 9

Still-image coding, 28

Still-texture coding, 84

Subband coding, 33-35

Subpictures, 70

Sub-QCIF (SQCIF), 3

Subsampling, 14, 164-166

Subtractive color system, 11

Successive elimination algorithm (SEA),
168-169

Sum of squared differences (SSD),
107

Supplemental enhancement information mode,

H.263+ standard, 62-63
Symbol encoder, 19, 206
Symbol encoding, 23-26
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Syntax-based arithmetic coding mode, H.263
standard, 55
Synthesis stage, 34, 41, 125-126

T

TDL search. See Two-dimensional logarithmic
(TDL) search

Telenor H.263, 209

Television, 10, 11, 15

Temporal displacement, 142, 145-146

Temporal error concealment, 5, 221-223,
231-232

with combined BM-MFI, 236-237
within multiple-reference video codec,
247-255

Temporal redundancy reduction, 38

Temporal replacement (TR), 223, 247

Temporal scalability, 65, 66, 217

Texture coding, MPEG-4, 75, 81-84

Texture mapping, 126

Three-dimensional coding, 38

Three-step search (TSS), 163, 261

Threshold coding, 32-33

TR. See Temporal replacement

Transform coding, 29-33

Transformer, 18

Translational model, 40

Transparent BAB, 77

Triangular patches, 128

Trichromatic theory of color, 11

TSS. See Three-step search

Two-dimensional constrained minimization
problem, 175

Two-dimensional logarithmic (TDL) search,
161-163, 170-172, 269-270

Two-dimensional motion estimation, 94

U

UMTS. See Universal Mobile
Telecommunication System

Unequal error protection, 217

Uniform quantization, 21-23

Unimodal error surface assumption, 161, 175,
202

Unitary transform, 30

Universal access, 48
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Universal Mobile Telecommunication System
(UMTS), 3

Unrestricted motion vector mode, H.263
standard, 55

Unrestricted motion vectors, 111-112

v

Variable-length coding (VLC), 24-26
MPEG-4, 83-84, 88-89
Vector quantization (VQ), 21, 35-37
Velocity field, 95
Version 2 Interactive and Streaming Wireless
Profile, 71
Vertical resolution, 10
Vertical retrace, 10
Video. See also Video coding; Video coding
standards
color representation, 11-12
defined, 9
Video coding, 9-21. See also Video coding
standards
analog video, 9-12
analysis-synthesis coding, 41
anisotropic nonstationary predictive coding,
37
arithmetic coding, 26
basics of, 17-21
block-truncation coding, 38
digital video, 13-17
directional decomposition coding, 37
entropy encoding, 24-26
fractal coding, 38
Huffman coding, 24
hybrid MC-DPCM/DCT coding, 41
interframe coding, 38—42
interleaved coding, 219
intraframe coding, 28-37
knowledge-based coding, 42
model-based coding, 41-42
motion-compensated coding, 39-41
multiple description coding, 218-219
multiresolution coding, 38
neural-network-based coding, 38
object-based coding, 42
performance measures, 2628
predictive coding, 28-29
pyramidal coding, 37
quad-tree coding, 38
quantization, 20-23
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recursive coding, 38
redundancy, 18
reversible variable-length coding (RVLC), 59
run-length encoding, 24
second-generation coding, 37
segmented coding, 37
semantic-based coding, 42
subband coding, 33-35
symbol encoding, 23-26
three-dimensional coding, 38
threshold coding, 32-33
transform coding, 29-33
variable-length coding (VLC), 24-26
vector quantization (VQ), 21, 35-37
waveform coding, 37
zonal coding, 32

Video coding standards, 43—-89
CCIR-721, 45
CCIR-723, 45
H.26L, 48
H.120, 44
H.261, 4445
H.263, 46-47, 49-57
H.263+, 47, 57-69
H.263++, 48, 70-72
MPEG-1, 45-46
MPEG-2, 46
MPEG-4, 47-48, 7289

Video communication system, components,

205-206
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Video object layers (VOLs), 72

Video object planes (VOPs), 72-75, 86
Video objects (VOs), 72

Video time segment mode, 63

VLC. See Variable-length coding
VOLs. See Video object layers

VOPs. See Video object planes

VOs. See Video objects

VQ. See Vector quantization

W

Warp, 127

Warping-based algorithm, 135

Warping-based motion estimation, 125-140
backward vs. forward node tracking, 130
continuous vs. discontinuous methods, 129
efficiency at very low bit rates, 134-139
motion compensation method, 132-133
node-tracking algorithm, 131-132
spatial transformation, 126, 129
transmitted motion overhead, 133-134

Waveform coding, 37

Waveform encoder, 206, 211

WBA algorithm, 135-137

Z

Zonal coding, 32
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