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(57) Abstract: In the motion estimation and compensation process for VldeO frames, blocks O of pixels are considered. A number k
& of bit planes in a block O in a video frame F are compared with blocks O" in reference frames (F ). The best matching block o~ ) is
determined in the reference frames (F ). Subsequently, a weight value (Wx ) is calculated for the best matching block (O ) based
on the ratio of Vahd ixels therein. The residual pixel values (Vx ) extracted from the best matching block (O ) and corresponding
weight values (WX ) are stored in a pixel prediction array (120). The pixel array is used for motion compensation of at least the
luminance component of valid pixels. Invalid pixels are reconstructed from surrounding pixel values.
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MOTION ESTIMATION AND COMPENSATION PROCESS AND DEVICE

Field of the Invention

The present invention generally relates to video encoding and decoding, more
particularly to motion estimation and compensation. Encoding/decoding digital video
typically exploits the temporal redundancy between successive images: consecutive
images have similar content because they are usually the result of relatively slow
camera movements combined with the movement of some objects in the observed
scene. The process of quantifying the motion or movement of a block of pixels in a
video frame is called motion estimation. The process of predicting pixels in a frame
by translating — according to the estimated motion — sets of pixels (e.g. blocks)

originating from a set of reference pictures is called motion compensation.

Background of the Invention

In IEEE Transactions on Image Processing, Vol. 3, No. 5 of September 1994, the
authors Michael T. Orchard and Gary J. Sullivan have described a motion
compensation theory based on overlapped blocks in their article entitled "Overlapped
Block Motion Compensation: An Estimation-Theoretic Approach". Overlapped Block
Motion Compensation (OBMC) as described therein, predicts the current video frame
by repositioning overlapping blocks of pixels from the previous frame, each weighted
by some smooth window. In addition, Orchard and Sullivan present an overlapped
block based motion estimation technique that provides the decoder with information
further optimizing the performance of its prediction. The proposed motion estimation
process requires involvement of the encoder and decoder, and it is a complex,

iterative process.

It is an objective of the present invention to overcome the drawbacks of the known
motion estimation and compensation technique based on overlapped blocks. More
particularly, it is an objective to provide a motion estimation and compensation
process that does not require a feedback loop, and can be used as a post-processing
tool at the decoder side only, hence reducing the encoder complexity. It is a further

objective of the present invention to disclose a motion estimation and compensation
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process that is pixel-based, that is scalable, and consequently allows for large Group
of Picture (GOP) lengths in digital video coding, and which optionally enables to

trade-off between complexity and decoding quality.

Summary of the Invention

According to the present invention the shortcomings of the prior art are resolved and
the above defined objectives are realized through the motion estimation and
compensation process for at least the luminance component of a pixel in a video
frame F defined by claim 1. This motion estimation and compensation process
comprises the steps of:

A. comparing an integer number k bit planes for blocks O of pixels including
that pixel with blocks O in at least one reference frame F®; and

B. for each block O and each reference frame F;

B1. determining according to a matching criterion a best matching block O™ in
the reference frame FX;

B2. determining a weight value W,! for the best matching block O™ based on
the ratio of valid pixels in the best matching block O™

B3. extracting a residual pixel value V,! for the pixel from the best matching
block O™: and

B4. storing the weight value W,! and the residual pixel value V' in a pixel
prediction array; and

C. either of:

C1. motion compensating by determining at least residual bit planes of the
luminance component from weight values W, and residual pixel values V! in the
pixel prediction array in case the pixel is a valid pixel; or

C2. reconstructing the luminance component from surrounding pixel values in

case the pixel is an invalid pixel.

Thus, the process according to the present invention is pixel-based and generates an
array of predictors for the residual pixel, or at least the residual luminance data, as
soon as k bit planes of the video frame have been decoded. The candidate residuals
for a pixel are extracted from the corresponding pixels in the best matching blocks

found in one or more reference frames, i.e. previously decoded frames. For each
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candidate residual, an associated weight is determined. The associated weight is a
measure for the extent to which the k bit planes in the block of the current video
frame match with the corresponding k bit planes in the best matching block of the
reference frame. Thereto, the present invention introduces the notion of (a) valid
pixels, i.e. pixels in the best matching block whose first k bits depending on the
validity criterion either match with the first k bits of the corresponding pixel in the
block or partially match with those k bits, and (b) invalid pixels, i.e. pixels for which
the validity criterion is not satisfied. Should a block partially fall outside the video
frame boundaries, the frame may be extended at the borders in order to allow for

determining the best matching block and the corresponding weight.

The predictors and their corresponding weights are combined in the motion
compensation step to determine the residual bit planes of the pixel, or at least its
luminance component, in case the pixel is a valid pixel. Several combinations are

possible.

In case of an invalid pixel, i.e. a pixel for which the array of residual pixel predictors
and weights remains empty, the pixel is reconstructed entirely from the surrounding
valid pixels. Again, several combinations are possible. It is noted that in this case,

also the k received bit planes may be recalculated.

The present invention provides a post-processing tool which can be executed entirely
at the decoder side, at both encoder and decoder side, or as a separate post-
processing tool not necessarily related to video coding. Compared to the prior art, the
motion estimation and compensation process of the current invention substantially
reduces the encoder complexity as both the estimation and compensation can take
place at the decoder. The process according to the current invention has no
feedback loops as a consequence of which it is not iterative. A direct advantage
thereof is its increased scalability. The process also uses pixel-based motion
compensation, whereas prior art refers to block-based motion compensation. An
additional advantage resulting thereof is its ability to handle larger Group of Picture
(GOP) lengths. A GOP is a sequence of video frames which are dependent and

therefore need to be decoded together. Thanks to its pixel-based nature, the process
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according to the present invention does not introduce blocking artefacts, and errors

do not propagate through a GOP.

In addition to the motion estimation and compensation process defined by claim 1,
the current invention also relates to a corresponding motion estimation and
compensation device as defined by claim 19. Such device comprises:

means for comparing an integer number k bit planes for blocks O of pixels
including that pixel with blocks O in at least one reference frame FF;

means for determining for each block O and each reference frame FR}
according to a matching criterion a best matching block O™ in the reference frame
(FX);

means for determining a weight value W,’ for the best matching block O™
based on the ratio of valid pixels in the best matching block OFM;

means for extracting a residual pixel value V,! for that pixel from the best
matching block O™

means for storing the weight value W, and the residual pixel value Vi in a
pixel prediction array;

motion compensating means for determining at least residual bit planes of the
luminance component from weight values W, and residual pixel values V! in the
pixel prediction array, in case that pixel is a valid pixel; and

means for reconstructing the luminance component from surrounding pixel

values in case the pixel is an invalid pixel.

Optionally, as defined by claim 2, the step of comparing is restricted to blocks within

a predefined search range in a reference frame.

Indeed, for a block taken in the current frame at positions (i, j) where i and |
respectively denote the row and column indexes of the starting position of the block
within the frame, the search for the best matching block within a reference frame,
may for instance be restricted to blocks with starting position between the position (i-

sr, j-sr) and position (i+sr, j+sr), sr representing the search range.

It is further noticed that the origins of the blocks can be located on an integer or sub-

pixel grid in case of sub-pixel motion estimation. The search range sr in other words
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not necessarily needs to be an integer value; also, the search range needs not

necessarily be symmetric around position (i, j).

It is also noticed that the search range may be predetermined, or alternatively may
be adaptive. In case the blocks have a non-square shape, e.g. rectangular, circular
or oval, the search range may comprise multiple values, or may represent a distance

or measure other than the relative origin position.

Also optionally, as defined by claim 3, the matching criterion may comprise
minimizing the number of bit errors on the integer number k bit planes between the

block in the video frame and blocks in the reference frame.

In other words, to determine the best matching block in a reference frame, the k most
significant bit planes may be considered. The matching criterion may then look for
the block in the reference frame that has most pixels whose k most significant bits
correspond to the k most significant bits of the corresponding pixel in the block under

consideration in the current frame.

Obviously, there exist alternative matching criteria such as bit error counting on the
most significant bit plane, bit error counting in a number of bit planes smaller than or

equal to k, etc.

Also optionally, as defined by claim 4, a pixel may be considered a valid pixel in case

the integer number k bit planes are identical in the block and the best matching block.

Thus, only pixels with identical first k bit planes in the block and the best matching
block will get a residual pixel value and associated weight stored in their pixel

predictor array.

Alternatively, as indicated by claim 5, a pixel may be considered a valid pixel in case
at least one bit of the first k bits in block O is identical to a corresponding pixel in the

best matching block.



10

15

20

25

30

WO 2009/062979 PCT/EP2008/065422
-6 -

Thus, the validation criterion may be relaxed and pixels which only partially
correspond to the corresponding pixel in the best matching block may be considered
valid. The partial correspondence may for instance require that at least one bit is
identical, or that at least z bits are identical, z being an integer number smaller than
k. For instance, in case where k=3, a pixel may be considered valid when 2 or 3 bits
are identical and may be considered invalid when no or 1 bit is identical. The
validation criterion further may or may not specify which bits have to be identical. For
instance, in case at least one bit has to be identical, the validation criterion may

require that at least the most significant bit (MSB) corresponds.

As will be explained later on, the validation requirement also may be relaxed as an

alternative to reconstruction of invalid pixels.

Still optionally, as defined by claim 6, the blocks in the video frame and the blocks in
the at least one reference frame may have a square shape with block size B, B
representing an integer number of pixels selected as a trade-off between block

matching confidence and accuracy of the estimation and compensation process.

Indeed, although other block shapes like for instance rectangular blocks may be
considered, square blocks seem to be the most straightforward choice. The size B of
such square blocks must not be too small to avoid compromising the confidence in or
fidelity of the matching criterion. In case the block size B would be 1 for instance,
matching blocks would be found in any reference frame at many random locations.
On the other hand, the block size is upper-bounded, because a large block size

compromises the accuracy of the estimation.

As defined by claim 7, the motion estimation and compensation process according to
the present invention further optionally comprises the step of:

D. either of:

D1. motion compensating by determining also the chrominance component
from weight values and residual pixel values in the pixel prediction array in case the
pixel is a valid pixel; or

D2. reconstructing the chrominance component from surrounding pixel values

in case the pixel is an invalid pixel.
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Indeed, the motion estimation and compensation process according to the present
invention may be applied for the luminance component, as already indicated above.
The chrominance component however may follow the weights and predictor locations
from the luminance component, but on all bit planes instead of on a subset of

residual bit planes as is the case with the luminance component.

Optionally, as defined by claim 8, the step of motion compensating may comprise:
- binning the residual pixel values;
- determining bin weight values; and
- determining the luminance component to be the weighted average of residual

pixel values in the bin with highest bin weight value.

Motion compensation based on binning tries to maximize the probability of the
residual pixel value to fall within certain boundaries. The entire range of residual
values is divided into a set of equally large bins. Thereafter, the residual pixel values
in the pixel predictor array are assigned to the respective bins. The bin weight is
calculated as the sum of pixel predictor weights associated with the pixel predictor
values assigned to the respective bin. At last, the residual pixel value is calculated
taking into account only those residual pixel values and corresponding weights that

belong to the bin with highest bin weight.

It is noted that binning with only one bin comes down to weighted averaging the

values in the pixel predictor array.

It is further noted that although an implementation with equally large bins has been
suggested here above, the present invention obviously is not restricted thereto.

Binning based on bins with different sizes could be considered as well.

Alternatively, as defined by claim 9, the step of motion compensating may comprise:
- clustering of residual pixel values and associated weight values based on

distance to a centre-of-mass.
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Clustering relies on the fact that the residual pixel predictors tend to concentrate their
weights around certain locations in the reference frames. This indicates the existence
of a virtual centre-of-mass which is close to the location in the reference frames that
corresponds to the real displacement for the pixel under consideration. An additional
selection of the residual pixel predictors can now be applied by forcing the valid
pixels to fall within a circle with the centre coinciding with the centre-of-mass and
radius r. Since the centre-of-mass is assumed to be close to the real motion
compensated pixel, the weights could be adapted according to the proximity of the
centre-of-mass. In addition, a multiplication factor a, with 0<a<1, can be used in order
to indicate how much the original pixel weights should be trusted compared to the
proximity weight which is multiplied by the complementary factor 1-a. At last, the
residual pixel value can be calculated as a weighted sum of the valid pixels

combining the original pixel weights and the proximity weights.

It is noticed that the centre-of-mass can be defined for every reference frame.

It is further noticed that, as an alternative, one could choose to reconstruct the final
pixel residual as the reconstructed pixel residual in the reference frame with the

highest total weight.

Yet another alternative, defined by claim 10, implies that the said step of motion
compensating comprises:

- clustering of residual pixel values and associated weight values based on
distance to a centre-of-mass; and

- binning a selection of residual pixel values;

- determining bin weight values; and

- determining at least the luminance component to be the weighted average of

residual pixel values in the bin with highest bin weight value.

Binning and clustering indeed can be combined. For example, one could start by
selecting the pixels within a certain radius around the centre-of-mass. Subsequently,
the resulting array of residual pixel value and associated weights are sorted and the

maximal number of candidate predictors may be selected, as will be further
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described below. The leftover residual pixel values and weights are used to calculate

the residual pixel value using the binning method.

Further optionally, as is indicated by claim 11, the residual pixel values whose
corresponding weight value is smaller than a predefined threshold may not be

considered for binning or clustering.

Indeed, through thresholding, an additional selection may be applied to the contents
of the pixel predictor array. Residual pixel predictors whose associated weight is
smaller than a predefined threshold T, T being a value between 0 and 1, may not be

considered in the motion compensation step.

Also optionally, as defined by claim 12, the residual pixel values may be sorted
according to decreasing corresponding weight value and only the first M residual

values may be considered for binning or clustering, M being an integer number.

In other words, the residual pixel predictors may be sorted in decreasing order of
their associated weights. Only the first M residual pixel predictors may be considered

for the motion compensation step, while all other predictors may be discarded.

As is indicated by claim 13, the step of reconstructing may comprise:
- determining the luminance component to be the median of surrounding pixel

values.

Thus, pixels which are invalid or at least the luminance component thereof, may be

reconstructed by taking the median of the surrounding valid pixels.

It is noticed that the reconstruction step may be a multi-pass technique since some
pixels may have no valid surrounding pixels. Therefore, the reconstruction may be

iterated as long as invalid pixels are left.

Alternatively, as is indicated by claim 14, the step of reconstructing may comprise:
- determining the luminance component to be the mean of surrounding pixel

values.
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Instead of taking the median value of surrounding valid pixels, the mean value of
surrounding valid pixels may serve to reconstruct invalid pixels. Equivalently to the
median filtering, this is a multi-pass technique that has to be repeated iteratively as

long as invalid pixels are left.

It is further noticed that as an alternative to reconstruction, a pixel may be considered
a valid pixel in case a smaller number of bit planes are identical in the block and the

best matching block.

Indeed, as already indicated above, the validation criterion can be relaxed for the
invalid pixels. Instead of forcing k bits to be identical for the residual pixel to be valid,
it is possible to assume that only k-q bits are known and select the residual pixel
predictors for which k-q bits are identical in order to apply motion compensation

instead of reconstruction. q is considered to be an integer value between 0 and k.

In the just described variant with relaxed validation criterion, the motion
compensation phase has to reconstruct bpp-k+q bits instead of bpp-k bits, bpp
representing the number of bits of the luminance component (or the entire pixel,
depending on the implementation). This implies that q bits that were known as a
result of the decoding process may have to be replaced by incorrect bits obtained

from the compensation process.

Another remark is that the motion compensation step has to use all k known bits to
calculate the weight of the residual pixel value since this will minimize the uncertainty

on the location of the real compensated pixel.

As defined by claim 15, the at least one frame may comprise a first number of video

frames and a second number of key frames.

For instance, in an implementation of distributed video coding with Wyner-Zyv
frames, the reference frames may include the previously decoded Wyner-Zyv frame if

there is one, and the key frames which precede and succeed the Wyner-Zyv frame.



10

15

20

25

30

WO 2009/062979 PCT/EP2008/065422
-11 -

It is noticed that applying motion estimation and compensation as formalized in the
present invention can be applied on a subset of frames. Indeed, as any frame can be
chosen as a reference, there is no dependency on previously decoded frames. This

may be called frame-rate scalability.

Further optionally, as defined by claim 16, the bit planes may be sub-sampled.

Through sub-sampling the bit planes, the resolution may be adjusted; for instance, in
the motion estimation process one can employ the most significant bit plane (MSB) at
full resolution, the next MSB at half-resolution, and so on. This renders a complexity-
scalable motion estimation and compensation process, wherein the complexity is

controlled by the resolution with which the bit-planes are sub-sampled.

Yet another optional feature of the motion estimation and compensation process of
the present invention, defined by claim 17, is that the integer number of bit planes

may be adaptable.

By sending more or less bit planes of the frames to the decoder, the estimation and
compensation process according to the invention may become more or less complex,

in return for a quality increase or decrease.

As is indicated by claim 18, the motion estimation and compensation process
according to the current invention has many applications such as for instance:

- video coding;

- distributed video coding;

- error concealment;

- frame interpolation;

- error resilience;

- multiple description coding; and

- predictive coding.

In general the current invention can be used in any video coding system applying
motion estimation, whether it is encoder-side motion estimation or decoder-side

motion estimation.
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A first specific application is "Scalable Distributed Video Coding (SDVC)". This
technology was originally designed with Distributed Video Coding (DVC) as an
application in mind. DVC requires the motion estimation process to be applied at the
decoder side. Based on the reception of a number of bit planes (or a part of these bit
planes) of the luminance component and of some intra-coded frames, the method
according to the present invention reconstructs an approximation of the missing bit
planes of the luminance and chrominance components. Using the current invention
has the advantage over other DVC techniques of supporting large Group of Picture
(GOP) lengths as well as supporting good compression efficiency. In addition, using
the current invention does not require any feedback between encoder and decoder.
This reduces the inherent communication delays produced by the use of a feedback
channel in current DVC systems. When the intra-coding part is performed by a
scalable video coding system, the result is a fully scalable video coding system with
additional opportunities for migration of the complexity to the decoder or to an

intermediate node.

Another application is "error concealment". If parts of an image in a video sequence
are damaged, they can be concealed using the method according to the present
invention. The damaged parts have block-overlaps with correct parts in the image.
Thus, block matching with the previous and or next frame can be applied with the
correct areas to determine the block weights. The incorrect pixels are then
reconstructed, using the current invention where all bit planes are considered
unknown (and thus all predictors are valid). Alternatively, a local frame interpolation
using the previous and the future frame can be applied, selecting a region around the

corrupt areas.

Yet another application of the present invention is found in "frame interpolation”. A
frame can be interpolated in between two existing frames, by applying an altered
scheme of the current invention. In this scheme, all pixels are considered valid. The
array of predictors contains next to a set of weights, an origin, a destination, an
origin-value and a destination-value. The origin and destination determine a motion
vector, whereas the origin-value and destination-value are interpolated to find the

interpolated-value. Following the motion vectors, the interpolated-values and weights
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are transferred into an array of weights and values in the interpolated frame.
Reconstruction follows using the reconstruction methods that form part of the present

invention.

A further application is "error resilience provision". In a system where the bit planes
are encoded separately, the motion estimation and compensation technique that lies
at the basis of the current invention provides high resilience against errors. If a bit
plane is partially lost, concealment can be applied as described here above. If a bit
plane is completely lost, frame interpolation can be applied as described here above.
If an intra-frame is partially lost, concealment can be applied. If an intra-frame is
completely lost, the decoder pretends a GOP-size of twice the original GOP-size.
The intra-frame can then be obtained using frame interpolation. Anyhow, the error
does not propagate through a GOP. In the worst case, some pixel-based or global
colour shadows may appear. In all cases, the available information is used in the
motion estimation process to create reconstructed values (bits or full pixel values)

and corresponding weights.

Yet another application where the current invention can be used advantageously is
"multiple description coding". The current invention offers many new opportunities for
multiple description coding. For example, one description can be given by bits at the
even pixel positions of the first bit plane, while a second description is given by the
bits at the odd pixel positions of the first bit plane. Block matching is then applied
using the known bits only. The reconstruction method can be different for different
pixels, as the number of known bits per pixel varies from position to position. The
central description has knowledge of the first bit plane completely, thus the block
matching fidelity as well as the reconstruction quality is expected to be higher than
that of the side descriptions. One can think of many alternative ways of defining
multiple descriptions based on sub-sampling and division of the bit planes among the

descriptions.

Yet another application domain is "predictive coding". Since the current invention can
be applied at the decoder side as well as on the encoder, it opens alternatives for the
classical block-based motion estimation strategies. The following rate-distortion

curves need to be computed and compared for every block: (a) predictive coding
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applying motion estimation, where coded motion vectors are sent, together with
coded residual frames; (b) and predictive coding applying the method according to
the present invention, where a coded (sub)set of bit planes is sent together with the
coded residual frames (which are different from the residual frames for which
classical motion estimation was used). The ensuing rate-distortion curves will
indicate in the rate allocation process which of the two coding approaches needs to

be adopted for every block.

Brief Description of the Drawings

Fig. 1 illustrates motion estimation in an embodiment of the process according to the
present invention;

Fig. 2 illustrates motion compensation based on binning in an embodiment of the
process according to the present invention; and

Fig. 3 illustrates an motion compensation based on clustering of predictors in an
embodiment of the process according to the present invention; and

Fig. 4, Fig. 4a and Fig. 4b illustrate an example of the motion estimation and

compensation process according to the present invention.

Detailed Description of Embodiment(s)

Fig. 1 illustrates motion estimation in a Wyner-Zyv decoder that is decoding a current
Wyner-Zyv video frame F, not drawn in the figure. Once the first k bit planes of the
current Wyner-Zyv frame F have been decoded, the motion estimation and
compensation process according to the present invention is applied for the luminance
data. In Fig. 1, k is assumed to equal 2 whereas the total number of bit planes that
represent the luminance data is assumed to be 8. Thus, as a result of the motion
estimation and compensation process, the values for the residual 6 bit planes of the
luminance data will be predicted without having to encode, transmit and decode
these bit planes. The chrominance data are assumed to follow the weights and
prediction locations from the luminance component, but on all bit planes instead of on
a subset of residual bit planes. In other words, if it is assumed that the chrominance

component of the pixels is also represented by 8 bit planes, the values of these 8 bit
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planes will be predicted using the weights and prediction locations that are used to

predict the 6 residual bit planes of the luminance component for the same pixel.

The motion estimation process according to the present invention is block based.
Square shaped blocks O of size B by B are taken from the Wyner-Zyv frame F at
positions (i,j) in the frame. Herein, i and j respectively represent integer row and
column indexes for pixels in frame F, and B is the integer block size. The block at
position (i,j) is denoted by O(i,j) with index i = 0, oc, 2%oc, ..., (rows-1) and j = 0, oc,
2*oc, ..., (columns-1). Herein, oc is a parameter of the block based motion estimation
process named the step-size. This step-size can be any integer number between 1
and B.

As is illustrated by Fig. 1, the motion estimation algorithm searches for the best
match with block O in reference frames F~. The first bit plane 101, the second bit
plane 102 and the residual bit planes 103 of one such reference frame F® are drawn
in Fig. 1. The search for the best matching block O™ or 110 is restricted within a
specified search-range SR. Thus, the process compares block O(i,j) with all blocks
OR having their origin between positions (i-SR,j-SR) and (i+SR,j+SR) in reference
frame FR. This is indicated in Fig. 1 by the dotted line 104 which represents a sample
search area in reference frame F® for a block under consideration in the currently
decoded frame F. It is noticed that these origins can be located on an integer grid or
a sub-pixel grid in case of sub-pixel motion estimation according to the present
invention. Another remark is that when a block partially falls out of the frame

boundaries, the frame will be extended at the borders.

In the embodiment illustrated by Fig. 1, bit-error counting is used as the matching
criterion to determine the best match O™ in the reference frame FR for block O in
frame F. More precisely, the matching criterion minimizes the bit-error on the first
(most significant) k bit planes between O and OF. Although a single reference frame
FR is drawn in Fig. 1, plural reference frames may be considered. These reference
frames are one or more previously decoded Wyner-Zyv frames, if there is one, and

the key-frames which precede and succeed the current Wyner-Zyv frame F.
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After determining the best matching block in reference frame FR, denoted by O™ or
110, in bit-error sense, the candidate residuals of pixels p(i,j) and their weights are
determined, as shown in Fig. 1. These residuals are the bpp-k missing bits for every
pixel, where bpp is the number of bits used to represent the luminance component of

a pixel. In the example illustrated by Fig. 1, bpp equals 8, and bpp-k equals 6.

A pixel in the best matching block OV is considered a valid pixel, if the k most
significant bits from this pixel are identical to the k most significant bits of the
corresponding pixel in block O. Although this validity criterion works well, other
validity criteria can be considered, in particular of k is greater than 2.

The block weight Ws of the best matching block OV is defined as the number of
valid pixels in O™ over the total number of pixels in O™

> valid pixels
WB _ pixelseORM (1)

> pixels

pierS':ORM

In Fig. 1, the two most significant bit planes 111 and the 6 lest significant bit planes
112 of the best matching block O™ have been drawn. Presumably, applying the bit-
error validity criterion on the most significant bit planes 0 (MSB) and 1 has resulted in
6 invalid pixels for block OfM. These 6 invalid pixels are dark shaded in Fig. 1
whereas the 58 valid pixels of block O™ are white shaded. The block weight Wg for
O™ equals 58/64 or 0.90625.

With every valid pixel of the best matching block O™, a candidate residual pixel

value V," and a corresponding weight W,! are associated as follows:
- bpp-
V= ZZb' (2)
=k
Wi =w, (3)
In here b; equals the corresponding bit-value (0 or 1). In the example of Fig. 1 for
instance, the residual pixel value corresponds to the value of the remaining 6 bits of
the luminance component of the corresponding pixel, i.e. bits 2 to 7 (LSB) in Fig. 1,
and the weight value corresponds to the block weight associated with the best

matching block O™ according to formula (1).



10

15

20

25

30

WO 2009/062979 PCT/EP2008/065422
-17 -

The residual pixel values V.’ and corresponding weights W, are stored in an array of
residual pixel values 121 and array of weights 122 for that pixel p(i,j), jointly
constituting the pixel prediction array 120 for pixel p(i,j). It is noticed that the sub-

index X in V. and W, denotes the location in the residual pixel value/weight array.

It is remarked that the block size B of the blocks that are used in the motion
estimation process cannot be too small, since this would compromise the matching
fidelity. At a limit where the block size B is chosen to be 1, a good match would be
found at many random locations within the search-range considered. On the other
hand, the block size B cannot be too large either, as this would compromise the
accuracy of the block-based motion-model. In addition, large values of B will raise the

complexity and the memory requirements of the process.

After the motion estimation process has been executed for the different blocks in the
currently decoded frame F, the residual values and weights arrays for each pixel are
known. It is noted that some pixels may have a predictor array which contains no
elements. This will be the case when in the motion estimation process none of the
matching pixels in the best matching blocks were valid. For these particular pixels
some post-processing, reconstructing the luminance component from surrounding
pixel values will be required. For all other pixels, different methods of motion
compensation are possible to predict the residual value of the luminance component
from the values and weights stored in the array, based for instance on binning,
clustering of predictors, thresholding, selecting a minimal number of candidate
predictors, or a combination of the foregoing. All these motion compensation

methods try to minimize the uncertainty on the residual pixel value.

Fig. 2 illustrates an example of motion compensation according to the current
invention, based on binning. Motion compensation based on binning tries to
maximize the probability of the residual value to fall within certain boundaries. The
range of the residual value is typically limited by the representation of the pixel values
and the number of residual bits bpp-k. In case of an unsigned 8-bit representation of
the pixel's luminance component and k = 2, these lower and upper limits of the range
of the residual value are 0 and 63. This range is divided into a set of equally large
bins BO, B1 B2, B3, B4, B5, B6 and B7, respectively also denoted 200, 201, 202,
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203, 204, 205, 206 and 207 in Fig. 2. In the example with bpp=8 and k=2, the bins BO
... B7 respectively correspond with the value intervals [0,8), [8,16), [16,24), [24,32),
[32,40), [40,48), [48,56) and [56,64). Subsequently, all the values 121 and weights
122 in the residual pixel array 120 are assigned to a bin such that the residual pixel
value falls within the bin interval. This is illustrated by the dashed arrows in Fig. 2.
For each bin, a bin residual value Vs is maintained and a bin weight Wg' is
maintained. For the bins BO ... B7 in Fig. 2, these bin residual values respectively are
denoted Vgo!, Vi’ , Va2’ , Ves' , Vas' , Ves , Vas’ , Ve and the bin weights
respectively are denoted Wao', Wa1' , Way' , Was" , Waa' , Was' , Wae" , Wa;!. When a
residual pixel value from the predictor array 120 becomes assigned to a bin, the bin
residual value Vas' of that bin is increased with Vx' * Wy! and the bin weight value
Was of that bin is increased with Wx'. As a result, after allocation of all residual
predictors in the array 120, and after weighted averaging, the bin residual values and

the bin weight values are given by:

2 Wy Vy
i _ VxeBs
Ve, = (4)
We, = > Wy (5)
V;j(EBs

Herein, s represents the index of the bin.

Finally the residual pixel value is chosen to be the bin residual value Vs’ of the bin
with highest bin weight Was". In the example of Fig. 2, this is the bin residual value of
bin B2 or 202.

In the rare case where multiple bins have the same maximal weight value, their value
is again weighted averaged using the bin-values and bin-weights. It is further noted
that binning with only one bin comes down to weighted averaging of the entire

residual pixel predictor array 120.

Fig. 3 illustrates motion compensation according to the current invention, based on
clustering of predictors. Indeed, the residual pixel predictors tend to concentrate their
weights around certain locations in the reference frame(s) FR. This indicates the

existence of a virtual centre-of-mass (kc,lc). It will be appreciated by the skilled



10

15

20

25

WO 2009/062979 PCT/EP2008/065422
-19 -

person that the virtual centre-of-mass will be close to the location in the reference
frame(s) FR that corresponds to the real displacement of the pixel under
consideration in the moving image. The centre-of-mass can be defined in different
ways, out of which two calculation methods can be selected as follows:

(kI )= (median(k, ) median(l, )) (6)

ZW;{ Ky ZW;{ Iy
X

X
Wi 2 Wy
X X

(kc’lc): (7)

Where (ky,lx) are the coordinates of the pixel from which the residual value V,! has
been retrieved. An additional weight can be assigned to the candidate residuals
based on their distance to the centre-of-mass, which is defined by the weighted
position of the candidate pixel residuals. A selection of the residual pixel predictors
can then be applied, by considering the valid pixels that fall within a circle with radius
R whose centre coincides with the centre-of-mass. The values and weights of the
pixels falling within this circle are denoted throughout this patent application with
subscript XC. As the centre-of-mass is assumed to be close to the real motion
compensated pixel, the weights should be adapted according to the proximity to the
centre-of-mass. Additionally, a multiplication factor a, with 0<a<1, indicates the extent
to which the original pixel weights can be trusted compared to the proximity weight

which is multiplied with (1-a).

At last, the residual pixel value can be calculated as a weighted sum of the valid

pixels, combining the original pixel weights and the proximity weights:

VinEC:%'% a- Wi +(1oc).{1-‘/(kxc'kC)R+(|XC'|c) J Vi (8)

with the total weight W being:

R

\/(kxc 'kc)2 + (lxc '|C)2 J

w=y oc-W>i{0+(1-oc)-{1-
XC

Motion compensation of the residual pixel can be a weighted averaging based on the

weights from the residual pixel predictor array 120 and the weights based on the
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distance to the centre-of-mass. The factor a defines the trust level for the weights
from the predictor array 120 while (1-a) defines the trust level for the weights based

on the distance to the centre-of-mass.

The center-of-mass can actually be defined for every reference frame FR and be
denoted (kcR,IcR). The reconstructed pixel residual in FR is then denoted by V%

with a total weight of WR. Reconstruction of the final pixel residual is then calculated
as follows:
ZWR . \/RECR
j
VREC — R
[ WR
>

As an alternative, one can choose to reconstruct the final pixel residual VinEC as the

reconstructed pixel residual in the reference frame with the highest total weight WR.

It is further remarked that one can also opt to reconstruct the residual pixel value

V% in a reference frame FR as the value obtained by interpolation at location

(kR IcR).

Thresholding implies that an additional selection is applied to the elements in each
array of values and weights. A weight threshold T is defined. The value/weight pairs
with a weight lower than T are discarded. This is feasible for the weights stored in the
array, but also for the additional weights based on the distance to the centre-of-mass
when clustering of predictors is applied. Residual pixel predictors with a weight
smaller than the threshold T with 0<T<1, are considered invalid. Thresholding may

be followed by binning or clustering to obtain the final residual pixel value.

The value/weight pairs, either taken from the predictor array or resulting from
clustering based on the distance to a centre-of-mass may be sorted according to
decreasing or increasing order of the weight values. A maximum number M of
candidate residuals is then selected as the M candidate residuals with the highest
weights. This additional selection is again followed by binning or clustering to obtain

the final residual pixel value.
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Binning, clustering of predictors, thresholding and selecting a maximum number of
candidate predictors can further be combined to make a sub-selection of candidate
residual value/weight pairs that will be used to determine the final residual value. For
example, one can start by selecting the pixels within a certain radius R around the
center-of-mass. Subsequently the resulting array of residual pixel value/weights pairs
may be sorted and a maximal number of candidate predictors may be selected.
Finally the leftover residual pixel value/weight pairs are used to calculate the residual

pixel value using the binning method.

The overlapped block motion estimation and compensation process illustrated by Fig.
1, Fig. 2 and Fig. 3 constructs an array 120 of residual pixel predictors 121 and
weights 122. It is possible however that for some pixels in the Wyner-Zyv image, no
valid residual pixel predictors have been retained from the reference frames. These
pixels have to be reconstructed from the surrounding valid pixels in an additional step

of the algorithm.

When median filtering is applied, the pixels which are invalid are reconstructed by
taking the median of the surrounding valid pixels. As some pixels may have no valid
surrounding pixels, this is a multi-pass technique, which is iterated as long as invalid

pixels are left.

As an alternative to the median filtering, an invalid pixel may be reconstructed as the
mean of the surrounding valid pixels. Again, this is a multi-pass technique, iteratively

executed until no invalid pixels are left.

As an alternative to median filtering or mean filtering for pixels for which no valid
candidate residuals are found, candidate residuals can be obtained by relaxing the
matching criterion. In other words, alternatively to post-reconstruction of the invalid
pixels using their neighbors, the validation criterion can be relaxed for the invalid
pixels. Instead of forcing k bits to be correct for a residual pixel to be valid, the
process can pretend that only k-q bits are known and select the residual pixel
predictors for which the first k-q bits are correct. Herein, g represents an integer

value between 0 and k. To prevent overshooting of the final pixel value (i.e. obtaining
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a reconstructed value which is in error with about a factor two compared to the
original value), the motion compensation phase in this case has to reconstruct bpp-
k+q bits and not bpp-k bits, even if this means that g bits which are known have to be
replaced by incorrect bits after compensation. The motion estimation however has to
use all k known bits to calculate the weight of the residual pixel predictors, as this
minimizes the uncertainty on the location of the real compensated pixel
An additional weight, besides the one obtained from the predictor array and the one
resulting from clustering on the basis of distance to a centre-of-mass, can be
assigned. This weight allows all candidate residuals to be considered valid. The
weight of a residual pixel predictor then can be defined as a function of:

- the number of errors in the known bits;

- the block matching accuracy;

- the proximity to a virtual center-of-mass; and/or

- the position where an error occurs (e.g. an error on most significant bit or
MSB should be penalized more than an error on the 4" bit of a pixel).
The first three weights can be implemented as explained before. The last weighting
factor also validates pixels for which not all the known bits are correct, but takes into
account the importance of the location of the bit error. This weight is referred to as

the invalid pixel weight and it is defined as follows:

k
§ . 20%-m
k
2bpp-m

Herein, m is an integer index, d=1 if the bit is the same and 6=0 if the bit is different.

w
invalid —

(11)

Reconstruction of the residual pixel value can then be based on a function combining
all weights. The a-factor, B-factor and 1-a- B define the level of trust in the different

weights. Determining the final residual pixel value is then defined as:

). 1- \/(kxc 'kc)2 +(|xc '|C)2

R

Vi (12)

Inval

1 i i
VinEC :WXZC: o W +B- W i +(1'a'B

with 0<a+B<1

and with:
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)‘ 1_\/(kxc 'kc)2 +(|xc '|C)2

= (13)

Inval

W= o Wi, +8-Wi . +(1-0-p
XC

At last, Fig. 4, Fig. 4a and Fig. 4b illustrate by way of example the process according
to the present invention applied to the current frame F or 401 for which k bit planes
are assumed to be known. The pixel to be estimated in these figures is marked as
indicated by 402. A block O overlapping the pixel in the current frame F is marked as
is indicated by 403.

In Fig. 4a, the block size B is assumed to be 3. As a result, 9 different blocks O exist
in the current frame F that overlap with the pixel 402 to be estimated. These 9
different blocks O are drawn in the copies of frame F named 411, 412, 413, 414, 415,
416, 417, 418 and 419 respectively. The horizontal/vertical search range SR is
assumed to be [-1,+1]. For each block O and each reference frame, 81 pixels have to
be compared in order to determine the best matching block in that reference frame.

As a consequence, 729 pixels have to be compared for the 9 blocks.

In Fig. 4b, the block size is assumed to be 2. This results in 4 different blocks O in
the current frame F that overlap with the pixel 402 to be estimated. These 4 blocks O
are shown in the copies of frame F denoted by 421, 422, 423 and 424 in Fig. 4b. The
horizontal/vertical search range SR is again assumed to be [-1,+1]. For each block O
and each reference frame, 36 pixels now have to be compared in order to determine
the best matching block in that reference frame. As a consequence, 144 pixels have

to be compared for the 4 blocks.

In general, the number of comparisons required to execute the process according to

the present invention equals B* . |[SR?.

Although the present invention has been illustrated by reference to specific
embodiments, it will be apparent to those skilled in the art that the invention is not
limited to the details of the foregoing illustrative embodiments, and that the present
invention may be embodied with various changes and modifications without

departing from the spirit and scope thereof. The present embodiments are therefore
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to be considered in all respects as illustrative and not restrictive, the scope of the
invention being indicated by the appended claims rather than by the foregoing
description, and all changes which come within the meaning and range of
equivalency of the claims are therefore intended to be embraced therein. In other
words, it is contemplated to cover any and all modifications, variations or equivalents
that fall within the spirit and scope of the basic underlying principles and whose
essential attributes are claimed in this patent application. It will furthermore be
understood by the reader of this patent application that the words "comprising" or
"comprise" do not exclude other elements or steps, that the words "a" or "an" do not
exclude a plurality, and that a single element, such as a computer system, a
processor, or another integrated unit may fulfil the functions of several means recited
in the claims. Any reference signs in the claims shall not be construed as limiting the
respective claims concerned. The terms "first", "second", third", "a", "b", "c¢", and the
like, when used in the description or in the claims are introduced to distinguish
between similar elements or steps and are not necessarily describing a sequential or
chronological order. It is to be understood that the terms so used are interchangeable
under appropriate circumstances and embodiments of the invention are capable of
operating according to the present invention in other sequences, or in orientations

different from the one(s) described or illustrated above.
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CLAIMS

1. A motion estimation and compensation process for at least the luminance
component of a pixel in a video frame F, said motion estimation and compensation
process comprising the steps of:

A. comparing an integer number k bit planes for blocks O of pixels including
said pixel with blocks OR in at least one reference frame (F*); and

B. for each block O and each reference frame (FR):

B1. determining according to a matching criterion a best matching block (O™,
110) in said reference frame (FX);

B2. determining a weight value (W,!) for said best matching block (O®™) based
on the ratio of valid pixels in said best matching block (O™);

B3. extracting a residual pixel value (V') for said pixel from said best matching
block (O™); and

B4. storing said weight value (W,') and said residual pixel value (V,) in a pixel
prediction array (120); and

C. either of:

C1. motion compensating by determining at least residual bit planes of said
luminance component from weight values (122) and residual pixel values (121) in
said pixel prediction array (120) in case said pixel is a valid pixel; or

C2. reconstructing said luminance component from surrounding pixel values in

case said pixel is an invalid pixel.

2. A motion estimation and compensation process according to claim 1,
CHARACTERIZED IN THAT said step of comparing is restricted to blocks

within a predefined search range (SR) in said reference frame (FF).

3. A motion estimation and compensation process according to claim 1,
CHARACTERIZED IN THAT said matching criterion comprises minimizing the
number of bit errors on said integer number k bit planes between said block O in said

video frame F and blocks in said reference frame (FR).

4. A motion estimation and compensation process according to claim 1,
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CHARACTERIZED IN THAT for determining said weight value (W,"), a pixel is
considered a valid pixel in case said integer number k of bits in said block O are

identical to corresponding pixels in said best matching block (O™V).

5. A motion estimation and compensation process according to claim 1,
CHARACTERIZED IN THAT for determining said weight value (W,"), a pixel is
considered a valid pixel in case at least one bit of said integer number k of bits in said

block O is identical to a corresponding pixel in said best matching block (O™Y).

6 A motion estimation and compensation process according to claim 1,

CHARACTERIZED IN THAT said block O and said blocks (O™) in said at
least one reference frame (FX) have a square shape with block size B, B representing
an integer number of pixels selected as a trade-off between block matching

confidence and accuracy of said estimation and compensation process.

7. A motion estimation and compensation process according to claim 1,

CHARACTERIZED IN THAT process further comprises:

D. either of:

D1. motion compensating by determining also the chrominance component
from weight values (122) and residual pixel values (121) in said pixel prediction array
(120) in case said pixel is a valid pixel; or

D2. reconstructing the chrominance component from surrounding pixel values

in case said pixel is an invalid pixel.

8. A motion estimation and compensation process according to claim 1,

CHARACTERIZED IN THAT said step of motion compensating comprises:

- binning said residual pixel values (121);

- determining bin weight values (Wgo”, Wg1’, Wg2', Was’, Was’, Was', W',
Ws;'); and

- determining at least said luminance component to be the weighted average

of residual pixel values in the bin with highest bin weight value.

9. A motion estimation and compensation process according to claim 1,
CHARACTERIZED IN THAT said step of motion compensating comprises:
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- clustering of said residual pixel values (121) and associated weight values

(122) based on distance to a centre-of-mass.

10. A motion estimation and compensation process according to claim 1,

CHARACTERIZED IN THAT said step of motion compensating comprises:

- clustering of said residual pixel values (121) and associated weight values
(122) based on distance to a centre-of-mass; and

- binning a selection of said residual pixel values;

- determining bin weight values; and

- determining at least said luminance component to be the weighted average

of residual pixel values in the bin with highest bin weight value.

11. A motion estimation and compensation process according to claim 8 or
claim 9 or claim 10,

CHARACTERIZED IN THAT residual pixel values whose corresponding
weight value is smaller than a predefined threshold are not considered for said

binning or said clustering.

12. A motion estimation and compensation process according to claim 8 or
claim 9 or claim 10,

CHARACTERIZED IN THAT residual pixel values are sorted according to
decreasing corresponding weight value and only the first M residual values are

considered for said binning or said clustering, M being an integer number.

13. A motion estimation and compensation process according to claim 1,
CHARACTERIZED IN THAT said step of reconstructing comprises:
- determining said luminance component to be the median of surrounding pixel

values.

14. A motion estimation and compensation process according to claim 1,
CHARACTERIZED IN THAT said step of reconstructing comprises:
- determining said luminance component to be the mean of surrounding pixel

values.
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15. A motion estimation and compensation process according to claim 1,
CHARACTERIZED IN THAT said at least one frame comprise a first number

of video frames and a second number of key frames.

16. A motion estimation and compensation process according to claim 1,
CHARACTERIZED IN THAT said bit planes are sub-sampled.

17. A motion estimation and compensation process according to claim 1,
CHARACTERIZED IN THAT said integer number of bit planes is adaptable.

18. A motion estimation and compensation process according to claim 1,

CHARACTERIZED IN THAT said process is used in one or more of the
following:

- video coding;

- distributed video coding;

- error concealment;

- frame interpolation;

- error resilience;

- multiple description coding; and

- predictive coding.

19. A motion estimation and compensation device for at least the luminance
component of a pixel in a video frame F, said motion estimation and compensation
device comprising:

means for comparing an integer number k of received bit planes for blocks O
of pixels including said pixel with blocks OF in at least one reference frame (FX);

means for determining for each block O and each reference frame (FR)
according to a matching criterion a best matching block (O™) in said reference frame
(F%);

means for determining a weight value (W,!) for said best matching block (O
based on the ratio of valid pixels in said best matching block (O™);

means for extracting a residual pixel value (Vx') for said pixel from said best
matching block (O™);
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means for storing said weight value (WX”) and said residual pixel value (VX”) in
a pixel prediction array (120);

motion compensating means for determining at least residual bit planes of said
luminance component from weight values (121) and residual pixel values (122) in
said pixel prediction array (120) in case said pixel is a valid pixel; and

means for reconstructing said luminance component from surrounding pixel

values in case said pixel is an invalid pixel.
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