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REFERENCE PROCESSING USING ADVANCED
MOTION MODELS FOR VIDEO CODING

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to United States Provisional Patent Application
No.61/366,517 filed on July 21, 2010, hereby incorporated by reference in its entirety.
TECHNOLOGY

[0002] The disclosure relates generally to image processing and video processing. More

specifically, it relates to reference processing using advanced motion models for video coding.

BACKGROUND

[0003] In motion compensated, prediction based video coding schemes, quality of reference

pictures used for the video coding schemes can considerably affect coding efficiency. That is, a
higher quality reference picture that is also more correlated with a source picture generally
results in improved coding advantage. Coding advantage includes such factors as improved

coding efficiency, reduced complexity, and easier parallelization.

[0004] FIGURE 1 shows an implementation of a conventional video coding system. In
conventional video coding systems such as the conventional video coding system shown in
FIGURE 1, reference pictures are retrieved from a reference picture buffer (100), generally
without any additional processing applied to the reference pictures. The reference pictures are

generally used for prediction of subsequent pictures.

[0005] Lack of any additional processing occurs in many coding scenarios. Such coding
scenarios include coding for static video sequences or for sequences moving with a consistent,
translational motion. However, improved coding advantage can be achieved by pre-processing
the reference pictures before using them for prediction of the subsequent pictures. A scenario for
which pre-processing is used is that of stereo or multi-point video coding applications, where
certain views/layers are utilized in predicting other views/layers and where the other views/layers

may be captured at different angles from one another.

[0006] The following cases are incorporated herein by reference: International Patent

Application No. PCT/US2010/031762 filed 20 April 2010 (International Publication No.

WO0/2010/123909 published 28 October 2010); International Patent Application No.
-1-
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PCT/US2010/040545 filed 30 June 2010 (International Publication No. W0O/2011/005624
published 13 January 2011); International Patent Application No. PCT/US2011/020163 filed
5 January 2011 (not yet published).

BRIEF DESCRIPTION OF DRAWINGS

[0007] The accompanying drawings, which are incorporated into and constitute a part of this
specification, illustrate one or more embodiments of the present disclosure and, together with the
description of example embodiments, serve to explain the principles and implementations of the

disclosure.
[0008] FIGURE 1 shows an implementation of a conventional video coding system.

[0009] FIGURE 2 shows an implementation of a video coding system that utilizes a reference

processing unit.

[0010] FIGURE 3 shows an implementation of a stereo video coding system that utilizes a

reference processing unit.
[0011] FIGURE 4 shows a reference picture that is partitioned into non-overlapping regions.
[0012] FIGURE 5 shows a reference picture that is partitioned into overlapping regions.

[0013] FIGURE 6 shows an exemplary embodiment of a motion model estimation process on an

encoder side.
[0014] FIGURE 7 shows an exemplary embodiment of a fast motion model selection process.

[0015] FIGURE 8 shows an exemplary embodiment of an interpolation filter selection and

intensity compensation estimation process.

[0016] FIGURE 9 shows a first example of pixel symmetry.

[0017] FIGURE 10 shows a second example of pixel symmetry.

[0018] FIGURE 11 shows an embodiment of a process for signaling explicit interpolation filters.

[0019] FIGURE 12 shows a block diagram of a decoder side of a reference processing unit.

S0
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DESCRIPTION OF EXAMPLE EMBODIMENTS

[0020] Embodiments of the present disclosure relate to image processing and video processing.

[0021] According to a first embodiment of the disclosure, a method for processing a reference
picture is provided, comprising: 1) performing motion estimation on an original picture to be
encoded, based on a reconstructed reference picture, and a processed reference picture estimate;
i1) further processing the motion estimated picture to obtain a further processed reference picture
estimate; and iterating the motion estimation and the further processing to provide a processed

reference picture.

[0022] According to a second embodiment of the disclosure, an iterative method for estimating
motion model parameters of a reconstructed reference picture or a region of the reconstructed
reference picture of a reference picture buffer when performing reference picture processing in a
single-layered or multi-layered video coding system is provided, the method comprising: 1)
performing motion estimation based on an original picture to be encoded and the reconstructed
reference picture or a region of the reconstructed reference picture of the reference picture
buffer; i1) performing a further motion estimation to provide motion model parameters; iii)
performing warping according to the motion model parameters to obtain a warped picture; and
iterating i)-iii), wherein the motion estimation of i) in subsequent iterations is based on the
original picture to be encoded, the reconstructed reference picture or a region of the

reconstructed reference picture of the reference picture buffer, and the warped picture.

[0023] According to a third embodiment of the disclosure, an iterative method for estimating
motion model parameters of a reconstructed reference picture or a region of the reconstructed
reference picture of a reference picture buffer when performing reference picture processing in a
single-layered or multi-layered video coding system is provided, the method comprising: 1)
performing motion estimation based on an original picture to be encoded and the reconstructed
reference picture or a region of the reconstructed reference picture of the reference picture
buffer; i1) performing a further motion estimation to provide motion model parameters; iii)
processing the motion model parameters to provide at least one of interpolation filter parameters
and intensity compensation parameters; iv) performing warping according to the motion model
parameters and the at least one of interpolation filter parameters and intensity compensation

parameters to obtain a warped picture; and iterating 1)-iv), wherein the motion estimation of 1) in
-3-
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subsequent iterations is based on the original picture to be encoded, the reconstructed reference
picture or a region of the reconstructed reference picture of the reference picture buffer, and the

warped picture.

[0024] According to a fourth embodiment of the disclosure, a method of decoding a
reconstructed reference picture or a region of the reconstructed reference picture of a reference
picture buffer at a decoder, the decoder adapted to receive and parse parametric information
acquired from an encoder, when performing reference picture processing in a single-layered or
multi-layered video coding system is provided, the method comprising: i) performing warping of
an input picture to obtain a first processed picture; and ii) applying intensity compensation to the

first processed picture to obtain a second processed picture.

A. Reference Picture Processing

[0025] FIGURE 2 shows an implementation of a video coding system that utilizes a reference
processing unit (200), henceforth referred to as RPU. The RPU (200) enables signaling of
processing parameters such as filter parameters, motion compensation parameters, and other
modeling parameters. The signaling can be applied on reference pictures already available in a
reference picture buffer (205) in order to generate new reference pictures. These new reference
pictures are generally more correlated with subsequent pictures that need to be processed. If
desired, the signaling can be done at a region level instead of a global level, allowing finer

control and further improvements in coding advantage.

[0026] Two exemplary references that introduce use of the reference processing unit (200) are
US Provisional Application No. 61/170,995, entitled "Directed Interpolation and Post-
Processing", filed on April 20, 2009, and US Provisional Application No. 61/223,027, entitled
“Encoding and Decoding Architectures for Format Compatible 3D Video Delivery”, filed on

July 4, 2009. Both these references are incorporated herein by reference in their entirety.

[0027] By utilizing the RPU (200) in the video coding system, applications that support stereo
and multi-point video coding have been achieved. Such applications are realized by selecting
advanced motion models and filtering mechanisms to apply to each reference picture from a
previous layer picture prior to using each reference picture for prediction of a subsequent

enhancement layer picture.
-4 -
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[0028] Techniques that involve selecting appropriate advanced motion models (including but not
limited to translation, zooming, rotation, affine, and perspective transformations) and filtering
mechanisms (including but not limited to bilinear, bicubic, Mitchell-Netravali, Lanczos, and user
specified interpolation filters) for each reference picture are applied in both frame compatible 3D
delivery methods and 2D compatible 3D delivery methods. These 3D delivery methods are
similar to those currently supported by the Multi-View Video Coding (MVC) extension of
MPEG-4 AVC/H.264. Unlike MVC, where prediction of subsequent enhancement layers
considers reference pictures from previous layers without processing, the RPU (200) enables
refinement of the reference pictures from previous layers prior to their use for prediction of

subsequent enhancement layers. The refinement generally improves coding advantage.

[0029] Several embodiments of the present disclosure are directed to 2D compatible multi-
layered 3D coding methods. The presented coding methods can also be used in frame compatible
3D coding methods and in other applications such as generic and scalable 2D coding.
Additionally, the presented coding methods can be used in combination with intelligent and
adaptive interpolation filtering, intensity compensation methods, and deblocking/denoising

filters.

[0030] With continued reference to FIGURE 2, which shows a video coding system that utilizes
the RPU (200), a reference picture from a reference picture buffer (205) is processed after the
reference picture is stored in or retrieved from the reference picture buffer (205). By processing
the reference picture, the reference picture can provide a more accurate prediction of subsequent
video pictures than for a case where the reference picture is not processed. Such processing
methods generally include motion compensation methods through use of motion models.

Specific categories of motion models will be described later in the disclosure.

[0031] One exemplary way to process the reference picture is to apply a certain global or
localized motion model to the reference picture. In combination with motion compensation
methods, processing by linear or non-linear filters can also be used for fractional position

interpolation, denoising, artifact reduction (for example, deblocking), and image enhancement.

[0032] FIGURE 3 shows use of reference picture processing technology in a multi-view or

multi-layered video coding system. With reference to FIGURE 3, the system comprises a base

-5.



10

15

20

25

30

WO 2012/012582 PCT/US2011/044755

view (300) and a second view (305). Additionally, the system comprises an inter-view RPU
(310). The base view (300) and the second view (305) have a corresponding base view reference
picture buffer (315) and a second view reference picture buffer (325). The base view reference
picture buffer (315) is connected with a base view RPU (320) whereas the second view reference
picture buffer (325) is connected with a second view RPU (330). The inter-view RPU (310)
connects with both the picture buffers (315, 325). Although FIGURE 3 shows a two-view or
two-layer video coding system, additional views or layers with additional RPUs for each view or

layer and additional inter-view or inter-layer RPUs can also be considered.

[0033] With continued reference to FIGURE 3, reference pictures within the base and second
views (300, 305) are processed by the corresponding RPUs (320, 330). Additionally, prior to
sending reference pictures from the base view (300) to the second view (305), the inter-view
RPU (310) processes the reference pictures received from the base view reference picture buffer
(315). The processing by the inter-view RPU (310) generally occurs after all the reference
pictures are stored in the reference picture buffer specific for each view (315, 325) or when a
certain reference picture is considered for prediction of a subsequent picture (such as in on the
fly RPU processing). For example, the reference pictures for the base view (300) may be warped
according to a specified motion model in order to generate a new reference picture that can be
used for prediction of subsequent pictures in either the base view (300), the second view (305),

or both views (300, 305).

[0034] Original reference pictures in each buffer (315, 325) are used to generate additional
reference pictures for either the same view (300, 305) or for the other view (300, 305). The
original reference pictures or the newly generated reference pictures can be processed again
given new processing parameters, such as motion model, interpolation filter, and intensity
compensation parameters, that may be specified for subsequent pictures to be processed. For
example, for inter-view reference processing (310), motion model information may represent
discrepancy between views (300, 305), such as different camera positions and angles utilized for
capturing each view (300, 305). The motion model information may include not only motion
warping information but also additional information indicating, for instance, which interpolation
filter to use in order to generate sub-pixel positions as well as intensity compensation

information. The processing model could involve denoising filters, such as Gaussian and/or
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separable linear filters, non-linear filters such as median or ordered filters, and so forth.

Deblocking methods that can be specified across regions can also be used.

[0035] In a general case, number of views/layers processed by the video coding system can be
much more than the two view/layer video coding system shown in FIGURE 3. In general,
reference pictures of a particular view/layer can be processed so as to generate additional
reference pictures of another view/layer. Additionally, the reference pictures of the particular
view/layer can be processed so as to generate enhanced reference pictures for the particular

view/layer itself.

[0036] In terms of a parameter estimation process, the motion model information can be
estimated or selected at the encoder side based on a motion model that uses appropriate warping
parameters. The warping parameters can depend upon a single specified criterion or a
combination of specified criteria such as visual quality, algorithm complexity, bit rate, among
other criteria. Alternatively, the motion model information can be estimated or selected at the
encoder side based on a motion model that uses appropriate interpolation filter parameters,
intensity compensation parameters, or deblocking/denoising parameters. Additionally, the
motion model information can be estimated or selected at the encoder side based on an
appropriate combination of the warping parameters, interpolation filter parameters, intensity
compensation parameters, and deblocking parameters used, among other parameters not
heretofore listed. Additional benefits can be achieved by combining (cascading or performing in

combination) linear and non-linear filtering in addition to use of advanced motion models.

[0037] FIGURE 12 shows an exemplary embodiment of a decoder side of a reference processing
unit. All of the motion model information, including but not limited to warping parameters,
interpolation filter parameters, intensity compensation parameters, and deblocking/denoising
parameters, can be encapsulated in a reference processing unit's payload and sent to a decoder
(1200). In other words, the RPU’s payload contains the motion model information directly used
for processing reference pictures. In contrast to the payload, the RPU may also contain additional
header information that may describe the payload and how that may need to be processed or used

for reconstruction and display of the signal.
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[0038] The decoder of the RPU comprises a parsing unit (1205) that parses the payload of the
RPU and uses information extracted from the payload to recover processing parameters identical
or nearly identical to those used by an encoder (not shown in FIGURE 12) of the RPU.
Specifically, the embodiment shown in FIGURE 12 obtains, from the payload, information
concerning motion model parameters (1210), interpolation filter parameters (1210), intensity

compensation parameters (1215), and denoising filter parameters (1220) used by the encoder.

[0039] These parameters (1210, 1215, 1220) are utilized in processing a reconstructed reference
picture (1225). The reconstructed reference picture (1225) may be an original reference picture
or a previously RPU processed reference picture. An original reference picture refers to a
reference picture taken straight from a reference picture buffer (such as the reference picture
buffer (205) shown in FIGURE 2) without any processing. In contrast, since multiple RPUs can
be cascaded, a previously RPU processed reference picture is a reference picture from a
reference picture buffer that has been processed by an RPU or multiple RPUs. Consequently, a
current RPU encoder/decoder under consideration can take as an input reference picture an
original reference picture or a previously RPU processed reference picture from a prior layer or

prior encoding/decoding step.

[0040] With reference back to FIGURE 12, an original reference picture or a previously RPU
processed reference picture serves as an input reference picture, referred to as the reconstructed
reference picture (1225), to a current RPU decoder under consideration. The processing of the
reconstructed reference picture (1225) is shown as a series of steps comprising picture warping
(1230), intensity compensation (1235), and noise removal (1240) by utilizing the parameters
(1210, 1215, 1220) obtained from the encoder. A result of the processing is a processed reference
picture (1245). The processed reference picture (1245) of the current RPU decoder under
consideration may serve as an input reference picture to a subsequent RPU decoder and/or as a
picture from which prediction of subsequent pictures may be made. Since the decoder recovers a
processing model similar to that used by the encoder, the processed reference picture (1245)

undergoes processing similar to that performed at the encoder.

[0041] To further improve coding efficiency, different reference picture processing payload
information may be sent to different regions of the reconstructed reference picture (1225). In

other words, the reconstructed reference picture (1225) can be partitioned into multiple regions
-8-
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and each region can have its own optimized processing parameters. This can allow for more

accurate motion model parameters and filtering parameters to be applied to each specific region.

[0042] FIGURE 4 shows a first example of partitioning a reference picture into many regions
according to homogeneity of motion within each region. Additionally, the many regions are non-
overlapping. Similarly, FIGURE 5 shows a second example of partitioning a reference picture
into many regions according to homogeneity of motion. However, the many regions in FIGURE
5 are overlapping. In both FIGURES 4 and 5, each partition can be described using a separate set

of parameters.

[0043] In cases where multiple motion regions with different motion parameters exist in one
reference picture or where different blurring and focus characteristics exist in one reference
picture, region based RPU signaling will likely result in higher coding efficiency. Regions can be
rectangular, as shown in FIGURES 4 and 5, but regions can also be of any arbitrary shape.

Regions can be non-overlapping, as in FIGURE 4, or overlapping, as in FIGURE 5.

[0044] Additionally, regions can contain single or multiple processing parameters. For instance,
a particular region may be represented not only by a single motion model. For instance, both a
zoom motion model and an affine motion model may be signaled to the same region, along with
other parameters such as intensity compensation parameters. Note that overlapping portions of
the regions generally have multiple motion models applied to them. A prediction for the region
on a subsequent picture based on the region of the present reference picture would be obtained
by an average or a weighted average of motion vectors estimated using each motion model. By
way of example and not of limitation, a specific averaging method can be signaled or can be
determined based on similarities or differences between the motion vectors of the particular

region and its neighboring regions.

[0045] Deblocking methods can be applied across regions, which may include pixel based
methods and/or other frequency domain (such as overcomplete denoising) methods. Deblocking
strength, which quantifies how much filtering is applied across the regions, can be based on
differences in motion model or prediction method used in adjacent partitions as well as

differences in the motion model parameters between adjacent partitions.
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[0046] In a particular case where two regions use an identical prediction method and an identical
or similar motion model, no deblocking filtering is performed. Motion models are considered
similar if absolute differences of all motion vectors, obtained by applying the different motion
models, are below a certain predefined threshold or set of thresholds. On the other hand, if
different motion models are used or difference between motion vectors are significant
(differences are larger than a threshold or set of thresholds), strong deblocking is applied. Some
regions in the reference picture may require more filtering while other regions require less
filtering. Amount of filtering applied to any particular region depends on the particular region's
motion model and prediction method as well as the relationship between this particular region's
motion model and prediction method and the motion model and prediction method of this
particular region's neighboring partitions. Additionally, the amount of filtering applied to the

region may be affected by texture characteristics within the particular region.

[0047] Although a region based RPU may entail higher bit overhead, the encoder may apply rate
distortion based decisions to find an optimal region partitioning as well as an optimal motion

model and prediction method for each region.

[0048] As an example, a video coding system can examine performance of using an RPU that
processes reference pictures with a single partition rather than performance of using an RPU that
processes reference pictures with M x N partitions. A decision concerning an optimal
combination of region partitioning, motion model, and prediction method can be made prior to
encoding. The decision may be made, for instance, by only comparing parameters of the
generated reference picture against those of a source picture to be encoded. The decision can also
be made by considering complete, partial, or simulated encoding in the RPU. Simulated
encoding is performed, for example, by using a lower resolution representation of the pictures.
The method selected to be signaled may be chosen based on, for instance, performance in terms
of encoding. Performance may be evaluated using a certain criterion such as combined rate

distortion performance given a particular Lagrangian multiplier.

B. Motion Models

[0049] In an embodiment of a video coding system, several different motion models are

considered since the different motion models provide a variety of alternative implementations,

-10 -
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with each implementation entailing different complexity and motion coverage. Motion models
considered include translation, zooming, affine, perspective, isotropic, and polynomial models,

among others. A combination of these motion models, as discussed earlier, is also possible.

[0050] These motion models can generally describe accurately complex motion that may exist in
3D real-world scenes. However, although motion models such as the perspective motion model
can accurately describe 3D motion, these motion models can be computationally complex to
estimate. Additionally, an estimation process corresponding to these motion models can be
sensitive to noise. In these cases where the estimation process is sensitive to noise, pre-filtering
or a more robust estimator can improve the model estimation process. Pre-filtering may be
performed on the reference picture, the original picture, or motion vectors of the reference or
original picture. An example of a robust estimator is one that utilizes a Levenberg-Marquadet
method. Furthermore, the motion compensation process for these motion models, which would

need to be applied at the decoder, may itself be complex.

[0051] On the other hand, simpler motion models such as the translational model tend to be
easier to estimate and more robust to noise. Therefore, having flexibility in the present
embodiment of the video coding system to consider multiple different motion models with
different complexity and performance characteristics for reference picture processing allows for
easier consideration of different complexity and performance tradeoffs when designing the
encoder and controlling the complexity of the decoder required to operate with the encoder. As
discussed earlier, a combination of different motion models, such as a combination of the

translational and zoom models can also be used to improve performance.

[0052] Selection of the motion model for each region of the reference picture depends on a
variety of conditions such as distortion requirements, bit rate expectations, and motion model
complexity. More complex models may additionally depend on conditions such as rate-distortion
(RD) cost and rate-distortion-complexity (RDC) cost. The RD cost of a motion model can be, for

example, calculated as in Equation (1) using Lagrangian optimization methods:

RD (m) = D(Warp(m, R), O)+ 4 * (R(motion_ model) + R(filter) + R(intensit y_comp)) (1)

[0053] Function Warp(m, I), seen in Equation (1) above, is a warping function used for motion

compensation. The Warp(m,I) function depends on the motion model that is applied, such as
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those motion models listed in Table 1. Specifically, Warp(m, I) is a function of m, which is the
motion model, and I, which is an input image. Function R(t), also seen in Equation (1) above,
gives a rate at which to encode side information for a processing tool t. Function D(x, O) is a
distortion metric function, such as sum of square errors (SSE). Specifically, D(x, O) is a function

of x, which is a processed signal, and O, which is an original signal.

[0054] More advanced methods may, for instance, consider not only distortion between a warped
picture and an original picture but also final coding efficiency using the warped picture inside a
video coding system. If the consideration of the distortion and the final coding is too
computationally complex, different estimates can be used. For example, only block-based motion
estimation may be used. Alternatively, the estimates may optionally consider impact of any
available references, such as temporal references, within a codec for the estimation process.
Estimation can also be made by considering a subsampled version of the warped pictures and
original pictures. Estimation can also be performed using different resolution images by using,
for example, a hierarchical based motion estimation approach. An example of a hierarchical
based motion estimation is given as follows. Estimation of the various RPU parameters (motion
model parameters, interpolation filter parameters, etc.) may be derived from a lowest resolution
warped reference picture and an original source picture. Further estimation of the various RPU
parameters may be derived from a higher resolution warped reference picture and the original
source picture. This further estimation, as well as any subsequent estimations, further refine the

values of the various RPU parameters.

[0055] The same applies to rate consideration, where instead of only considering rate required
for coding the various RPU parameters (motion model parameters, interpolation filter
parameters, etc.), rate required to encode the entire picture is also considered. In the case where
both the rate required for coding the RPU parameters and the rate required to encode the entire
picture are considered, different Lagrangian parameters can be selected for use between the RPU
signaled parameters versus the actual bits signaled for the encoding of the picture.
Simplifications may include consideration of the local parameters, such as motion and reference
indices that can potentially be used to encode a picture. In particular, encoding is not performed

on the entire picture; instead, only localized motion estimation is performed.

[0056] Table 1, shown below, lists various motion models.
-12-
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Table 1. Motion models

Group index

for motion Motion Number of Definition of
Index | model model .

. model transformation

selection parameters

algorithm
0 0 Translation |2 Equation (2)
1 1 Zoom 4 Equation (3)
2 1 Isotropic 4 Equation (4)
3 2 Affine 6 Equation (5)
4 3 Perspective | 8 Equation (6)
5 4 Polynomial | 12 Equation (7)

[0057] The last column of Table 1 refers to transformation equations that define each motion

model. In particular, the equations for each model are given as follows:

w, =u,+h
, ! @)
u, =u, +h,
u =h'u_+h,
}ﬁy y 3)
u =hu, +h;
i, =hu, +h'u, +h;
y . “4)
u =h'u, +hu, +h
i, =hyu, +hu, +h;
5)
u =hju, +hu +h
w, =(hu, +hu, +h))A+hu, +hiu,) ©
w, =(hu, +h'u, +h) [+ hu, +hu,)
u, —hxu2+h"u u, +h"u2+h"u +h'u, +h o
u =hlu’ +hjuxuy+hyu2+hyu +h'u_ +h
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[0058] The transformation equations are defined from Equation (2) to Equation (7). In the

equations, (u,,u,)is a source position and (u, ,u'y) is a corresponding position of the source
position (u,,u,) transformed by a certain motion model (as defined by various parameters of the
form 4/ ). The parameters are shown in Table 2 below. Table 2 provides insight of what types of

motion/deformation each motion model provides.

Table 2. Meaning of motion model parameter

Motion Translation | Zoom Rotation/twist | Disparity
model parameters | parameters | parameters parameters
Translation | A, hy None None None
Zoom hy, hy h, B None None
Isotropic hy, hy I8 h None
Affine B,k h, b b, h} None
Perspective | A, hy I, hy h. R hy, by

hy . hy s hy ., by b ey hs
Polynomial

hi's hys hs

[0059] As can be seen from Table 2, the translational model only provides coverage for
translation, the zoom model comprise the translation parameters and zooming parameters of the
translational model, the isotropic model assumes equal zoom and rotation across both
dimensions, and so on. The polynomial model is the most complex model among the motion
models shown in Tables 1 and 2. However, this model can provide a more comprehensive
motion/deformation coverage compared to the other models presented in these tables. A
combination of these models is also possible using a multi-hypothesis method, where multiple
motion models can be signaled per region, warping based motion compensation can be
performed with each motion model separately, and then multiple hypotheses can be averaged or

weighted averaged to generate a final hypothesis for prediction of a subsequent picture.
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B.1 Motion Model Estimation and Coding

[0060] There are several kinds of motion model estimation methods. Some common methods
include pixel-level motion estimation, frequency/phase correlation based motion estimation, and
motion field estimation (such as optical flow field). Pixel-level motion estimation can be
computationally complex and easily affected by noise and other image characteristics such as
lighting conditions. On the other hand, frequency/phase correlation methods and optical flow

methods can provide sufficient results for most applications.

[0061] For instance, phase correlation methods and optical flow methods can be utilized in
conjunction with each other. Phase correlation methods enable derivation of translational
parameters and estimates of rotation and zoom parameters through transformations of the
reference and source pictures. Optical flow methods can be utilized for the remaining parameters
not yet estimated by the phase correction methods; in other words, optical flow methods are
essentially simpler models. Optical flow methods can make use of block-based motion

estimation methods, with or without consideration to intensity parameters.

[0062] Block based motion estimation methods and frequency/phase correlation methods can be
used to estimate optical flow information. For instance, instead of using actual optical flow
information to represent a motion field of a picture, block-based motion estimation methods can
be used to derive motion for different block partitions, where the block partitions can be of any
size M x N. The size can, for instance, be 8x8, 2x2, 4x2, or even 1x1. Additionally, partitions

need not be rectangular; they can be of any shape.

[0063] In general, motion vectors can be of any precision. By way of example and not of
limitation, motion vectors can be of integer, half-pel, quarter-pel, or floating point precision.
Given information on the motion vectors, a gradient descent method can be used to estimate the
motion model parameters. The gradient descent method can use fitting methods such as a
Newton Raphson and Levenberg-Marquadet iterative method (see reference [6]) or a least square

estimator.

[0064] FIGURE 6 shows a motion model parameter estimation process (600) of the reference
picture unit at the encoder side. Essentially, the motion model parameter estimation process is an

iterative estimation process. With reference to the embodiment of the motion model parameter
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estimation process (600) shown in FIGURE 6, the estimation process (600) utilizes an original
source picture (605) that needs to be encoded, a reconstructed reference picture (610), and a

processed reference picture (615).

[0065] Similar to the RPU decoder in FIGURE 12, the reconstructed reference picture (610) of
the RPU encoder in FIGURE 6 is either an original reference picture or a previously RPU
processed reference picture. An original reference picture refers to a reference picture prior to
any RPU processing. Since multiple RPU encoders may be cascaded, a previously RPU
processed reference picture is a reference picture that has been processed by an RPU or multiple
RPUs. Consequently, a current RPU encoder under consideration can take as an input reference
picture an original reference picture or a previously RPU processed reference picture from a
prior layer or prior encoding step. The processed reference picture (615) of the current RPU
encoder may serve as an input reference picture to a subsequent RPU encoder and/or to an RPU

decoder.

[0066] Each of the three pictures (605, 610, 615) is used to obtain information used to achieve
block-based motion parameter estimation (620), motion model parameter estimation (625),
interpolation filter parameter estimation (630), intensity compensation parameter estimation
(630), and denoising filter parameter estimation (640). The iterative aspect of the estimation
process (600) occurs when the processed reference picture (615) is fed back into the estimation
process (600) by way of a feedback loop (645). The reconstructed reference picture (610) will be
warped (635). Picture warping (635) will perform picture transformation according to estimated
motion parameters from blocks 620 and 625 as well as estimated interpolation filter parameters
and intensity compensation parameters from block 630. Subsequent to picture warping (635), the
denoising filter parameter estimation (640) will be achieved by comparing the warped reference
picture to the original source picture (605). The feedback loop (635) sends the processed
reference picture (615) back through the estimation process (620, 625, 630, 640) and picture
warping (635) in order to obtain more refined values for each of the parameters estimated by

blocks 620, 625, 630, and 640.

[0067] It should be noted that the original source picture (605) itself is not processed. The
original source picture (605) is only used in the encoder to derive the parameters needed to

generate the processed reference picture (615). From FIGURE 6, the parameters are the block-
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based motion parameters, motion model parameters, interpolation filter parameters, intensity
compensation parameters, and denoising filter parameters. Specifically, these parameters are
used to generate the processed reference picture (615) such that they closely match the original
source picture (605). Although the preceding discussion was made with reference to the
parameter estimation depicted FIGURE 6, the preceding discussion applies to parameter

estimation in RPUs in general.

[0068] With relation to the decoder side of the RPU, an embodiment of which is shown in
FIGURE 12, the original source picture (605), as shown in FIGURE 6, is not available to the
decoder. However, the parameter estimation shown in FIGURE 6 provides the values for the
parameters that are sent to the decoder in form of the RPU payload, as previously discussed. The
decoder parses (1205) the payload for information regarding the parameters (1210, 1215, 1220 in
FIGURE 12). The reconstructed reference picture (1225) at the decoder side is processed using
these estimated parameters (1210, 1215, 1220) to obtain the processed reference picture (1245).

[0069] Although not shown in FIGURE 6, the process can also consider motion parameters from
previously processed and encoded pictures or even previously processed regions within the same
picture, assuming in the latter case the signaling process occurs at the regional level. Motion
models of previously processed and encoded pictures can be used to initialize the motion
estimation process, but the motion models can also be used to generate new “hypothesis”
references by applying the motion estimation values to the current reference picture. The new
hypothesis references can then be used to perform subsequent motion estimation. A final motion
model can be combined with the original hypothesis motion model to create the final motion

model used for prediction of subsequent pictures.

[0070] In a different embodiment of the motion model estimation process (600) on the encoder
side, multiple final hypotheses are generated, from which one final hypothesis can be selected.
Selection of the final hypothesis can be made given some criteria concerning the original
hypothesis or another hypothesis that may have been generated using a different motion
estimation process. A different motion estimation process can, for instance, entail performing
motion estimation directly without using any predictors or using different predictors. The
hypothesis that best meets a given criteria is selected as the final hypothesis. In different systems,

multiple hypotheses may be selected, signaled, and used.
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[0071] With continued reference to FIGURE 6, consider a case when a single motion model is
used for the entire original source picture (605). After motion model parameters of the single
motion model are calculated, picture warping (635) will be applied to the reconstructed reference
picture (610) to obtain the processed reference picture (615) that will be used as a reference

picture for subsequent motion model estimation.

[0072] Consider an alternative case when the reconstructed reference picture (610) has multiple
regions with different motion models and/or parameters. The processed reference picture (1245)
can be generated after consideration of each of the reconstructed reference picture's (610) motion
models and parameters. To avoid discontinuities between neighboring regions, overlapping may
also be considered. Regions can be overlapping and some pixels of the processed reference

picture (1245) can be predicted using multiple motion models and motion model parameters.

[0073] As discussed earlier, overlapping portions of the regions may have different motion
model and/or motion model parameters applied to them. For instance, with reference to FIGURE
5, consider there is an overlap (510) portion between a bottom portion of a first region (500) and
a top portion of a second region (505). Also consider that the different motion models are applied
to the first and second regions (500, 505). A first set of predicted pixels for the overlap portion
(510) is obtained from the motion model parameters of the first region (500). A second set of
predicted pixels for the overlap portion (510) is obtained from the motion model parameters of
the second region (505). Predicted pixels of the processed reference picture (615) for the overlap
portion (510) can be generated by taking an average or a weighted average of the first set of

predicted pixels and the second set of predicted pixels.

[0074] The resulting pixels, as obtained from averages or weighted averages of predictions for
the overlapping regions, are referred to as the final pixels. Equivalently, these final pixels serve
as information that will be utilized in predicting subsequent pictures. The weights applied in the
weighted average can be signaled or automatically selected given a distance of each pixel from
the center of each partition. As an alternative, deblocking may also be applied across region

boundaries to avoid discontinuities, as discussed earlier.

[0075] Accurate motion model parameters can be estimated even for large motion fields. The

warping process (635) is different for different motion models, and different regions in the
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original picture (605) may have different motion models and/or motion model parameters.
Consequently, different coding efficiency exists between regions within a picture as well as
between the encoder side and the decoder side. At the same time, efficiency can be significantly

affected by accuracy of an interpolation filter used when applying the motion model parameters.

[0076] One way to improve coding efficiency is to use a simple interpolation filter, such as one
that utilizes bilinear or pixel replication methods. However, more complex interpolation filters
can also be used to improve coding efficiency. It may be desirable, apart from only signaling the
motion model, to also signal different interpolation methods (630) to be used for each partition,
as shown in FIGURE 6. Each interpolation filter used in the various partitions in the
reconstructed reference picture (610) can be designed to have different performance behavior.
Evaluation of each interpolation filter's performance is generally performed prior to selecting the

appropriate motion model for signaling and coding.

[0077] Selection of the motion model can be done through consideration of some objective or
even subjective criterion. The objective criterion can be based on rate-distortion and
computational complexity considerations. For instance, the motion model that is selected may be
one that minimizes a defined cost. More in particular, the defined cost sought to be minimized

may be the RD cost as defined in Equation (1).

[0078] In a particular embodiment that calculates RD costs by utilizing Lagrangian optimization,
a brute force selection method can be performed. The brute force selection method would
comprise evaluating and comparing all motion models. Evaluation of the motion models can
potentially include consideration of all interpolation methods supported by the motion model. In

the present example, the selected motion model will have the smallest RD cost.

[0079] However, the brute force selection method may be too slow. To speed up the motion
model selection process, a fast selection approach such as a pruning evaluation method can be
used. Specifically, for the pruning evaluation method, a supported group of a video coding
system can be divided into subgroups. Consider that the supported group comprises the six
motion models listed in Table 1. In a particular embodiment, five groups are defined, as given in
the second column of Table 1. Groups are generally determined based on complexity of the

motion models. For Table 1, the groups are grouped by the number of model parameters.
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Consequently, since the zoom motion model and the isotropic motion model each have four
model parameters, they form one subgroup. Each of the other motion models in Table 1 is its

own subgroup.

[0080] FIGURE 7 shows an exemplary fast motion model selection algorithm (700). The
selection algorithm (700) selects the motion model with the minimum RD cost. Evaluation of the
RD cost begins with group 0 (705). A Min_Cost parameter is set to a maximum value that the
video system can support. For example, if the system only supports 8-bit integers, the maximum
value is 255. In a second step (710), the RD cost of group 0 is evaluated. In a third step (715), the
RD cost of group 0 is compared with Min_Cost parameter. If the RD cost of group 0 is lower
than the Min_Cost parameter, then a fourth step (720) checks to see if there are any more groups
to evaluate. If more groups exist, a fifth step (725) places a next group, group 1 in this case, up
for evaluation. The second through fifth steps (710, 715, 720, 725) are repeated until either all
groups are evaluated or whenever the third step (715) determines that the current RD cost is not
less than the Min_Cost parameter. For each group’s evaluation, every motion model belonging to
that group is evaluated. For the motion model selection algorithm (700) shown in FIGURE 7, the

motion and/or processing model with minimal RD cost will be selected.

[0081] FIGURE 7 shows a fast motion model selection algorithm based on minimum RD cost.
As discussed earlier, other coding criteria such as rate-distortion-complexity cost and bit
overhead for motion model parameter signaling may also be used for selecting a motion and/or

processing model.

[0082] Additional embodiments of the fast motion model selection algorithm (700) can consider
previous reference pictures and neighboring spatial and/or temporal regions. Additionally,
consideration of which motion models have already been considered for any particular region

can also speed up the selection process (700) even further.

[0083] As an example, consider a neighboring region has selected model 0 and has similar
motion parameters as a current region for the model. In this case, model 0 is likely to be an
appropriate model for the current region. Consequently, model O can be selected immediately.
Alternatively, evaluation can be restricted to those other motion models that are considered

similar motion models. For instance, if the zoom model (group index 1 in Table 1) is the most
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likely motion model to use for the neighboring regions, then the isotropic model (also group

index 1 in Table 1) would be considered a similar motion model.

[0084] Additionally, block-based motion parameters across neighboring regions can be
compared. Such comparisons are used to determine degree of similarity between the regions,

which yields information that can be used to speed up the selection process (700) even further.

[0085] In an additional embodiment, if all motion models in the different regions have the same
or very similar motion model parameters, determination of the final motion model can be done
immediately without any further refinements. Other methods, such as thresholding methods, can
also be considered. Thresholding methods can consider, for instance, prediction distortion of a
certain motion model and prediction distortion between neighboring regions. When differences
in motion model parameters are small, similarity can be determined between multiple
neighboring regions. Thresholding methods generally compute sum of absolute differences

(SAD) or sum of square differences between the various motion model parameters.

[0086] Generally, motion model parameters can take any precision, including floating point
precision. However, for purposes of coding, conversion of the derived motion model parameters
to integer precision should be performed. In particular, an exemplary conversion from floating
point precision to integer precision of any particular motion model parameter is given by

Equation (8), as follows:

B, = Floor(Py,, *s+r) ()

oat

where P, is the motion model

int

is the motion model parameter taking integer precision and P,

parameter taking floating point precision, s is a scaling factor that is known by the decoder, and r
is a rounding offset. The Floor(x) operation selects the greatest integer less than or equal to x.

The value of the scaling factor s may be different for the different motion model parameters.

[0087] The motion model parameters can be categorized into three groups, as listed in Table 3

below:

Table 3. Motion model parameter categorization

Motion | Number of | 0%-order 1%-order 2" _order
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Model | model parameters | parameters | parameters
Index parameters

0 2 B, R None None
1 4 hy, hy I/ None
2 4 B, R h', h None
B, R h, h, None
3 6 ’
b, hy
A ) hy, hy h by, hy
b, hy
hy, hy he, ke, B bR
5 12 .
h', h hi, h', h

Generally, higher order parameters require higher precision for accurate representation.

Additionally, higher precision yields larger values for the scaling factor s.

[0088] Given that many partitions can have similar motion models, certain prediction methods
can be utilized to provide additional compression benefits. For example, if multiple regions use
the same motion model, a single motion model can be signaled from a higher level, outside the
partitions, such that signaling within the partitions of this single motion model can be used

instead of having to signal the same single model multiple times within the RPU.

[0089] The prediction process can be considered for the case of multiple motion models as well.
In particular, a predictor derivation method that considers multiple motion models is listed in
Table 4. For this method, prediction can use information from a single set of global motion

model parameters or else signal all motion parameters without use of prediction information.

Table 4. Global motion model prediction if global motion model exists

Predictor index | Predictor

0 None

1 Default motion (zero motion)
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[0090] On the other hand, simpler prediction methods can be considered by utilizing some or all
neighboring partitions. The prediction method can, for example, use a median approach, such as
the median approach used in MPEG-4 AVC, to derive the motion model parameters used for
prediction. Alternatively, the prediction method can consider only neighboring partitions that

utilize the same motion models. If different models are combined, then conversion of different

PCT/US2011/044755

motion models to the currently considered motion model is generally performed before

considering use of its motion vectors for prediction.

[0091] In an alternative embodiment, a more comprehensive approach that enables signaling of a

predictor position, instead of the predictor position being implied or derived from neighboring

partitions, can be used. Such a method is shown below in Table 5 and Table 6.

Table 5. Motion model prediction of partitions if global motion model exists

Predictor index | Predictor

0 None

1 Global motion

2 Left partition

3 Top partition

4 Top left partition

5 Top right partition

Others Partition_Idx = Current_Partition_Idx — (predictor_index - 5)

Table 6. Motion model prediction of partitions if global motion model does not exist

Predictor index | Predictor

0 None

1 Left partition

2 Top partition

3 Top left partition
4 Top right partition
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Others Partition_Idx = Current_Partition_Idx — (predictor_index - 4)

[0092] Table 5 assumes the presence of a single global motion model. However, motion model
prediction of partitions can be extended to support multiple global motion models signaled prior

to signaling the partitions.

[0093] Alternatively, Table 6 considers motion model prediction of partitions without any global
motion model parameters. A combination of implied and explicitly specified methods can also be
used. Implied methods for any particular partition could be based, for instance, on a prediction
process based on information from neighboring partitions. For instance, if the neighboring
partitions of the particular partition all use the affine motion model and all have the same
parameters, then the likelihood of the particular partition also using the same motion model and
the same parameters are high. Consequently, in this simplified example, the particular partition
would very likely use the affine motion model and the same parameters as those of the

neighboring partitions.

[0094] Furthermore, prediction results can imply that the entire motion vector is predicted
correctly without signaling any additional refinement information. This occurs, for instance,
when cost criteria of a motion estimation process are met. Even in such a case, additional
refinement information may optionally be signaled. This refinement information can be added
onto the predicted motion model similar to the process defined in Equation (9) as shown below.
Note that prediction can also significantly affect decoding parallelization of each RPU region

and may have to be considered in the design of a system using such techniques.
M., = Scale _ Down(Scale _Up(P,)+7.,) &)

is the decoded motion model parameters, vector P,

int

where vector M.

mt

is the predicted motion
model parameters, and 7%, vector is the encoded residuals. All of the parameters are generally of

fixed point precision. The Scale_Down and Scale_Up functions are the scaling functions used in

the conversion.

[0095] Consider the scaling factor s, as shown in Equation (8). Three possible signaling methods

of the scaling factor are discussed. The scaling factor may be implied and fixed for the entire
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coding process; in other words, the scaling factor can be signaled for all partitions. The scaling
factor can be signaled (or not signaled) based on information from neighboring partitions. As a
first example, if the scaling factor is determined to be the same for all partitions, the scaling
factor need only be signaled once. Alternatively, difference between scaling factors of the
particular partition and those of the neighboring partitions may be signaled. The scaling factor
can also be signaled depending on a flag specified for each region. For instance, if a flag is set to
1, then the scaling factor is signaled. Otherwise, the scaling factor is not signaled and the decoder

will use the default value.

C. Interpolation Filtering

[0096] Following motion warping, various interpolation filters may be used to obtain a pixel
value at fractional positions. Interpolation filtering method used to obtain pixel values at
fractional positions can be indicated as part of signaling of the motion model parameters. By way
of example and not of limitation, any of the six interpolation filters specified in Table 7, shown

below, can be used to obtain the pixel value at fractional positions.

Table 7. Interpolation filter

Index | Filter Number of filter
tabs

0 Bilinear 2

1 Lanczos-2 4

2 Bicubic 4

3 Mitchell-Netravali | 4

4 Lanczos-3 6

5 Explicit filter 4 or6

[0097] In the case of an explicit filter (filter index 5 in Table 7), filter coefficients may need to
be sent as part of a bitstream to the decoder. Similar to the signaling of the motion model
parameters, the filter coefficients can also be predicted. For instance, prediction of filter

coefficients can be achieved through a signaling process or through previously coded partitions
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regardless of whether the motion models of the previously coded partitions and the current

partition are similar or different.

[0098] All the other filters Table 7 (filter index 0-4) are fixed filters, also called implicit filters.
For fixed filters, the filter coefficients are pre-determined and thus only the filter index needs to
be signaled to the decoder. The decoder would then be able to determine the coefficients by, for
instance, using a look-up table. With fixed filters, if coefficient quantization does not occur, then
the fixed filters coefficients may be of floating point precision. Use of floating point precision

requires corresponding use of floating point precision processing.

[0099] Alternatively, in another embodiment of the interpolation filter, the filter coefficients can
be quantized to have fixed-point precision. Fixed-point precision generally reduces
implementation complexity. Additionally, fixed-point precision eliminates possibility of drift.
Drift is an effect of getting different results from using different platforms (such as different
operating systems). Drift may be due to use of different precision floating number
representations (for example, numbers with different mantissa and exponent size) and arithmetic

on different platforms.

[00100] In yet another embodiment, filter coefficients can be quantized such that 16-bit
arithmetic can be used. For example, the filter coefficients can be quantized for each filter (filter
index 1-4) as shown in Table 8 through Table 11 as follows. Note that the bilinear filter
coefficients (filter index 0) do not need to be quantized beforehand, since the bilinear filter
coefficients can be easily calculated with fixed-point precision on the fly. The filters as shown in
Table 8 through Table 11 allow use of 16-bit arithmetic for 8-bit input video signals. The
quantized filter coefficients can only perform interpolation up to 1/32 pixel precision. However,
when the motion warping process performed by the interpolation filter uses pixel precision
higher than 1/32, a second-stage bilinear filter or any other filter may be used to obtain a value at

a higher pixel precision.
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Table 8. Interpolation filter coefficients for Lanczos-2 filter (filter index 1) with 1/32-pixel

precision

Position index Coeff 0 Coeff 1 Coeff 2 Coeff 3
0 0 64 0 0
1 -1 64 1 0
2 -2 63 3 0
3 -3 63 4 0
4 -4 62 6 0
5 -4 61 8 -1
6 -5 60 10 -1
7 -5 58 12 -1
8 -6 56 15 -1
9 -6 54 17 -1
10 -6 52 20 -2
11 -5 49 22 2
12 -5 47 25 -3
13 -5 44 28 -3
14 -5 42 31 -4
15 -4 39 33 -4
16 -4 36 36 -4
17 -4 33 39 -4
18 -4 31 42 -5
19 -3 28 44 -5
20 -3 25 47 -5
21 2 22 49 -5
22 2 20 52 -6
23 -1 17 54 -6
24 -1 15 56 -6
25 -1 12 58 -5
26 -1 10 60 -5
27 -1 8 61 -4
28 0 6 62 -4
29 0 4 63 -3
30 0 3 63 -2
31 0 1 64 -1
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Table 9. Interpolation filter coefficients for bicubic filter (filter index 2) with 1/32-pixel precision

Position index | Coeff 0 Coeff 1 Coeff 2 Coeff 3
0 0 64 0 0
1 -1 64 1 0
2 2 63 3 0
3 -2 62 4 0
4 -3 61 6 0
5 -3 60 8 -1
6 -4 59 10 -1
7 -4 57 12 -1
8 -5 56 15 2
9 -5 54 17 -2
10 -5 51 20 2
11 -5 49 22 2
12 -5 47 25 -3
13 -5 44 28 -3
14 -4 41 30 -3
15 -4 39 33 -4
16 -4 36 36 -4
17 -4 33 39 -4
18 -3 30 41 -4
19 -3 28 44 -5
20 -3 25 47 -5
21 2 22 49 -5
22 2 20 51 -5
23 2 17 54 -5
24 2 15 56 -5
25 -1 12 57 -4
26 -1 10 59 -4
27 -1 8 60 -3
28 0 6 61 -3
29 0 4 62 2
30 0 3 63 -2
31 0 1 64 -1
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Table 10. Interpolation filter coefficients for Mitchell-Netravali filter (filter index 3) with 1/32-
pixel precision

Position index Coeff 0 Coeff 1 Coeff 2 Coeff 3
0 4 56 4 0
1 3 56 5 0
2 2 56 6 0
3 1 56 7 0
4 0 55 9 0
5 0 54 10 0
6 -1 53 13 -1
7 -1 52 14 -1
8 -2 50 17 -1
9 -2 48 19 -1
10 2 47 20 -1
11 2 45 23 2
12 2 43 25 2
13 2 41 27 -2
14 2 38 30 -2
15 -2 36 32 2
16 2 34 34 2
17 2 32 36 -2
18 -2 30 38 -2
19 2 27 41 -2
20 2 25 43 2
21 2 23 45 2
22 -1 20 47 2
23 -1 19 48 2
24 -1 17 50 -2
25 -1 14 52 -1
26 -1 13 53 -1
27 0 10 54 0
28 0 9 55 0
29 0 7 56 1
30 0 6 56 2
31 0 5 56 3
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Table 11. Interpolation filter coefficients for Lanczos-3 filter (filter index 4) with 1/32
pixel precision

Position index | Coeff 0 | Coeff_1 | Coeff 2 | Coeff 3 | Coeff_ 4 | Coeff 5
0 0 0 64 0 0 0
1 0 -2 64 2 0 0
2 1 -3 63 4 -1 0
3 1 -4 63 5 -1 0
4 1 -5 62 8 -2 0
5 2 -6 61 10 -3 0
6 2 -7 60 12 -3 0
7 2 -8 59 15 -4 0
8 2 -9 57 17 -4 1
9 2 -9 55 20 -5 1
10 2 -9 53 23 -6 1
11 2 -9 51 25 -6 1
12 2 -9 49 28 -7 1
13 2 -9 46 31 -7 1
14 2 -9 44 34 -8 1
15 2 -9 42 36 -8 1
16 2 -9 39 39 -9 2
17 1 -8 36 42 -9 2
18 1 -8 34 44 -9 2
19 1 -7 31 46 -9 2
20 1 -7 28 49 -9 2
21 1 -6 25 51 -9 2
22 1 -6 23 53 -9 2
23 1 -5 20 55 -9 2
24 1 -6 17 57 -9 2
25 0 -4 15 59 -8 2
26 0 -3 12 60 -7 2
27 0 -3 10 61 -6 2
28 0 -2 8 62 -5 1
29 0 -1 5 63 -4 1
30 0 -1 4 63 -3 1
31 0 0 2 64 -2 0
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[0100] Note that interpolation filters may consider non-linear interpolation mechanisms. Non-
linear interpolation may be achieved through techniques such as wavelet or bandlet based

interpolation, motion-compensated temporal filtering (MCTF) based interpolation, and so forth.

[0101] Different interpolation filters and/or interpolation mechanisms can be used for chroma
samples and luma samples. Luma samples contain information concerning brightness of a
picture; in other words, luma samples deal with achromatic information of the picture. In

contrast, chroma samples contain color information of the picture.

[0102] Interpolation filters are generally selected based on a particular criterion or multiple
criteria. Such criteria may include requirements on distortion, rate-distortion, distortion-

complexity, joint rate-distortion-complexity, and so forth, as discussed earlier.

[0103] FIGURE 8 shows an exemplary joint interpolation filter selection and intensity
compensation estimation process (800). This exemplary selection process (800) estimates
intensity information and selects an interpolation filter, from a filter pool, with the lowest RD
cost. A first step (805) comprises choosing a current interpolation filter from the filter pool. A
second step (810) comprises warping a reference picture with the interpolation filter of the first
step (805). A third step (815) comprises intensity compensation estimation for use in calculation
of the RD cost. A fourth step (820) comprises calculating the RD cost. A fifth step (825)
comprises comparing the RD cost of the current filter with the minimum RD cost of all the
interpolation filters evaluated thus far. If the current filter has a lower RD cost than the current
minimum RD cost, the minimum RD cost is set to the RD cost of the current filter. A sixth step
(830) comprises determining whether all interpolation filters from the filter pool have been
evaluated. If not, the second step (810) through the sixth step (830) are repeated for a next
interpolation filter. Once all the interpolation filters have been evaluated, the interpolation filter

with the lowest RD cost is selected.

[0104] As was the case for the fast motion model selection algorithm (700) shown in FIGURE 7,
the interpolation filter selection algorithm (800) shown in FIGURE 8 also utilizes RD cost as its
criterion. The criterion of utilizing RD cost is only used as an example and a person of ordinary

skill in the art knows that other pre-defined coding criteria may be used as well. Such criteria
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include rate-distortion-complexity cost and bit overhead for motion model parameter signaling

may also be used for selecting a motion model.

[0105] For filters with filter index 0-4, as categorized in Table 7, filter coefficients are
predefined and thus only a filter index needs to be signaled to the decoder. For the explicit filter
(filter index 5), filter coefficients need to be estimated. For example, the filter coefficients of the
explicit filter may be estimated based on motion model parameters by using a least square
estimator. These filter coefficients are then signaled to the decoder. Other methods can also be
used to speed up the filter selection process. For instance, FIGURE 8, as just discussed,
interpolation filter selection and intensity compensation estimation was performed within the
same process. Alternatively, interpolation filter selection and intensity compensation estimation
could be performed in separate processes. Additionally, iteration between the selection process

of FIGURE 8 and motion model parameter estimation process may also be implemented.

[0106] Consider an embodiment of fixed filter signaling. Specifically, consider a first fixed filter
that performs interpolation up to a first pixel precision level and a second fixed filter that
performs interpolation for remaining pixel precision levels higher than the first pixel precision
level. A first pixel index corresponding to the first fixed filter can be signaled for all pixel
precision levels up to the first pixel precision level. A second pixel index corresponding to the
second fixed filter can be signaled for the remaining pixel precision levels higher than the first

pixel precision level.

[0107] Some methods can consider neighboring partitions, either neighboring spatial partitions
or neighboring temporal partitions. As an example, the encoder can test a particular interpolation
filter at the global level and multiple interpolation filters at the region level. The encoder can
then select whether to utilize the global or region level interpolation filtering based on predefined
criteria such as rate-distortion cost or rate-distortion-complexity cost. Additionally, some
methods can include early termination, where a particular method can, for instance, include
consideration of a “complexity” budget. The complexity budget may be defined by the encoder,
where the encoder could simplify or end an optimization process that becomes overly complex.

The encoder may also consider decoding complexity when performing an optimization process.

-32 -



10

15

20

25

WO 2012/012582 PCT/US2011/044755

[0108] Additionally, explicit filters may or may not yield better performance because of
additional overhead for filter coefficient signaling. Generally, the encoder generates a decision
on whether to use explicit or fixed filters based on a selection process, such as that given in

FIGURE 8.

C.1 Explicit filter signaling

[0109] When explicit interpolation filters (filter index 5 in Table 7) are used, filter coefficient
signaling may incur high bit overhead. For this reason, certain types of pixel symmetry and
coefficient symmetry are commonly used to reduce number of unique filter coefficients that need

to be signaled.

[0110] An exemplary reference that deals with using pixel and coefficient symmetry to reduce
number of unique filter coefficients is US Provisional Application No. 61/295,034, entitled
“Buffered Adaptive Filters”, filed on January 14, 2010. This reference is incorporated herein by

reference in its entirety.

[0111] FIGURE 9 shows a first example of pixel symmetry. In particular, FIGURE 9 utilizes 1/4
pixel precision and thus shows fifteen fractional pixel positions, labeled pixels "A" through "O",
and a full-pixel position, labeled "INT". In FIGURE 9, assume that fractional pixel positions that
share a same shaded pattern will also share a same set of filter coefficients; however, their
interpolation filters are transposed and/or flipped versions of each other. Therefore, using pixel
symmetry as shown in FIGURE 9, interpolation filters for only five out of the fifteen pixel
positions need to be signaled. In particular, fractional pixels "A", "C", "D", and "L" share a first
set of filter coefficients, "B" and "H" share a second set of filter coefficients, "E", "G", "M", and
"O" share a third set of filter coefficients, and "J" has a fourth set of filter coefficients.
Consequently, by using pixel symmetry, the number of filter coefficients is reduced and thus the

bit overhead for filter coefficient signaling is reduced.

[0112] FIGURE 10 shows a second example of pixel symmetry. Only horizontal interpolation
filters for the fractional positions "A" and "B" and vertical interpolation filters for the fractional
positions "D" and "H" are signaled. Fractional positions "C" and "L." share the same set of filter
coefficients as fractional positions "A" and "D", respectively. Each of 2D pixel positions (namely
"E", "B, hGU, T T, UK, "M, "N, and "O") s interpolated using a horizontal interpolation
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filter first and then filtering vertical interpolation filter (or vice versa) To further reduce bit
overhead for filter coefficient signaling, the horizontal interpolation filters and the vertical
interpolation filters may be forced to share the same set of filter coefficients such that "A", "C",
"D", and "L" share one set of filter coefficients, and "B" and "H" share another set of filter

coefficients).

[0113] More specifically, consider the pixel symmetry for fractional positions "A", "C", and "D".
By exploiting pixel symmetry, fractional positions "A" and "C" may share the same set of filter
coefficients, but their filters are transposed versions of each other (a rotation of 180°). Fractional
positions "A" and "D" also share the same coefficients, but the filter for "A" is applied
horizontally and that for "D" is applied vertically and thus the filter of "D" exhibits a 90° relative
to the filter of "A". Although the interpolation filters themselves are not identical between any of
the fractional positions "A", "C", and "D", signaling of the filter coefficients of any of these
fractional positions is sufficient because the interpolation filter of any one of these fractional
positions can be used to derive the interpolation filters of the other two. Consequently, bit
overhead savings result from the use of pixel symmetry. The other symmetries previously listed

may also be utilized to achieve bit overhead savings.

[0114] FIGURE 9 and FIGURE 10 are simply two examples of pixel symmetry. Other types of
pixel symmetry may also be used to reduce filter coefficient signaling overhead. The encoder
may choose an optimal pixel symmetry and signal the pixel symmetry, as part of the RPU
payload, to the decoder. In addition to pixel symmetry of a reference picture, other symmetries,
such as coefficient symmetry may also be imposed to further reduce filter signaling overhead.

For example, the interpolation filters for pixel position "B" and "H" may be symmetric filters.

[0115] During a motion warping process performed by the interpolation filter, higher fractional
pixel precision is generally used. Higher fractional pixel precision leads to better quality for the
warped reference picture. However, higher fractional pixel precision also leads to a larger
number of filters that require signaling, resulting in high bit overhead. Even when a certain type
of pixel symmetry is enforced, bit overhead can still increase substantially as pixel precision

increases.
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[0116] Consider a first example using the pixel symmetry in FIGURE 9, wherein 1/4 pixel

precision is used and five interpolation filters need to be signaled, as previously discussed
Consider instead that 1/2™ pixel precision is used instead of 1/4 pixel precision. The number of
interpolation filters that need to be signaled will be (2"7> +1)(2"™" +1)—1 , which means that

152 filters need to be signaled if 1/32 pixel precision (m = 5) is used.

[0117] Consider a second example using the pixel symmetry in FIGURE 10, wherein 1/4 pixel

precision is used and four interpolation filters need to be signaled, as previously discussed.
Consider instead that 1/2™ pixel precision is used. The number of interpolation filters that need
to be signaled will be 2™ if horizontal and vertical interpolation filters are allowed to be
different, and 2™ if horizontal and vertical interpolation filters are forced to be the same. To
address the problem of having to signal too many filters, explicit filters may be signaled up to
only a certain precision 1/2", n<m, where m is a parameter chosen by the encoder based on
criteria such as rate distortion cost. For any precision higher than 1/2", fixed interpolation filters

(filters of index 0 through 4 in Table 7) may be used.

[0118] For example, FIGURE 11 describes an embodiment of explicit filter signaling (1100).
The process in FIGURE 11 starts from the lowest interpolation precision (1105), which is
generally 1/2 pixel precision. After all explicit filters have been signaled for the current precision
(1110), the process determines if all precisions have been signaled (1115). If the decision of
block 1115 is yes, then no further interpolation filters need to be signaled. Otherwise, if the
decision of 1115 is no, then a one-bit flag, shown as “stop_flag” in FIGURE 11, is signaled
(1120) to indicate if further signaling of explicit filters will follow. If the value of *“stop_flag” is
1 (1125), then no more explicit filters will be signaled. Otherwise, if the value of “stop_flag” is 0
(1125), then the current pixel precision is incremented (1130), and further signaling of explicit

interpolation filters continues (blocks 1110, 1115, 1120, and 1125 are repeated).

[0119] After all explicit filters have been signaled, the process determines if explicit filters for
all precision levels have been signaled (1135). If the decision of block 1135 is yes, then no
further signaling is needed. Otherwise, if the decision of block 1135 is no, then the process will
signal one fixed filter index for all remaining precision levels (block 1140); the corresponding

interpolation filters for all these remaining precision levels may be inferred from this filter index.
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Finally, the type of pixel symmetry used (previous signaled, not shown in FIGURE 11) may be

applied to obtain interpolation filters for all pixel positions at all precision levels (1145).

D. Intensity Compensation

[0120] Although the motion models presented in Table 1 can provide accurate information about
motion that may be present within a region with the reference picture, motion models generally
do not provide much information about intensity changes, in particular brightness and contrast
changes, that may be present within a scene. Therefore, combining motion model parameters
with an additional intensity compensation model can provide further improvements in coding
efficiency within a multi-view, scalable, or 2D codec system. Intensity compensation requires
derivation of a set of intensity compensation parameters prior to signaling of the intensity
compensation parameters. The intensity compensation parameters can be derived through a
variety of methods such as histogram matching, least square estimation, DC subtraction, and
ratio consideration. Different intensity compensation parameters can be derived from luma and
chroma components. Alternatively, derivation of the intensity compensation parameters can be
based on one component whereas the others can be derived through simple projection methods.
For instance, some intensity compensation parameters can be derived based on luma components
only. The remaining intensity compensation parameters, namely those generally obtained from
chroma components, can be estimated using information from the parameters derived from the

luma components.

[0121] Intensity compensation applied to the reference picture can be represented using a variety
of methods, including non-linear methods such as those used in high dynamic range applications.
In a certain embodiment, intensity compensation can use, for simplicity, a linear format as shown

in Equation (10) below:

I =w*I+o0 (10)

where I'is a final pixel after intensity compensation, / is an original pixel before intensity
compensation, w is a parameter indicating a weight of the intensity compensation, and o is an

offset of the intensity compensation.

[0122] Parameters w and o are generally quantized prior to use in coding. The final pixel /' may

also need to be constrained according to a required precision of the pixel value. Intensity
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parameters are commonly represented in integer form or fixed-point form to simplify the
encoding process and the computation process. Consequently, scaling factors w and o may be
converted from floating point precision to integer precision or fixed point precision. Such

conversions were defined previously in Equation (8).

[0123] Intensity compensation parameter estimation can be based on original pictures, without
any motion consideration, as well as motion aligned/compensated pictures. The intensity
compensation parameter estimation can be improved if based on motion

alignment/compensation.

[0124] Additionally, iterative methods can be utilized for intensity compensation parameter
estimation. An exemplary iterative method is given as follows. After deriving preliminary
motion model parameters, initial intensity compensation parameters can be derived from the
preliminary motion model parameters. Given these initial intensity compensation parameters, the
preliminary motion model parameters can be refined. In other words, by utilizing the intensity
parameters, all motion model parameters can be re-estimated, thus yielding a second set of
motion model parameters. Using the second motion model parameters, a second refinement of
the intensity compensation parameters can follow. The iterative process can be repeated until
negligible changes in the motion model parameters and the intensity parameters are observed.
Alternatively, the iterative process can be repeated until performance of the intensity
compensation is sufficient for a particular application. As another alternative, the iterative

process can be repeated for a predefined number of iterations.

[0125] Detection of fades and cross-fades can also be considered to speed up the iterative
process. For instance, a simplified method could be used such that if no fade or cross-fade is
detected in the reference picture, then detection of intensity parameters can be skipped
altogether. On the other hand, if a fade or a cross-fade is detected, then the encoder can
additionally perform an estimation of illumination parameters and signal them to the decoder in

the case that the estimation is beneficial to the encoding process.

[0126] As mentioned earlier, intensity parameters can be optional within an RPU. Signaling of
intensity parameters can be based on a flag used to signal each region. Alternatively, signaling of

intensity parameters can also be based on whether any or all neighboring partitions also signal
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intensity parameters. In other words, the neighboring partitions can be utilized in a neighborhood
based prediction process. The neighborhood based prediction process can, for example, use a
majority vote where the intensity parameters in neighboring partitions would be used to
determine whether these same intensity parameters are signaled for a particular region. That is, if
all or most neighboring partitions use the same intensity parameters, then those same intensity
parameters are used for prediction. Coding of the intensity parameters can also be based on the
values of intensity parameters of neighboring parameters. Coding can also consider global
prediction methods, similar to the case of the motion prediction models discussed earlier.
Different flags can also be signaled for the offset o and the weight w or for different color

components, as suggested earlier.

[0127] In a case where no intensity parameters are signaled in the bitstream, a default set of
intensity parameters is used. For generating new reference pictures at both the encoder and the

decoder, the intensity compensation can be performed according to equation (11), shown below:

I = Floor(((w,

nt

FDES, 0 s, +1)/(5,75,)) (11)

where r is a rounding offset, w,, and o,, are intensity parameters (in particular, weight and
offset parameters, respectively) with integer precision as decoded from the bitstream, and s, and
s, are scaling factors for the weight and offset parameters, respectively. Equation (11) is
equivalent to Equation (10) except that Equation (11) applies scaling factors s, and s, to the

illumination parameters.

E. Denoising filter

[0128] As a last step for an exemplary embodiment of reference processing, a denoising filter,
also commonly referred to as an artifact reducing filter, may be applied to the motion
compensated image to further improve quality of the processed reference picture. The denoising
filter may be used to further reduce noise and artifacts introduced during coding and/or warping
processes as well as noise and artifacts that may have been present in the original source. By
further reducing noise and artifacts, the denoising filter further improves quality of the reference

picture and thus improves the reference picture's functioning as a prediction signal.
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[0129] In many embodiments, the denoising filter may be obtained using a least square
estimator, or any other optimization process, at the encoder side. The resulting denoising filter

may be signaled to the decoder using appropriate syntax within the RPU.

[0130] As mentioned earlier, FIGURE 12 depicts a block diagram of the decoder side. In
particular, FIGURE 12 shows various components inside the RPU on the decoder side. When the
denoising filter is used inside the RPU, the encoder may jointly optimize the denoising filter
together with the other components such as motion model and corresponding motion model
parameters, interpolation filter, intensity compensation, and so forth in the RPU. In other words,
the encoder may consider denoising filter optimization inside the selection loop shown in

FIGURE 8.

[0131] The methods and systems described in the present disclosure may be implemented in
hardware, software, firmware or combination thereof. Features described as blocks, modules or
components may be implemented together (e.g., in a logic device such as an integrated logic
device) or separately (e.g., as separate connected logic devices). The software portion of the
methods of the present disclosure may comprise a computer-readable medium which comprises
instructions that, when executed, perform, at least in part, the described methods. The computer-
readable medium may comprise, for example, a random access memory (RAM) and/or a read-
only memory (ROM). The instructions may be executed by a processor (e.g., a digital signal
processor (DSP), an application specific integrated circuit (ASIC), or a field programmable logic
array (FPGA)).
[0132] Thus, an embodiment of the present invention may relate to one or more of the example
embodiments described below.
[0133] Accordingly, the invention may be embodied in any of the forms described herein,
including, but not limited to the following Enumerated Example Embodiments (EEEs) which
described structure, features, and functionality of some portions of the present invention:
EEE1. A method for processing a reference picture, comprising:

1) performing motion estimation on an original picture to be encoded, based on a
reconstructed reference picture, and a processed reference picture estimate;

ii) further processing the motion estimated picture to obtain a further processed

reference picture estimate; and
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iterating the motion estimation and the further processing to provide a processed
reference picture.

EEE2. The method of enumerated example embodiment 1, wherein the further processing
comprises further motion estimation to obtain motion model parameters and estimating at least
one of interpolation filter parameters, intensity compensation parameters, and denoising filter
parameters, and applying the motion model parameters and the at least one of interpolation filter
parameters, intensity compensation parameters, and denoising filter parameters to the
reconstructed reference picture.

EEE3. An iterative method for estimating motion parameters of a reconstructed reference picture
or a region of the reconstructed reference picture of a reference picture buffer when performing
reference picture processing in a single-layered or multi-layered video coding system, the
method comprising:

1) performing motion estimation based on an original picture to be encoded and the
reconstructed reference picture or a region of the reconstructed reference picture of the reference
picture buffer;

i1) performing a further motion estimation to provide motion model parameters; and

1i1) performing warping according to the motion model parameters to obtain a warped
picture; and

iterating i) - iii), wherein the motion estimation of 1) in subsequent iterations is based on
the original picture to be encoded, the reconstructed reference picture or a region of the

reconstructed reference picture of the reference picture buffer, and the warped picture.

EEE4. An iterative method for estimating motion parameters of a reconstructed reference picture
or a region of the reconstructed reference picture of a reference picture buffer when performing
reference picture processing in a single-layered or multi-layered video coding system, the
method comprising:

1) performing motion estimation based on an original picture to be encoded and the
reconstructed reference picture or a region of the reconstructed reference picture of the reference
picture buffer;

i1) performing a further motion estimation to provide motion model parameters;

1i1) processing the motion model parameters to provide at least one of interpolation

filter parameters and intensity compensation parameters;
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iv) performing warping according to the motion model parameters and the at least
one of interpolation filter parameters and intensity compensation parameters to obtain a warped
picture; and

iterating i) - iv), wherein the motion estimation of i) in subsequent iterations is based on
the original picture to be encoded, the reconstructed reference picture or a region of the

reconstructed reference picture of the reference picture buffer, and the warped picture.

EEES. The method of enumerated example embodiment 3, further comprising, before iteration,
iv) filtering the warped picture to obtain a processed reference picture,

wherein said iterating also iterates iv), thus iterating i)-iv), wherein the motion estimation of 1) in

subsequent iterations is based on the original picture to be encoded, the reconstructed reference

picture or a region of the reconstructed reference picture of the reference picture buffer, and the

processed reference picture.

EEE6. The method of enumerated example embodiment 4, further comprising, before iteration,
V) filtering the warped picture to obtain the processed reference picture,

wherein said iterating also iterates iv) and v), thus iterating 1)-v), wherein the motion estimation

of 1) in subsequent iterations is based on the original picture to be encoded, the reconstructed

reference picture or a region of the reconstructed reference picture of the reference picture

buffer, and the processed reference picture.

EEE7. The method of any one of enumerated example embodiments 1-6, inclusive, wherein the

reconstructed reference picture is an original reference picture of the reference picture buffer that

has not been processed.

EEES. The method of any one of enumerated example embodiments 1-6, inclusive, wherein the

reconstructed reference picture is a previously processed reference picture.

EEE9. The method of any one of enumerated example embodiments 1-6, inclusive, wherein the

previously processed reference picture has been processed by applying at least one of alternative

motion model parameters, alternative interpolation filter parameters, alternative intensity

compensation parameters, and alternative denoising filter parameters.

EEE10. The method of enumerated example embodiment 9, wherein the at least one of

alternative motion model parameters, alternative interpolation filter parameters, alternative

intensity compensation parameters, and alternative denoising filter parameters is estimated from

a previous original picture to be encoded.
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EEE11. The method of enumerated example embodiment 9, wherein the at least one of
alternative motion model parameters, alternative interpolation filter parameters, alternative
intensity compensation parameters, and alternative denoising filter parameters is estimated from
a previous original picture to be encoded and the previously processed reference picture.
EEE12. The method of any one of enumerated example embodiments 1-2 or 5-11, inclusive,
wherein the processed reference picture is used as a reference for subsequent motion estimation
in the iteration.

EEE13. The method of any one of enumerated example embodiments 1-12, inclusive, wherein
the motion estimation comprises a block-based motion estimation.

EEE14. The method of any one of enumerated example embodiments 1-12, inclusive, wherein
the motion estimation comprises a frequency correlation method or a phase correlation method.
EEE1S5. The method of any one of enumerated example embodiments 1-12, inclusive, wherein
the motion estimation comprises a pixel-level motion estimation method.

EEE16. The method of any one of enumerated example embodiments 2-15, inclusive, wherein
the further motion estimation is a gradient descent estimation method.

EEE17. The method of enumerated example embodiment 16, wherein the gradient descent
estimation method utilizes a fitting method selected from the group consisting of a Newton-
Raphson iterative method, Levenberg-Marquadet iterative method, and a least square estimator.
EEE18. The method of any one of enumerated example embodiments 2-17, inclusive, wherein
the further motion estimation utilizes a single motion model.

EEE19. The method of any one of enumerated example embodiments 2-17, inclusive, wherein
the further motion estimation utilizes a plurality of motion models.

EEE20. The method of enumerated example embodiment 18 or 19, inclusive, wherein the single
motion model or plurality of motion models is selected from the group consisting of
translational, zoom, rotation, isotropic, affine, perspective, and polynomial motion models.
EEE21. The method of any one of enumerated example embodiments 2-20, inclusive, wherein
the motion model parameters are from previously encoded or processed pictures.

EEE22. The method of any one of enumerated example embodiments 2-20, inclusive, wherein
the motion model parameters are from previously processed regions of the same picture.
EEE23. The method of any one of enumerated example embodiments 2-22, inclusive, wherein

the reconstructed reference picture is divided into a plurality of overlapping regions.
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EEE24. The method of any one of enumerated example embodiments 2-22, inclusive, wherein
the reconstructed reference picture is divided into a plurality of non-overlapping regions.
EEE25. The method of any one of enumerated example embodiments 16-24, wherein the
processing of the motion model parameters through interpolation filter selection and intensity
compensation estimation is also based on the original picture to be encoded and the reconstructed
reference picture.

EEE26. The method of any of enumerated example embodiments 5-25, inclusive, wherein said
filtering comprises denoising filtering.

EEE27. The method of any of enumerated example embodiments 5-26, inclusive, wherein the
warping is performed based on the reconstructed reference picture.

EEE28. The method of enumerated example embodiment 3 or 4, inclusive, wherein the motion
model parameters are selected based on the warped picture.

EEE29. The method of enumerated example embodiment 5 or 6, inclusive, wherein the motion
model parameters are selected based on the processed reference picture.

EEE30. The method of any one of enumerated example embodiments 2-26, inclusive, wherein
the motion model parameters are selected based on a distortion cost, rate-distortion cost,
distortion complexity, or rate-distortion complexity.

EEE31. The method of any one of enumerated example embodiments 3-22, inclusive, wherein
motion model parameter estimation of regions of a picture occurs through analysis of
overlapping or non-overlapping regions.

EEE32. The method of enumerated example embodiment 31, wherein the analysis comprises
averaging.

EEE33. The method of enumerated example embodiment 31, wherein the analysis comprises
weighted averaging.

EEE34. The method of enumerated example embodiment 31, wherein the analysis comprises
applying a plurality of motion models to any one of the overlapping or non-overlapping regions
and obtaining averages based on contribution of each motion model in the plurality of motion
models.

EEE35. The method of enumerated example embodiment 31, wherein the analysis comprises

applying a plurality of motion models to any one of the overlapping or non-overlapping regions
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and obtaining weighted averages based on contribution of each motion model in the plurality of
motion models.

EEE36. The method of enumerated example embodiment 35, wherein weights of the weighted
averaging are signaled to the decoder.

EEE37. The method of enumerated example embodiment 31, wherein the analysis comprises
performing deblocking across region boundaries.

EEE38. The method of enumerated example embodiment 37, wherein pixel based methods are
used in performing deblocking.

EEE39. The method of enumerated example embodiment 37, wherein frequency domain
methods are used in performing deblocking.

EEE40. The method of enumerated example embodiment 25, wherein interpolation filter
selection is performed based on warping and rate distortion considerations.

EEE41. The method of enumerated example embodiment 25, wherein interpolation filter
selection is signaled to the decoder.

EEE42. The method of enumerated example embodiment 5 or 6, inclusive, wherein interpolation
filter parameters are obtained from the motion model parameters and the interpolation filter
parameters further depend on filter parameters from a plurality of independent interpolation
filters.

EEE43. The method of enumerated example embodiment 42, wherein the plurality of
independent interpolation filters pertains to a plurality of pixel precision levels.

EEE44. The method of enumerated example embodiment 43, wherein the plurality of
independent interpolation filters comprises a plurality of fixed filters, wherein each fixed filter is
identified by a fixed filter index.

EEEA45. The method of enumerated example embodiment 43, wherein the plurality of
independent interpolation filters comprises at least one fixed filter and at least one explicit filter.
EEE46. The method of enumerated example embodiment 44, wherein the plurality of fixed
filters is signaled for all precision levels corresponding to the plurality of fixed filters by use of
the fixed filter index corresponding to each fixed filter of the plurality of fixed filters.

EEE47. The method of enumerated example embodiment 44, wherein;

the plurality of fixed filters comprises a first fixed filter and a second fixed filter,
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the first fixed filter is identified by a first fixed filter index and the second fixed filter is
identified by a second fixed filter index, and

the fixed filter performs interpolation up to a first pixel precision level and the second
fixed filter performs interpolation for remaining pixel precision levels higher than the first pixel
precision level.
EEEA48. The method of enumerated example embodiment 47, wherein the first fixed filter is
signaled for all pixel precision levels corresponding to the first fixed filter by use of the first
fixed filter index and the second fixed filter is signaled for all pixel precision levels
corresponding to the second fixed filter by use of the second fixed filter index.
EEE49. The method of enumerated example embodiment 43, wherein the independent
interpolation filters are adapted for use with 16-bit arithmetic.
EEES0. The method of enumerated example embodiment 44 or 45, inclusive, wherein the
independent interpolation filters are adapted for use with 16-bit arithmetic.
EEES1. The method of enumerated example embodiment 45, wherein the at least one explicit
filter is signaled for all pixel precision levels corresponding to the at least one explicit filter.
EEES2. The method of enumerated example embodiment 50, wherein the at least one fixed filter
is signaled for all pixel precision levels corresponding to the at least one fixed filter by use of the
fixed filter index corresponding to the at least one fixed filter.
EEES3. The method of enumerated example embodiment 50, wherein the at least one explicit
filter is signaled for all pixel precision levels corresponding to the at least one explicit filter.
EEES54. The method of enumerated example embodiment 43, wherein the relationship between
each pixel precision level and its corresponding interpolation filter to be used at the said
precision level is inferred from type of interpolation filter used.
EEESS. The method of enumerated example embodiment 43, wherein the relationship between
each pixel precision level and its corresponding interpolation filter to be used at the said
precision level is signaled in a bitstream to the decoder.
EEES6. The method of enumerated example embodiment 42 or 43, inclusive, wherein
independent interpolation filters are selected from the group consisting of bilinear, Lanczos,
bicubic, Mitchell-Netravali, wavelet based, bandlet based, motion-compensated temporal

filtering based, and explicit interpolation filters.
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EEES7. The method of enumerated example embodiment 2 or 26, inclusive, wherein a denoising
filter performing denoising filtering is obtained using a least square estimator.

EEESS. The method of enumerated example embodiment 2 or 26, inclusive, wherein a denoising
filter performing denoising filtering is obtained jointly with an estimation process of at least one
of the motion model parameters, the interpolation filter parameters, and the intensity
compensation parameters.

EEES9. The method of enumerated example embodiment 2 or 26, inclusive, wherein a denoising
filter performing denoising filtering is obtained after completion of an estimation process of the
motion model parameters, the interpolation filter parameters, and the intensity compensation
parameters.

EEE60. The method of any one of enumerated example embodiments 2, 26, 58, or 59, inclusive,
wherein a denoising filter performing denoising filtering is selected from the group consisting of
Gaussian filters, median filters, and ordered filters.

EEE61. A method for decoding a reconstructed reference picture or a region of the reconstructed
reference picture of a reference picture buffer at a decoder, the decoder adapted to receive and
parse parametric information acquired from an encoder, when performing reference picture
processing in a single-layered or multi-layered video coding system, the method comprising:

1) performing warping of an input picture to obtain a first processed picture; and

ii) applying intensity compensation to the first processed picture to obtain a second
processed picture.

EEE62. The method of enumerated example embodiment 61, further comprising:

i) filtering of the second processed picture to acquire a processed reference picture.
EEE63. The method of enumerated example embodiment 61 or 62, inclusive, wherein warping is
performed based on the reconstructed reference picture.

EEE64. The method of any one of enumerated example embodiments 61-63, inclusive, wherein
warping is performed based on motion model parameters and interpolation filter parameters.
EEE6S. The method of any one of enumerated example embodiments 61-64, inclusive, wherein
intensity compensation is performed based on intensity compensation parameters.

EEE66. The method of any one of enumerated example embodiments 61-64, inclusive, wherein

denoising filter is performed based on denoising filter parameters.
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EEE67. The method of any one of enumerated example embodiments 61-64, inclusive, wherein
deblocking filtering is performed based on deblocking filter parameters.

EEE68. The method of enumerated example embodiment 61 or 62, inclusive, wherein the
reconstructed reference picture is an original reference picture of the reference picture buffer that
has not been processed.

EEE69. The method of enumerated example embodiment 61 or 62, inclusive, wherein the
reconstructed reference picture is a previously processed reference picture.

EEE70. The method of enumerated example embodiment 61 or 62, inclusive, wherein the
previously processed reference picture has been processed by applying at least one of alternative
motion model parameters, alternative interpolation filter parameters, alternative intensity
compensation parameters, and alternative denoising filter parameters.

EEE71. The method of enumerated example embodiment 70, wherein the at least one of
alternative motion model parameters, alternative interpolation filter parameters, alternative
intensity compensation parameters, and alternative denoising filter parameters is estimated from
a previous original picture to be encoded.

EEE72. The method of enumerated example embodiment 70, wherein the at least one of
alternative motion model parameters, alternative interpolation filter parameters, alternative
intensity compensation parameters, and alternative denoising filter parameters is estimated from

a previous original picture to be encoded and the previously processed reference picture.

[0134] All patents and publications mentioned in the specification may be indicative of the
levels of skill of those skilled in the art to which the disclosure pertains. All references cited in
this disclosure are incorporated by reference to the same extent as if each reference had been

incorporated by reference in its entirety individually.

[0135] It is to be understood that the disclosure is not limited to particular methods or systems,
which can, of course, vary. It is also to be understood that the terminology used herein is for the
purpose of describing particular embodiments only, and is not intended to be limiting. As used in

"non

this specification and the appended claims, the singular forms "a," "an," and "the" include plural
referents unless the content clearly dictates otherwise. Unless defined otherwise, all technical and
scientific terms used herein have the same meaning as commonly understood by one of ordinary

skill in the art to which the disclosure pertains.
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[0136] The examples set forth above are provided to give those of ordinary skill in the art a
complete disclosure and description of how to make and use the embodiments of the reference
processing methods of the disclosure, and are not intended to limit the scope of what the
inventors regard as their disclosure. Modifications of the above-described modes for carrying out
the disclosure may be used by persons of skill in the video art, and are intended to be within the

scope of the following claims.

[0137] A number of embodiments of the disclosure have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit and scope
of the present disclosure. Accordingly, other embodiments are within the scope of the following

claims.
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CLAIMS

What is claimed is:

1. A method for processing a reference picture, comprising:

1) performing motion estimation on an original picture to be encoded, based on a
reconstructed reference picture, and a processed reference picture estimate;

ii) further processing the motion estimated picture to obtain a further processed
reference picture estimate; and

iterating the motion estimation and the further processing to provide a processed

reference picture.

2. The method as recited in Claim 1, wherein the further processing comprises further
motion estimation to obtain motion model parameters and estimating at least one of interpolation
filter parameters, intensity compensation parameters, and denoising filter parameters, and
applying the motion model parameters and the at least one of interpolation filter parameters,
intensity compensation parameters, and denoising filter parameters to the reconstructed reference

picture.

3. An iterative method for estimating motion parameters of a reconstructed reference picture
or a region of the reconstructed reference picture of a reference picture buffer when performing
reference picture processing in a single-layered or multi-layered video coding system, the
method comprising:

1) performing motion estimation based on an original picture to be encoded and the
reconstructed reference picture or a region of the reconstructed reference picture of the reference
picture buffer;

i1) performing a further motion estimation to provide motion model parameters; and

1i1) performing warping according to the motion model parameters to obtain a warped
picture; and

iterating i) - iii), wherein the motion estimation of 1) in subsequent iterations is based on
the original picture to be encoded, the reconstructed reference picture or a region of the

reconstructed reference picture of the reference picture buffer, and the warped picture.
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4. The method as recited in Claim 3, further comprising, before iteration,

iv) filtering the warped picture to obtain a processed reference picture,
wherein said iterating also iterates iv), thus iterating i)-iv), wherein the motion estimation of 1) in
subsequent iterations is based on the original picture to be encoded, the reconstructed reference
picture or a region of the reconstructed reference picture of the reference picture buffer, and the

processed reference picture.

5. An iterative method for estimating motion parameters of a reconstructed reference picture
or a region of the reconstructed reference picture of a reference picture buffer when performing
reference picture processing in a single-layered or multi-layered video coding system, the
method comprising:

1) performing motion estimation based on an original picture to be encoded and the
reconstructed reference picture or a region of the reconstructed reference picture of the reference
picture buffer;

i1) performing a further motion estimation to provide motion model parameters;

1i1) processing the motion model parameters to provide at least one of interpolation
filter parameters and intensity compensation parameters;

iv) performing warping according to the motion model parameters and the at least
one of interpolation filter parameters and intensity compensation parameters to obtain a warped
picture; and

iterating i) - iv), wherein the motion estimation of i) in subsequent iterations is based on
the original picture to be encoded, the reconstructed reference picture or a region of the

reconstructed reference picture of the reference picture buffer, and the warped picture.

6. The method as recited in Claim 5, further comprising, before the iteration,

V) filtering the warped picture to obtain the processed reference picture,
wherein said iterating also iterates iv) and v), thus iterating 1)-v), wherein the motion estimation
of 1) in subsequent iterations is based on the original picture to be encoded, the reconstructed
reference picture or a region of the reconstructed reference picture of the reference picture

buffer, and the processed reference picture.
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7. A method for decoding a reconstructed reference picture or a region of the reconstructed
reference picture of a reference picture buffer at a decoder, the decoder adapted to receive and
parse parametric information acquired from an encoder, when performing reference picture
processing in a single-layered or multi-layered video coding system, the method comprising:

1) performing warping of an input picture to obtain a first processed picture; and

ii) applying intensity compensation to the first processed picture to obtain a second

processed picture.

8. The method as recited in Claim 7, further comprising:

i) filtering of the second processed picture to acquire a processed reference picture.

9. The method as recited in any one of Claims 1-6, inclusive, wherein the reconstructed
reference picture comprises an original reference picture of the reference picture buffer that has

not been processed.

10. The method as recited in any one of Claims 1-6, inclusive, wherein the reconstructed

reference picture comprises a previously processed reference picture.

11. The method as recited in any one of Claims 1-6, inclusive, wherein the previously
processed reference picture has been processed by applying at least one of alternative motion
model parameters, alternative interpolation filter parameters, alternative intensity compensation

parameters, and alternative denoising filter parameters.

12. The method as recited in Claim 11, wherein the at least one of alternative motion model
parameters, alternative interpolation filter parameters, alternative intensity compensation
parameters, and alternative denoising filter parameters is estimated from a previous original

picture to be encoded.

13. The method as recited in Claim 11, wherein the at least one of alternative motion model

parameters, alternative interpolation filter parameters, alternative intensity compensation
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parameters, and alternative denoising filter parameters is estimated from a previous original

picture to be encoded and the previously processed reference picture.

14. The method as recited in any one of Claims 1-6 or Claim 11, inclusive, wherein the
processed reference picture is used as a reference for subsequent motion estimation in the

iteration.

15. The method of any one as recited in Claims 1-6 or Claims 11-12, inclusive, wherein the
motion estimation comprises at least one of:

a block-based motion estimation;

a frequency correlation motion estimation; or

a phase correlation motion estimation.

a pixel-level motion estimation; or

a gradient descent estimation.

16. A system, comprising:
means for performing, executing or controlling one or more steps of a process method as

recited in any of Claims 1-15, inclusive.

17. A computer readable storage medium product comprising instructions that are stored
therewith, which when executing over at least one processor, causes, programs, controls, or
configures the processor to perform, execute or control a process method performing, executing

or controlling one or more steps of a process method as recited in any of Claims 1-15, inclusive.

18. A video encoder, comprising:
at least one processor; and
a computer readable storage medium comprising instructions that are stored therewith,
which when executing over the at least one processor, causes, programs, controls, or configures
the processor to:
perform, execute or control a process method performing, executing or

controlling one or more steps of a process method as recited in any of Claims 1-6 or
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Claims 11-15, inclusive; and
optionally output a video signal that is encoded according to the process

method steps..

19. A video decoder, comprising:

at least one processor; and

a computer readable storage medium comprising instructions that are stored therewith,
which when executing over the at least one processor, causes, programs, controls, or configures
the processor to:

decode the video signal that is output with the video encoder that is recited in Claim 18;
or

perform, execute or control a process method performing, executing or controlling one or

more steps of a process method as recited in any of Claims 1-15, inclusive.

20. A video or computing apparatus; comprising:

at least one processor; and

a computer readable storage medium comprising instructions that are stored therewith,
which when executing over the at least one processor, causes, programs, controls, or configures
the processor to:

encode the video signal output from a video encoder as recited in Claim 16;

decode the video signal that is output with the video encoder that is recited in one or
more of Claim 18 or Claim 19, inclusive; or

perform, execute or control a process method performing, executing or controlling one or

more steps of a process method as recited in any of Claims 1-15, inclusive.

21. A video or computing apparatus, comprising at least one of:
the video encoder as recited in one or more of Claim 18 or Claim 19, inclusive;
the video decoder as recited in Claim 19; or

the video or computing apparatus as recited in Claim 20.
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22. The video apparatus as recited in Claim 21 wherein the apparatus is configured,
programmed or controlled to perform one or more steps of a process method as recited in any of

Claims 1-15, inclusive.
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Figure 10

Figure 9
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1. claims: 1-9, 14-22

motion model refinement and illumination compensation

2. claims: 10-13
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