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DECOMPOSITION OF RESIDUAL DATA DURING SIGNAL ENCODING,
DECODING AND RECONSTRUCTION IN A TIERED HIERARCHY

BACKGROUND

Many techniques are known in the art to deal with compression and decompression of
multidimensional signals or of signals evolving along time. This is the case of audio
signals, video signals and other multidimensional signals like volumetric signals used in
scientific and medical areas.

In order to achieve high compression ratios, those techniques exploit the spatial and time
correlation inside the signal. For example, conventional methods identify a reference and
try to determine the difference of the signal between a current location and the given
reference. This is done both in the spatial domain, where the reference is a portion (c.g., a
block, or “macro-block™) of already received and decoded spatial plane, and in the time
domain, where a single instance in time of the signal (e.g., a video frame in a sequence of
frames) is taken as a reference for a certain duration. This is the case, for example, of
MPEG(Moving Pictures Expert Group)- family compression algorithms, where previously-
decoded macro blocks are taken as reference in the spatial domain and I-frames and P-
frames are used as reference for subsequent P-frames in the time domain.

Known techniques exploit spatial correlation and time correlation in many ways, adopting
several different techniques in order to identify, simplify, encode and transmit differences.
In accordance with conventional methods, in order to leverage on spatial correlation of
residuals within a respective block of picture eclements a domain transformation is
performed (for example into a frequency domain) and then lossy deletion and quantization
of transformed information is performed, typically introducing some degree of block
artifacts. In the time domain, instead, conventional methods transmit the quantized
difference between the current sample and a motion-compensated reference sample. In
order to maximize the similarity between samples, encoders try to estimate the
modifications along time occurred vs. the reference signal. In conventional encoding
methods (e.g., MPEG family technologies, VP8, etc.), this is called motion estimation and

compensation.
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Today's CPUs (Central Processing Units) and GPUs (Graphics Processing Units) are
typically very powerful; a single GPU can include several hundreds of computing cores to
perform parallel processing of information. When using current technology hardware, very
large portions of an image can be stored in a processor cache for processing. The need to
fragment images into a multitude of small blocks, which was a driving factor when JPEG
and MPEG were created, as processors from that era could only deal with very small
chunks of video data at a time — and back then only sequentially — no longer applies to
modern CPUs and GPUs. Thus, a large portion of available processing power may go
unused when implementing MPEG-like types of encoding/decoding, with blocking artifacts
needlessly introduced into the signal.

Also, compared to what was current when MPEG was developed, modern day applications
typically require much higher definition video encoding and much higher overall playback
quality. In high-definition (e.g., fullHD, UltraHD), high-quality videos (c.g., relatively
invisible artifacts with respect to the original signal), there is a much larger difference
between arcas with low detail (potentially even out of focus) and areas with very fine
detail. This makes the use of frequency-domain transforms such as those used in JPEG-
based and MPEG-based methods even more unsuitable for image processing and playback,
since the range of relevant frequencies is getting much broader.

In addition, higher resolution images include a higher amount of camera noise and/or film
grain, i.e., very detailed high-frequency pixel transitions that require many bits to encode,
but that can be quite irrelevant for viewing vs. similar high-frequency pixel transitions of
borders of objects.

Another aspect neglected in the known art, aside from few attempts, is the quality
scalability requirement. A scalable encoding method would encode a single version of the
compressed signal and enable the delivery to different levels of quality, bandwidth
availabilities, and decoder complexity. Scalability has been taken into consideration in
known methods like MPEG-SVC and JPEG2000, with relatively poor adoption so far due
to computational complexity and, generally speaking, compression inefficiency relatively
to non-scalable techniques.

In the past, as a scalable alternative to JPEG/MPEG standards for encoding/decoding, so-
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called image Laplacian pyramids had been used for encoding/decoding purposes. For
example, conventional Laplacian pyramids systems created lower resolution images using
Gaussian filters and then built the pyramid of the differences between the images obtained
by upsampling with a rigidly programmed decoder back from the lower resolution levels to
the original level. Use of conventional Laplacian pyramid encoding has been abandoned,
due to their compression inefficiency.

The domain transformations of residuals leveraged so far by state of the art encoding
methods (e.g., Fourier transforms, Discrete Cosine Transforms, Hadamard transforms,
Wavelet transforms, etc.) suffer from a number of problems.

First of all, the very choice of transforming into a frequency domain makes them unsuitable
to properly exploit the correlation across large portions of a signal (i.c., portions with a high
number of samples for each of the dimensions), since real-world signals typically show
limited amounts of periodicity. As a consequence, frequency domain transforms are
performed on blocks that are at the same time too big and too small: too big to be
computationally simple, too small to sufficiently exploit the correlation of a high-resolution
signal. For instance, in order to exploit the correlation of a large enough set of samples
while at the same time managing computational complexities, conventional image and
video encoding techniques operate on blocks of 8x8, 16x16 or 32x32 elements: clearly too
small to fully capture the correlation of image patterns in a high definition image (e.g., with
8 million pixels), but large enough to absorb significant computational power.

Secondly, known methods leveraging frequency domain transforms implicitly assume that
humans are sensitive to harmonics (e.g., frequencies of color transitions) in a way that does
not depend on the direction of the transition, while several studies have shown that humans
recognize the sharpness of a transition much better than the precise direction / angle of the
transition, especially when watching complex shapes.

Third, known lossy encoding techniques operate by quantizing the results of the transform,
inevitably generating two problems: (1) block-based artifacts between one block and the
neighboring ones, to be corrected with relatively complex de-blocking image processing
methods; (2) impossibility to casily control the maximum error in an encoded image, since

actual pixel values are the result of an inverse transform of de-quantized parameters, so that
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quantization errors in the quantized parameters of a block combine with one another in
manners that are difficult to manage without multiple re-encodings and/or extremely
complex quantization schemes. Avoiding block artifacts and guaranteeing maximum error
control are particularly important features, especially in applications such as medical

imaging or professional image/video production.

BRIEF DESCRIPTION

Embodiments herein deviate with respect to conventional systems and methods, providing
novel methods to quantize and/or transform element information (such as residual data) to
reconstruct a rendition of an image, enabling encoding methods characterized by efficient
entropy coding, low computational complexity, parallelism, scalability, error control, ctc.
Mecthods and embodiments herein represent an innovative approach to achieve efficient
entropy coding results with low computational complexity, parallelism, scalability, and
error control.

According to its broadest aspect, embodiments herein include a method for transforming
sets of signal elements (i.c., suitable sequences of values) into sets of transformed signal
clements, so as to cfficiently entropy encode them. Embodiments illustrated herein are
especially focused on the non-limiting use case wherein said signal elements correspond to
residual data to be added to a predicted (i.e., preliminary) rendition of an image in order to
obtain a target rendition of the same image, said predicted rendition being obtained at least
in part by upsampling and/or processing a rendition of the same image at a lower level of
quality (e.g., with a lower level of fidelity vs. an original signal rendition). Embodiments
illustrated herein are especially focused on non-limiting cases wherein a lower level of
quality is a lower resolution (i.e., a coarser sampling grid) across one or more of the
dimensions of the signal, although people skilled in the art can casily adapt the same
methods to cases wherein a signal at a lower level of quality is a signal with the same
resolution and a lower level of detail (e.g., without limitation, a coarser quantization of
clement values).

Embodiments herein are useful in conjunction with traditional encoding methods, and are

useful in conjunction with tier-based encoding methods, a set of other novel methods that
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are described in other patent applications of the same authors.

For simplicity, non-limiting embodiments illustrated herein refer to a signal as a sequence
of multi-dimensional samples (i.c., sets of one or more elements organized as arrays with
one or more dimensions, ¢.g., by way of non-limiting example scts of picture elements
organized as two-dimensional images). In the description the terms “image” or “planc”
(intended with the broadest meaning of “hyperplane”, i.e., array of elements with any
number of dimensions and a given sampling grid) will be often used to identify the digital
rendition of a sample of the signal along the sequence of samples, wherein each plane has a
given resolution for each of its dimensions (e.g., X and Y, in case of two dimensions), and
comprises a set of plane elements (or “clement”, or “pel”, for two-dimensional images
often called “pixel”, for volumetric images often called “voxel”, etc.) characterized by one
or more “values” or “settings” (c.g., by ways of non-limiting examples, color settings in a
suitable color space, settings indicating density level, settings indicating temperature levels,
settings indicating audio pitch, settings indicating amplitude, ctc.). Each plane clement is
identified by a suitable set of coordinates, indicating the integer positions of said element in
the sampling grid of the image. Signal dimensions can include only spatial dimensions
(e.g., in the case of an image) or also a time dimension (e.g., in the case of a signal evolving
over time).

As non-limiting examples, a signal can be an image, an audio signal, a multi-channel audio
signal, a video signal, a multi-view video signal (ec.g., 3D video), a plenoptic signal, a
multi-spectral signal, a volumetric signal (e.g., medical imaging, scientific imaging,
holographic imaging, ctc.), a volumetric video signal, or even signals with more than four
dimensions.

For simplicity, non-limiting embodiments illustrated herein often refer to signals that are
displayed as 2D planes of settings (¢.g., 2D images in a suitable color space), such as for
instance an image or a video signal (i.c., a sequence of 2D images evolving over time).
However, people skilled in the art can easily apply the same concepts and methods to any
other types of multidimensional signal (e.g., volumetric signals, video signals, 3D video
signals, plenoptic signals, etc.).

Non-limiting embodiments illustrated herein also often illustrate cases of signals encoded
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in a tiered hierarchy of levels of quality (“LOQ”), wherein higher levels of quality in the
tiered hierarchy have a progressively higher resolution (i.e., a higher number of samples for
one or more of the dimensions of the signal). For simplicity, non-limiting embodiments
illustrated herein often refer to the simple case of resolutions increasing with a scale factor
of two for each of the dimension of the signal, but people skilled in the art can easily apply
the same methods also to cases with different (and potentially anisotropic) scale factors.
When working with signals encoded in a tiered hierarchy of levels of quality, residuals
allowing to reconstruct the settings of elements of a given LOQ “controlled” by (¢.g., co-
located with) a same clement of the lower LOQ exhibit important correlations that are
effectively exploited by non-limiting embodiments illustrated herein. For simplicity, we
will call “controlling plane element” (or “controlling pel”) of a given set of plane clements
at a higher LOQ (“controlled pels”) the parent element at a lower LOQ that is co-located
with the given set of plane elements at the higher LOQ.

Further non-limiting embodiments illustrated herein transform residual data (i.e.,
information on adjustments to apply to elements of a signal so as to obtain a suitable
rendition of the signal at a given level of quality) so as to leverage both the correlation
among residuals themselves and the correlation that exists between residuals and the
rendition of the signal at a lower level of quality. In particular, in order to efficiently
encode residual data into a digital bit stream, two operations are necessary: quantization
(i.e., assigning to every value a symbol belonging to a given finite alphabet of symbols) and
entropy encoding. Transforming the symbols before entropy encoding allows to reduce the
variability of the symbols to be encoded, hence increasing the efficiency of the entropy
encoder. Leveraging a rendition of the signal at a lower level of quality allows to predict
part of the residual information based on information already available at the decoder,
further increasing encoding efficiency. Transforming a block of residuals while at the same
time leveraging a rendition of the signal at a lower level of quality — i.e., effectively
implementing a multiscale transform — also allows to exploit the correlation of the signal
across a portion of the signal that is wider than the block itself: in this way, we can keep the
block size extremely small (e.g., even 2x2) while at the same time leveraging correlation

across a much wider area, achieving at the same time both computational complexity
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benefits and encoding efficiency benefits.

Methods illustrated herein essentially allow to transform resdiduals so that the number of
distinct symbols in a plurality of sets of transformed quantized residual data is minimized,
hence reducing the size of the bitstream that is necessary to encode and transmit said
plurality of sets. In some non-limiting embodiments described herein, the quantization
step is performed after the transform step at the encoding side (and consequently before the
inverse-transform step at the decoding side), similarly to what has been done so far with
conventional encoding methods. In other novel non-limiting embodiments described
herein, the quantization step is performed before the transform step at the encoding side
(and consequently after the inverse-transform step at the decoding side), effectively
implementing a lossless transform method. Performing the quantization step before the
transform step allows to control (and if necessary limit) the errors introduced with lossy
encoding before even starting the more computationally intensive parts of encoding. Non-
limiting embodiment described herein also effectively deal with the known correlations
across symbols that are obtained by means of a lossless transform.

Non-limiting embodiment illustrated herein often illustrate decomposition transforms
applied on 2x2 sects of residuals. This should be intended as non-limiting, and people
skilled in the art can easily apply the same methods on sets of residuals with different size,
including different sizes per each dimension (c.g., 2x1 sets of residuals) or more than two
dimensions (e.g., LxNxM sets of residuals in a volumetric image, or in a video signal where
the third dimension represents time).

In a non-limiting embodiment described herein, a first signal processor (“encoder™) is
configured to encode a signal in a hierarchy of levels of quality, while a second signal
processor (“decoder”) is configured to decode a rendition of said signal in a hierarchy of
levels of quality.

The encoder receives a signal at a first level of quality and produces a rendition of the
signal at a second level of quality, the second level of quality lower than the first level of
quality. The encoder then processes the rendition of the signal at the second level of
quality, producing a predicted rendition of the signal at the first level of quality. The

encoder then generates residual data, said residual data corresponding to a difference
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between the signal at a first level of quality and the predicted rendition of the signal at the
first level of quality. The encoder then transforms residual data by applying a
decomposition transform, producing parameters (“components”, or “residual
components”). Decomposing the residuals to obtain residual components allows the
encoder to better leverage on the correlation among the residuals; in addition, some of the
components are more correlated than residuals with the rendition of the signal at the second
level of quality, making them easier to transmit than non-transformed residuals. The
encoder then processes said components, said predicted rendition of the signal at the first
level of quality and said rendition of the signal at the second level of quality, producing
transformed residuals. The encoder then encodes said rendition of the signal at the second
level of quality and said transformed residuals into corresponding encoded data.

The decoder receives said encoded data and reconstructs, based at least in part on said
encoded data, a rendition of the signal at the second level of quality and reconstructed
transformed residuals. The decoder processes the rendition of the signal at the second level
of quality, producing a predicted rendition of the signal at the first level of quality, the first
level of quality higher than the second level of quality. The decoder processes said
predicted rendition of the signal at the first level of quality, said rendition of the signal at
the second level of quality and said reconstructed transformed residuals, producing
reconstructed components. The decoder applies a reverse decomposition transform to the
reconstructed components, producing reconstructed residuals. The decoder combines the
predicted rendition of the signal at the first level of quality with the reconstructed residuals,

producing a rendition of the signal at the first level of quality.

In a non-limiting embodiment described herein, residual components are obtained by
calculations comprising additions and/or differences between the residuals, and residuals
are obtained by calculations comprising additions and/or differences between residual
components. In a non-limiting embodiment, operations performed to encode transformed
residuals include selecting a subset of transformed residuals corresponding to a subset of
contiguous residuals in the plane of residuals at a first level of quality, generating a value

based at least in part on the rendition of the signal at a second (lower) level of quality, and
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combining said value with at least one of the residual components, producing a subset of

transformed residuals corresponding to said subset of residuals.

In other non-limiting embodiments described herein, a decoder processes encoded data,
generating a set of residuals corresponding to adjustments to perform to elements of a
predicted rendition of a signal at a first level of quality in order to produce a rendition of
the signal at the first level of quality, said predicted rendition of the signal at the first level
of quality produced by the decoder based at least in part on a rendition of the signal at a
second level of quality, the second level of quality lower than the first level of quality. The
decoder receives encoded data corresponding to transformed residuals and produces, based
at least in part on said encoded data, reconstructed residual components. The decoder then
generates a set of reconstructed residuals by applying a reverse decomposition to the
reconstructed residual components.

In a non-limiting embodiment, the decoder produces said reconstructed residual
components also based at least in part on a rendition of the signal at the second (lower)
level of quality. In a non-limiting embodiment, for cach subsct of elements of the signal at
the first level of quality, the decoder produces a set of parameters (“reconstructed
transformed residuals”). The decoder produces a value corresponding to said set of
parameters, said value being based at least in part on a rendition of the signal at the second
(lower) level of quality. The decoder then combines one or more parameters with said
value, producing the set of reconstructed residual components corresponding to said subsct
of clements of the signal at the first level of quality. The decoder then processes
reconstructed residual components by applying a reverse decomposition, producing a set of
reconstructed residuals. In a non-limiting embodiment, each reconstructed residual in the
set is obtained by additions and/or differences between the reconstructed residual

components.

In some non-limited embodiments described herein, reconstructed transformed residuals
are dequantized before being processed so as to produce reconstructed residual

components, i.c., dequantization is performed before applying a reverse decomposition. In
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a non-limiting embodiment, the dequantization operations applied to cach reconstructed
transformed residual (or to ecach reconstructed residual component) vary based on the
relative position of the corresponding transformed residual in the set of transformed
residuals.

In other non-limiting embodiments described herein, dequantization operations are applied

after the reverse decomposition, dequantizing reconstructed residuals.

In some non-limiting embodiments described herein, said value combined with a set of
reconstructed transformed residuals in order to produce the corresponding set of residual
components corresponds to an average of the residuals in the set (“predicted average”). In
a non-limiting embodiment, the predicted average of a set of residuals is produced by
averaging a set of elements of a predicted rendition of the signal at the first (higher) level of
quality and subtracting a corresponding element of a rendition of the signal at the second

(lower) level of quality.

In some non-limiting embodiments described herein, decomposition of residuals at a first
(higher) LOQ takes advantage of the fact that the subset of residuals corresponding to a
given subset of plane clements (“controlled pels”) is correlated with the value of the
controlling pel at the lower LOQ, since the sum of the average of the predicted elements
(known to the decoder) and of the average of residuals (to be reconstructed by the decoder)
corresponds to the value of the controlling pel (known to the decoder as well). In fact, in
absence of quantization operations the average of residuals (or, equivalently, the sum of
residuals) could be precisely determined by information already known at the decoder side
before even starting to provide residual data.

There are several ways to leverage the possibility of calculating a predicted average of
residuals so as to improve the efficiency of residual encoding and decoding. In a non-
limiting embodiment, a plane of residuals at a first LOQ is divided in 2x2 blocks. For each
2x2 block, one of the residuals is not encoded (i.e., it is not transmitted to the decoder),
since the decoder reconstructs it from the other three and from the predicted average of

residuals (i.e., the decoder has the information that is necessary to produce the missing



10

15

20

25

30

WO 2013/171173 PCT/EP2013/059847
11

residuals based on the other three residuals of each 2x2 block). When residual data is
quantized, this embodiment concentrates all of the cumulated quantization errors on one of
the four residuals of each 2x2 block. Other non-limiting embodiments avoid this problem
(while still maintaining the efficiency advantage of leveraging the predicted average

information) by applying a decomposition transform to each block of residuals.

In some non-limiting embodiments described herein, the encoder applies a “directional
decomposition” transform to each 2x2 block of residuals of a two-dimensional plane of
residuals corresponding to a rendition of the signal at the first level of quality. In such
embodiments, the four residual components correspond to four “directions” of variability
for the 2x2 residual block: average (“A”, corresponding to the “intensity tilt”, conceptually
orthogonal to the plane of the 2x2 block, sum of the residuals divided by four), horizontal
tilt (“H”, corresponding to the horizontal difference of the residuals, sum of the residuals on
the left minus the sum of the residuals on the right), vertical tilt (“V”, corresponding to the
vertical difference of the residuals, sum of the residuals on top minus sum of the residuals
on the bottom) and “diagonal” tilt (“D”, corresponding to the remaining differences, not
explained by a simple directional transition in the 2x2 blocks of residuals).

The difference between average component A and a predicted average (e.g., without
limitation, calculated as the sum of the average of the predicted elements minus the
controlling element at the lower LOQ) is called “delta average” or “0,”. 0, is often equal to
zero for real-world signals, and as a consequence it is often preferable to calculate 6, and
entropy encode J, rather than component A. The horizontal and vertical tilts of a 2x2 block
of residuals represent the intensity and the direction of a transition: for conventional
signals, they are likely to be locally correlated, again increasing the efficiency of entropy
encoding.

Other non-limiting embodiments apply other methods of directional decomposition,
wherein at least one of the transformed residuals in a given set of transformed residuals
corresponds to a directional tilt of the values of the sct of the residuals that corresponds to
said given set of transformed residual. A non-limiting embodiment calculates transformed

residuals by performing calculations that include image processing operations (e.g.,
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directional transforms, spline calculations, Sobel filter, gradient calculations, ctc.).

In a non-limiting embodiment described herein, for cach NxM block of residuals (e.g.,
without limitation, for each 2x2 block of residuals) in a plane of residuals the encoder
produces a set of parameters corresponding to transformed residuals. The encoder then
divides parameters into subsets — cach of said subsets corresponding to a same class of
transformed residuals, wherein each eclement of a subset corresponds to a block of residuals
— and individually encodes cach of the subsets (i.c., subsets are encoded separately, and
parameters used to entropy encode cach of the subsets are independent of entropy encoding
of the other subsets).

In some non-limiting embodiments described herein, the encoder performs a directional
decomposition on 2x2 blocks of residuals, and individually (i.e., separately) encodes the
four subsets of 3., H, V and D parameters.

In other non-limiting embodiments, at least one encoded parameter corresponds to a
plurality of transformed residuals of a same block of residuals. In a non-limiting
embodiment, the encoder performs a directional decomposition on 2x2 blocks of residuals,
and for cach 2x2 block of residuals produces a single parameter (i.e., a single symbol)
corresponding to the four parameters 6., H, V, D, wherein said parameter becomes the only
encoded parameter corresponding to said block of residuals. In other non-limiting
embodiments, subsets of 8, parameters and D parameters are individually encoded, whereas
H and V parameters are processed so as to produce a single subset of parameters, wherein
cach parameter corresponds to the H parameter and the V parameter of a given 2x2 block

of residuals.

In other non-limiting embodiments described herein, a decoder receives data corresponding
to transformed residuals for controlled pels (i.c., for clements of a rendition at a given LOQ
of a signal decoded in a tiered hierarchy of LOQs). In order to reconstruct residuals based
on transformed residuals, the decoder combines transformed residuals with parameters
based at least in part on a rendition of the signal at an LOQ lower than said given LOQ. In

a non-limiting embodiment, the decoder combines one of the transformed residuals with a
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difference between the setting of the controlling pel at the lower LOQ and the average of
the predicted settings (i.c., the settings before adding residuals) of the controlled pels at the
given LOQ. In a non-limiting embodiment, each transformed residual corresponds to a
block of residuals and influences the values of all of the residuals that belong to its

corresponding block.

In other non-limiting embodiments described herein, an encoder selects a block of residuals
in a plane of residuals at a first (higher) LOQ, and produces a set of parameters based at
least in part on the residuals in said block and on a rendition of the signal at a second
(lower) LOQ.

In other non-limiting embodiments described herein, a decoder receives a set of parameters
corresponding to a block of residuals in a plane of residuals at a first (higher) LOQ, and
produces a set of residuals based at least in part on said set of parameters and on a

reconstructed rendition of the signal at a second (lower) LOQ.

In accordance with further non-limiting embodiments, the input signal is encoded and
decoded by means of a tier-based hierarchical encoding method, and planes of residuals for
neighboring samples across the time dimension are produced based at least in part on a
same set of elements (“support plane™), by motion compensating said support plane and by
combining it with relative residuals, according to methods described in other patent
applications of the same authors. In a non-limiting embodiment, transformed relative
residuals are based at least in part on said support plane. In a non-limiting embodiment,
both the support plane and the planes of relative residuals are encoded and decoded
according to methods described herein.

Note that embodiments herein may be implemented in software or hardware, or may be
implemented using a combination of software and hardware, and can include a
configuration of one or more computerized devices, routers, network, workstations,
handheld or laptop computers, tablets, mobile phones, game consoles, sct-top boxes, etc., to
carry out and/or support any or all of the method operations disclosed herein. In other

words, one or more computerized devices or processors can be programmed and/or
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configured to operate as explained herein to carry out different embodiments.

In addition to the techniques as discussed above, yet other embodiments herein include
software programs to perform the steps and operations summarized above and disclosed in
detail below. One such embodiment comprises a computer-readable, hardware storage
resource (i.c., a non-transitory computer readable media) including computer program
logic, instructions, ctc., encoded thercon that, when performed in a computerized device
having a processor and corresponding memory, programs and/or causes the processor to
perform any of the operations disclosed herein. Such arrangements can be provided as
software, code, and/or other data (c.g., data structures) arranged or encoded on a computer
readable medium such as an optical medium (e.g., CD-ROM, DVD-ROM or BLU-RAY),
flash memory card, floppy or hard disk or any other medium capable of storing computer
readable instructions such as firmware or microcode in one or more ROM or RAM or
PROM chips or as an Application Specific Integrated Circuit (ASIC). The software or
firmware or other such configurations can be installed onto a computerized device to cause
the computerized device to perform the techniques explained herein.

Accordingly, one particular embodiment of the present disclosure is directed to a computer
program product that includes a computer-readable hardware storage medium having
instructions stored thereon for supporting signal processing operations.

The ordering of the steps has been added for clarity sake. These steps can be performed in
any suitable order.

Other embodiments of the present disclosure include software programs, firmware, and/or
respective hardware to perform any of the method embodiment steps and operations
summarized above and disclosed in detail below.

Also, it is to be understood that the system, method, apparatus, instructions on computer
recadable storage media, etc., as discussed herein can be embodied strictly as a software
program, as a hybrid of software, firmware, and/or hardware, or as hardware alone such as
within a processor, or within an operating system or within a software application, etc.

As discussed above, techniques herein are well suited for use in software, firmware, and/or
hardware applications that process signals and produce bitstreams of encoded data, or that

process bitstreams of encoded data and produce renditions of signals. However, it should
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be noted that embodiments herein are not limited to use in such applications and that the
techniques discussed herein are well suited for other applications as well.

Additionally, note that although each of the different features, techniques, configurations,
etc., herein may be discussed in different places of this disclosure, it is intended that each of
the concepts can be executed independently of each other or in combination with each
other. Accordingly, the one or more present inventions, embodiments, ctc., as described
herein can be embodied and viewed in many different ways.

Also, note that this preliminary discussion of embodiments herein does not specify every
embodiment and/or incrementally novel aspect of the present disclosure or claimed
invention(s). Instead, this brief description only presents general embodiments and
corresponding points of novelty over conventional techniques. For additional details and/or
possible perspectives (permutations) of the invention(s), the reader is directed to the
Detailed Description section and corresponding figures of the present disclosure as further

discussed below.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other objects, features, and advantages of the invention will be
apparent from the following more particular description of preferred embodiments herein,
as illustrated in the accompanying drawings in which like reference characters refer to the
same parts throughout the different views. The drawings are not necessarily to scale, with
emphasis instead being placed upon illustrating the embodiments, principles, concepts, ctc.
FIG. 1A, 1B, 1C, 1D and IE are example diagrams describing encoding and decoding
systems according to non-limiting embodiments illustrated herein.
FIG. 2A and 2B are example diagrams describing tiered-based hierarchical decoding and
encoding according to non-limiting embodiments illustrated herein.
FIG. 3A, 3B, 3C, 3D, 3E and 3F illustrate decomposition and inverse decomposition of
residuals according to non-limiting embodiments illustrated herein.
FIG. 4A, 4B, 4C, 4D and 4E arc example diagrams describing inverse decomposition
according to non-limiting embodiments illustrated herein.

FIG. 5 illustrates operations performed by a decoder according to non-limiting embodiment



10

15

20

25

30

WO 2013/171173 PCT/EP2013/059847
16

illustrated herein.

FIG. 6 illustrates a flow chart of an encoder performing directional decomposition
according to non-limiting embodiments illustrated herein.

FIG. 7 illustrates a flow chart of a decoder performing inverse directional decomposition
according to non-limiting embodiments illustrated herein.

FIG. 8 is an example diagram illustrating of a computer system that provides data
processing according to embodiments described herein.

FIG. 9 is an example diagram illustrating of encoding information according to
embodiments herein.

FIGS. 10 and 11 are example flowcharts illustrating example methods according to

embodiments herein.

DETAILED DESCRIPTION AND FURTHER SUMMARY OF EMBODIMENTS
Methods illustrated herein are suitable for any type of multi-dimensional signals, including
without limitation sound signals, multichannel sound signals, pictures, two-dimensional
images, video signals, multi-view video signals, 3D video signals, volumetric signals,
volumetric video signals, medical imaging signals, signals with more than four dimensions,
etc.

For simplicity, along the description the illustrated embodiments usually adopt the use case
of 2D images (e.g., cither isolated pictures or frames/ficlds of a video signal), with cach
element (in such non-limiting example case typically referred to as a “pixel”, more in
general referred to as “pel”) being characterized by a set of color or other parameter
settings in a suitable color space (e.g., YUV, RGB, HSV, etc.). Different color planes (e.g.,
the luminance-Y plane and the two chrominance — U and V — planes) are often encoded
separately, and often with different resolutions (due to the lower sensitivity of the human
eye to chrominance information).

Methods and embodiments illustrated herein can be used in conjunction with one another
and/or with other methods. Many of the preferred embodiments illustrated herein describe
techniques and algorithms with the goal of achieving compression, i.c., encoding a suitable

rendition of the signal with a minimum quantity of bits. This also is a non-limiting
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example: other non-limiting embodiments achieve different purposes, such as multiscale
encoding and decoding, adaptive streaming, robust and efficient filtering, signal denoising
(c.g., image denoising, video denoising, ectc.), signal enhancements (c.g., signal
supersampling, de-interlacing, etc.), generation of signal quality metrics, content

identification, machine vision, signal encryption (e.g., secure communication), etc.

FIG. 1A is an example diagram describing non-limiting embodiments of encoding and
decoding systems leveraging methods illustrated herein.

Encoder 110 receives signal 100 (such as a two dimensional image) and encodes it into data
stream 115. Decoder 120 receives data stream 115 and produces reconstructed signal 130.
Reconstructed signal 130 may be identical or merely substantially similar to the original
signal 100 depending on whether the encoding/decoding is lossy or lossless.

In one embodiment, encoder 111 receives original signal 140 (a video signal, ie., a
sequence of multiple frames of two-dimensional images) and encodes it into data stream
116 transmitted over a respective communication link to a target recipient. Decoder 121 at
the recipient receives data stream 116 and produces reconstructed signal 150, wherein
reconstructed images 150-1, 150-2, ..., 150-n are reconstructed renditions corresponding to
original images 140-1, 140-2, ..., 140-n. Reconstructed images 150-1 can be identical or
substantially similar to original images 140-1 depending on whether respective encoding
and/or decoding is lossy or lossless; reconstructed images 150-2 can be identical or
substantially similar to original images 140-2 depending on whether respective encoding
and/or decoding is lossy or lossless; reconstructed images 150-3 can be identical or
substantially similar to original images 140-3 depending on whether respective encoding
and/or decoding is lossy or lossless; and so on.

In accordance with further embodiments, encoder 112 receives original signal 160 (a
volumetric signal including multiple elements) and encodes it into data stream 117.
Decoder 122 receives data stream 117 and produces reconstructed signal 170 (e.g., a

rendition of the original signal).

FIG. 1B is a non-limiting example diagram illustrating a multiscale encoding and decoding
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system according to embodiments herein.

In one embodiment, encoder 111 receives original signal 140 and encodes it into a
multiscale data stream 116. In this example embodiment, decoder 121-2 receives data
stream 116 and produces reconstructed signal at Lower LOQ 151 (e.g., including frames
151-1, 151-2, and so on) of at a first (lower) level of quality than original signal and/or
signal 150.

Further in this example embodiment, decoder 121-1 receives data stream 116 and produces
reconstructed signal at higher LOQ 150 (e.g., at a second level of quality). In this example
embodiment, the second level of quality is higher than the first.

In a non-limiting embodiment, the second level of quality has a higher resolution (spatial
and/or temporal) than the first level of quality. In another non-limiting embodiment,
decoder 121-2 leverages MPEG-based decoding techniques (e.g., MPEG2, MPEG4, h.264,
etc.) in order to decode data stream 116. In yet another non-limiting embodiment, decoder
121-1 produces reconstructed signal at lower LOQ 151 and then reconstructs or derives the
reconstructed signal at the higher LOQ 150 based at least in part on first reproducing the
reconstructed signal at lower LOQ 151. In other words, the decoder 121-1 uses a first
portion of encoded in data stream 116 to reproduce renditions of signal 151 (e.g., 151-1,
151-2, and so on). Thereafter, the decoder 121-1 uses a second portion of data in the data
stream 116 to upsample and modify renditions of signal 151 into renditions of signal 150.
In a non-limiting embodiment, the second level of quality has a resolution obtained by
upsampling with a scale factor of two every spatial dimension of the first level of quality.
For example, the data stream 116 can be configured to include a first portion of
reconstruction data indicating how to reproduce an original element of the rendition of the
signal at a first level of quality. Additional reconstruction data in the data stream 116 can
indicate how to convert the element at the first level of quality into multiple elements at a
second level of quality. By way of a non-limiting example, the multiple elements at the
second level of quality provide a higher resolution of the original element at the first level
of quality. Repeating these steps, a low resolution of an image can be converted into a
higher resolution of the image. The higher image resolution provides more image details

(because it includes many more image clements) and thus is likely to be more appealing to
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the viewer.

In other non-limiting embodiments, the second level of quality has a resolution obtained by
upsampling with a specific scale factor (including non-integer scale factors and/or scale
factors equal to 1) cach of the dimensions of the signal. As an example,

In a non-limiting example embodiment, a decoding signal processor of a TV decoder (c.g.,
without limitation, a set top box) is programmed so as to implement a method as illustrated
in FIG. 1B, wherein Data Stream 116 corresponds to the received broadcast signal. In this
way, legacy decoders receive the same Data Stream 116, but just ignore the additional data
that allows to reconstruct a rendition of the signal at the higher level of quality. As
mentioned, the higher level of quality can be a rendition of the signal at a higher resolution.
In other non-limiting embodiments, a streaming server processes encoded data stream 116
and, in response to characteristics of the decoder and/or to bandwidth congestion, generates
a version of the data stream that only includes the encoded data necessary to decode the
signal up to a given level of quality (as opposed to the maximum possible level of quality).
In such an instance, bandwidth is not wasted on transmission of data that will not be used to

reconstruct a rendition of the original signal.

FIG. 1C illustrates a non-limiting example embodiment of tiered-based hierarchical
encoding and decoding of a two dimensional image, with scale factors of two in both
dimensions between any subsequent levels of quality according to embodiments herein.

In this example embodiment, image 130-3 is a rendition of the image at a given level of
quality, and in particular has a resolution of 8x8 elements. Image 130-4 is a rendition of
the same image at the immediately lower level of quality, and has a resolution of 4x4
clements.

Element 130-4-1 of the lower LOQ is co-located with elements 130-3-1, 130-3-2, 130-3-3
and 130-3-4 of the higher LOQ. In this example embodiment, clement 130-4-1 is thus the
“controlling element” (or “controlling pel”, or “parent clement”) of elements 130-3-1, 130-
3-2, 130-3-3 and 130-3-4 (“controlled elements”, or “sub-clements™).

Other non-limiting embodiments apply the same methods on images with more than two

dimensions, producing tiered hierarchies with suitable scale factors for each tier, including
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non-integer scale factors and/or different scale factors for different dimensions and/or

different scale factors along the hierarchy.

FIG. 1D illustrates another non-limiting example embodiment of tiered-based hierarchical
encoding and decoding of a two dimensional image, with scale factors of two in both
dimensions between LOQ N-1 and LOQ N according to embodiments herein.

Parent Element 130-(N-1)-1 of LOQ N-1 (“controlling element”) is co-located with
corresponding four sub-clements 130-N-1 of LOQ N (“controlled elements”). In general,
the parent element 130-(N-1)-1 is used as a baseline in which to reproduce (e.g., via
upsampling followed by adjustments using residual data) the corresponding four sub-

elements 130-N-1.

FIG. 1E illustrates another non-limiting example embodiment of tiered-based hierarchical
encoding and decoding of a two dimensional image, with non-integer scale factors of 3/2 in
both dimensions between LOQ N-1 and LOQ N according to embodiments herein.

Parent block 130-(N-1)-2 of LOQ N-1 (a group of controlling clements, since in this case
no single element of LOQ N-1 is precisely co-located with a set of elements of LOQ N) is
co-located with sub-elements 130-N-2 of LOQ N (set of controlled elements). In this non-
limiting example, calculating a predicted average for residuals corresponding to sub-
elements 130-N-2 may require processing both a predicted rendition of sub-elements 130-
N-2 and parent block 130-(N-1)-2 (as opposed to a single parent element).

For simplicity and for the sake of further illustration, following portions of the disclosure
include examples using scale factors of two from one level of quality to the next. However,
those skilled in the art can easily adapt all of the methods described herein for tiered
hierarchies with any of multiple different types of scale factors, including anisotropic

and/or non-integer scale factors.

FIG. 2A is an example diagram describing decoding of a signal in a tiered hierarchy of
levels of quality according to embodiments herein.

In this example embodiment, decoder 210 receives reconstruction data 200-1 and produces
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decoded image 245-(N-1) at LOQ N-1 (in this example the bottom level of quality or lower
level of quality).

Calculator of prediction for next LOQ 220-1 processes image 245-(N-1) with operations as
specified by corresponding parameters for operations 215-1, producing predicted image
225-1. Assuming a 2x2 upscale factor, calculator 220-1 produces predicted image 225-1
specifying settings for an 8x8 block of elements.

Decoder 230 receives reconstruction data 200-2 and produces residuals 240 (i.c.,
reconstruction data or residual data). In this example embodiment, residuals 240 can be an
8x8 matrix of element settings information matching the number of elements in image 245-
N.

Predicted image 225-1 also produced by calculator 220 also can be an 8x8 matrix of
element settings information matching the number of elements in image 245-N.

In one embodiment, the upsampling of the image 245-(N-1) into predicted image 225-1 is
merely a baseline images including 8x8 elements. Predicted image 225-1 and residuals 240
are combined, on an element-by-element basis, producing decoded image 245-N, which is a
rendition of the signal at LOQ N (e.g., 8x8 elements). In one embodiment, the residuals
240 include a set of 8x8 clements that arc added or combined with clements in the
predicted image 225-1 to produce image 245-N. Application of residuals 240 to predicted
image 225-1 produces a more accurate rendition of the signal at the corresponding level of
quality. In other words, the rendition of the signal 245-N is a more accurate rendition of
the original signal than is the predicted image 225-1.

Renditions of the signal at cach subsequently higher LOQs can be produced according to
the same method: producing, based on the rendition at the current LOQ, a predicted
rendition at the next higher LOQ); decoding residuals; combining predicted rendition at the
higher LOQ with decoded residuals, producing a rendition of the signal at the higher LOQ.
Combining can include, for each element in the array, selecting a location of an element
within the predicted image 225-1 and the residuals 240 and summing the values to produce
a value for the corresponding element in image 245-N.

In a non-limiting embodiment, decoder 210 utilizes — in order to decode reconstruction rata

200-1 — a decoding method that is different from the decoding method utilized by decoder
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230. In one non-limiting example embodiment, decoder 210 implements an H.264
decoding method.

In other non-limiting embodiments, decoder 230 produces residuals 240 based on a set of
encoded data (“support plane” encoded data) that is leveraged also to produce residuals for
a neighboring image in a sequence of images.

Thus, any suitable upsampling algorithm can be used to convert a baseline signal or image
at a first level of quality to a higher resolution predicted image at a next higher level of

quality.

FIG. 2B is an example diagram describing of an encoder encoding of a signal in a tiered
hierarchy of levels of quality according to embodiments herein.

A signal processor configured as an encoder receives as input image 130-0 at LOQ #0 such
as an image at a higher resolution. Image 130-0 is processed by downsampler 250-0,
producing image 130-1 at LOQ #-1. Image 130-1 is processed by downsampler 251-1,
producing image 130-2 at a next lower LOQ #-2. This downsampling process is repeated
until image 130-B at bottom LOQ #B (a yet lower level of quality) is produced.

Once image 130-B is produced at a lowest level of quality, the encoder starts to produce the
reconstruction data (residual data or adjustment values) that will be necessary at the
decoding side (i.e., decoder) in order to reconstruct a rendition of the original signal at
different levels of quality (or, more precisely, a tiered hierarchy of renditions of the signal).
In this example embodiment, in order to do this, the encoder produces the reconstruction
data for the bottom LOQ (starting LOQ for the reconstruction of the signal), and then
simulates all of the operations that will be performed by the decoder in order to
progressively reconstruct, based on a lower LOQ, to each next higher LOQ. Creating
adjustment values for each element when traversing upwards in the hierarchy, enables a
respective decoder to reproduce a rendition of the original signal at each of multiple levels
of quality.

In one embodiment, the lowest level of quality is the lowest resolution. The successively
higher levels of quality represent higher resolution renditions of the signal.

In this example embodiment, image 130-B is processed by residual calculator 260+B,
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producing residual data R® 270+B. Residual data 270+B is processed by generator of
reconstruction data 280+B, producing reconstruction data 290+B.

Reconstruction data 290+B is processed by simulated decoder 2100+B, producing rendition
of signal 245-B at the bottom LOQ #B and predicted rendition 225-(B+1) at LOQ #(-B+1).
Predicted renditions at any given LOQ #N are processed by the encoder together with the
corresponding image 130-N in order to produce residual data.

Residual calculator 261 receives image 130-1 at LOQ #-1 and predicted rendition 225-(-1)
at LOQ #-1, producing residual data 271. In one embodiment, residual data 271 (or
reconstruction data) includes adjustment values to be applied to the received predicted
rendition 225-(-1) in order to reproduce the rendition of the signal at the corresponding
level of quality #-1. Residual data 271 is processed by generator of reconstruction data
281, producing reconstruction data 291.

Reconstruction data 291 is processed by simulated decoder 2101, producing rendition of
signal 245-1 at LOQ #-1 and predicted rendition 225-0 at LOQ #0.

Residual calculator 260 receives original image 130-0 at LOQ #0 and predicted rendition
225-0 at LOQ #0, producing residual data 270. In one embodiment, residual data 270 (or
reconstruction data) includes adjustment values to be applied to the received predicted
rendition 225-0 in order to reproduce the rendition of the signal at the corresponding level
of quality #0. Residual data 270 is processed by generator of reconstruction data 280,
producing reconstruction data 290.

Reconstruction data 290 is processed by simulated decoder 2100, producing rendition of
signal 245-0, which is the rendition of signal at the highest LOQ in the hierarchy of
renditions that will be generated at the decoding side.

In a non-limiting embodiment, the encoder verifies that rendition 245-0 is suitably similar
to original image 130-0, according to a quality metric. If the quality metric score falls
below a threshold, the encoder re-processes reconstruction data for one or more LOQs (e.g.,
by adjusting suitable encoding parameters), up until a quality metric for the similarity
between 245-0 and 130-0 is above a threshold.

In another non-limiting embodiment, the encoder verifies that the amount of bitstream

necessary to encode reconstruction data 290, 291, ..., 290+B is below a maximum
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threshold. If the necessary amount of bitstream is above a threshold, the encoder re-
processes reconstruction data for one or more LOQs (e.g., by adjusting suitable encoding
parameters), up until the necessary amount of data to be transmitted in the bitstream is
below the threshold.

FIG. 3A and 3B illustrate an example of directional decomposition according to
embodiments herein. The directional decomposition is applied to groupings of 2x2 blocks
of residuals, in the case of 2D upsampling with scale factor of two along both dimensions
(i.c., for every parent element at LOQ #(N-1) there are four controlled pels (i.c., picture
clements) at the next higher LOQ #N, and consequently four residuals must be decoded in
order to suitably reconstruct said controlled pels.

Directional decomposition represents a way of encoding reconstruction data (such as
residual data) in a useful manner.

In this example, assume that block of residuals 300 is a portion of a plane of residual data at
a given LOQ #N that is processed by a decoder and combined with a predicted rendition of
a signal at the given LOQ #N in order to produce a rendition of the signal at said given
LOQ #N. In particular, block of residuals 300 is made of the four residuals ryj, rij+1 , it
and 1j41411. Residual 1 is an adjustment value indicating how to modify a corresponding
element p;j in the predicted image to reproduce a rendition of element X;;; reconstruction
data 1+ is an adjustment value indicating how to modify a corresponding element p;j; in
the predicted image to reproduce a rendition of element X;;+1; reconstruction data rj+1is an
adjustment value indicating how to modify a corresponding element pi;1; in the predicted
image to reproduce a rendition of element X;;yj; reconstruction data rj,:; is an adjustment
value indicating how to modify a corresponding element pi+1+1 in the predicted image to
reproduce a rendition of element X;i1+1.

In particular, block of residuals 300 corresponds to a block 305 of image elements Xij, Xij+1,
Xi+14, Xi+15+1 at LOQ #N controlled by a parent element y1 306 at the lower LOQ #(N-1) that
was generated by the encoder based on the image elements at LOQ #N.

In this non-limiting embodiment the settings y' of the parent clement were generated by

quantizing a weighted average of the settings of the elements corresponding to block 300,
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with one of multiple downsampling algorithms such as a bilinear filtering kernel and with
the parent element sampling position located at the center of the block (i.e., in the non-
limiting case of bilinear filtering, the parent element corresponds to a simple average of the
controlled pels). As a consequence, the sum of the residuals of controlled pels (i.e., the
sum of rjj, rjj+1, ri+1j and ri415+1) depends at least in part on the setting of parent element yl;
in fact, in the absence of quantization operations, it would be precisely determined by the
parent element, which is already known to a decoder by the time that it starts reconstructing
block 300.

In order to suitably leverage such information, the encoder as discussed herein performs a
decomposition transform that jointly takes advantage of two types of correlation: (1) the
self-correlation among residuals of block 300, and (2) the correlation between residuals of
block 300, predicted elements corresponding to block 300 and the parent element. As
mentioned, decomposition is a way of encoding the residuals 300 into different formats
(c.g., directional components 320 and then transformed residuals 350 that are more suitable
for transmission over a communication link to remote target device that decodes the data to
reproduce an image).

More specifically, in this example embodiment, in order to exploit self-correlation among
residuals, the encoder applies a “directional decomposition” transformation to the residuals,

producing the four directional components A, H, V and D:

] A is the average of the residuals rij, i1, Tit1j, Tit1,j+1;
| H is the horizontal / latitudinal tilt of said residuals;
B V is the vertical / longitudinal tilt of said residuals;

E D is the diagonal / oblique tilt of said residuals.

In general, the values H, V, and D include sufficient decoding information to convert the
value A into more specific settings for each of the residual components 1, riji1, Lit1j, Lirj1.
From a geometrical point of view, the transformation is equivalent to replacing four
samples in space with their representation given by a plane located on the z-axis at the

average of the samples and slanting accordingly to reconstruct the 4 samples, as illustrated
in FIG. 3A.
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As already mentioned, the transformation is aimed at two objectives: exploiting correlation
among residuals (e.g., directional correlation of lines and of typical patterns of an image)
and reducing the information entropy corresponding to average A, which can be easily
predicted at the decoder side based at least in part on predicted values.

At encoder side, the encoder knows that the parent element had been computed according
to formula 3.12 in FIG. 3B. The difference 3, between y and y' comes from the errors
generated during the quantization / de-quantization processes. According to equation 3.14
in FIG. 3B, by subtracting from y' the average value of the predictions p for the settings x
of controlled pels, it is possible to generate a prediction (“PA”, for “predicted average™) for
the average value of the four residuals 300, such that the difference between A and PA is
equal to J,.

In this example embodiment, the encoder thus genecrates transformed residuals 350 as
follows:

H Processing residuals 300 with Directional Decomposer 310, producing Directional
Components 320. In particular, Directional Components are calculated according to the
calculations illustrated in formula 3.11.

L Producing Predicted Average 340.

L Processing Directional Components 320 and Predicted Average 340 with
Transformed Residuals Calculator 330, producing Transformed Residuals 350.

In a non-limiting embodiment, J, is calculated according to the formula 6, = A— PA = A —
(¥’xn — AvgP), wherein AvgP is the average value of the predictions p for the settings x of
controlled pels.

In a non-limiting embodiment, when calculating Directional Components 320 the encoder
does not divide by 4 as indicated in formula 3.11 in FIG. 3B, in order to reduce the
calculations necessary for the inverse decomposition process necessary at the decoding
side.

In a non-limiting embodiment, a decoder receives transformed residuals 6,, H, V, D
(calculated by the encoder as described above) and calculates residuals 1ij, Tij+1, Tis1, Tit1,j+1
by first producing a predicted average PA and reconstructing components A, H, V, D, and

then by solving for 1;j, 1ij+1, Tit1, Li+1,+1 the equation indicated in formula 3.11.
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In another non-limiting embodiment, the decoder receives transformed residuals &, H, V, D
and computes A according to the formula A = §, + (yY'kxn — AvgP), wherein AvgP is the
average value of the predictions p for the settings x of controlled pels. From an information
entropy point of view, the benefit of transmitting/receiving 0, (i.c., the difference between
the actual average of residuals and the predicted average of residuals) rather than the value
A (average) is based on the fact that §, is very likely equal to zero (or be nearly zero), so
the zero symbol becomes more likely to be found in the sequence of encoded transformed
residuals, thus improving encoding efficiency. In other words, transmitting the value 6, as
opposed to transmitting the value A saves on the amount of data bits that are needed to
encode the residuals 300. After having computed A in this example, the decoder calculates
residuals 1y, Tij+1, Tisj, Lirij+1 Dy solving for rij, riji1, Tiwij, Livrje1 using the equation
indicated in 3.11.

As indicated above, decomposing the residuals 300 so as to subsequently produce
transformed residuals 350 takes advantage of the correlation between the residuals. In a
non-limiting embodiment, the decomposition allows to separate the residuals in a constant
part and one or morec variable parts. Some of the transformed eclements might be
predictable, making it easier to transmit them. In one embodiment, the transformed
residuals 350 are obtained based on a combination of additions and/or differences between
of individual components.

Ilustrating it with equations, starting from vector r (comprising the four residuals 300 such
as 1;j) the encoder calculates vector 1, wherein vector 1 contains four parameters derived
from the average A, the horizontal tilt H, the vertical tilt V and the diagonal tilt D. In
particular, vector 1 is calculated by multiplying vector r with matrix M. The decoder
receives parameters allowing it to reconstruct vector 1 (in particular, in the non-limiting
embodiment described above, instead of receiving parameter A, the decoder receives
parameter J, indicating the difference between A and the predicted average of residuals
PA). After having reconstructed 1, the decoder reconstructs vector r by multiplying the
inverse of matrix M with vector 1. As illustrated by the following equations in FIG. 3B, in a

non-limiting embodiment matrix M is identical to matrix M:
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In another non-limiting embodiment, different residuals in a set of transformed residuals
are quantized according to different quantization parameters. This is due to the different
relative importance of directional components for perceived quality, which allows to
quantize certain transformed residuals differently than others without noticeable differences
in quality. In other words, as mentioned, the reconstruction data or residual data at cach
corresponding level of quality to which the data pertains is responsible for adding details
back into a predicted rendition of the signal such that the produced rendition of the signal
more accurately reflects the original signal for the corresponding level of quality.

For example, the transformed residuals corresponding to the average or the diagonal
components ar¢ quantized more aggressively than the others. In one embodiment, the
decoder dequantizes different residuals according to different dequantization parameters.
In another embodiment, different quantization parameters allow to enhance the precision of
the vertical tilt and horizontal tilt of residuals (to which the human eye is particularly
sensitive) independently of the precision of diagonal / oblique information, so that, in case
of quantization artifacts (c.g., image errors that occur due to filtering to save data bits)
introduced by compression, specific components of residuals are privileged in terms of
bitrate allocation.

In another non-limiting embodiment, H and V parameters are quantized differently
according to an estimate of amounts of horizontal vs. vertical correlation in a signal (e.g., a
field in an interlaced video is often characterized by higher horizontal correlation than
vertical correlation, so it can be efficiently encoded by quantizing H and V differently).

In another non-limiting embodiment, for the last level of quality the decoder receives only

parameters corresponding to H and V, and reconstructs the full set of directional
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components (and then the residuals) by setting A and D to default values.

Other non-limiting embodiments adopt similar residual transformation methods in order to
encode and/or decode residuals for sets of controlled pels featuring more than two
dimensions (e.g., by way of non-limiting example, residuals for scts of eight controlling
pels obtained by means of a three-dimensional upsampling operation), and/or different
scale factors from a lower LOQ to the next higher LOQ.

People skilled in the art can easily deduct the transformation matrix to be used in other
embodiments operating on upsampling operations involving more than two dimensions
(c.g., by ways of non-limiting example, operations involving two spatial dimensions and a
time dimension all with a scale factor of two, reconstructing 8 controlled pels in a higher
LOQ for cach controlling pel in a lower LOQ). By way of non-limiting example, a
volumetric upsampling with scale factor of two in all dimensions requires an 8x8 residual
decomposition transform matrix, calculating 8 directional gradients / residual tilts. In a non-
limiting embodiment, for each 2x2x2 block of the signal the encoder computes (and the
decoder receives and decodes) one parameter corresponding to the average residual value
and 7 parameters corresponding to 7 residual tilt values.

In another non-limiting embodiment, both the encoder and the decoder operate separately
on the time and space dimensions. Temporal tilt is transmitted and decoded first, and then
the remaining 6 values (3 per each spatial plane) are transmitted as oblique spatial values.
In another non-limiting embodiment, encoder and decoder use a full-fledged directional
decomposition method on two dimensions (e.g., at the encoder, for each 2x2 block of
residuals: calculating average A, horizontal tilt H, vertical tilt V and diagonal tilt D of
residuals, and then encoding — instead of the average A — the difference d, between the
average A and the predicted average PA; at the decoder: receiving difference 0, between
average A and predicted average PA, horizontal tilt H, vertical tilt V and diagonal tilt D,
and calculating from such parameters the four residuals), and then a partial directional
decomposition on the third dimension (e.g., along time, calculating, encoding and decoding
only the tilt between the two averages of the 2x2 blocks of residuals).

In another non-limiting embodiment, the encoder can choose the option to avoid

transmitting one residual for each set of residuals corresponding to a same controlling pel at
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a lower LOQ. This is equivalent to quantize 0, to zero, regardless of its actual value.

In other non-limiting embodiments, the decoder receives complete sets of residuals, and
exploits the redundancy in residual information for error correction or error detection
purposes, enhancing transmission robustness.

In other non-limiting embodiments with scale factors among LOQs different from 2 for one
or more directions, encoder and decoder calculate the predicted average for a set of
residuals based at least in part on the values of a plurality of elements of the rendition of the
signal at the lower LOQ.

In other non-limiting embodiments, the encoder applies decomposition transforms to
specific sets of residuals, with the goal of maximizing the number of transformed residuals
that are assigned a value equal to zero. This is due to the fact that entropy encoding
techniques are more efficient when compressing a stream of numbers that include a higher
percentage of values equal to zero. In a non-limiting embodiment, parameters
corresponding to the applied decomposition transforms are transmitted to the decoder,
along with reconstruction data.

In a non-limiting embodiment, the encoder selects sets of residuals of different images at a
same LOQ in a sequence of images, said sets of residuals corresponding to a same location
(i.c., set of coordinates) along multiple subsequent images (e.g., multiple sampling
positions along time). For cach given position in the sets of residuals, the encoder selects
the residuals of the sets that are in that position (e.g., a temporal sequence of residuals
along time) and gencrates a sequence of transformed residuals starting with a value
corresponding to the average of said residuals and then — corresponding to cach given
residual — values corresponding to the step between the previous residual and the given
residual. In this way, the encoder represents very efficiently a sequence of multiple values
that are constant for a while, then change to a different value, and remain constant again
thereafter: in fact, such a sequence is represented with only two values different from zero
(i.c., the value corresponding to the average and the value corresponding to the pel where
the step change happens). In such an embodiment, in order to reconstruct the original
residuals, the decoder processes transformed residuals and calculates residuals by

multiplying transformed residuals by matrixes such as the following (depending on the
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number of residuals in the sequence):
1 4 3 2 1
1 3 2 1
1 2 1 1 -1 3 2 1
1 -1 2 1
M=|1 -1 1 | 1 -1 =2 2 1 |
= 1 -1 -2 1
1 -1 -2 1 -1 -2 -3 1
1 -1 -2 -3
1 -1 -2 -3 -4
1 5 4 3 2 1
1 -1 4 3 2 1
1 -1 -2 3 2 1
5 ,etc.
1 -1 -2 -3 2 1
1 -1 -2 -3 -4 1
1 -1 -2 -3 -4 -5

FIG. 3F is an example diagram illustrating generation of reconstruction data according to
embodiments herein

As shown, computer processing hardware in FIG. 3F is configured to produce
reconstruction data according to embodiments herein. As shown, during encoding, the
downsample algorithm 371 receives and processes block 305 including X11, X12, X21,
X22. Each of these values X11, X12, X21, X22 represents a corresponding setting
associated with the respective element.

In one embodiment, the downsample algorithm 371 receives and processes the X- array at
the first level of quality and converts the array of x-values (X11, X12, X21, X22) into a
single y value (e.g., representative value 361). Quantizer algorithm 371 converts the y-
value into y' (c.g., a quantized representative value 362, also indicated as 306 in FIG. 3B).
Upsample algorithm 373 associated with the encoder, by processing the rendition of the
signal at the lower LOQ #2, initiates upsampling of the value 362 (c.g., y') into a predicted
rendition (P11, P12, P21, P22) corresponding to the original rendition of the signal (X11,
X12, X21, X22). The difference function 376 produces reconstruction data or residual data
300 as a difference between the original signal as specified by X11, X12, X21, X22 and
predicted rendition P11, P12, P21, P22 to produce adjustment values R11, R12, R21, R22.
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In one embodiment, adjustment value R11= X11-P11; adjustment value R12= X12-P12;
adjustment value R21=X21-P21; and adjustment value R22= X22-P22.

Processor resource 377 receives the first set of adjustment values (such as residual data 300
or adjustment values R11, R12, R21, R22). The first set of adjustment values specify
adjustments to be made to a predicted rendition (P11, P12, P21, P22) of the signal as
generated at corresponding level #1 to reconstruct a rendition of the signal (X11, X12, X21,
X22) at the first level of quality. The processor resource 377 processes the first set of
adjustment values R11, R12, R21, R22. The processor resource 377 derives a second set of
adjustment values (or transformed residuals 350 or 8,, H, V, D) based on the first set of
adjustment values R11, R12, R21, R22 and a rendition of the signal such as y1 at a second
level of quality.

In this example, level of quality #2 is lower than the level of quality #1. The signal can be
an image including multiple elements. By way of a non-limiting example, the level of
quality #1 can be a first image resolution; the level of quality #2 can be a second image
resolution. The second image resolution is lower in resolution than the first image
resolution.

Note again that the signal being encoded by the encoder hardware in FIG. 3F can be any
suitable type of signal. For example, the signal can be a two-dimensional image; the signal
can be a video signal; the signal can be a volumetric image; and so on.

In another specific embodiment, the processor resource 377 includes reconstruction data
processor 396. Reconstruction data processor 396 converts the residual data 300 into
component values A, H, V, and D. As mentioned, the values A, H, V, and D is an encoded
representation of residuals 300. Based at least in part on the value y' and directional
components A, H, V, and D, the reconstruction data transformer 397 produces adjustment
values 0,, H, V, D (transformed residual data 350).

In one non-limiting example embodiment, the processor resource 377 derives the set of
adjustment values 0, H, V, D (transformed residual data 350) by processing the set of
adjustment values R11, R12, R21, R22 to produce the multiple adjustment components A,
H, V, and D, which are representative of the set of adjustment values R11, R12, R21, R22.

The reconstruction data transformer 397 produces the set of adjustment data d,, H, V, D
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(transformed residual data 350) based on a combination of at least one of the multiple
adjustment components such as the value A with at least one setting associated with the
rendition of the signal such as y' at level of quality #2.

As mentioned, one or more of the adjustment values d,, H, V, D (transformed residual data
350) can be calculated based on a linear combination of the set of adjustment values R11,
R12, R21, R22 with the rendition of the signal (such as y') at level of quality #2. For
example, the value 8, can be calculated based on a difference between the average value A
(an average of values X11, X12, X21, X22) as generated by quantizer algorithm 372 and a
predicted average produced based at least in part on an average of elements (P11, P12, P21,
P22) in block 393 (e.g., [P11 + P12 + P21 + P22]/4).

As an example, assume that the data in block 305 (a corresponding portion of elements in
an element plane that are being downsampled) includes: X11 = 10, X12 = 20, X21 = 25,
X22 =30. In this example, the downsample algorithm 371 produces value y = 21.25 using
an average of elements X11, X12, X21, X22. The single value y =21.25 at level of quality
#2 is a representative value of settings associated with elements X11, X12, X21, X22.
Assume that the quantizer algorithm 372 quantizes the value y = 21.25 to produce y' = 21.
In one embodiment, quantizing includes comparing a received value such as y = 21.25 to
multiple ranges. In this example, assume that any values in range Al between 21 and
21.999 are assigned a value of 21. The value y = 21.25 falls within the range Al and is
thus quantized and assigned a value of 21 as a result of quantizing by quantizer algorithm
372.

As previously discussed, embodiments herein include upsampling the quantized value y' =
21 (also based at least in part on its neighboring elements) into a set of predicted values
P11, P12, P21, P22, In this example, assume that the application of upsample algorithm
373 produces settings P11 = 10, P12 = 15, P21 = 20, P22 = 25. These P-values
approximate the settings of original X- values (X11, X12, X21, X22) but need some
adjustment.

Embodiments herein include applying difference function 376 to produce R-values (R11,
R12, R21, R22). For example, the difference function 376 sets R11 =X11 -PI11 (R11 =10
— 10 = 0); the difference function 376 sets R12 = X12 - P12 (R12 = 20 - 15 = 5); the
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difference function 376 sets R21 = X21 - P21 (R21 = 25 — 20 =5); the difference function
376 sets R22 =X2 - P22 (R22 =30 -25=5).

In accordance with the previous equations, the reconstruction data processor 396 produces
settings for A, H, V, and D based on settings R11, R12, R21, R22 at level of quality #1.
For example, according to the respective matrix, the reconstruction data processor 396

produces directional components 320 as follows:

RI1+RI2+R21 +R22]/4=[0+5+5+5]/4=375
RI1-RI2+R21-R22]/4=[0-5+5-5]/4=125
RI1+RI2-R21-R22]/4=[0+5-5-5]/4=125
RI1-RI12-R21 +R22]/4=[0-5-5+5]/4=-125

A=
H=|
V=1
D=1

Based on these values for A, H, V, and D, the reconstruction data transformer 397 produces

transformed residuals 300 (0., H, V, D) as follows:

8.= Average — Predicted Average = {3.75 —[y' - (P11+P12 +P21+P22)/4]}=
8a={3.75—[21 - (10+ 15 +20+25) / 4]} =3.75-(21 - 17.5)=3.75-3.5= 25

In this example, the processor resource 377 produces transformed residual data 350 as
follows:

Oar = .25

H=1.25

V=125

D=-1.25

Accordingly, the encoder hardware as discussed herein receives the rendition of the signal
(X11, X12, X21, X22) at level of quality #1. The downsample algorithm 371 of the
encoder in FIG. 3F produces the rendition of the signal y at level of quality #2 based on the
rendition of the signal (X11, X12, X21, X22) at the level of quality #1. The upsample
algorithm 373 produces the predicted rendition of the signal P11, P12, P21, P22 at the level
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of quality #1 from the rendition of the signal at level of quality #2. For example, quantizer
algorithm 372 produces y' from y. The upsample algorithm 373, by processing the
rendition of the signal at level of quality #2, converts y1 to P11, P12, P21, P22. As
mentioned, the difference function 376 produces the sct of adjustment values R11, R12,
R21, R22 as a difference between the rendition of the signal R11, R12, R21, R22 at level of
quality #1 and the predicted rendition of the signal P11, P12, P21, P22 at level of quality
#1. The reconstruction data processor 396 produces a formatted set of adjustment values
(such as directional components 320) from the set of adjustment values R11, R12, R21,
R22. As its name suggests, the reconstruction data transformer 397 transforms the
formatted set of adjustment values into the set of adjustment values 8., H, V, D.
Embodiments herein can further include additional encoder hardware and software to
encode the set of adjustment values 8., H, V, D and the rendition of the signal y1 at level of
quality #2 into corresponding encoded information. A transmitter resource transmits the
corresponding encoded information over a communication link to decoder processing
hardware (see FIG. 5 for a non-limiting example of decoding).

In accordance with FIG. 5, decoder processing hardware receives the encoded information.
From the encoded information, the decoder processing hardware obtains (via decoding)
reconstruction data such as value y' = 21. The value y' specifies how to reconstruct the
rendition of the signal for block 306 (FIG. 3B) at level of quality #2. From the received
encoded information, the decoder processing hardware obtains (via decoding) the set of
adjustment values 6,, H, V, D.

The decoder processing hardware reproduces the predicted rendition of the signal P11 =
(element 500-1-1), P12 (element 500-1-2), P21 (element 500-1-3), P22 (clement 500-1-4)
at level of quality #1 based at least in part on value y' in the obtained reconstruction data.
The decoder processing hardware derives an adjustment value (“predicted average”, or
“PA”) such as value 430-5 based on processing of settings associated with the predicted
rendition of the signal and the obtained reconstruction data (such as y1 = 21). In this
example embodiment, the block 520 generates adjustment value 430-5 to equal yl minus
the average of the predictions AvgP (such as [(P11+P12+P21+P22)/4). Recall that the
upsample algorithm 373 (as also used by the decoder processing hardware) applied to y'
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and its neighboring elements in the decoder processing hardware produces values P11 = 10,
P12 =15, P21 =20, P22 = 25. Note that the specific algorithm to be used to upsample
value y' can be specified in data received by the decoder processing hardware. In
particular, for a given element of the preliminary rendition of the signal at the higher level
of quality, producing scttings for said given element can comprise: receiving metadata
associated with the upsampling operations to be used to produce, based on the rendition of
the signal at the lower level of quality, the preliminary rendition of the signal at the higher
level of quality; identifying an upsampling operation (c.g., without limitation, coefficients
of an upsampling kernel) as specified by the metadata; and applying the operation to a
subset of elements of the rendition of the signal at the lower level of quality to derive the
settings for said given element of the preliminary rendition of the signal at the higher level
of quality.
The processing block 520 therefore produces y' — AvgP =21 - [(10 + 15 + 20 + 25)/4] =21
-17.5=35.
Function 562 sums delta 445-1 (e.g., 6,= .25) as obtained by decoding as discussed above)
and value PA = 3.5 to produce signal 430-5 such as value of 3.75 (i.e., average A = 3.75).
Thus, the decoder processing hardware utilizes the derived adjustment value (e.g., PA =
3.5) as a basis to modify the value 6,= .25 into adjustment value A = 3.75)
The data obtained by decoding received information also includes obtaining values for H,
V and D. In this example, the values are as follows: H=1.25, V =1.25, and D =-1.25.
The decoder processing hardware then applies the modified set of adjustment values (c.g.,
A, H, V, D) to the reproduced predicted rendition of the signal P11, P12, P21, P22 to
produce the rendition of the signal 550-1 at level of quality #1. For example, decoder
processing hardware applies a row of summers associated with matrix values 532 to
produce:

element 550-1-1 = element 500-1-1 + (A 455-1 + H 455-2 + V 455-3 + D 455-4)
= 10+ (3.75+ (-1.25) + (-1.25) + (-1.25)) = 10 =X11;

clement 550-1-2 = element 500-1-2 + (A 455-1 - H 455-2 + V 455-3 - D 455-4)
= 15+ (3.75-(-1.25) + (-1.25) - (-1.25)) =20 = X12;

clement 550-1-3 = clement 500-1-3 + (A 455-1 - H 455-2 + V 455-3 - D 455-4)
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= 20+ (3.75+ (-1.25) - (-1.25) - (-1.25)) =25 = X21; and
element 550-1-4 = element 500-1-4 + (A 455-1 - H 455-2 - V 455-3 + D 455-4)
= 25+ (3.75 - (-1.25) — (-1.25) + (-1.25)) = 30 = X12.

Accordingly, via receipt of residual data such as y' =21 and values 8, = .25, H=-1.25,V =
-1.25, and D = -1.25, the decoder processing hardware is able to reproduce original values
X11,X12, X21, and X22.

In accordance with further embodiments in FIG. 9, the encoder processing hardware as
discussed herein can be configured to produce multiple sets of reconstruction data 910. For
example, a first portion of a signal such as X-elements can be processed and encoded to
produce set of reconstruction data 910-1 as previously discussed. In a similar manner as
previously discussed, the encoder can be configured to produce set of reconstruction data
910-2 based on clements Z11, Z12, Z21, and Z22.

As discussed, cach set of reconstruction data 910 can include settings for multiple
components such as A (a first component), H (a second component), V (a third
component), and D (a fourth component) by means of transformed value J, (a first
transformed value), H (a second transformed value), V (a third transformed value), and D
(a fourth transformed value). The first transformed value such as J, (delta average) in ecach
of the sets corresponds to a first attribute class; the second transformed value in each of the
sets corresponds to a second attribute class such as Horizontal (H); the third transformed
value in cach of the sets corresponds to a third attribute class such as Vertical (V); the
fourth transformed value in each of the sets corresponds to a fourth attribute class such as
Diagonal (D).

In one embodiment, the encoder processing hardware creates a first grouping 925-1 to
include a first component value from each of multiple sets of reconstruction data 910. For
example, grouping 925-1 includes component values 041, 042, ...

The encoder processing hardware creates grouping 925-2 to include a second component
value such as H from each of multiple sets of reconstruction data 910. For example,
grouping 925-2 includes component values H1, H2, ...

The encoder processing hardware creates grouping 925-3 to include a third component
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value such as V from each of multiple sets of reconstruction data 910. For example,
grouping 925-3 includes component values V1, V2, ...

The encoder processing hardware creates grouping 925-4 to include a third component
value such as D from each of multiple sets of reconstruction data 910. For example,
grouping 925-4 includes component values D1, D2, ...

In one embodiment, the encoder processing hardware encodes the groupings independently
of ecach other. For example, the encoder processing hardware entropy encodes the first
grouping 925-1 into encoded information 965-1 independently of entropy encoding the
second grouping 925-2 into encoded information 965-2.

In other non-limiting embodiments, groupings of transformed values are obtained by
grouping transformed values corresponding to a same portion of the signal (such as a tile of
the signal), and thus by individually encoding transformed residuals corresponding to each
tile of the signal. In yet other non-limiting embodiments, transformed values
corresponding to a same set of residual data 910 are assigned a given symbol, and the
encoder processing hardware encodes a sequence of symbols, wherein each of the symbols

corresponds to one of the sets of residual data 910.

FIG. 3C illustrates a non-limiting embodiment of directional decomposition applied to
groupings of two residuals, in the case of 2D upsampling with scale factor of two along the
horizontal dimension and one along the vertical dimension (i.c., for every parent element at
LOQ #(N-1) there are two controlled pels at the next higher LOQ #N, and consequently
two residuals must be decoded in order to suitably reconstruct said controlled pels)
according to embodiments herein.

The encoder calculates — according to formula 3.21 — the two directional components A
(for Average) and T (for Tilt), and then produces transformed residuals 6, and T, wherein J,
is calculated as the difference between A and the predicted average PA, and wherein PA is
calculated as the difference between the value y' of element 308 and the average AvgP of

the predicted values corresponding to the two elements 307.

FIG. 3D illustrates a non-limiting embodiment of directional decomposition applied to
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groupings of 2x2 blocks of residuals, in the case of 2D upsampling with scale factor of two
along both dimensions (i.c., for every parent clement at LOQ #(N-1) there are four
controlled pels at the next higher LOQ #N, and consequently four residuals must be
decoded in order to suitably reconstruct said controlled pels) according to embodiments
herein.

Block of residuals 300 is a portion of a plane of residual data at a given LOQ #N that is
processed by a decoder and combined with a predicted rendition of a signal at the given
LOQ #N in order to produce a rendition of the signal at said given LOQ #N. In particular,
block of residuals 300 is made of the four residuals rjj, 1ij+1, fiv1j and 11441

Residuals 300 are processed by Directional Decomposer 310 according to formula 3.11,
producing Directional Components 320. Directional Components 320 and Predicted
Average 340 are then processed by Transformed Residuals Calculator 330, producing
Transformed Residuals 350. Transformed Residuals 350 are then quantized by Quantizer
360, producing Quantized Transformed Residuals 370.

In a non-limiting embodiment, Quantized Transformed Residuals 370 are then further
processed and encoded into encoded reconstruction data. In a non-limiting embodiment,
Quantized Transformed Residuals for the whole signal are grouped into separate groupings
that are individually entropy encoded into separate sets of encoded reconstruction data. In
a non-limiting embodiment, separate groupings correspond to distinct classes of
transformed residuals (e.g., without limitation, Quantized Transformed Residuals
corresponding to H components for the whole signal vs. Quantized Transformed Residuals
corresponding to V components for the whole signal, etc.). In another non-limiting
embodiment, separate groupings correspond to distinct portions of the signal (e.g., without
limitation, tiles of the signal).

In accordance with FIG. 3D, the directional decomposer 310 produces a formatted set of
adjustment values such as directional components 320 from the set of residual 300 (e.g.,
adjustment values). The calculator 330 transforms the formatted set of adjustment values
such as directional components 320 into transformed residuals 350 (ec.g., adjustment
values). The encoder then applies a quantizer algorithm 360 to the set of adjustment values

(transformed residuals 350) to produce a set of quantized adjustment values such as
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quantized transformed residual 370.

In one embodiment, set of adjustment values 6,, H, V, D is a vector including multiple
reconstruction data components (e.g., component 8, component H, component V,
component D). The quantizer 360 quantizes each of the adjustment components to produce
a quantized sct of adjustment values such as residuals 370.

The different components in transformed residuals 350 can be quantized according to
different rules. For example, a first set of ranges can be used to quantize the 6, component
in respective residuals 370. Each range can be assigned a respective value. Depending on
which of the ranges the value 8, component falls, the corresponding value assigned to the
range is then assigned to the 6, component as the quantized value for the component.

A second set of ranges can be used to quantize the H component in respective residuals
370. Each range in the second set can be assigned a respective quantized value. Depending
on which of the ranges in the second set the value H component falls, the corresponding
value assigned to the range is then assigned to the H component as the quantized value for
the component.

In this manner, a different set of quantization ranges can be used to generate quantized
values for cach of the different types of components &, H, V, D. As mentioned,
quantization is used to generate similar settings for otherwise different component settings.
Quantization reduces the amount of data that is required to capture a signal.

Accordingly, embodiments herein include computer processor hardware to quantize a first
adjustment data component in the vector 6,, H, V, D based on first quantization rules. The
computer processor hardware quantizes a second adjustment data component in the vector
based on second quantization rules. The second quantization rules different than the first

quantization rules.

FIG. 3E illustrates another non-limiting embodiment of quantization and transform of a 2x2
block of residuals 300, wherein residuals are quantized before being transformed according
to embodiments herein. It’s worthwhile to underline that quantizing before transforming is
an important and additional novel step introduced by this invention, since conventional

encoding methods have so far applied quantization after transforming, for reasons that
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include the possibility of quantizing certain transformed parameters more heavily than
others, i.c., broadly speaking, dedicating more bitrate to the “higher priority” parts of the
transform.

As illustrated in Figure 3E, in this non-limiting embodiment residual quantization is
performed before entering the transform step, and in particular Quantizer 380 processes
Residuals 300, producing Quantized Residuals 309.

Quantized Residuals 309 are processed by Lossless Directional Decomposer 315, which
produces Lossless Directional Components 325 (“ldc”) by processing the vector of four

Quantized Residuals 309 (“qr”) according to the following formula:

lde =M -qr
S 1 1 1 1Y) (qr,
! -1 =1 1 =1]]gqr,

H | |1 1 -1 -1||gn,
p') L1 -1 -1 1)\gn

It is important to underline that the number of bits necessary for Lossless Directional
Components 325 is higher than the number of bits used to describe Quantized Residuals
309, since Lossless Directional Components 325 are obtained by performing additions and
subtractions of Quantized Residuals 309.

Lossless Directional Components 325 and Predicted Sum 345 are processed by
Transformed Residuals Calculator 335, producing Transformed Residuals 355.

In a non-limiting embodiment, quantization of Residuals 300 within Quantizer 380 is based
at least in part on parameters produced by processing the entire plane of residuals to which
Residuals 300 belong (i.e., looking at the signal in its entirety).

In a non-limiting embodiment, quantization of Residuals 300 is performed by Quantizer
380 via an optimization method that ensures that the difference between a reconstructed
clement (i.c., the combination of a predicted clement and its corresponding residual) and
the corresponding element in the original signal is below a given threshold of maximum
error, effectively ensuring error control of the rendition of the signal reconstructed at a

decoder. In some non-limiting embodiments, quantization of Residuals 300 is performed



10

15

20

25

30

WO 2013/171173 PCT/EP2013/059847
42

based on parameters that are produced by processing substantially the whole signal and/or
the whole plane of residuals that comprises Residuals 300. In a non-limiting embodiment,
this is achieved by processing the whole signal and the whole plane of residuals, generating
a priority map that assigns a priority value to each residual in the plane of residuals;
quantization of residuals is then performed based at least in part on said priority values.

In a non-limiting embodiment, transformed residuals are symbols chosen in alphabets of
symbols that have a different number of bits (i.e., total number of symbols) based on the
relative position of each transformed residual in vector of Transformed Residuals 355.

As discussed above, if desired, quantization can be performed directly on the residuals 300
prior to decomposing into respective values. For example, quantizer algorithm 380
receives a first set of adjustment values (residuals 300) and produces a quantized set of
adjustment values such as quantized residual 309. In one embodiment, the directional
decomposer 315 applies one or more lossless and invertible operations on the received
quantized set of adjustment values to produce an intermediate set of adjustment values such
as S, VI, H', D'. Calculator 335 receives a value (such as a predicted sum) derived based at
least in part on a rendition of the signal at the second level of quality and a predicted
rendition of the signal at a first level of quality. Calculator 335 utilizes the value (e.g.,
predicted sum 345) to convert the intermediate set of adjustment values S, v H', D' into
transformed residual 355 (such as Js, Hl, Vl, Dl).

In one embodiment, settings of quantized set of adjustment values (such as quantized
residuals 309) are produced so that the differences between settings in the set of quantized
set of adjustment values (such as quantized residuals 309) and corresponding settings in the

set of adjustment values (such as settings 300) are below an error threshold value.

Additional Embodiments

As discussed above, adjustment values can be quantized at any suitable point in the
encoding process. In accordance with yet further embodiments, note that the set of
adjustment values pertain to reconstruction of a particular location in a plane of multiple
clements that are encoded at the different levels of quality. Each of the different portions of

elements in the plane can be quantized by different amounts depending on the particular
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location in which the corresponding clements reside. For example, in areas of the signal
that are relatively homogeneous, the corresponding region can be less quantized in order to
retain good signal quality of such regions; areas where there is sharp contrast can be less
quantized in order to retain good signal quality of such regions; areas in a signal where a
particular object such as a person or text are detected can be less quantized in order to
retain good signal quality of such regions; and so on. Accordingly, embodiments herein
can include quantizing the adjustment value depending on attributes of the signal to which
the set of adjustment values pertain.

In accordance with further embodiments, the set of adjustment values can be a vector
including multiple reconstruction data components (such as component 8, component H,
component V, component D). During encoding, two or more of these components can be
combined and represented by a single encoded symbol.

As mentioned, each of multiple regions of an original signal can be encoded using a
respective set of adjustment values (such as 6, H, V, D). For example, a first portion or
region of the signal can be encoded via a first set of adjustment values (such as &;, H', V',
D'); a second portion or region of the signal can be encoded via a second set of adjustment
values (such as &, H%, V2 D?); a third portion or region of the signal can be encoded via a
third set of adjustment values (such as 03, H3, V3, D3); and so on. Embodiments herein can
include encoding cach of at least two of the multiple sets of reconstruction data (such as 9,
H, V, D) or portions thereof using a common symbol. Accordingly, a single symbol can be

used to represent settings for multiple sets of adjustment values.

FIG. 4A illustrates a non-limiting embodiment of inverse directional decomposition
performed by a decoder device according to embodiments herein.

Block 410 Inverse Directional Decomposition receives five planes of elements at resolution
X *Y: a Plane of Predicted Averages 400-5 and the four planes of transformed residuals
Plane of § 400-1, Plane of H 400-2, Planc of V 400-3 and Planc of D 400-4.

Block 410 processes the received planes according to an inverse directional decomposition,
producing Plane of Residuals at resolution 2X * 2Y 420.

In a non-limiting embodiment, block 410 sclects corresponding clements in the five input
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planes, and for cach grouping of corresponding clements performs an inverse directional
decomposition, by reconstructing directional components and then by suitably adding and
subtracting directional components so as to produce a set of residuals corresponding to the

grouping.

FIG. 4B illustrates another non-limiting embodiment of inverse directional decomposition
according to embodiments herein. In particular, the diagram illustrates the operations
performed by a signal processor configured as a decoder in order to reconstruct a set of
Residuals 480.

The four quantized parameters Q(da) 430-1, Q(H) 430-2, Q(V) 430-3 and Q(D) 430-4 are
processed respectively by DeQuantizer 440-1, DeQuantizer 440-2, DeQuantizer 440-3 and
DeQuantizer 440-4. DeQuantizer 440-1 produces parameter Dequantized Delta 445-1,
which is processed by Combiner 450 and combined with Predicted Average 430-5,
producing Dequantized Average Component 455-1. DeQuantizer 440-2 produces
Dequantized Horizontal Component 455-2. DeQuantizer 440-3 produces Dequantized
Vertical Component 455-3.  DeQuantizer 440-4 produces Dequantized Diagonal
Component 455-4.

Parameters 455-1, 455-2, 455-3 and 455-4 are processed by block 470 Inverse Directional
Decomposition, according to calculations corresponding to Matrix M 460, producing
Residuals 480.

In a non-limiting embodiment, Matrix M 460 corresponds to sixteen coefficients, and
Residuals 480 are obtained by additions and subtractions of parameters 455-1, 455-2, 455-
3, 455-4, according to said coefficients. In a non-limiting embodiment, Residuals 480 is a
set of four residuals, and each of said residuals is obtained by multiplying each of
parameters 455-1, 455-2, 455-3, 455-4 times a coefficient of Matrix M 460, and then
summing the results of said multiplications. In another non-limiting embodiment, Matrix
M 460 is a 4x4 matrix, and the vector of Residuals 480 is obtained by multiplying the
vector of parameters 455-1, 455-2, 455-3, 455-4 times Matrix M 460.

In a non-limiting embodiment, DeQuantizers 440-1, 440-2, 440-3 and 440-4 cach performs

quantization operations according to specific quantization parameters (c.g., the
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dequantization operations performed on parameter 430-1 are different from the
dequantization operations performed on parameter 430-2).

As shown in FIG. 4B, different dequantization operations can be applied to the received
quantized data such as Q(da) 430-1, Q(H) 430-2, Q(V) 430-3 and Q(D) 430-4. The
dequantizer 440-1 applies a first dequantization operation to reproduce a first adjustment
value such as dequantized delta 445-1; the dequantizer 440-2 applies a second
dequantization operation to reproduce a second adjustment value 455-2; the dequantizer
440-3 applies a third dequantization operation to reproduce a third adjustment value 455-3;
the dequantizer 440-4 applies a fourth dequantization operation to reproduce a fourth
adjustment value 455-4. Each of the dequantization operation can be unique with respect to

cach other.

FIG. 4C illustrates another non-limiting embodiment of inverse directional decomposition
performed by a signal processor configured as a decoder in order to reconstruct a set of four
residuals 480 according to embodiments herein.

The embodiment in FIG. 4C performs operations that are similar to the ones performed by
the embodiment illustrated in FIG. 4B, with the exception that in this case the decoder
receives only two quantized parameters Q(H) and Q(V) in order to reconstruct a 2x2 block
of four residuals 480. This is due to the fact that the information carried by parameters
430-1 and 430-4 in FIG. 4B is broadly speaking less important for quality perception, so in
response to bandwidth limitations the decoder in FIG. 4C is cnabled to reconstruct
Residuals 480 based only on 430-2 and 430-3, substituting 430-1 and 430-4 with a default
value (e.g., without limitation, zero).

Parameters 430-2 and 430-3 are processed by DeQuantizers 440-2 and 440-3, producing
parameters 455-2 and 455-3. Block 470 receives Predicted Average 430-5, Dequantized
Horizontal Component 455-2, Dequantized Vertical Component 455-3 and Zero Value
440-6, producing Residuals 480 according to calculations corresponding to Matrix M 460.

FIG. 4D illustrates a non-limiting embodiment of lossless inverse decomposition performed

by a signal processor configured as a decoder in order to reconstruct a set of two Residuals
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481 according to embodiments herein. The embodiment illustrates an inverse
decomposition of a block of two quantized residuals that were transformed by means of a
lossless decomposition transform, i.c., with quantization performed before the transform
instead of after the transform. Losslessly transformed quantized residuals have
mathematical characteristics that allow to predict some of their bits (e.g., without
limitation, the least significant bit) based on other losslessly transformed quantized
residuals of a same set. More specifically, parameters obtained with a lossless transform
operation have in principle a higher number of bits (¢.g., the lossless sum of two parameters
of n bits requires n+1 bits; the lossless sum of four parameters of n bits requires n+2 bits,
ctc.), but — based on the specific coefficients of the transform applied — part of the
information in the least significant bits becomes redundant (e.g., identical for at least two of
the transformed parameters), so it is sufficient to transmit to a decoder only part of the bits
of some transformed parameters, leaving to the decoder the task of leveraging the known
redundancies to reconstruct the full-fledged set of transformed parameters.

Transformed Residual R'; — a parameter made of 2 bits — is received by Combiner 451 and
combined with Predicted Sum 431-3 — a parameter made of n+1 bits — producing Sum S of
Quantized Residuals 456-1 — a parameter made of n+1 bits.

Transformed Residual R — a parameter made of n bits — is received by block 491 along
with parameter S 456-1, producing Difference D of Quantized Residuals 456-2 — a
parameter made of n+1 bits. In particular, parameter D 456-2 is obtained by increasing the
number of bits of parameter 431-2, and specifically by adding as additional least significant
bit of parameter 431-2 the least significant bit of parameter 456-1 (so that parameters 456-1
and 456-2 have a same least significant bit).

Parameters 456-1 and 456-2 are received by block 471 along with Matrix M' 461,
producing a sct of two Quantized Residuals 481 of n bits. In a non-limiting embodiment,
cach of the two Quantized Residuals 481 corresponds to cither the sum or the difference of
parameters 456-1 and 456-2, wherein the least significant bit of the sum or the difference
(which is by construction equal to zero) is taken away.

Quantized Residuals 481 are then processed by DeQuantizer 441, producing the two
Residuals 482, made of n bits.
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In other non-limiting embodiments, all parameters are made of a same number of bits, and
block 491 just copies the least significant bit of parameter 456-1 onto the least significant
bit of parameter 431-2.

In another non-limiting embodiment, Residuals 482 are parameters made of a number of

bits higher than the number of bits of Quantized Residuals 481.

FIG. 4E illustrates a non-limiting embodiment of lossless inverse decomposition performed
by a signal processor configured as a decoder in order to reconstruct a set of four Residuals
483 according to embodiments herein. The embodiment illustrates an inverse
decomposition producing a block of four quantized residuals 481 that were transformed by
means of a lossless decomposition transform, i.e., with quantization operations performed
before the transform instead of after the transform.

Transformed Residual R'; 432-1 — a parameter made of 2 bits — is received by Combiner
451 and combined with Predicted Sum 432-5 — a parameter made of n+2 bits — producing
Sum S of Quantized Residuals 457-1 — a parameter made of n+2 bits.

Transformed Residuals R 432-2 — a parameter made of n+1 bits —, R'; 432-3 — a parameter
made of n+1 bits — and R'; 432-4 — a parameter made of n bits — are received and processed
by Reconstructor of Redundant Bits 495 along with Sum S of Quantized Residuals 457-1.
Reconstructor of Redundant Bits 495 leverages the known information redundancy
generated by the lossless decomposition that was performed at the encoder side, and
produces additional bits for 432-2, 432-3 and 432-4 by using as least significant bit the
least significant bit of 457-1, and as second least significant bit added to 432-4 the
exclusive Or (XOR) of the corresponding bits of 457-1, 432-2 and 432-3. By doing this,
Reconstructor of Redundant Bits 495 produces the four parameters S 457-1, H' 457-2, V!
457-3 and D' 457-4, made of n+2 bits and characterized by having all the same least
significant bit and second-least significant bits such that the number of 1’s in said second-
least significant bits is an even number.

Parameters 457-1, 457-2, 457-3 and 457-4 arc processed by Inverse Directional
Decomposition 472 according to operations corresponding to parameters included in

Matrix M 460, producing a sct of four Quantized Residuals 482, each of said quantized



10

15

20

25

30

WO 2013/171173 PCT/EP2013/059847
48

residuals made of n bits.

Quantized Residuals 482 are then processed by DeQuantizer 442, producing Residuals 483.
The described operations performed by block 495 Reconstructor of Redundant Bits to
reconstruct the redundant information in parameters 457-1, 457-2, 457-3 and 457-4 (which
is a known consequence of the lossless transform that was performed at the encoder side)
are just a non-limiting embodiment. Pecople skilled in the art can casily develop several
other ways to extract said redundant information at the encoder side (thus avoiding to
encode and transmit redundant information) and to reconstruct it at the decoder side.

As shown, the sct of adjustment values can be a vector of multiple adjustment components
R' R R% RY. Viaapplication of a matrix 460 and corresponding processing to the vector
of multiple adjustment components, the decoder processing hardware derives a set of
quantized adjustment values such as residuals 482. Via dequantizer 442, the decoder
processing hardware applies a dequantization algorithm to the set of quantized adjustment
values such as residuals 482 to produce a set of dequantized adjustment values such as
residuals 483 (i.e., reconstruction data). In one embodiment, the decoder processing
hardware applies the set of dequantized set of adjustment values such as residual 483 to the
preliminary rendition of the signal to produce the secondary rendition of the signal as
discussed herein.

In one embodiment, to derive the set of dequantized adjustment values, the decoder
processing hardware can be configured to apply combiner 451 to modify a particular
adjustment component in the vector to produce a modified vector of multiple adjustment
components (such as residual 457-1, residual 432-2, residual 432-3, residual 432-4). One
or more of the multiple adjustment components in the modified set can be of different bit
lengths. The decoder processing hardware applies a first algorithm to the modified vector
(such as residual 457-1, residual 432-2, residual 432-2, residual 432-4) of multiple
adjustment components to suitably adjust bit lengths of the components in the modified set

to a common length such as n+2 as in this non-limiting example embodiment.

FIG. 5 illustrates a non-limiting embodiment of operations performed by a decoder

according to embodiments herein. The decoder reconstructs — based on a set of four
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predicted elements 500-1 at LOQ #1, on a corresponding clement of a rendition of the
signal at the lower LOQ #2 and on four parameters 445-1, 455-2, 455-3 and 455-4 —four
elements 550-1 of a rendition of the signal at LOQ #1.

Block 520 processes the four elements 500-1 and a corresponding element of rendition 510
at LOQ #2, producing a Predicted Average (PA) 430-5.

Predicted Average 430-5 is combined with parameter Delta 445-1, producing parameter A
455-1.

Parameters 455-1, 455-2, 455-3 and 455-4 are combined with elements 500-1-1, 500-1-2,
500-1-3 and 500-1-4 according to the operations (sums and/or differences) specified in
FIG. 5, producing clements 550-1-1, 550-1-2, 550-1-3 and 550-1-4. For instance, clement
550-1-1 is obtained by adding 455-1, 455-2, 455-3 and 455-4 to 500-1-1; clement 550-1-2
is obtained by adding 455-1 and 455-3 and by subtracting 455-2 and 455-4 to 500-1-2; and
so forth.

In a non-limiting embodiment, elements 500-1-1, ..., 500-1-4 have n bits, 455-1, ..., 4554
have n+2 bits, and for each element 550-1-n sums and differences in FIG. 5 are first
executed on parameters 455-1, ..., 455-4 (producing a result of n+2 bits), then the result is
divided by 4 (i.c., the last two bits arc eliminated), obtaining a parameter of n bits, and then
said parameter of n bit is summed to the corresponding element 500-1-n, producing
element 550-1-n.

Accordingly, the decoder processing hardware as in FIG. 5 receives setting information or
value y' associated with a rendition of a signal 510 at level of quality #2. The decoder
processing hardware receives a set of adjustment values (such as delta 445-1, H 455-2,
V455-3, and D 455-4). The decoder processing hardware produces a preliminary rendition
of the signal (such as signal 500-1) at level of quality #1 based on the setting information of
clements of rendition of the signal 510 at level of quality #2. The decoder processing
hardware produces a second rendition of the signal such as rendition 550-1 at the level of
quality #2 based on the set of adjustment values (such as delta 445-1, H 455-2, V 455-3,
and D 455-4) and the preliminary rendition of the signal 510 at level of quality #2.

As shown, producing the second rendition of the signal such as signal 550-1 can include:

modifying the set of adjustment values delta 445-1, H 455-2, V 455-3, and D 455-4 based
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at least in part on the preliminary rendition of the signal 550-1 at level of quality #1. The
decoder processing hardware applies the modified set of adjustment values A 455-1, H
455-2, V455-3, and D 455-4 to the preliminary rendition of the signal 500-1 to produce a
second rendition of the signal 550-1.

In accordance with further embodiments, the sectting information such as y1 can be
considered first setting information. Modification of the set of adjustment values such as
delta 445-1, H 455-2, V455-3, and D 455-4 can include: at processing block 520, receiving
the first setting information y'. The first setting information y' is associated with the
preliminary rendition of signal 500-1. The processing block 520 receives second setting
information such as settings of clement500-1-1 (Py), element 500-1-2 (P2), clement 500-1-
3 (P21), and element 500-1-4 (P2;). The second setting information is associated with the
rendition of the signal at level of quality #1. The preliminary rendition of the signal 500-1
is derived based at least in part on the first setting information y'. The processing block
520 applies a mathematical algorithm to a combination of the first setting information y'
and second setting information to produce a modification value such as value 430-5. The
function 562 applies the modification value 430-5 to the set of adjustment values (such as
delta 445-1) to produce the modified set of adjustment values, which includes value A 455-
1.

In one embodiment, the function 562 receives a data component such as delta 445-1 from
the set of adjustment values including delta 445-1, H 455-2, V455-3, and D 455-4. In one
embodiment, one or more of multiple components in the set of adjustment values includes
directional tilt information.

The function 562 sums the modification value 430-5 and the retrieved component delta
445-1 to modify the delta component back into the average 455-1. Via application of
matrix values 532 (i.e., via executing of additions and subtractions according to matrix
values 532), the decoder processing hardware modifies settings of each of multiple
elements in the preliminary rendition of the signal at the second level of quality using the
modified delta component 455-1. In other words, the decoder processing hardware in FIG.
5 uses the value 430-5 to modify each of the preliminary rendition of the signal 500-1 to

produce second rendition of the signal 550-1.
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As discussed, the decoding can be performed at cach of multiple levels up a hierarchy of
multiple levels. Note that the second rendition of the signal 550-1 subsequently can be
used as a basis to produce a preliminary rendition of the signal at a next higher level of
quality.

Also, as previously discussed, the rendition of the signal 510 at level of quality #2 can be a
first level of quality and represent a first image resolution. The level of quality #1 can be a
second image resolution lower than the first image resolution. Thus, the rendition of the
signal 510 at one level of quality includes a first set of image clements (e.g., without
limitation, one element yl). The rendition of the signal such as signal 500-1 and 550-1
includes a second set of image clements (c.g., without limitation, four elements x11, Xi12, X21
and x»,).

As previously mentioned, the reconstruction data including reconstruction data 510 such as
y1 and adjustment values 64 445-1, H 455-2, V455-3, and D 455-4 can further include
metadata. The decoder processing hardware in FIG. 5 can be configured to receive the
metadata associated with the set of adjustment values. Via processing of the metadata, the
decoder processing hardware identifies one or more operations to be applied to the
reconstruction data to reproduce a rendition of the signal 550-1 using the metadata. For
example, in one embodiment, the decoder processing hardware applies an identified one or
more operations to the set of adjustment values and/or the value y' to derive the second
rendition of the signal 550-1 from the preliminary rendition of the signal 500-1.

Further embodiments herein can include receiving metadata associated with the set of
adjustment values. The decoder processing hardware can be configured to identify one or
more operations as specified by the metadata. The decoder processing hardware applies the
one or more identified operations to the set of adjustment values to derive the second
rendition of the signal 550-1 from the preliminary rendition of the signal 500-1.

One embodiment herein includes linear application of the modified set of adjustment values
to the preliminary rendition of the signal. For example, application of the matrix values
532 can include producing the second rendition of the signal 550-1 via a linear application
(c.g., via sum and difference functions as shown) of the modified set of adjustment values

such as average A 455-1, H 455-2, V 455-3, and D 455-4 to the preliminary rendition of the
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signal 500-1.

Thus, as shown, via matrix values 532, the decoder processing hardware produces the
second rendition of the signal 550-1 via application of the modified set of adjustment
values average A 455-1, H 455-2, V455-3, and D 455-4 to the preliminary rendition of the
signal 500-1. The modified set of adjustment values includes a vector of weighted values
(as indicated by addition functions and subtraction functions) applied to the preliminary

rendition of the signal 500-1 in accordance with the matrix values 532.

In accordance with yet another example embodiment, the vector corresponding to average
A 455-1, H 455-2, V455-3, and D 455-4 represents a modified set of adjustment values.
The decoder processing hardware can be configured to produce the secondary rendition of
the signal 550-1 via application of the modified set of adjustment values to the preliminary
rendition of the signal 500-1. The vector of adjustment values can be applied by the
decoder processing hardware to the preliminary rendition to produce the secondary
rendition of the signal 550-1 in accordance with weightings as specified by matrix values
532.

The matrix values can vary and be selected from a group of possible matrices comprising:

. 0 D S T T
. [ 302 10
21y , b -1 3 2 1
oy - —1 1 -1 2 1 |
M=]‘ 1:::i - , -1 =22
="l -1 [ -1 -2 1/
" T =1 =24 , , I =1 =2 -3 1|
A 1 -1 -1 -2 -3
-1 =2 -3 —4]
(s 4 3 2 1
-4 3 2
‘11 —2 3 2 |
Lol -2 -3 21
-l -2 -3 -4
{1 -1 =2 -3 -4 —5]

In a manner as previously discussed, the reconstruction data including reconstruction data

510 such as y1 and adjustment values delta 445-1, H 455-2, V455-3, and D 455-4 can be
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received as encoded information. The decoder processing hardware receiving such data
can be configured to decoding the encoded information into multiple symbols. The
decoder processing hardware can be configured to retrieve a symbol from the multiple
symbols and, depending on the encoding, produce any of one or more components in the
set of adjustment values delta 445-1, H 455-2, V455-3, and D 455-4 from the retrieved
symbol.

FIG. 6 is a flow diagram illustrating a non-limiting embodiment implementing directional
decomposition within a tiered-based hierarchical encoding loop according to embodiments
herein.

A signal processor configured as an encoder receives a signal at a given level of quality
(“topmost LOQ”), performs downsampling operations till producing a rendition of the
signal at a bottom LOQ (said bottom LOQ being lower than the topmost LOQ), encodes the
rendition of the signal at the bottom LOQ with a suitable encoding method — producing
encoded reconstruction data — and then processes said encoded reconstruction data to
simulate the operations performed at a decoding side, producing a decoded rendition of the
signal at the bottom LOQ (step 6.01 of FIG. 6).

Once produced the decoded rendition of the signal at the bottom LOQ, the encoder enters a
processing loop that is repeated for each subsequently higher LOQ, processing the
hierarchy of LOQs level by level up to the topmost LOQ.

In particular, the encoder processes the decoded rendition of the signal at a given LOQ
(“lower LOQ”) and produces a predicted rendition of the signal at the next higher LOQ.
The encoder then produces residual data, said residual data corresponding to a difference
between the original rendition of the signal at the next higher LOQ and the predicted
rendition of the signal at the next higher LOQ (step 6.02).

The encoder then separates residual data into groupings of residuals (e.g., without
limitation, contiguous 2x2 groupings of residuals) and for each grouping performs a
directional decomposition transform, producing directional components (step 6.03).

The encoder then produces four separate planes of directional components (Average,

Horizontal, Vertical, Diagonal), wherein corresponding clements of said four planes
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correspond to a same grouping of residuals (step 6.04).

The encoder then produces a plane of predicted average components, wherein each of the
elements of said plane is the predicted average for a corresponding grouping of residuals,
calculated based on the difference between the average of the corresponding predicted
clements at the next higher LOQ and the corresponding element at the lower LOQ. The
encoder produces the plane of Delta components, wherein each clement of the plane is
calculated as the difference between a corresponding Average component and its
corresponding Predicted Average component. The plane of Delta is substituted to the plane
of Averages, forming the set of four transformed directional components Delta, H, V and
D. (step 6.05)

The encoder then quantizes the planes of transformed directional components, producing
planes of quantized transformed directional components. (step 6.06)

Quantized transformed directional components are then encoded, producing encoded
reconstruction data. (step 6.08)

In order to proceed with the next level in the hierarchy, the encoder then simulates the
decoding operations that will be performed at a decoding side, producing a decoded
rendition of the signal at the next higher LOQ. In order to do that, the encoder dequantizes
the planes of quantized transformed directional components; combines the plane of
dequantized Deltas with the plane of Predicted Averages, reconstructing a plane of
dequantized Average components; computes residual data by performing for each grouping
of four residuals an inverse directional decomposition of the corresponding directional
components A, H, V and D; combines residual data with the predicted rendition of the
signal at the next higher LOQ, producing the decoded rendition of the signal at the next
higher LOQ. (step 6.07)

At that point, if the next higher LOQ is not the topmost LOQ, the encoder proceeds with
the next level in the hierarchy, going back to step 6.02 wherein — for the next level in the
hierarchy — the rendition of the signal at the next higher LOQ that was just decoded
becomes the decoded rendition of the signal at the lower LOQ.

In other non-limiting embodiments, quantization operations applied to cach plane of

transformed directional components are based on parameters that are specific to cach class
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of transformed directional components (e.g., without limitation, the level of quantization
applied to Diagonal components is stronger than the level of quantization applied to
Horizontal and/or Vertical components).

In other non-limiting embodiments, the encoder — instead of producing and encoding four
separate planes of transformed components — produces and encodes groupings of four
transformed components, each of said groupings corresponding to a grouping of four
residuals in the plane of residuals.

In other non-limiting embodiments, the encoder performs quantization operations during
step 6.02, producing quantized residuals. In such embodiments, decomposition and inverse
decomposition operations are lossless operations, i.e., no further quantization is applied to
directional components and/or transformed directional components.

In other non-limiting embodiments, the rendition of the signal at the bottom LOQ is
encoded by means of an MPEG-based method; in this way, legacy decoders that are not
configured to process and reconstruct higher LOQs in the hierarchy are at least able to

decode a rendition of the signal at the bottom LOQ.

FIG. 7 is a flow diagram illustrating a non-limiting embodiment implementing inverse
directional decomposition within a tiered-based hierarchical decoding loop according to
embodiments herein.

A signal processor configured as a decoder receives and decodes encoded data
corresponding to a bottom level of quality, producing a decoded rendition of the signal at
said bottom LOQ. (step 7.01)

Once produced the decoded rendition of the signal at the bottom LOQ, the decoder enters a
decoding loop that is repeated for each subsequently higher LOQ, reconstructing the
hierarchy of LOQs level by level up to the topmost LOQ.

In particular, the decoder processes the decoded rendition of the signal at a given LOQ
(“lower LOQ”), decodes reconstruction data corresponding to the next higher LOQ and
produces four planes of quantized parameters. The decoder then performs suitable
dequantization operations on said planes of quantized parameters, producing dequantized

transformed parameters. (step 7.02)
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The decoder then produces a predicted rendition of the signal at the next higher LOQ, by
leveraging upsampling operations and/or other signal processing operations as specified by
received parameters. (step 7.03)

For cach grouping of four dequantized transformed parameters (Delta, H, V, D)
corresponding to a grouping of four residuals, the decoder produces a Predicted Average
parameter, calculated based on the difference between a corresponding element of the
signal at the lower LOQ and the average of the four corresponding elements of the
predicted rendition of the signal at the next higher LOQ. For each grouping, the Precidcted
Average is combined with the dequantized Delta component, producing a dequantized
Average component. (step 7.04)

For each grouping, the decoder then performs an inverse decomposition of dequantized
components Average, H, V and D, producing four residuals. In particular, cach of the
residuals is obtained by performing a lincar combination (i.c., sums and/or differences, with
suitable coefficients) of dequantized components Average, H, V and D. In this way, the
decoder produces a plane of residuals at the next higher LOQ. (step 7.05)

The decoder then combines the predicted rendition of the signal at the next higher LOQ
with the produced residuals, reconstructing a decoded rendition of the signal at the next
higher LOQ. (step 7.06)

At that point, if the next higher LOQ is not the topmost LOQ, the decoder proceeds with
decoding the next level in the hierarchy, going back to step 7.02 wherein — for the next
LOQ in the hierarchy — the rendition of the signal at the next higher LOQ that was just
decoded becomes the decoded rendition of the signal at the lower LOQ.

In other non-limiting embodiments, dequantization operations are performed after the
inverse decomposition transform, dequantizing residuals instead of dequantizing

transformed parameters.

FIG. 8 is a block diagram of a computer system 800 that provides computer processing
according to embodiments herein.
Computer system 800 can be or at least include a computerized device such as a personal

computer, processing circuitry, television, playback device, encoding device, workstation,
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portable computing device, mobile phone, tablet, console, set top box, network terminal,
processing device, network device, operating as a switch, router, server, client, ctc.

Note that the following discussion provides a basic embodiment indicating how to carry out
functionality associated with a signal processor as previously discussed. However, it
should be noted that the actual configuration for carrying out the operations as described
herein can vary depending on a respective application.

As shown, computer system 800 of the present example comprises a communication bus
811, which provides communication with a computer readable storage media 812 such as a
non-transitory computer-readable storage medium, etc., in which digital information can be
stored and retrieved.

Computer system 800 can further comprise a processor 813, an I/O interface 814, and a
communications interface 817.

In one embodiment, I/O interface 814 provides connectivity to repository 880, and if
present, to a screen display, audio speakers, peripheral devices 816 such as a keyboard, a
computer mouse, ete.

As briefly mentioned above, the computer readable storage media 812 can be any suitable
device and/or hardware such as memory, optical storage, solid state storage, hard drive,
floppy disk, etc. In one embodiment, the storage media 812 is a non-transitory storage
media (i.e., non-carrier wave media) configured to store instructions associated with a
signal processor application 840-1. The instructions are executed by a respective resource
such as the processor 813 in order to perform any of the operations as discussed herein.

The communications interface 817 enables computer system 800 to communicate over a
network 890 in order to retrieve information from remote sources and communicate with
other computers, switches, clients, servers, c¢tc. The /O interface 814 also enables
processor 813 to retrieve or attempt retrieval of stored information from repository 880.

As shown, the computer readable storage media 812 can be encoded with signal processor
application 840-1 executed by processor 813 as a process 840-2.

Note that the computer system 800 can be embodied to include a computer readable storage
media 812 for storing data and/or logic instructions.

The code associated with the signal processor application 840-1 can implement the
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functionalities of the signal processors illustrated herein and/or other resources necessary to
implement the invention discussed herein.

During operation of one embodiment, processor 813 accesses computer readable storage
media 812 via the communication bus 811 in order to launch, run, execute, interpret or
otherwise perform the instructions of signal processor application 8§40-1 stored in computer
readable storage media 812. Execution of the signal processor application 840-1 produces
processing functionality in processor 813. In other words, the signal processor process 840-
2 associated with processor 813 represents one or more aspects of executing signal
processor application 840-1 within or upon the processor 813 in the computer system §00.
Those skilled in the art will understand that the computer system 800 can include other
processes and/or software and hardware components, such as an operating system or other
software that controls allocation and use of hardware processing resources to execute signal
processor application 840-1.

In accordance with different embodiments, note that computer system may be any of
various types of devices, including, but not limited to, a personal computer system, desktop
computer, laptop, notebook, netbook computer, mainframe computer system, handheld
computer, workstation, network computer, application server, storage device, a consumer
clectronics device such as a camera, camcorder, set top box, mobile device, smartphone,
tablet, video game console, handheld video game device, a peripheral device such as a
switch, modem, router, or, in general, any type of computing or electronic device.
Functionality supported by the different resources will now be discussed via flowcharts in
FIGS. 10-11. Note that the steps in the flowcharts below can be executed in any suitable
order.

FIG. 10 is a flowchart 1000 illustrating an example method according to non-limiting
embodiments described herein. Note that there will be some overlap with respect to
concepts as discussed above.

In processing block 1010, computer processor hardware receives a first set of adjustment
values, the first set of adjustment values specifying adjustments to be made to a predicted
rendition of a signal generated at a first level of quality to reconstruct a rendition of the

signal at the first level of quality.
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In processing block 1020, the computer processor hardware processes the first set of
adjustment values.

In processing block 1030, the computer processor hardware derives a second set of
adjustment values based on the first set of adjustment values and on a rendition of the
signal at a second level of quality. The second level of quality lower than the first level of
quality.

FIG. 11 is a flowchart 1100 illustrating an example method according to non-limiting
embodiments described herein. Note that there will be some overlap with respect to
concepts as discussed above.

In processing block 1110, computer processor hardware receives setting information
associated with a rendition of a signal at a first level of quality.

In processing block 1120, computer processor hardware receives a set of adjustment values.
In processing block 1130, computer processor hardware produces a preliminary rendition
of the signal at a second level of quality based on the setting information. The second level
of quality is higher than the first level of quality.

In processing block 1140, computer processor hardware produces a secondary rendition of
the signal at the second level of quality based on the set of adjustment values and the
preliminary rendition of the signal at the second level of quality.

Note again that techniques herein are well suited for encoding and decoding in hierarchical
systems. However, it should be noted that embodiments herein are not limited to use in
such applications and that the techniques discussed herein are well suited for other
applications as well.

Based on the description set forth herein, numerous specific details have been set forth to
provide a thorough understanding of claimed subject matter. However, it will be
understood by those skilled in the art that claimed subject matter may be practiced without
these specific details. In other instances, methods, apparatuses, systems, ctc., that would be
known by one of ordinary skill have not been described in detail so as not to obscure
claimed subject matter. Some portions of the detailed description have been presented in
terms of algorithms or symbolic representations of operations on data bits or binary digital

signals stored within a computing system memory, such as a computer memory. These
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algorithmic descriptions or representations are examples of techniques used by those of
ordinary skill in the data processing arts to convey the substance of their work to others
skilled in the art. An algorithm as described herein, and generally, is considered to be a
self-consistent sequence of operations or similar processing leading to a desired result. In
this context, operations or processing involve physical manipulation of physical quantities.
Typically, although not necessarily, such quantities may take the form of electrical or
magnetic signals capable of being stored, transferred, combined, compared or otherwise
manipulated. It has been convenient at times, principally for reasons of common usage, to
refer to such signals as bits, data, values, settings, elements, symbols, characters, terms,
numbers, numerals or the like. It should be understood, however, that all of these and
similar terms arc to be associated with appropriate physical quantitiecs and are merely
convenient labels. Unless specifically stated otherwise, as apparent from the following
discussion, it is appreciated that throughout this specification discussions utilizing terms
such as "processing", "computing", "calculating”, “producing”, "determining" or the like
refer to actions or processes of a computing platform, such as a computer or a similar
clectronic computing device, that manipulates or transforms data represented as physical
electronic or magnetic quantities within memories, registers, or other information storage
devices, transmission devices, or display devices of the computing platform.

While this invention has been particularly shown and described with references to preferred
embodiments thereof, it will be understood by those skilled in the art that various changes
in form and details may be made thercin without departing from the spirit and scope of the
present application as defined by the appended claims. Such variations are intended to be
covered by the scope of this present application. As such, the foregoing description of
embodiments of the present application is not intended to be limiting. Rather, any

limitations to the invention are presented in the following claims.



10

15

20

25

30

WO 2013/171173 PCT/EP2013/059847
61

CLAIMS
1. A method comprising:

via computer processing hardware:
receiving a first set of adjustment values, the first set of adjustment values specifying
adjustments to be made to a predicted rendition of a signal generated at a first level of
quality to reconstruct a rendition of the signal at the first level of quality;
processing the first set of adjustment values; and
deriving a second set of adjustment values based on the first set of adjustment values and
on a rendition of the signal at a second level of quality, the second level of quality lower

than the first level of quality.

2. The method as in claim 1, wherein deriving the second set of adjustment values
includes:

processing the first set of adjustment values to produce multiple adjustment components
representative of the first set of adjustment values; and

producing the second set of adjustment data based on a combination of at least one of the
multiple adjustment components with at least one setting associated with the rendition of

the signal at the second level of quality.

3. The method as in claim | further comprising:
calculating at least one of the adjustment values in the second set based on a linear
combination of the first set of adjustment values with the rendition of the signal at the

second level of quality.

4. The method as in claim | further comprising:

receiving the rendition of the signal at the first level of quality;

producing the rendition of the signal at the second level of quality based on the rendition of
the signal at the first level of quality;

producing the predicted rendition of the signal at the first level of quality based at least in
part on the rendition of the signal at the second level of quality;

producing the first set of adjustment values as a difference between the rendition of the
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signal at the first level of quality and the predicted rendition of the signal at the first level of
quality;

producing a formatted set of adjustment values from the first set of adjustment values;
transforming the formatted set of adjustment values into the second set of adjustment
values;

encoding the second set of adjustment values and the rendition of the signal at the second
level of quality into corresponding encoded information; and

transmitting the corresponding encoded information to decoder processing hardware.

5. The method as in claim 4 further comprising:

at the decoder processing hardware:
receiving the encoded information;
from the encoded information, obtaining reconstruction data specifying how to reconstruct
the rendition of the signal at the second level of quality;
from the encoded information, obtaining the second set of adjustment values;
reproducing the predicted rendition of the signal at the first level of quality based on the
obtained reconstruction data;
deriving an adjustment value based on the predicted rendition of the signal and the obtained
reconstruction data;
utilizing the derived adjustment value to modify the second set of adjustment values; and
applying the modified second set of adjustment values to the reproduced predicted

rendition of the signal to produce the rendition of the signal at the first level of quality.

6. The method as in claim 1 further comprising:

producing multiple sets of reconstruction data, each set of reconstruction data including
settings for multiple components, cach of the sets of multiple components including a first
component value and a second component value, the first component value in each of the
sets corresponding to a first attribute class, the second component value in cach of the sets
corresponding to a second attribute class;

creating a first grouping to include a first component value from each of multiple sets of
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reconstruction data;
creating a second grouping to include a second component value from each of multiple sets
of reconstruction data; and

encoding the first grouping independently of encoding the second grouping.

7. The method as in claim 1, wherein producing the second set of adjustment values
includes:

applying a quantization algorithm to the first set of adjustment values to produce a
quantized set of adjustment values;

applying at least one lossless and invertible operation on the quantized set of adjustment
values to produce an intermediate set of adjustment values;

receiving a value derived based at least in part on the rendition of the signal at the second
level of quality; and

utilizing the value to convert the intermediate set of adjustment values into the second set

of adjustment values.

8. The method as in claim 7, wherein a difference between respective settings in the
set of quantized set of adjustment values and corresponding settings in the first set of

adjustment values is below an error threshold value.

9. The method as in claim 1, wherein the signal is a plane of elements;

wherein the second set of adjustment values pertain to reconstruction of a particular
location in the plane; and

wherein the second set of adjustment values are quantized depending on the particular

location.

10.  The method as in claim 1, wherein the second set of adjustment values arc
quantized depending on attributes of the signal to which the second set of adjustment
values pertains.

11.  The method as in claim 1, wherein the second set of adjustment values includes
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multiple reconstruction data components, the method further comprising:

encoding at least two of the multiple reconstruction data components using a single symbol.

12.  The method as in claim 1, wherein the second set of adjustment values is one of
multiple sets of reconstruction data used to reconstruct a plane of elements in the signal, the
method further comprising:

encoding each of at least two of the multiple sets of reconstruction data using a common

symbol.

13.  The method as in claim 1, wherein the signal is a two-dimensional image.
14.  The method as in claim 1, wherein the signal is a video signal.

15.  The method as in claim 1, wherein the signal is a volumetric image.

16.  The method as in claim 1 further comprising:

producing a formatted set of adjustment values from the first set of adjustment values;
transforming the formatted set of adjustment values into the second set of adjustment
values; and

applying a quantization algorithm to the second set of adjustment values to produce a set of

quantized adjustment values.

17.  The method as in claim 1, wherein the second set of adjustment values is a set
including multiple adjustment data components, the method further comprising;:
quantizing cach of the adjustment data components to produce a quantized set of

adjustment values.

18.  The method as in claim 17 further comprising:
quantizing a first adjustment data component in the set based on first quantization rules;

and
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quantizing a second adjustment data component in the set based on second quantization

rules, the second quantization rules different than the first quantization rules.

19.  The method as in claim I, wherein the first level of quality is a first image
resolution; and
wherein the second level of quality is a second image resolution, the second image

resolution lower than the first image resolution.

20. A method comprising:

via computer processing hardware:
receiving setting information associated with a rendition of a signal at a first level of
quality;
receiving a set of adjustment values;
producing a preliminary rendition of the signal at a second level of quality based on the
setting information, the second level of quality higher than the first level of quality; and
producing a secondary rendition of the signal at the second level of quality based on the sct
of adjustment values and the preliminary rendition of the signal at the second level of

quality.

21.  The method as in claim 20, wherein producing a secondary rendition of the signal
includes:

modifying the set of adjustment values based at least in part on the rendition of the signal at
the first level of quality; and

applying the modified set of adjustment values to the preliminary rendition of the signal at
the second level of quality to produce a secondary rendition of the signal at the second level

of quality.

22.  The method as in claim 21, wherein the setting information is first setting
information; and

wherein modifying the set of adjustment values includes:
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receiving the first setting information, the first setting information associated with a
rendition of the signal at the first level of quality;

receiving second setting information, the second setting information associated with the
preliminary rendition of the signal at the second level of quality, the preliminary rendition
of the signal at the second level of quality derived from the first setting information;
applying a mathematical algorithm to a combination of the first setting information and the
second setting information to produce a modification value; and

applying the modification value to the set of adjustment values to produce the modified set

of adjustment values.

23.  The method as in claim 22, wherein applying the modification value to the set of
adjustment values to produce the modified set of adjustment values includes:
retrieving a data component from the set of adjustment values; and

summing the modification value and the retrieved component to modify the component.

24.  The method as in claim 23 further comprising:
modifying settings of each of multiple elements in the preliminary rendition

of the signal at the second level of quality based on the modified component.

25.  The method as in claim 20, wherein the preliminary rendition of the signal at the
second level of quality is a predicted rendition of the signal at the second level of quality;
and

wherein the secondary rendition of the signal at the second level of quality is used as a
basis to produce a preliminary rendition of the signal at a third level of quality, the third

level of quality higher than the second level of quality.

26.  The method as in claim 20, wherein the first level of quality is a first image
resolution; and
wherein the second level of quality is a second image resolution, the second image

resolution higher than the first image resolution.
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27.  The method as in claim 26, wherein the rendition of the signal at the first level of
quality includes a first set of image clements;

wherein the rendition of the signal at the second level of quality includes a second set of
image elements; and

wherein the second set includes more image elements than the first set.

28.  The method as in claim 20, wherein at least one of multiple components in the set of
adjustment values includes directional tilt information capturing settings associated with

multiple elements in the rendition of the signal at the second level of quality.

29.  The method as in claim 20 further comprising:

receiving metadata associated with the set of adjustment values;

identifying an operation as specified by the metadata; and

applying the operation to the set of adjustment values to derive the secondary rendition of

the signal from the preliminary rendition of the signal.

30.  The method as in claim 21 further comprising:
producing the secondary rendition of the signal at the second level of quality via a linear
application of the modified set of adjustment values to the preliminary rendition of the

signal.

31.  The method as in claim 21 further comprising:

producing the secondary rendition of the signal at the second level of quality via
application of the modified set of adjustment values to the preliminary rendition of the
signal, said application including applying to an clement of the preliminary rendition of the

signal each of the modified adjustment values according to given weight parameters.

32.  The method as in claim 20, wherein the setting information is first setting

information, the method further comprising:
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receiving the first setting information, the first setting information specifying settings
associated with the rendition of the signal at the first level of quality;

receiving second setting information, the second setting information indicating settings of
the preliminary rendition at the second level of quality, the preliminary rendition of the
signal at the second level of quality derived from the first setting information;

applying a mathematical algorithm to the first setting information and to the second setting
information to produce a modification value;

selecting a particular adjustment value in the set of adjustment values;

applying the modification value to the particular adjustment value to produce a modified
adjustment value; and

utilizing the modified adjustment value to produce the secondary rendition of the signal

from the preliminary rendition of the signal.

33.  The method as in claim 21 further comprising:

producing the secondary rendition of the signal at the second level of quality via
application of the modified set of adjustment values to the preliminary rendition of the
signal, the modified set of adjustment values including a vector of adjustment values, the
vector of adjustment values applied to the preliminary rendition to produce the secondary

rendition of the signal in accordance with weightings as specified by a matrix.

34.  The method as in claim 21 further comprising:

applying a linear combination function to the modified set of adjustment values to generate
a set of modifier values; and

applying the modifier values to the preliminary rendition of the signal to produce the

secondary rendition of the signal at the second level of quality.

35. The method as in claim 34, wherein the linear combination function includes

addition functions and subtraction functions to gencrate the set of modifier values.

36. The method as in claim 35, wherein addition functions and subtraction functions
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correspond to coefficients of a matrix selected from a group comprising;:

L 3 02 10 4 3 2 17
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o -1 1 -1 2 1]
M:] SR | | d1 -1 -2 2
="l -1 [ -1 -2 1
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(s 4 3 2 1
-4 3 2
- =2 03 2
Il =2 =3 2
!I -1 -2 -3 -4 |
il -1 -2 -3 -4 -5

5 37.  The method as in claim 20 further comprising:
receiving encoded information;
decoding the encoded information into multiple symbols;
retrieving a symbol from the multiple symbols; and
producing the set of adjustment values from the retrieved symbol.

10

38.  The method as in claim 20 further comprising:
applying a first dequantization operation to reproduce a first adjustment value in the set;
and
applying a second dequantization operation to reproduce a second adjustment value, the

15  first dequantization operation different than the second dequantization operation.

39.  The method as in claim 20, wherein the set of adjustment values is a set of multiple

adjustment components, the method further comprising:

via application of an algorithm to the set of multiple adjustment components, deriving a sct
20  of quantized adjustment values;

applying a dequantization algorithm to the set of quantized adjustment values to produce a

set of dequantized adjustment values; and
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applying the sct of dequantized set of adjustment values to the preliminary rendition of the

signal to produce the secondary rendition of the signal.

40.  The method as in claim 39, wherein deriving the set of quantized adjustment values
includes:

modifying a particular adjustment component in the set to produce a modified set of
multiple adjustment components, the multiple adjustment components in the modified set
being of different bit lengths;

applying a first algorithm to the modified set of multiple adjustment components to adjust

bit lengths of the components in the modified set to a common bit length.

41.  The method as in claim 40, wherein deriving the set of quantized adjustment values
further includes:

adjusting bit lengths of the components in the modified set to a common bit length so that
all of the components in the bit-adjusted modified set have the same least significant bit of
a given component in the modified set;

derifing the set of quantized adjustment values based on a lincar combination of the

components in the bit-adjusted modified set.

42.  The method as in claim 20, wherein for a given element of the preliminary rendition
of the signal at the second level of quality, producing settings for said given element further
comprises:

receiving metadata associated with the upsampling operations to be used to produce, based
on the rendition of the signal at the first level of quality, the preliminary rendition of the
signal at the second level of quality;

identifying an upsampling operation as specified by the metadata; and

applying the operation to a subset of clements of the rendition of the signal at the first level
of quality to derive the settings for said given clement of the preliminary rendition of the

signal at the second level of quality.
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43.  Computer-readable storage hardware having instructions stored thercon, the
instructions, when carried out by a processing device, causing the processing device to
perform operations of:

receiving a first set of adjustment values, the first set of adjustment values specifying
adjustments to be made to a predicted rendition of a signal generated at a first level of
quality to reconstruct a rendition of the signal at the first level of quality;

processing the first set of adjustment values; and

deriving a second set of adjustment values based on the first set of adjustment values and a
rendition of the signal at a second level of quality, the second level of quality lower than

the first level of quality.

44.  Computer-readable storage hardware having instructions stored thercon, the
instructions, when carried out by a processing device, causing the processing device to
perform operations of:

receiving setting information associated with a rendition of a signal at a first level of
quality;

receiving a set of adjustment values;

producing a preliminary rendition of the signal at a second level of quality based on the
setting information, the second level of quality higher than the first level of quality; and
producing a secondary rendition of the signal at the second level of quality based on the sct
of adjustment values and the preliminary rendition of the signal at the second level of

quality.

45. A computer system comprising:

computer processor hardware; and

a hardware storage resource coupled to the computer processor hardware, the hardware
storage resource storing instructions that, when executed by the computer processor
hardware, causes the computer processor hardware to perform operations of:

receiving a first set of adjustment values, the first set of adjustment values specifying

adjustments to be made to a predicted rendition of a signal generated at a first level of
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quality to reconstruct a rendition of the signal at the first level of quality;

processing the first set of adjustment values; and

deriving a second set of adjustment values based on the first set of adjustment values and a
rendition of the signal at a second level of quality, the second level of quality lower than

the first level of quality.

46. A computer system comprising:

computer processor hardware; and

a hardware storage resource coupled to the computer processor hardware, the hardware
storage resource storing instructions that, when executed by the computer processor
hardware, causes the computer processor hardware to perform operations of:

receiving setting information associated with a rendition of a signal at a first level of
quality;

receiving a set of adjustment values;

producing a preliminary rendition of the signal at a second level of quality based on the
setting information, the second level of quality higher than the first level of quality; and
producing a secondary rendition of the signal at the second level of quality based on the set
of adjustment values and the preliminary rendition of the signal at the second level of

quality.



