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NEURAL NETWORK VIDEQ CODING IN-LOOP FILTERING IN
TRANSFORM DOMAIN

{0601} This apphication claims priority to U.S. Patent Application No. 18/987 925, filed
December 19, 2024 and U.S. Provisional Patent Application 63/621,516, filed January
16, 2024, the entire contents of cach are incorporated by reference. U.S. Patent
Application No. 18/987 925, filed December 19, 2024 claims the benefit of UK.

Provisional Patent Application No. 63/621,516, filed January 16, 2024,

TECHNICAL FIELD

10002} This disclosure relates to video encoding and video decoding.

BACKGROUND

{8603} Digital video capabilities can be incorporated into a wide range of devices,
including digital televisions, digital direct broadcast systems, wireless broadcast systems,
personal digital assistants (PDAs), laptop or desktop computers, tablet computers, e-book
readers, digital cameras, digital recording devices, digital media players, video gaming
devices, video game consoles, cellular or satellite radio telephones, so-called “smart
phones,” video teleconforencing devices, video streaming devices, and the hike. Digrtal
video devices implement video coding techniques, such as those described in the
standards defined by MPEG-2, MPEG-4, TTU-T H.263, ITU-T H.264/MPEG-4, Part 10,
Advanced Video Coding (AVC), ITU-T H.265/High Efficiency Video Coding (HEVC),
and extensions of such standards. The video devices may transout, receive, encode,
decode, and/or store digital video information more efficiently by implementing such
video coding techniques.

18004} Video coding techuigques inchide spatial (intra-picture) prediction and/or temporal
(inter-picture} prediction fo reduce or remove redundancy inherent in video sequences.
For block-based video coding, a video slice {¢.g., a video picture or a portion of a video
picture} may be partitioned into video blocks, which may also be referred to as coding
tree wnits {CTUs), coding wuts (CUs) and/or coding nodes. Video blocks in an intra-~coded
(1) shice of a picture are encoded using spatial prediction with respect o reference samples
in neighboring blocks in the same picture. Video blocks in an inter-coded (P or B) shice

of a picture may use spatial prediction with respect to reference samples in neighboring
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blocks in the same picture or temporal prediction with respect to reference samples in
other reference pictures. Pictures may be referred to as frames, and reference pictures may

be referred 1o as reference frames.

SUMMARY

{80605} fo geuneral, this disclosure describes techniques for neural network-based in-loop
filterimg (NN-ILF) m video coding. As described herein, techmigues of this disclosure may
improve coding performance ander complexity and memory requirements constraints. In
the state-of-the-art convolutional neural network (CNN} in-loop filters, filtering is often
conducted i the YUV domam. This can result in a non-optimal design for certain
dimensions and with respect to capturing signal correlations. The techmiques of this
disclosure may mitigate the impact of non-optimality by introducing a transform process
to the input signals. The techniques described in this document are related to CNN-
assisted loop filtering, however, they are applicable to any CNN-based video coding tool
that consumes input data with certain statistical propertics. Techniques may be used in the
context of advanced video codecs, such as extensions of Versatile Video Coding (VVC)
or the next generation of video coding standards, and any other video codecs.

{60606} In one example, this disclosure describes a method of coding video data, the
method comprising: obtaining input data, wherein the input data mchudes one or more of
predicted video data, reconstructed video data, quantization parameter data, boundary
strength data, or prediction mode data; converting the mmput data from an input domain fo
a transform domain to generate converted video data; applving a neural network (NN})-
based m-loop filter (ILF) to the converted video data to generate filtered video data; and
converting the filtered video data from the transform domain to the input domam.

(60607} In another example, this disclosure describes a device for coding video data, the
device comprising: ong or more memories to store the video data; and one or more
processors implemented m circeitry, the one or more processors configured to: obtain
input data, wherein the jnpmt data includes one or more of predicted video data,
reconstrucied video data, gquantization parameter data, boundary strength data, or
prediction mode data; convert the mput data from an input domain to a transform domain
to generate converted video data; apply a neural network {(NN}-based in-loop filter (ILF)
1o the converted video data to generate filtered video data; and convert the filiered video

data from the transform domain to the input domain.
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{0008} In another example, this disclosure describes one or more non-transitory
computer-readable storage media having stored thereon instractions that, when executed
by one or more processors, cause the one or more processors 10 obtain input data, wherein
the input data includes one or more of predicted video data, reconstructed video data,
quantization parameter data, boundary strength data, or prediction mode data; convert the
wnput data from an mput domain to a transform domain to generate converted video data;
apply a neural network (NN)-based in-loop filter (ILF) to the converted video data to
generate filtered video data; and convent the filtered video data from the transform domain
1o the input domain.

8009} The details of one or more examples are st forth in the accompanying drawings
and the description below. Other features, objects, and advantages will be apparent from

the description, drawings, and claus.

BRIEF DESCRIPTION OF DRAWINGS

(8010 FIG. | s a block diagram illustrating an example video encoding and decoding
system that may perform the techuigues of this disclosure.

(0611} FIGS. 2A and 2B are conceptual diagrams illustrating an example quadtree binary
free (QTBT) structure, and a corresponding coding tree unit {CTU).

(6612} FIG. 3 is a block diagram iHustrating an example video encoder that may perform
the technigues of this disclosure.

(8013} FIG. 4 15 a block diagram illustrating an example video decoder that may perform
the techniques of this disclosure,

{8014} FIG. 5 is a flowchart illostrating an example method for encoding a current block
in accordance with the technigues of this disclosure.

{8018} FIG. 6 15 a flowchart iHlustrating an example method for decoding a current block
of video data in accordance with the technigues of this disclosure.

8016} FIG. 7 is a conceptual diagram illustrating an example of hierarchical prediction
structures with GOP size equal to 16

(8017} FIG. 8 1s a conceptual diagram illustrating a convolational neural network (CNN)-
based filter with 4 layers.

[0618} FIG. 9 1s a conceptual diagram illustrating a CNN-based filter with padded 1nput

samples and supplementary data.
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18015} FIG. 10 15 a conceptual diagram iHustrating example human vision and display
capabilities.

(602681 FIG. 11 15 a conceptual diagram thustrating an example color gamut.

(6621} FIG. 12 is a conceptual diagram thhustrating a UNN architecture.

[8022] FIG. 13 ts a conceptual diagram illustrating a spatial attention layver of an attention
residual block.

130623} FIG. 14 s a conceptual diagram iHustrating an exarmaple UNN architecture.
{0024} FIG. 15 15 a conceptual diagram illustrating an example CNN architecture that
mehudes filter blocks that do not include a bvpass branch around the convolution and
activation layers.

[8025] FIG. 16 is a conceptual diagram ihhustrating an oexample CNN architecture.
(0026} FIG. 17 1s a conceptual diagram dlustrating an cxample multiscale feature
extraction backbone network with two-component convohution.

[0627} FIG. 18 is a conceptual diagram illustrating an example umified filter with joint
raodel (jorut luroa and chroma).

(60628} FIG. 1915 a conceptual diagram illustrating an example unified filter with separate
huma/chroma models (fuma}.

18629} FIG. 20 is a conceptual diagram 1lustrating an example unified filter with separate
tuma/chroma models {chroma).

(8036} FIG. 21 is a conceptual diagram illustrating a umified filter with luma/chroma split,
(8031} FIG. 22 is a conceptual diagram Hustrating an example architecture for filtering
in transform domain for the low complexity filter.

(8032} FIG. 23 15 a flowchart llustrating an example operation of a video coder, in

accordance with one or more technigues of this disclosure.

DETAILED DESCRIPTION

{6633} Neural network (NN}-based inéra-loop filtering (LF} is a process in which a video
eneoder or a video decoder uses a neural network to apply a filter to put data, such as
predicted video data, reconstructed video data, or other auxiliary video data, in order to
generate filtered video data. Application of NN-based ILF may have several advantages
over conventional intra-loop filtering processes, such as matrix-based adaptive loop filters
{ALF), sample-~adaptive offsct (SAQ) filtering, and deblocking filters. For example, an

artificial neural network based i NN-based ILF filtering may be tramned to filter
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reconstructed video data to generate more realistic video data and rernove more artifacts
than conventional filters.

(80634} However, there are several issues with NN-based ILF. For example, video data 18
typically produced and consumed in a red-green-blue (RGB) domain. That is, the colors
of pixels are represented using a red sample, a green sarople, and a blue sample. However,
video encoding and video decoding typically happens in a Y Cb{r domain. In this
Y7oy domain, the color of a pixel is represented using a huma value (Y7) and two
chroma values (Cb, Cr). Thus, inorder to prepare video data for encoding, a video encoder
converts video data in the RGB domain to video data 1o the Y ChCr domain. Conversely,
in order to prepare video data for consumption after decoding encoded video data, a video
decoder converts decoded video data from the Y Ch{r domain to the RGB domain. In
the Y CbCr domam, the resolution of the Y™ component may be different from the
resohution of the Cb and Cr components. For example, there may be four Y~ samples for
every Ch sample and every Cr sample. In other words, the Ch and Cr color components
have one balf of the spatial resolution of the Y7 color component. As a result of the
differences in spatial resolution and other factors, application of conventional in-loop
filters, such as conventional NN-based in-loop filters, to video data in the Y CoCr domain
may lead to suboptimal performance and visible artifacts, especially with high-dynamic
range or wide color gamut video signals,

{8035} The technigues of this disclosure may address these problems. In accordance with
an example of this disclosure, a video coder {e.g., a video encoder or a video decoder)
may obtain {¢.g., generate, acquire, retrieve) input data. The input data may include one
or more of reconstructed video data or supplemental data {e.g., one or more of predicted
video data, quantization parameter data, boundary strength data, or prediction mode data}.
The prediction mode data may indicate a prediction model of a block {e g., intra mode,
uni-~directional inter prediction, bi-directional inter prediction, etc.). This disclosure uses
the acronym IPB (Intra, Inter Prediction (um/bi-prediction) to indicate the prediction
mode. The video coder may convert the imput data from an input domain to a transform
domain to generate converted video data. The video coder may then apply a NN-based
ILF to the converted video data to generate filtered video data. The video coder may then
convert the filtered video data from the transform domain to the mput domain. Converting
the reconstructed video data from the input domain to the transformy domain pror to
application of the NN-based TLF may increase performance of a video encoder or video

data, and may avoid the introduction of visible artifacts.
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100636} FIG. 1 15 a block diagram dlustrating an example video encoding and decoding
system 100 that may perform the techmgues of this disclosure. The techmiques of this
disclosare are generally divected to coding {encoding and/or decoding) video data. In
general, video data includes any data for processing a video. Thus, video data may include
raw, unencoded video, encoded video, decoded (e .g.. reconstructed) video, and video
metadata, such as signaling data.

1803371 As shown in FIG. 1, system 100 ncludes a source device 102 that provides
encoded video data to be decoded and displayed by a destination device 116, 1o this
exarnple. In particular, source device 102 provides the video data to destination device
116 via a compuoter-readable mediam 110, Source device 102 and destination device 116
may comprise any of a wide range of devices. mnchuding desktop computers, notebook
{i.¢.. laptop) computers, mobile devices, tablet computers, set-iop boxes, telephone
handsets such as smartphones, televisions, cameras, display devices, digital media
plavers, video gaming consoles, video streaming device. broadeast reeeiver devices, or
the like. In some cases, source device 102 and destination device 116 may be equipped
for wireless communication, and thus may be referred to as wireless communication
devices.

{8638} In the example of FIG. 1, source device 102 includes video source 104, memory
106, video encoder 200, and output mierface 108, Destination device 116 includes input
interface 122, video decoder 300, memory 120, and display device 118, In accordance
with this disclosure, video encoder 200 of source device 102 and vides decoder 300 of
destination device 116 may be configured to apply the techniques for neural network-
based in-loop filtering. Thaus, source device 102 represents an example of a video
encoding device, while destination device 116 represents an example of a video decoding
device. In other examples, a source device and a destination device mav mclude other
coraponents or arrangenents. For example, source device 102 may roceive video data
from an external video source, such as an external camera. Likewise, destination device
116 may mterface with an external display device, rather than include an integrated
display device.

{8035} System 100 as shown wn FIG. | 1s merely one example. In general, any digital
video encoding and/or decoding device may perform techmuigues for neural network-based
in-loop filtering. Source device 102 and destination device 116 are merely examples of
such coding devices i which source device 102 generates coded wvideo data for

transmission to destination device 116, This disclosure refers to a “coding” device as a
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device that perforras coding {encoding and/or decoding) of data. Thus, video encoder 200
and video decoder 300 represent examples of coding devices, in particular, a video
encoder and a video decoder, respectively. In some examples, source device 102 and
destination device 116 may operate in a substantially symmetrical manner such that cach
of source device 102 and destination device 116 includes video encoding and decoding
components. Hence, system 100 may sapport one-way or two-way video transmission
between source device 102 and destination device 116, e.g., for video streaming, video
plavback, video broadeasting, or video telephony.

8044} In general, video source 104 represents a source of video data (1.¢, raw, unencoded
video data} and provides a sequential series of pictures (also referred to as “frames™) of
the video data to video encoder 200, which encodes data for the pictures. Video source
104 of source device 102 may include a video capture device, such as a video camera, a
video archive contamning previcusly captared raw video, and/or a video feed interface to
receive video from a video content provider. As a further alternative, video source 104
may generate computer graphics-based data as the source video, or a combination of live
video, archived video, and computer-generated video. In cach case, video encoder 200
encodes the captured, pre-captured, or computer-generated video data. Video encoder 200
may rearrange the pictures from the received order {(sometimes referred to as “display
order”y ito a coding order for coding. Video encoder 200 may gencrate a bitstream
including encoded video data. Source device 102 may then output the encoded video data
via ocutput mterface 108 onto computer-readable medium 119 for reception and/or
retrieval by, ¢.g., input interface 122 of destination device 116,

(806411 Memory 106 of source device 102 and memory 120 of destination device 116
represent general purpose memories. In some examples, memories 106, 120 may store
raw video data. ¢.g., raw video from video source 104 and raw, decoded video data from
video decoder 300. Additionally or alternatively, memories 106, 120 may store software
mstructions executable by, ¢.g., video encoder 200 and video decoder 300, respectively.
Although memory 106 and memory 120 are shown separately from video encoder 20{
and video decoder 300 in this example. it should be understood that video encoder 200
and video decoder 300 may also include internal memories for functionally sumilar or
equivalent purposes. Furthermore, memories 106, 120 may store encoded video data, e g,
output from video encoder 200 and input to video decoder 300. In some examples,
portions of memories 106, 120 may be allocated as one or more video buffers, e.g., o

store raw, decoded, and/or encoded video data.
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10042} Compuicr-readable medum 110 may represent any tvpe of medium or device
capable of transporting the encoded video data from source device 102 to destination
device 116. In one example, computer-readable mediim 110 represents a communication
medium to enable source device 102 to transmit encoded video data directly to destination
device 116 in real-time, ¢.g., via a radio frequency network or computer-based network,
Output wterface 108 may modulate a transmission signal mcluding the encoded video
data, and mput interface 122 may demodulate the received transmission signal, according
10 a communication standard, such as a wireless communication protocol. The
communication medium may comprise any wireless or wired communication medium,
such as a radio frequency (RF) spectrum or one or more physical transnussion lines. The
communication medium may form part of a packet-based network, such as a focal area
network, a wide-area network, or a global network such as the Inmtemet. The
commumnication medium may ioclude routers, switches, base stations, or any other
equipment that may be useful to facilitate commumication from source device 102 to
destination device 116.

{6043} In some examples, source device 102 mayv output encoded data from output
interface 108 to storage device 112, Similarly, destination device 116 may access encoded
data from storage device 112 via mput mterface 122, Storage device 112 may include any
of a varicty of distributed or locally accessed data storage media such as a hard drive,
Blu-ray discs, DVDs, CD-ROMs, flash memory, volatile or non-volatile memory, or any
other suitable digital storage media for storing encoded video data.

30344} In some examples, source device 102 may output encoded video data to file server
114 or another mtermediate storage device that may store the encoded wvideo data
generated by source device 102, Destination device 116 may access stored video data
from file server 114 via streaming or download.

[8045] File server 114 may be any type of server device capable of storing encoded video
data and transyoutting that encoded video data to the destination device 116, File server
114 may represent a web server {e.g., for a website}, a server configured to provide a file
transfer protocol service {such as File Transfor Protocol (FTP) or File Delivery over
Unidirectional Transport (FLUTE) protocol), a content delivery network (CDN} deviee,
a hypertext transfer protocol (HTTP) server, a Multimedia Broadeast Multicast Service
{MBMS} or Enhanced MBMS (¢MBMS} server, and/or a network attached storage
{NAS) device. File server 114 may, additionally or alternatively, implement one or more

HTTP streaming protocols, such as Dynamie Adaptive Streaming over HTTP (DASH),



WO 2025/155418 PCT/US2024/061301

HTTP Live Streanung (HLS), Real Time Streaming Protocol (RTSP), HTTP Dynamic
Streaming, or the hike.

(8046} Destination device 116 may access encoded video data from file server 114
through any standard data connection, including an Intemet connection. This may include
a wircless channel {c.g., a Wi-Fi connection), a wired connection {¢.g., digital subscriber
line (DSL), cable modem, etc.}, or a combination of both that is suitable for accessing
encoded video data stored on file scrver 114, Input interface 122 may be configured to
operate according to any one or more of the various protocols discussed above for
retrieving or receiving media data from file server 114, or other such protocols for
retrieving media data.

(8047} Cutput imterface 108 and input interface 122 may ropresent wireless
transmitiers/receivers, modems, wired networking components {e.g., Ethemet cards),
wireless communication components that operate according to any of a varicty of IEEE
802.11 standards, or other physical components. In examples where output interface 108
and nput terface 122 comprise witeless components, output interface 108 and juput
mterface 122 may be configured to transfer data, such as encoded video data, according
1o a cellalar communication standard, such as 4G, 4G-LTE (Long-Term BEvolution), LTE
Advanced, 5G, or the like. In some examples where output interface 108 comprises a
wircless transmitier, output terface 108 and mput interface 122 may be configured to
transfer data, such as encoded video data, according to other wireless standards, such as
an IEEE B02.11 specification, an IEEE 802.15 specification {c.g., ZigBee™) a
Bluetooth™ standard, or the like. In some examples, source device 102 and/or destination
device 116 may mnclude respective system-on-a~-chip (SoC} devices. For example, source
device 102 may include an SoC device to perform the fimctionality attributed to video
encoder 200 and/or output interface 108, and destination device 116 may include an SoC
device to perform the functionality attributed to video decoder 300 and/or input interface
122,

{8048} The technigues of this disclosure may be applied to video coding i support of any
of a variety of multimedia applications, such as over-the-air television broadcasts, cable
television transoussions, satelie television transmissions, Infemet streaming video
transmissions, such as dynamic adaptive streaming over HT TP (DASH), digital video that
is encoded onto a data storage medium, decoding of digital video stored on a data storage

medium, or other applications.
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10045} Input miertace 122 of destination device 116 receives an encoded video bitstrean
from computer-readable medium 110 {e.g.. a communication mediwn, storage device
112, file server 114, or the hke). The encoded video bitstream may include signaling
information defined by video encoder 200, which is also used by video decader 300, such
as syntax clements having values that deseribe characteristics and/or processing of video
blocks or other coded units {(e.g., slices, pictures, groaps of pictures, sequences, or the
fike). Display device 118 displays decoded pictures of the decoded video data to a user.
Display device 118 may represent any of a variety of display devices such as a liquid
crystal display (LUCDB), a plasma display, an organic light emitting diode (OLED} display,
or another type of display device.

{8036} Although not shown 1n FIG. 1, in some examples, video encoder 200 and video
decoder 300 may cach be mtegrated with an audio encoder and/or audio decoder, and may
include appropriate MUX-DEMUX units, or other hardware and/or software, to handie
multiplexed streams inchuding both audic and video in a common data stream. If
applicable, MUX-DEMUX units may conform to the ITU H.223 multiplexer protocol, or
other protocols such as the user datagram protocol (UDP).

(80831} Video encoder 200 and video decoder 300 cach may be implemented as any of a
variety of suitable encoder and/or decoder circuitry, such as one or more MICIOProcessors,
digital signal processors (DSPs), application specific udegrated circuits (ASICs), field
programmable gate arrays (FPGAs), discerete logic, software, hardware, firmware or any
combinations thersof. When the technigues are implemented partially in software, a
device may store mnstructions for the software m a suitable, non-transitory computer-
readable medium and execute the instructions in hardware using one or more processors
to perform the technmgues of this disclosure. Each of video encoder 200 and video decoder
300 may be mechided 1n one or more encoders or decoders, either of which may be
integrated as part of a combined encoder/decoder ({CODEC) in a respective device. A
device mcluding video encoder 200 and/or video decoder 300 may comprise an integrated
circait, a microprocessor, and/or a3 wireless communication device, such as a cellular
telephone.

18052} Video encoder 200 and video decoder 300 may operate according to a video
coding standard, such as ITU-T H.265, also referred to as High Efficiency Video Coding
{HEVC) or extensions thercto, such as the multi-view and/or scalable video coding
extensions. Alternatively, video evcoder 200 and video decoder 300 may operate

according to other proprietary or industry standards, such as [TU-T H.266, also referred
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1o as Versatile Video Coding (VVC). A deaft of the VVC standard is described in Bross,
et al. “Versatile Video Coding (Draft 10}, Joint Video Experts Team (JVET) of ITU-T
SG 16 WP 3 and ISO/IEC JTC 1/5C 29/WG 11, 18" Meeting: by teleconference, 22 June
- 1 July 2020, JVET-82001-vA (hereinafter “YVC Draft 107). The techniques of this
disclosure, however, are not limited to any particular coding standard.

(3353} In general, video encoder 200 and video decoder 300 may perform block-based
coding of pictures. The term “block” generally refers to a structure including data to be
processed {¢.g., encoded, decoded, or otherwise used in the encoding and/or decoding
process). For example, a block may include a two-dimensional matnx of samples of
tuminance and/or chrominance data. In general, video encoder 200 and video decoder 360
may code video data represented in a YUV {c.g., Y. Ch, Cr) format. That 15, rather than
coding red, green, and blue (RGB) data for samples of a picture, video encoder 200 and
video decoder 300 may code himmance and chrominance components, where the
chrominance components may include both red hue and blue hue chrominance
compouents. In some exarples, video encoder 200 converts received RGB formaticd data
1o a YUYV representation prior to encoding, and video decoder 300 converts the YUV
representation to the RGB format. Alternatively, pre- and post-processing wits {not
shown} may perform these conversions.

{8054 This disclosure may generally refor to coding {c.g., encoding and decoding) of
pictures to include the process of encoding or decoding data of the picture. Similarty, this
disclosure may refer to coding of blocks of a picture to include the process of encoding
or decoding data for the blocks, ¢.g., prediction and/or residual coding. An encoded video
bitstrearn generally includes a series of values for svntax elements representative of
coding decisions {e.g., coding modes) and partitiomng of pictures into blocks. Thas,
references to coding a picture or a block should generally be understood as coding values
for syntax clements fornung the picture or block.

[80535] HEVC defines various blocks, including coding wmts (CUs), prediction units
{(PUs}, and transform units (TUs). According to HEVC, a video coder {such as video
encoder 200} partitions a coding tree unit ({U'TUY mto CUs according to a guadiree
structure. That is, the video coder partitions CTUs and CUs wio tour equal, non-
overdapping squares, and each node of the quadtree has either zero or four child nodes.
Nodes without child nodes may be referred to as “leatnodes,” and CUs of such feaf nodes
may neclude one or more PUs and/or one or more TUs. The video coder may further

partition PUs and TUs. For example, in HEVC, a reaidual quadiree (RQT) sepresents
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partitioning of TUs. In HEVC, PUs represent inter-prediction data, while TUs represent
residual data. CUs that are intra-predicted nclude mtra-prediction information, such as
an intra-mode indication.

(80836} As another example, video encoder 200 and video decoder 300 may be configured
to operate according to YV, According to VVC, a video coder (such as video encoder
200} partitions a picture into a plurality of coding tree units (CTUs}. Video encoder 200
may partition a UTU according to a tree structure, such as a quadtree-binary tree (JTBT)
structure or Multi-Type Tree (MTT) structure. The QTBT structure removes the concepts
of multiple partition types, such as the separation between Cls, PUs, and TUs of HEVC.
A QTBT structure includes two fevels: a first level pamitioned according to quadtree
partitioning, and a second level partitioned according to binary trec partitioning. A root
node of the QTBT structure corresponds to a CTU. Leaf vodes of the binary trees
correspond to coding units (CUs).

{80571 Inan MTT partitioning structure, blocks may be partitioned using a quadtree (QT)
partition, a binary tree (BT) partition, and one or more tvpes of triple tree (TT) (also called
temary tree (TT)) partitions. A tniple or temary tree pariition is a partition where a block
is split into three sub-blocks. In some examples, a triple or ternary tree partition divides a
block into three sub-blocks without dividing the original block through the center. The
parittioning tvpes in MTT {e.g., QT, BT, and TT}, may be symmetrical or asvmumetrical.
[B058] In some examples, video encoder 200 and video decoder 300 may use a single
QTBT or MTT structure to represent each of the honinance and chrominance
components, while in other examples, video encoder 200 and video decoder 300 may use
two or more QTBT or MTT structures, such as one QTBT/MTT structure for the
huminance component and another QTBT/MTT structure for both chrominance
components {or two QTBT/MTT structures for respective chrominance components).
(8059} Video encoder 200 and video decoder 300 may be configured to use quadtree
partittoning per HEVC, QTBT partitioning, MTT partitioning, or other parfitioning
structures. For purposes of explanation, the deseription of the technigues of this disclosure
is presented with respect to QTBT partitioning. However, it should be understood that the
cchmiques of this disclosure may also be applied to video coders contfigured to use
quadiree partitioning, or other types of partitioning as well.

0060} In some examples, a CTU includes a coding tree block (CTB) of fuma samples,
two corresponding CTBs of chroma samples of a pieture that has three sample amrays, or

a CTB of samples of a monochrome picture or a picture that is coded using three separate



WO 2025/155418 PCT/US2024/061301

color planes and syntax structures used to code the samples. A CTB may be an NxN block
of samples for some value of N such that the division of a component into CTBs is a
pariitioning. A component 1s an array or single sample from one of the three arrays (luma
and two chroma} that compose a picture in 4:2:0, 4:2:2, or 4:4:4 color format or the array
ot a single sample of the array that compose a picture v monochrome format. fo some
examples, a coding block is an MxN block of samples for some values of M and N such
that a division of a CTB mto coding blocks is a partitioning.

(60661} The blocks {e.g.. CTUs or CUs) may be grouped in various ways i a picture. As
one example, a brick may refer to a rectangular region of CTU rows within a particular
tile in a picture. A tile may be a rectangalar region of CTUs within a particelar tile column
and a particular tile row in a picture. A tile column refers fo a rectangular region of CTUs
having a height equal to the height of the picture and a width specified by syntax clements
{e.g.. such as in a picture parameter set). A tile row refers to a rectangular region of CTUs
having a height specified by syntax elements (¢.g., such as in a picture parameter set} and
a width cqual to the width of the picture.

8062} In some examples, a tile may be partitioned into multiple bricks, cach of which
may include one or more CTU rows within the tile. A tile that is not partitioned into
multiple bricks may also be referred to as a brick. However, a brick that is a true subset
of a tile mav not be referred to as atile.

{8063} The bricks in a picture may also be arranged in a shice. A slice may be an infeger
number of bricks of a picture that may be exchusively contained in a single network
abstraction layer (NAL) unit. In some examples, a slice includes either a number of
complete tiles or only a consecutive sequence of complete bricks of one tile.

(8064} This disclosure may use “NxN” and “N by N7 interchangeably to refer to the
sample dimensions of a block {such as a CU or other video block) in terms of vertical and
horizontal dimensions, ¢.g.. 16x16 samples or 16 by 16 samples. In general, a 16x16 CU
will have 16 samples mn a vertical divection {v = 16) and 16 samples in 3 honzontal
direction {x = 16}. Likewise, an NxN CU generally has N samples in a vertical direction
and N samples in a horizontal direction, where N represents a nonnegative mteger value.
The samples m a CU may be arranged in rows and columus. Morcover, ClUs need not
necessarty have the same number of samples in the horizontal direction as n the vertical
direction. For example, CUs may comprise NxM samples. where M is not necessarily

equal to N,
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[8068] Video encoder 200 encodes video data for CUs representing prediction and/or
residual information, and other information. The prediction information indicates how the
CU 1s to be predicted 1n order to form a prediction block for the CU. The residual
information gencrally represents sample-by-sample differences between samples of the
CU prior to encoding and the prediction block.

(8066} To predict a CU, video encoder 200 may generally form a prediction block for the
CU through inter-prediction or intra-prediction. Inter-prediction generally refers to
predicting the CU from data of a previously coded picture, whereas intra-prediction

2

generally refers to predicting the CU from previously coded data of the same picture. To
perform inter-prediction, video encoder 200 may generate the prediction block using one
or more motion vectors. Video encoder 200 may generally perform a motion search {o
wdentifyv a reference block that closely maiches the (U, eg., in terms of differences
between the CU and the reference block. Video encoder 200 may calculate a difference
metric using a swrn of absolute ditfference (SAD), sum of squared differences (S8}, mean
absolute difference (MAD), mean squared differences (MSD), or other such difference
calculations to determine whether a reference block closcly matches the current CU. In
some examples, video encoder 200 may predict the corrent CU using vni-directional
prediction or bi-directional prediction.

[8067] Motion-Compensated or loter-Picture Prediction takes advantage of the
redundancy that exists between thence “inter”)} pictures of a video sequence. The block-
based motion compensation, which is used in all the moder video codecs, the prediction
is attained from one or more previously decoded pictures, 1.e., the reference picture(s).
The corresponding areas to generate the inter prediction are mdicated by the motion
mformation, including motion vectors and reference picture indices.

(6068} Some examples of VV also provide an affine motion compensation mode, which
may be considered an inter-prediction mode. n affine motion compensation mode, video
encoder 200 may determune two or more motion vectors that represent non-translational
motion, sach as zoom in or out, rotation, perspective motion, or other trregular motion
fypes.

18065] To perform intra-prediction, video encoder 200 may sclect an ttra-prediction
mode to generate the prediction block. Some examples of VVC provide sixty-seven mntra-
prediction modes, inchuding various directional modes, as well as planar mode and DC
made. In general, video encoder 200 selects an ntra~-prediction mode that describes

neighboring samples to a current block {e.g., a block of a CU) from which to predict
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samples of the current block. Such samuples may geverally be above, above and to the left,
orto the left of the current block in the same picture as the current block, assuming video
encoder 200 codes CTUs and CUs in raster scan order (left to right, top to bottom).
{8878} fntra-picture prediction exploits the spatial redundaney that exists within a picture
{hence “intra”} by deriving the prediction for a block from already encoded-and-theo-
decoded, spatially neighboring samples (1.e., reference samples). Directional angular
prediction, DC prediction. and planc or planar prediction are used i recent video codecs,
macluding AVC, HEVC, and VVC.

(8071} Video encoder 200 encodes data representing the prediction mwode for a current
block. For example, for inter-prediction modes, video encoder 200 may encode data
representing which of the vartous available inter-prediction modes is used, as well as
mation information for the corresponding mode. For uni-directional or bi-directional
inter-prediction, for example, video encoder 200 may encode motion vectors using
advanced motion vector prediction (AMYP) or merge mode. Video encoder 200 may use
similar modes to encode motion vectors for affine motion compensation mode.

6072} Following prediction, such as infra~prediction or inter-prediction of a block, video
encoder 200 may calcalate residual data for the block. The residual data, such as a residual
black. represents sample by sample differences between the block and a prediction block
for the block, formed using the corresponding prediction mode. Video encoder 200 may
apply one or more transforms o the residual block, to produce transformed data in a
transform domain instead of the sample domam. For example, video encoder 200 may
apply a discrete cosine transform {DCT), an mteger transform, a wavelet transform, or a
conceptually similar transform to residual video data. Additionally, video encoder 200
may apply a secondary transform following the first transform, such as a mode-dependent
non-separable secondary transform {MDNSST), a signal dependent transform, a
Karhunen-Loeve transform (KLT), or the like. Video encoder 200 produces transform
coetlicients following application of the one or more transforms.

{8073} Hybnd video coding standards apply a block transform to the prediction residual
(regardless of whether it comes from inter- or intra-picture prediction). Early standard
mcluding H.261, H.262, and H.263 applied a discrete cosine transform (DCT) to residual
data. In HEVC and VVC, transform kemels other than or in addition to DCT may be
applied in order to account for different statistics in specific video signals.

{0074} Asnoted above, following any transforms to produce transform coefficicnts, video

encoder 200 may perform quantization of the transform coefficients. Quantization
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generally refers to a process in which transtormn coefficients are guantized to possibly
reduce the amount of data used to represent the transform coefficients, providing further
compression. By performing the quantization process, video encoder 200 may reduce the
bit depth associated with some or all of the transtform coefficients. For example, video
encoder 200 may round an #-bit value down to an m-bit value duning quantization, where
# is greater than m. In some examples, to perform guantization, video encoder 200 may
perform a bitwise right-shift of the value to be quantized.

(6675} Quantization atms to reduce the precision of an mput value or a set of input values
in order to decrease the amount of data needed to represent the values. In hybrid video
coding, quantization 1s typically apphed to individual transformed residual samples, 1.e.
to transform cocfficients, resulting in integer coefticient levels. In recent video coding
standards, the step size 13 derived from a so-called guantization parameter (QP) that
controls the fidelity and bit rate. A larger step size lowers the bit rate but also deteriorates
the quality, which ¢.g. results in video pictares exhibiting blocking artifacts and blorred
details.

{6676} Following quantization, video encoder 200 may scan the transform coefficients,
producing a one-dimensional vector from the two-dimensional matrix including the
quantized transform coefficients. The scan may be designed to place higher energy {and
therefore lower frequency) transtorme cocfficionts at the front of the vector and to place
lower energy {(and therefore higher frequency) transform coefficients at the back of the
vector. In some examples, video encoder 200 may utilize a predefined scan order o scan
the quantized transform coefficients to produce a senalized vector, and then entropy
eucode the quantized transform coefficients of the vector. In other examples, video
encoder 200 may perform an adaptive scan.

{6877} After scanning the guantized transform coefficients to form the one-dimensional
vector, video encoder 200 may entropy encode the one-dimensional vector, e.g.,
according to context-adaptive binary arithmetic coding (CABAC). CABAC 15 used in
recent video codec, e.g. AVC, HEVC and VVC, due to its high efficiency. Video encoder
200 may also entropy encode values for syntax elements describing metadata associated
with the encoded video data for use by video decoder 300 in decoding the video data. As
part of performing CABAC, video encoder 200 may assign a context within a context
model to a svmbol to be transmutted. The context may relate to, for exaraple, whether
neighboring values of the symbol are zero-valued or not. The probability determination

may be based on a context assigned to the symbol.
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18078} Video encoder 200 may further generate syntax data, such as block-based syntax
data, picture-based syntax data, and sequence-based syntax data, to video decoder 300,
¢.g., m a picture header, a block header, a slice header, or other syntax data, such as a
sequence parameter set {(SPS), picture parameter set {PPS), or video parameter set (VPS).
Video decader 300 may bikewise decode such syntax data to determine how to decode
corresponding video data.

133791 In this manner, video encoder 200 may generate a bitstream including encoded
video data, ¢.g., syntax clements describing partitioning of a picture into blocks {e.g.,
CUs) and prediction and/or residual information for the blocks. Ultimately, video decoder
300 may receive the bitstream and decode the encoded video data.

{8086} In general, video decoder 300 performs a reciprocal process to that performed by
video encoder 200 to decode the encoded video data of the bitstream. For example, video
decoder 300 may decode values for syntax clements of the bitstream using CABAC in a
manner substantially similar to, albeit reciprocal to, the CABAC encoding process of
video encader 200. The symtax clerents may define partitioning mformation for
partitioning of a picture into CTUs, and pamitioning of each CTU according to a
corresponding partition structure, such as a QTBT structure, to defing CUs of the CTU.
The syntax elements may further define prediction and residual information for blocks
{c.z., CUs) of video data.

(8081} The residual information may be represented by, for example, quantized transform
coefficients. Video decoder 300 may mverse quantize and mverse transform the quantized
transform coefficients of a block to reproduce a residual block for the block. Video
decoder 300 uses a mignaled prediction mode {intra- or infer-prediction) and related
prediction information (e.g., motion mformation for mter-prediction) to form a prediction
black for the block. Video decoder 300 may then combine the prediction block and the
residual block {on a sample-by-sample basis) to reproduce the original block. Video
decoder 300 may perform addiional processing, such as performing a deblocking process
to reduce visual artifacts along boundaries of the block.

18082} Video encoder 200 and video decoder 300 may apply an in-loop filter to mput
data, such as predicted video data, reconstructed video data, quantization parameter data,
boundary strength data, IPB data, or other types of video data. In accordance with a
technique of this disclosure, video encoder 200 may convert the input data from an input
domain to a transform domain to generate converted video data. Video encoder 200 may

then apply a NN-based ILF to the converted video data to generate filtered video data.
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Yideo encoder 200 may then convert the filtered video data from the transforom domain
to the input domain. Video decoder 300 may perform the same process on the
reconstructed video data. Video encoder 200 and video decoder 300 may use the filtered
video data in the mput domain for prediction of subsequently encoded blocks of video
data. To examples where the transforra domain 1s the RGB domain and the ioput data
inclades reconstructed video data, video decoder 300 may output the filtered video data
in the transform domain.

{6083} This disclosure may generally refer to “signaling” certain infornmation, such as
syntax elements. The term “wignaling” may generally refer to the communication of
values for syntax elements and/or other data used to decode encoded video data. That is,
video encoder 200 may signal values for syntax clements in the bitstream. In general,
signaling refers to generating a value in the bitstream. As noted above, source device 102
may transport the bitstream to destination device 116 substantially in real time, or not in
real time, such as might ocour when storing syntax clements to storage device 112 for
later retrieval by destination device 116,

(6084} FIGS. 2A and 2B are conceptual diagrams illustrating an example quadiree binary
tree (QTBT) structure 130, and a corresponding coding tree woit {CTU) 132, The solid
lines represent quadiree splitting, and dotted lines indicate binary tree splitting. In cach
split (L.e,, non-leaf) node of the binary tree, one flag is sigunaled to indicate which splitting
tvpe (ie., horizontal or vertical} 1s used, where 0 indicates horizontal splitting and 1
indicates vertical splitting 1n this example. For the quadtree splitting, there is no need to
indicate the splitting tvpe, because quadiree nodes split a block horizontally and vertically
mto 4 sub-blocks with equal size. Accordingly, video encoder 200 may encode, and video
decoder 300 may decode, svatax elements (such as splitting information) for a region tree
level of QTBT structure 130 (i, the solid lines) and syntax elements (such as sphiting
information} for a prediction tree level of QTBT structure 130 (i.¢., the dashed lines).
Video encoder 200 may encode, and video decoder 300 may decode, video data, such as
prediction and transform data, for CUs represented by ternunal leaf nodes of QTBT
structure 130.

180838} In geveral, CTU 132 of FIG. 2B may be associated with parameters defining sizes
of blocks cormresponding to nodes of QTBT structare 130 at the first and second levels.
These parameters may mchude a CTU size {representing a size of CTU 132 in samples),
a mininwue quadtree size (MinQTSize, representing a mimmum allowed quadtree leaf

node size), a maximum binary tree size (MaxBTSize, representing a maximum allowed
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binary tree root node size), a maxinum binary tree depth (MaxBTDepth, representing a
maximum allowed binary tree depth), and a mmimum binary tree size (MinBTSize,
representing the nunimom allowed binary tree leaf node size).

(80886} The root node of a QTBT structure corresponding to a CTU may have four child
nodes at the first level of the QTBT structure, cach of which may be partitioned according
to quadtres partitioning. That 1s, nodes of the first level are either leaf nodes (having no
child nodes) or have four child nodes. The example of QTBT structure 130 represents
such nodes as mcluding the parcnt node and child nodes having sclid Hines for branches.
If nodes of the first level are not larger than the maximum allowed binary tree root node
size (MaxBTSize), then the nodes can be further partitioned by respective binary trees.
The binary tree splitting of one node can be iterated unti] the nodes resulting from the
split reach the minimum allowed binary tree feaf node size (MinBTSize) or the maximum
allowed binary tree depth (MaxBTDepth). The example of QTBT structure 130 represents
such nodes as having dashed lines for branches. The binary tree leaf node is referred to
as a coding wut (CU), which is used for prediction {e.g., intra-picture or mter-picture
prediction} and transform, without any further partitioning. As discussed above, CUs may
also be referred to as “video blocks™ or “blocks.”

{8087} in one exampic of the QTBT partitioning structure, the CTU size is set as 128x128
{luma samples and two corresponding 64x64 chroma samples), the MinQTSize is set as
16x16, the MaxBTSize 15 set as 64x64, the MinBTSize (for both width and height) 1s set
as 4, and the MaxBTDepth is set as 4. The guadtree partitioning is applied to the CTU
first to generate quad-tree feaf nodes. The guadiree leat nodes may have a size from 16x16
{i.c., the MmQTSize) to 128<128 {(ic, the CTU size). If the guadiree leaf node is
128x128, the leaf quadtree node will not be further split by the binary tree, because the
size exceeds the MaxBTSize (i.¢, 64x64, i this example). Otherwise, the quadtree leaf
node will be further partitioned by the binary tree. Therefore, the quadtree leaf node is
also the root node for the binary tree and has the binary tree depth as 0. When the binary
tree depth reaches MaxBTDepth (4, in this example), no further splitting 13 penmitted. A
binary tree node having a width equal to MinBTSize (4, in this example) implics that no
further vertical splitting (that 15, dividing of the width) s pernutied for that binary tree
node. Sinmilarly, a binary tree node having a height equal to MinBTSize iroplies no further
horizontal splitting (that is. dividing of the height) is permitted for that binary tree node.
As noted above, leaf nodes of the binary tree arc referred to as CUs and are further

processed according to prediction and transform without further partitioming.
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16088} FIG. 3 15 a block diagram illustrating an example video encoder 200 that may
perform the technigues of this disclosure. FIG. 3 15 provided for purposes of explanation
and should not be considered lhmiting of the techniques as broadly exemphified and
described in this disclosure. For purposes of explanation, this disclosure describes video
encoder 200 according to the techmigques of VVC (ITU-T H 266, under development), and
HEVC (ITU-T H.263). However, the techmigues of this disclosure may be performed by
video encoding devices that are configured to other video coding standards.

{6089} In the example of FIG. 3, video encoder 200 includes video data memory 230,
mode selection unit 202, residual generation unit 204, transform processing unit 206,
quantization unit 208, inverse quantization unit 210, inverse transform processing unif
212, reconstruction wt 214, filter unit 216, decoded picture buffer (DPB) 218, and
entropy encoding unit 220 Any or all of video data memory 230, mode selection unit
202, residual generation unit 204, transform processing unit 206, quantization unit 208,
iverse gquantization unit 219, inverse fransform processing unit 212, reconstruction unit
214, filtor unit 216, DPB 218, and entropy encoding untt 220 may be mplemented 1n one
OF MOTE PIocessors or in processing circuitry. For instance, the units of video encoder 200
may be implemented as one or more circwts or logic elements as part of hardware
circuitry, or as part of a processor, ASIC, or FPGA. Moreover, video encoder 200 may
mnelude additional or alicmative processors or processing circuitry to perform these and
other functions.

(3096} Video data memory 230 may store video data to be encoded by the components
of video encoder 200, Video encoder 200 may receive the video data stored in video data
memory 230 from, for example, video source 104 (FIG. 1}, DPB 218 may act as a
reference picture memory that stores reference video data for ase in prediction of
subsequent video data by video encoder 200. Video data memory 230 and DPB 218 may
be formed by any of a variety of memory devices, such as dynamic random access
memory (BRAM}, mcluding synchronous DRAM (SDRAM), magnetoresistive RAM
{(MRAM), resistive RAM (RRAM), or other types of memory devices. Video data
memory 230 and DPB 218 may be provided by the same memory device or separate
raemory devices. In various examples, video data memory 230 may be on-chip with other
components of video encoder 200, as iltastrated, or off-clup relative to those components.
(8691} o this disclosure, reference to video data memory 230 should not be interpreted
as being linuted to memory interoal to video encoder 200, unless specifically described

as such, or memory external to video encoder 200, unless specifically described as such.
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Rather, reference to video data memory 230 should be understood as reference memory
that stores video data that video encoder 200 receives for encoding {¢.g., video data for a
current block that 1s to be encoded). Memory 106 of FIG. 1 may also provide temporary
storage of outputs from the various units of video encoder 200

[8092] The varous umits of FIG. 3 are illustrated to assist with understanding the
operations performed by video encoder 200, The anits may be implemented as fixed-
function circuits, programmable circuits, or a combination thereof. Fixed-function
circuits refer to circuits that provide particular functionality, and are preset on the
operations that can be performed. Programmable civeuits refer to circuts that can be
programmed to perform various tasks, and provide flexible functionality in the operations
that can be performed. For instance, programumable circuits may cxecute software or
firraware that cause the programmable circutts to operate m the manner defined by
wnstructions of the software or firmware. Fixed-function circuits may execute software
instructions {¢.g., {0 receive parameters or output parameters), but the types of operations
that the fixed~-function cireuits perfomm are generally immutable. In some examples, one
or more of the units may be distinet civcunt blocks {fixed-function or programmable}, and
in some examples, one or more of the units may be integrated circuiis.

(8693} Video ecncoder 200 may mchude arithmetic logic units (ALUs), clementary
function vaits (EFUs), digital civcuits, analog circuits, and/or progranunable cores,
formed from programmable circuits. In examples where the operations of video encoder
200 are performed using software executed by the programmable circuits, memory 106
{(FIG. 1) may store the instructions (e.g., object code) of the software that video encoder
200 receives and executes, or another memory within video encoder 200 (not shown) may
store such instructions.

8094} Video data memory 230 is configured to store received video data. Video encoder
200 may retrieve a picture of the video data from video data memory 230 and provide the
video data to residual generation unit 204 and mode selection unit 202, Video data in
video data memory 230 may be raw video data that is to be encoded.

8095} Mode selection wmit 202 includes a motion estimation unit 222, a motion
compensation unit 224, and an iotra-prediction unit 226. Mode sclection untt 202 may
melude additional functional umits to perform video prediction in accordance with other
prediction modes. As examples, mode selection unit 202 may include a palette unit, an
tntra~-block copy unit {which may be part of motion estimation unit 222 and/or motion

compensation unit 224}, an affine umit, a linear model {LM) unit, or the like.
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18096} Mode selection untt 202 generally coordinates multiple encoding passes to test
combinations of encoding parameters and resulting rate-distortion values for such
combinations. The encoding parameters may inclade partitioning of CTUs o CUs,
prediction modes for the CUs, transform types for residual data of the CUs, quantization
parameters for residual data of the CUs, and so on. Mode selection unit 202 may
ultimately select the combimation of encoding parameters having rate-distortion values
that are better than the other tested combinations.

18097} Video encoder 200 may partition a picture retrieved from video data memory 230
juto a series of CTUs, and encapsulate one or more CTUs within a slice. Mode selection
unit 202 may partition 8 CTU of the pictare in accordance with a tree structure, such as
the QTBT structure or the quad-tree structure of HEVC described above. As described
above, video encoder 200 may forra one or more CUs from partitioming a CTU according
to the tree structure. Such a CU may also be referred to generally as a “video block™ or
“block.”

{8098} In general, mode sclection unit 202 also controls the components thereof (e.g.,
motion estimation unit 222, motion compensation unit 224, and intra~-prediction unit 226}
1o generate a prediction block for a current block {e.g., a current CU, or in HEVC, the
overlapping portion of a PU and a TU). For inter-prediction of a current block, motion
estimation unit 222 may perform a motion scarch to identify one or more closely matching
reference blocks in one or more reference pictures {e.g., one or more previously coded
pictares stored in DPB 218). In particular, motion estimation unit 222 may calcudate a
value representative of how similar a potential reference block is to the current block,
¢.g., according to sum of absolute difference (SAD), sum of squared differences (SSD),
mean absolate difference (MAD), mean squared differences {MSD), or the like. Motion
estimation unit 222 may generally perform these calculations using sample-by-sampie
differences between the current block and the reference block being considered. Motion
estimation wut 222 may identify a reference block having a lowest value resulting from
these calculations, indicating a reference block that most closely matches the current
block.

{6699} Motion estumation unit 222 may form one or more maotion vectors {MVs) that
defines the positions of the reference blocks in the reference pictures relative o the
position of the current block in a current picture. Motion estimation unit 222 may then
provide the motion vectors to motion compensation unit 224, For example, for wmi-

-

directional inter-prediction, motion estimation unit 222 may provide a single motion
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vector, whereas for bi-directional imter-prediction. motion estiraation vntt 222 may
provide two motion vectors. Motion compensation unit 224 may then generate a
prediction block using the motion vectors. For example, motion compensation wnit 224
may retrieve data of the reference block using the motion vector. As ancther example, if
the motion vector has fractional sample precision, raotion compensation umit 224 may
wnterpolate values for the prediction block according to one or more interpolation filters.
Mareover, for bi-directional inter-prediction, motion compensation unit 224 may retrieve
data for two reference blocks identified by respective motion vectors and combine the
retrieved data, ¢.g., through sample-by-sarple averaging or weighted averaging,

(8108 As another example, for mtra-prediction, or infra-prediction coding, intra-
prediction wut 226 may gencrate the prediction block from samples neighboring the
current block. For example, for dircctional modes, ntra~-prediction unit 226 may generally
mathematically combine values of neighboring samples and populate these calculated
values in the defined direction across the current block to produce the prediction block.
As another example, for DC mode, intra-prediction unit 226 may calculate an average of
the neighboring samples to the current block and generate the prediction block to include
this resulting average for each sample of the prediction block.

(8101} Mode selection unit 202 provides the prediction block to residual generation unit
204. Restdual generation unit 204 recetves a raw, unencoded version of the current black
from video data memoryv 230 and the prediction block from mode selection vnit 202
Residual gencration anit 204 calcolates sample-byv-sample differences between the
current block and the prediction block. The resulting sample-by-sample differences define
a residual block for the current block. In some examples, residual generation unit 204
may also determine differences between sample values in the residual block to generate
a residual block using residual differential pulse code modulation (RDPCM). In some
examples, residual gencration unit 204 may be formed using one or nwore subtractor
circuits that perform binary subtraction.

(8102} In examples where mode selection unit 202 partitions CUs into PUs, each PU may
be associated with a luma prediction unit and corresponding chroma prediction units,
Video cncoder 200 and video decoder 300 may support PUs baving various sizes. As
mdicated above, the size of a CU mav refer to the size of the tuma coding block of the
CU and the size of a PU may refer to the size of a luma prediction unit of the PU.
Assurning that the size of a particular CU 18 2Nx2N, video encoder 200 may support PU

sizes of ZNx2N or NxN for mira prediction, and symmetric PU sizes of 2Nx2N, ZNxN,
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NxZN, NxN, or simular for mier prediction. Video encoder 200 and video decoder 300
may also support asymmetric partitioning for PU sizes of 2NxnU, 2MNxndd, nLx2N, and
nRxZN for inter prediction.

(8103} fn examples where mode selection unit 202 does not further partition a CU into
PUs, cach CU may be associated with a luma coding block and corresponding chroma
coding blocks. As above, the size of a CU may refer to the size of the fuma coding block
of the CU. The video encoder 200 and video decoder 300 may support CU sizes of
ZNXZN, 2NxN, or NxIN.

(8104} For other video coding technigues such as an ntra~block copy mode coding, an
affine-mode coding, and linear model (LM} mode coding, as some examples, mode
sclection unit 202, via respective units agsociated with the coding technigues, gonerates a
prediction block for the current block being encoded. In some examples, such as paletie
mode coding, mode selection unit 202 may not generate a prediction block, and instead
generate syntax elements that indicate the manner in which to reconstruct the block based
on a selected paletie. In such modes, mode selection wnut 202 may provide these syntax
clements to entropy encoding unit 220 to be encoded.

[8105] As described above, residual gencration unit 204 receives the video data for the
current block and the corresponding prediction block. Residual generation unit 204 then
generates a residual block for the curmrent block. To generate the residual block, residual
generation unit 204 calculates sample-by-sample differences between the prediction
block and the current Bock.

18186} Transform processing unit 206 applics one or more transtorms to the residual
block to generate a block of transform coefficients (referved to herein as a “transform
coefficient block™). Transform processing unit 206 mayv apply varnous transforms to a
residual block to form the transform coetficient block. For example, transform processing
unit 206 may apply a discrete cosine transformm (DCT), a dircctional transform, a
Karthunen-Loeve transform (KLT), or a conceptually similar transform to a residual
block. In some examples, transform processing unit 206 may perform multiple transforms
to a residual block, e.g, a primary transform and a secondary transform, such as a
rotational transtform. o some examples. transform processing untt 206 does not apply
transforms to a residual block.

(8107} Quantization vait 208 may guantize the transform coefficients in a transform
cocfficient block, to produce a quantized transforma cocfficient block. Quantization unit

208 may quantize transform coefficients of a transform coefficient block according to a
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quantization parameter (QF) value associated with the current block. Video encoder 200
{e.g., via mode selection unit 202} may adjust the degree of quantization applied to the
transform coefficient blocks associated with the current block by adjusting the QP value
associated with the CU. Quantization may introduce loss of information, and thus,
quantized transform cocfficients may bave lower procision than the original transform
coeflicients produced by transform processing untt 206.

(3198} Inverse quantization unit 210 and nverse transtorm processing uvanit 212 may
apply mverse quantization and joverse transforms to a quantized transform coctficient
block, respectively, to reconstruct a residual block from the transform coefficient block.
Reconstruction unit 214 may produce a reconstracted block corresponding to the carrent
block (albeit potentially with some degree of distortion} based on the reconstructed
residual block and a prediction block generated by mode selection unit 202, For examyple,
reconstraction unit 214 may add samples of the reconstructed residual block to
corresponding samples from the prediction block generated by mode selection unit 202
to produce the reconstructed block.

(6109} Filter unit 216 may perform one or more filier operations on reconstructed blocks.
For example, filter unit 216 may perform deblocking operations to reduce blockingss
artitacts along edges of CUs. In accordance with the techniques of this disclosure, filter
unit 216 may convert the reconstructed video data from an input domam to a transform
domain to generate converted video data. Filter unit 216 may apply a NN-based ILF to
the converted video data to generate filtered video data. Filter unit 216 may then convert
the filtered video data from the transform domain to the input domain,

(8118} Video encoder 200 stores reconstructed blocks in DPB 218, For mnstance, in
examples where operations of filter umit 216 are not performed, reconstruction wnit 214
may store reconstructed blocks to DPB 218, In examples where operations of filter unit
216 are performed, filier unit 216 may store the filtered reconstructed blocks to DPB 218,
Motion estimation unit 222 and motion compensation unit 224 may retrieve a reference
pictare from DPB 218, formed from the reconstructed (and potentially filtered) blocks, to
inter-predict blocks of subsequently encoded pictures. In addition, intra-prediction unit
226 may use reconstructed blocks v DPB 218 of a current picture to intra-predict other
blocks in the current picture.

(8111} In general, entropy cncoding unit 220 may entropy encode syntax clements
received from other functional components of video encoder 200, For example, entropy

encoding vt 220 may entropy encode quantized transform coefficient blocks from
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guantization unit 208. As another cxample, entropy encoding unit 220 may entropy
encode prediction svntax elements {e.g., motion informaton for inter-prediction or intra-
mode information for intra-prediction} from mode selection unit 202, Entropy encoding
unit 220 may perform one or more entropy encoding operations on the syntax clements,
which are another example of video data, to generate entropy-cncoded data. For example,
entropy encoding unit 220 may perform a context-adaptive variable length coding
{CAVLL) operation, a CABAC operation, a vanable-to-variable {(V2V) length coding
operation, a syntax-based context-adaptive binary anthmetic coding (SBAC) operation, a
Probability Toterval Partitioning Entropy (PIPE) coding operation, an Exponential-
Golomb encoding operation, or ancther type of entropy encoding operation on the data.
In some examples, entropy encoding unit 220 may operate in bypass mode where syntax
clements are not entropy encoded.

[8112] Video cncoder 200 may output a bitstream that includes the entropy encoded
syntax clements needed to reconstruct blocks of a slice or picture. Inn particular, entropy
encoding unit 220 may output the bifstream.

[6113] The operations described above are described with respect to a block. Such
description should be understood as being operations for a luma coding block and/or
chroma coding blocks. As described above, in some examples, the huma coding block and
chroma coding blocks are luma and chroma components of a CU. In some examples, the
tuma coding block and the chroma coding blocks are luma and chroma components of a
PU.

3114} In some examples, operations performed with respect to a luma coding block need
not be repeated for the chroma coding blocks. As one example, operations to dentify a
motion vector (MV}) and reference picture for a luma coding block need not be repeated
for identifving a MV and reference picture for the chroma blocks. Rather, the MV for the
turna coding block may be scaled to determine the MV for the chroma blocks, and the
reference picture may be the same. As another example, the intra-prediction process may
be the same for the luma coding block and the chroma coding blocks.

8115} Video encoder 200 represents an example of a device configured to encode video
data ncluding one or more memories configured to store video data, and one or more
processors implemented n circuitry and configured to convert video input data (e.g.,
reconstructed video data) from an input representation (1€, an input domain) {0 a

transform domain 1o generate converted video data; apply a neural network (NN)-based
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in-loop filter (ILF) to the converted video data to generate filtered video data; and convert
the filtered video data to the input representation.

8116} FIG. 4 is a block diagram #lustrating an example video decoder 300 that may
perform the techuniques of this disclosure. FIG. 4 is provided for purposes of explanation
and s not liniting on the techmigues as broadly excmplified and described in this
disclosure. For purposes of explanation, this disclosure describes video decoder 300
according to the techniques of VVC ({TU-T H.Z66), and HEVC (dTU-T H.Z65).
However, the technigques of this disclosure may be performed by video coding devices
that are configured to other video coding standards.

(8117} In the example of FIG. 4, video decoder 300 includes coded pictare buffer {CPB}
memory 320, entropy decoding unit 302, prediction processing umit 304, inverse
quantization it 306, wmverse transform processing unit 308, reconstruction unit 310,
filter unit 312, and decoded picture buffer (DPB) 314, Any or all of CPB memory 320,
entropy decoding unit 302, prediction processing unit 304, inverse quantization unit 306,
mverse transtorm processing unit 308, reconstruction unit 310, filter unit 312, and DPB
314 may be mplemented in one or more processors or in processing circuitry. For
instance, the units of video decoder 300 may be mplemented as one or more circaits or
logic elements as part of hardware circuitry, or as part of a processor, ASIC, or FPGA.
Moreover, video decoder 300 may include additional or aliomative processors or
processing circuitry to perform these and other fimctions.

(4118} Prediction processing unit 304 includes motion compensation unit 316 and inira-
prediction unit 318, Prediction processing unit 304 may include additional units to
perform prediction in accordance with other prediction modes. As examples, prediction
processing unit 304 may inchude a paletie unit, an mtra-block copy unit (which may form
part of motion compensation unit 316), an affine unit, a lncar model (LM} unit, or the
like. In other examples, video decoder 300 may include more, fower, or different
functional components,

{8118} CPB memory 320 may store video data, such as an encoded video bitstream, fo
be decoded by the components of video decoder 300, The video data stored i CPB
raernory 320 may be obtained, for example, from computer-readable medn 110 (FIG.
13. CPB memory 320 may include a UPB that stores encoded video data {e.g., syntax
clements) from an encoded video bitstream. Also, CPB memory 320 may store video data
other than syntax elements of a coded picture, such as temporary data representing outputs

from the various units of video decoder 300. DPB 314 generally stores decoded pictures,
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which video decoder 300 may output and/or use as reference video data when decoding
subsequent data or pictures of the encoded video bitstrearn. CPB memory 320 and DPB
314 may be formed by any of a vanety of memory devices, such as DRAM, including
SDRAM, MRAM, RRAM, or other types of memory devices. CPB memory 320 and DFB
314 may be provided by the same memory device or separate memory devices. In various
examples, CPB memory 320 may be on-chip with other components of video decoder
300, or off-chip relative to those components.

(6120} Addmionally or altematively, in some examples, video decoder 300 may retrieve
coded video data from memory 120 (FIG. 1}, That is, memory 120 may store data as
discussed above with CPB memory 320. Likewise, memory 120 may store instructions
to be executed by video decoder 300, when some or all of the functionality of video
decoder 300 ts implemented in software to be executed by processing circuitry of video
decoder 300.

8121} The various units shown 1n FIG. 4 are ilustrated to assist with understanding the
operations performed by video decoder 300, The units may be implemented as fixed-
function cirauils, programmable circuits, or a combimation thereof. Similar to FIG. 3,
fixed-function circuits refer to circuits that provide particular functionality and are preset
on the operations that can be performed. Programmable circuits refer to circuits that can
be programmed to perform various tasks and provide flexible functionality 1o the
operations that can be performed. For instance, programmable circuifs may execute
software or firmware that cause the programmable circuits to operale in the manner
defined by instructions of the software or firmware. Fixed-function circuits may execute
software mstructions {e.g., 10 receive parameters or output parameters), but the types of
operations that the fixed-function circuits perform are generally immmustable. In some
examples, one or more of the units may be distinct circuit blocks {fixed-function or
progranunable), and in some exaraples, one or more of the units may be integrated
circuits.

(81221 Video decoder 300 may imclude ALUs, EFUs, digital circuits, analog circuits,
and/or programmable cores formed from programmable circuits. In examples where the
operations of video decoder 300 are performed by software executing on the
programmable circuits, on-chip or off-chip memory may store instructions {e.g., object
code} of the software that video decoder 300 recetves and executes.

[8123] Entropy decoding wit 302 may receive encoded video data from the CPB and

entropy decode the video data to reproduce syntax elements. Prediction processing unit
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304, mverse quantization unit 306, inverse transform processing unit 308, reconstruction
uit 310, and filter unit 312 may generate decoded video data based on the syntax
clements extracted from the bitstream.

(6124} fn general, video decoder 300 reconstructs a picture on a block-by-block basis.
Video decoder 300 may perform a reconstruction operation on cach block mdividually
{where the block currently being reconstructed, ie., decoded, may be referred fo as a
“current block™).

(6128} Entropy decodmg unit 302 may eotropy decode syntax eloments defining
quantized transform cocfficients of a quantized transform coefficient block, as well as
transform nformation, such as a quantization parameter (QP) and/or transform mode
indication{s}. Inverse quantization unit 306 may use the QP associated with the quantized
transform cocfficient block to determine a degree of quantization and, bikewise, a degree
of mverse quantization for inverse quantization unit 306 to apply. Inverse quantization
unit 306 may, for example, perform a bitwise left-shift operation to mverse quantize the
guantized transform coefficients. foverse quastization unit 306 may thereby fom a
transform coefficient block inclading transform coefficients.

[8126] After inverse quantization unit 306 forms the transform coefficient block, inverse
transform processing unit 308 may apply one or more inverse transforms to the transform
coctficient block to genecrate a residual block associated with the current block. For
example, inverse transform processing unit 308 may apply an inverse DCT, an inverse
integer transform, an inverse Karhunen-Loeve transform (KLT), an inverse rotational
transform, an inverse directional transform, or another inverse transform to the transform
coefficient block.

(8127} Furthermore, prediction processing onit 304 generates a prediction block
according to prediction information syntax elements that were entropy decoded by
entropy decoding unit 302, For example, if the prediction information syntax clements
mdicate that the current block is inter-predicted, motion compensation unit 316 may
generate the prediction block. In this case, the prediction information syntax clements
may indicate a reference picture in DPB 314 from which to retrieve a reference block, as
well as a motion vector wdentifying a location of the reference block 1n the reference
picture relative to the location of the curment block n the current picture. Motion
compensation unit 316 may generally perform the inter-prediction process i a manner
that is substantially sinular to that described with respect to motion compensation unit

224 (FIG. 3).
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{0128} As another example, if the prediction information svetax clements wndicate that
the current block is intra-predicted, intra~-prediction umit 318 may generate the prediction
block according to an intra-prediction mode indicated by the prediction information
syntax elemenis. Again, infra-prediction unit 318 may generally perform the intra-
prediction process in a manuer that is substantially similar o that described with respect
to ntra-prediction unit 226 (FIG. 3). Intra-prediction unit 318 may retrieve data of
neighboring samples to the current block from DPB 314,

[8125] Reconstruction unit 310 may reconstruct the current block using the prediction
block and the residual block. For example, reconstruction unit 310 may add samples of
the residual block to corresponding samples of the prediction block to reconstruct the
current block.

[8136] Filter unit 312 may perform one or more filter operations on reconstructed blocks.
For example, filter unit 312 may perform deblocking operations to reduce blockiness
artifacts along edges of the reconstructed blocks. In accordance with the techniques of
this disclosure, filter unit 312 may convert input data, such as predicted video data,
reconstructed video data, or other types of video data, from an input domain to a transform
domain to generate converted video data. Additionally, filter umit 312 may apply a NN-
based ILF to the converted video data to generate filtered video data. Filter unit 312 may
convert the filtered video data from the transform domain to the mput domain,

{3131} Video decoder 300 may store the filtered reconstructed blocks in DPB 314, For
instance, in examples where operations of filter unit 312 are not performed, reconstruction
unit 310 may store reconstructed blocks to DPB 314, In examples where operations of
filter unit 312 are performed, filter wut 312 may store the filtered reconstructed blocks to
DPB 314. As discussed above, DPFB 314 may provide reference information, such as
samples of a current picture for intra-prediction and previously decoded pictures for
subsequent motion compensation, to prediction processing unit 304, Moreover, video
decoder 300 may output decoded pictures {e.g., decoded wvideo) from DPRB 314 for
subseqoent presentation on a display device, such as display device 118 of FIG. 1.

13132} In this manner, video decoder 300 represents an cxample of a video decoding
device including one or more memories configured to store video data, and one or more
processors woplemented i circwtry and configured to convert video input data {e.g.,
reconstructed video data, predicted video data, QP data, BS data, IPB data, etc.) from an
tnput representation (.., an input domain) to a transtorm domain to generate converted

video data; apply a neoral network (NN)-based mn-loop filter (ILF) to the converted video



WO 2025/155418 PCT/US2024/061301

31

data 1o generate filtered video data; and convert the fitered video data to the mput
representation.

[8133] FIG. 315 a flowchart ilhistrating an example method for encoding a corrent block
in accordance with the techniques of this disclosure. The current block may comprise a
current CU. Although described with respect to video encoder 200 (FIGS. 1 and 3), it
should be understood that other devices may be configured to perform a method similar
to that of FIG. 5.

(6134} In this example, video encoder 200 inttially predicts the current biock (350). For
exarnple, video encoder 200 may form a prediction block for the current block. Video
encoder 200 may then calcudate a residaal block for the current block {352). To calculate
the residual block. video encoder 200 may calculate a difference between the original,
unencoded block and the prediction block for the current block. Video encoder 200 may
then transform the resideal block and quantize transform cocfficients of the residual block
{354}, MNext, video encoder 200 may scan the guantized transform coefficients of the
residual block (356). During the scan, or following the scan, video encoder 200 may
entropy encode the transform coefficients (358). For example, video encoder 200 may
encode the transform coefficients using CAVLC or CABAC. Video encoder 200 may then
output the entropy encoded data of the block (360},

{0135} Addmionally, video encoder 200 way reconstruct the video data (362). For
example, video encoder 200 may apply inverse quantization to the quantized transform
coefficients and apply an inverse fransform to the inverse-quantized transform
cocflicients to obtain residual data. Video encoder 200 may add samples of prediction
blocks to corresponding samples of the residual data to reconstruct the video data.
[8136] Video cncoder 200 may apply an in-loop filter to input data, such as the
reconstructed video data (364). In accordance with a technigue of this disclosure, video
encoder 200 may convert the input data from an mput domain to a transform domam to
generate converted video data. Video encoder 200 yoay then apply a NN-based TILF to the
converted video data to generate filtered video data. Video encoder 200 may then convert
the filtered video data from: the transform domain to the input domain. Video encoder 260
rnay use the filtered video data for prediction of subsequently encoded blocks of video
data.

(8137} FIG. 6 1s a flowchart illustrating an example method for decoding a current block
of video data in accordance with the technigues of this disclosure. The current block may

comprise a current CU. Although described with respect to video decoder 300 (FIGS. |
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and 4}, it should be understood that other devices may be configured to perform a method
similar to that of FIG. 6.

[8138] Video decoder 300 may recetve entropy encoded data for the current block, such
as entropy encoded prediction information and entropy encoded data for transform
coctticicnts of a residual block corresponding to the current block (370}, Video decoder
300 may entropy decode the entropy encoded data to determine prediction information
for the current block and to reproduce transform coefficients of the residual block (372}
Video decoder 300 may predict the curmrent block (374), e.g., using an intra- or infer-
prediction mode as indicated by the prediction mformation for the current block, to
calculate a prediction block for the current block. Video decoder 300 may then inverse
scan the reproduced transform coefficients (376), to create a block of quantized transform
cocfticients. Video decoder 300 may then inverse quantize the transform coefficients and
apply an mverse transform to the transform coefficients to produce a residual block (378}
Video decoder 300 may decode the current block by combining the prediction block and
the residual block (380). In other words, video decoder 300 may generate reconstructed
video data based on the prediction block and the residual block. For nstance, video
decoder 300 mav add samples of the prediction block to corresponding samples of the
residual block to generate samples of the reconstructed video data.

[8139] Addmionally, video decoder 300 may apply an in-foop filter to mput data, such as
the reconstructed video data (382). In accordance with a technique of this disclosure,
video decoder 300 may convert the input data from an tnput domain to a transform domain
to generate converted video data. Video decoder 300 may then apply a NN-based ILF to
the converted video data to generate filtered video data. Video decoder 300 may then
convert the filiered video data from the transform domain to the mput domain. Video
decoder 300 may use the tiltered video data for prediction of subsequently encoded blocks
of video data.

64148} All video coding standards since H.261 have been based on the so-called hybnid
video coding principle, which is illustrated in FIG. 3. The term hyvbrid refers to the
combination of two means to reduce redundancy in the video signal, 1.¢., prediction and
transform coding with gquantization of the prediction residual. Whereas prediction and
transforms reduce redundancy n the video signal by decorrelation, quantization decreases
the data of the transform coefficient representation by reducing their precision, ideally by
removing only irrelevant details. This hybrid video coding design prnciple is also used

in the two most recent standards HEVC and VVC. Block partitioning is used to divide
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the image tnto smaller blocks for operation of the prediction and fransform progesses. The
carly video coding standards used a fixed block size, typically 16x16 samples. Recent
standards such as HEVC and VVC employ tree-based partitioning stractares to provide
flexible partition.

[8141] fo recont video codecs, hierarchical prediction structures inside a group of pictures
{GOP) is applied to improve coding efficiency. FIG. 7 is a conceptual diagram Hustrating
an example of a luerarchical prediction structure 700 with GOP size equal 1o 16. In the
exanple of FIG 7, cach of the quadnlateral shapes correspond to a distinct picture.
Arrows pointing from a first picture to a second picture indicate that decoding of the
second picture depends on decoding of the first picture. For example, it may be necessary
to decode pictures 0 and B2 in order to decode picture B1.

[8142] Post-loop filicring and in-foop filtering are filicring processes {or combination of
such processes) that are applied to reconstructed pictures or other video data to reduce the
coding artifacts. The input of the filtering process is generally the reconstructed picture,
which is the combination of the recounstructed residual signal (which tncludes quantization
crrory and the prediction. As shown in FIG. 3, the reconstructed pictures afier in-loop
filtering are stored and used as a reference for mter-picture prediction of subsequent
pictures. The coding artifacts are mostly determined by the QF. Therefore, QP
mformation is geverally used n the design of the filtering process. fn HEVC, the in-loop
filters include deblocking filtering and sample adaptive offset (SAO) filtering. Inthe VVC
standard, an adaptive loop filter {(ALF) was mtroduced as a third filter. The filtering

process of ALF is shown in equation (1} below,

R} = R(Lf)

+ (< D % KRQ + ke j+ D~ RO [, 00k, 1))
(22

-+ 64) > 7)

(0143} o equation (1), R{i,j)1s a sample at position {7, ;) before application of the

{1}

filtering process, R'(i, /) is the saraple value at position (7, ;) after filtering process, f{(k, [}
denotes the filter coefficients, K{x,v)is the clipping function, and c(k,{) denotes

: . g . N L L
clipping parameters. The variables £ and { vary between — = and =, where 1. denaies the
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filter length. The filter longth 1s the number of values used to deterume an output value.
The clipping function K{x, ¥} = wmin {y, max{(~v, x}) which corresponds to the function
Clip3 {(—y, y.x}. The clipping operation introduces non-lincarity to make ALF more
¢fficient by reducing the impact of neighbor sample values that are too different with the
current sample value. In other words, the output values produced by the clipping function
have discontinuous, nondifferentiable corners at the upper and lower boundaries of the
clipping function. In VVC, the filtering parameters can be signalled in the bitstream, or
the filtermg parameters can be selected from a plurality of pre-defined filter sets. The

ALF filtering process can also be summarised as following equation.

R'(i, ) = R{i,j) + ALF residual_ouput(R) {1}

6144} Many works show that embedding neural networks into a hybrid video coding
framework can improve compression efficiency. Neural networks have been used for
intra prediction and inter prediction fo improve the prediction efficiency. Neural network
{NN)-based in-loop filkering has also been a prominent research topic in recent vears. In
some works, the filtering process 1s applied as a post-filter. In this case, the filiering
process is only applied to the output picture and unfiltered pictures are used as reference
pictures.

[8145] In some examples, a video coder {e.g., a video encoder or a video decoder) may
apply an NN-based filter in addition to existing filters such as deblocking filter, SAG and
ALF. In some examples, a video coder mav apply an NN-based filter exclusively, where
the NN-based filter is designed to replace all the exasting filters.

(4146} An example of an NN-based filier 15 shown in FIG. 8. FIG. 8 15 a conceptual
diagram illostrating 3 CNN-based filter 300 with four layers 8024, 802B, 802C, and
802D, This disclosure refers to lavers 802A. 802B, 802C, and 802D collectively as
“layers 802.7 Each of layers 802A, 802B, and 802C includes a convolutional layer and a
PreLU activation function layer. Each of the convolutional layers applies a convolution
function. The hidden layers may tclude fayers that perform convolutions, pooling layers,
fully connected layers, normalization layers, and other types of layers. Layer 802D has a
convolutional laver and no activation function layer. This disclosure uses ax b xexd
notation with respect with convolutional layers. In this notation, o and & represent
dimensions of a kernel {t.e., a two-dimensional array of features), ¢ represents the mumber

of mput channels per feature of the feature map, and 4 represents the number of output
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channels. Thus, in FIG. 8, the notation 3x3x6x8 in the convolutional layer of layer 8024
has a 3x3 kemel (meaning that the convolutional neural network 1s applied to a 3x3 grid
of features), each of the features having 6 nput channels (e.g.. 4 Y samples, T Cb sample,
and 1 Cr sample}, and 8§ output chamnels. Thus, the convolution layer of laver 802A
outputs & values.

(3147} In the example of FIG. 8, there 1s 4:1 relationship between huma samples and Chb
or Cr chroma samples. Hence, n the example of FIG. 8, the NN-based filtering process
takes the reconstructed luma and chroma samples 804, packed in a 3D volume with 6
planes (e, four planes of luma samples, a plane of Cb samples, and plave of Cr samples).
Layers 802 output intermediate samples. The intermediate samples are residual values
which are added back to the input reconstructed luma and chroma samples 804 to generate
refined mput samples 806, The NN-based filter may use all color components as imput {0
exploit the cross-component correlations. The different components may share the same
filters {including network structure and model parameters) or each component has its own
specific filters.

[6148] The NN-based filtering process can also be generalized as shown in equation (3),

below:

R,y = R(,j)+ NN_filter residual_ouput{R) {2}

[£149] The mode! structure and model parameters of NN-based filter{s} can pre~-defined
and be stored at video encoder 200 and video decoder 300. The model structure and/or
model parameters of NN-based filters can also be signalled in the bit stream.

[6150] When NN-based filtering is applied in video coding, a video coder may split the
whole video signal (pixel data) mto multiple processing units {e.g. 2D blocks). The video
coder may process each processing unit separately or combined with other information
associated with this block of pixels. The possible choices of processing units may include
a frame, a sliceftile, a CTU or any pre-defined or signaled shapes and sizes.

{8151} To further improve the performance of NN-based filtening, different types of input
data can be processed jointly to produce the filtered output. Input data may mclude, but
are not limited to, reconstructed, prediction pixels, pixels after the loop filter(s),
partitioning structure information, deblocking parameters (BS), QP values, shice or
picture types or filters applicability or coding modes map. Input data can be provided at

the different granuanty. Luma reconstruction and prediction samples can be provided at
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the ornginal resolution, whereas chroma samples could be provided at lower resolution,
¢.g., for 4:2:0 representation, or can be up-sampled to the luma resolution to achieve per-
pixel representation. Similarly, QP, BS, partitioning or coding mode information can be
provided at lower resolution, including cases with a single value per frame/slice or
processing block (e.g., QF), or this value can be expanded (replicated) to achieve per-
pixel representation.

(3152} FIG. © 15 a conceptual diagram dlustrating a CNN-based filter 900 with padded
mput samples and supplementary data. An example of an architecture utilizing
supplementary data is shown in FIG. 9. Pixels of a processing block 902 (4 subblocks of
interlaced Luma samples plane and associated b and Cr planes) are combined with
supplementary information such as QF stops and BS. The arca of a processing pixel (i.e.,
a block of pixels being processed) is extended with 4 padded pixels from cach side. The
total size of the processing vohume is {(4+64+44) x (4+64+4) x (4 Y+2ZUV+IQP + 3B},
t.e., 72x72x10. In other words, input to UNN-based filter 900 1s a 64x64 block of pixels
padded with 4 pixels above and below, left and nght (ic., 4+64+4). Each pixel is
associated with 10 channels, 1.¢, 4 Y samples and 2 UV samples per pixel, plus | QP,
plus 3 boundary strength values. A first convolutional layer 904 is applied to 3x3 arrays
of pixels in the mmput, resuliing in K values for cach of the 3x3 arrays. A final
convolutional layer 906 outputs residual video data that 1s added to the onginal video data
to obtain filkered video data 910,

(#1583} To further improve the performance of NN-based filtering, multi-mode soletions
can be designed. For example, for each processing unif, video encoder 200 may select
among a set of modes based on rate-distortion optimization and the choice can be signaled
in the bitstream. The set of modes may include different NN models, different values that
used as the input mformation of the NN models, etc. Video decoder 300 may use the
sclected mode for NN-based filtering. As an example, a NN-based filtering solution was
previously proposed that created multiple modes based on a single NN model by using
different QP values as input of the NN model for different modes.

[0184} Next generation video applications are anticipated to operate with video data
representing captured scenery with high dynanuc range (HDR) and wide color gamut
{WCG) representation and sourced from the dedicated content production software, such
as computer-generated mmagery (1), or camera captured content.

[8158] Dynamic range 1s typically defined as the ratio between the mimmum and

maximum brighiness of the video signal. It 15 also measured 1n terms of “f-stop’, where
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one f-stop corresponds to a doubling of the signal dynaroic range. In MPEG s defintion,
the High Dynamic Range content is such content that features brightness variation with
more than 16 f-stops. In some terms, levels between 10 and 16 f-stops are considered as
intermediate dynamic range, but it is considered HDR in other definitions. At the same
time, human visual system is capable for perceiving much larger dynamic range, however
it inchides adaptation mechanism to narrow so called simultaneous range.

18156} Current video application and services are regulated by Rec 709 and provide SDR,
typically supporting a range of brightoess {or luminance} of around 0.1 to 100 candelas
{cd) per m2 {often referred to as “nits”), leading to less than 10 f-stops. The next
generation video services are expected to provide dynamic range of up-to 16 f-stops and
although detailed specification is currently under development, some initial parameters
of have been specified in SMPTE-2084 and Rec.2020.

{57} A visualization of dynamic range provided by SDR 1000 of HDTV, expected
HDR 1002 of ultrahigh definition television (UHDTV) and human visual system dynamic
range 1004 is shown m FIG. 10, FIG. 10 1s a conceptual diagram illustrating exampie
human vision and display capabilities.

[8158] Another aspect for a more realistic video experience besides HDR is the color
dimension, which is conventionally defined by the color gamut. FIG. 11 is a conceptual
diagram illustrating an example color gamut. FIG. 11 visualizes SDR color gamut 1100
{triangle based on the BT.709 color red, green and blue color primaries), and the wider
color gamut that for UHDTV (triangle based on the BT.2020 color red, green and blue
color primaries). The figure also depicts the so-called spectrum locus (delimited by the
tongue-shaped area), representing imits of the nataral colors. As lustrated by FIG. 11,
moving from BT.709 to BT 2020 color primarics aims to provide UHDTV services with
about 70% more colors. The point, D63, specifies the white color for given specifications.

[8159] A fow examples of color gamut specification are shown 1n Table 1, below.

Table 1 Colorimetry parameters for selected color spaces

RGB color space parameters

White point Primary colors
Color space

Xw Yw Xr VS X VS Xp ¥s

J J o

BCI-P3 0314 J0.351 10.680[0.32010 26510 69010 15010.060

ITU-RBT.70910.31270.3290i{0.64 1033 1030 {0.60 1015 0.06




WO 2025/155418 PCT/US2024/061301

[TU-R BT 20200312

o}
~

0.329040.70810.29210.17010.79710.131§0.046

[3166] RGE data 18 typically atilized as input, since it 1s produced by image capturing
sensors. However, this color space has high redandancy among its components and is not
optimal for compact representation. To achieve a more compact and more robust
representation, RGB components are typically converted to a more uncorrelated color
space more suitable for compression, such as YCbCr. This color space separates the
brightness in the form of luminance and color information in different un-correlated
components.

161} For modem video coding systems, the typically used colour space 15 YCbCr, as
specified in ITU-R BT.709 or ITU-R BT.70Y. The YCbCr colour space in BT.709
standard specifies the following conversion process from R'G'B’ to Y Chilr (non-

constant lurainance representation);

o Y =02126 %R +07152*(+ 00722 B’

. B -y’
o Ch = =
1.8556
(3)
. R =Y’
o Cr=
1.5748

(8162} The equations above can also be implemented using the following approximate

conversion that avoids the division for the Cb and Cr components:
o Y= 0212600% R+ 0715200 * G* + 0.072200* B°
o Ch=-0114872* R~ 0383428 * G+ 0.500000* B {4)

o Cr= 0300000% R -0454153* G~ 0.045847* @

(8163} The ITU-R BT.2020 standard specifies the following conversion process from

R'G’B’ to Y ' Cb{r (non-constant luminance representation):

o Y =02627%R +06780% G+ 00393 B

3 B v/ ~
c (h= {5}
1.8814 )
N R'-Y’
Cr= -
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10164} Eguations (5) above can also be mmplemented using the following approximate

conversion that avoids the division for the Cb and Cr components:

o Y= 0262700 % R7+0.678000 % G7 + 0.059300 % B
o Cb=-0139630* R’ - 0360370 * G* + 0500000 * B’ {6}
o Cr=03500000% R -0439786 % G° - 0.040214 % B

{8165} It should be noted that both color spaces remain normahized. Therefore, for the
input values normalized in the range 0...1 the resulting values will be mapped to the range
0.1, Generally, color transforms implemented with floating point accuracy provide
perfect reconstruction, thus this process is lossless.

0166} This followmg section presents examples of CNN In-Loop Filtering (ILF)
architecture that are being actively developed m JVET.

(6167} FIG. 12 15 a conceptual diagram Hustrating a CNN architecture 1200. Tn Y. Li et
al “EE1-1.7: Combined Test of EE1-1.6 and EEI-1.3)7 JIVET-Z0113, Apnl 2022
(hereinafter, JVET-Z0113) an NN based filtering sclution with multiple modes was
proposed. An architecture 1200 of the network 1s shown in FIG. 12 ¥ the first part (FIG.
12}, the different input data tvpes (i.e., reconstructed video data {rec), predicted video
data (pred), boundary strength values (BS), partitioning data {part), and quantization
parameter {(P) data) are convolved with number of kernels size of 3x3 (represented in
FIG. 12 as rectangles labeled conv3x3) to produce feature maps, undergo activation
{represented in FIG. 12 as rectangles labeled PReLU, denoting the parameterized
rectilinear linear unit activation function}. The partitioning data indicates how a block is
partitioned. The label Conv 3x3.2] indicates down-sampling of 2 by using stride 2. The
results 1202 for each data type are concatenated, fused, and subsampled once to create an
output y. The number of foature maps used in JVET-Z0113 15 96. This output is then fed
through N=8 attention residual blocks 1204 (AttRes Block). The structure of an example
attention residual block 1206 is further shown in FIG. 12, As shown, attention residual
block 1206 includes a first convolution layer, an activation layer, a sccond convolution
layver, and a spatial attention layer.

[8168] The output from the last attention residual block z is fed into the last part of the
network, which mehudes a first set of convolution lavers, an activation layer, an additional
convolution fayer, and a pixel shuffle layer. The pixel shuffle laver rearranges clements

in a tensor to perform upsampling, e.g.. to mcrease spatial resolution. In the context of
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architecture 1200 and other architectures described m this disclosure, the pixel shuffie
layer performs upsampling by converting the data from channel domain to spatial domain.
Output of the pixel shuffle layer is added to the reconstructed video data to generate the
output of UNN architecture 1200

[8169] FIG. 13 15 a conceptual diagram illustrating a spatial attention layer 1300 of an
attention residual block. FIG. 13 shows that attention may be performed using a element-
wise muldtiplication from the input features to the extracted features of each backbone
blocks.

[8178] In S, Eadie, M. Coban, M. Karczewicz, EE1-1.9: Reduced complexity CNN-based
in-loop filtering, JVET-ACGIS5, Jamuary 2023 (hereinafter, “IVET-AC(G1537), an
alternative design of NN architecture was proposed. It was proposed to use larger number
of low complexity residual blocks in the backbone of the JVET-20113 CNN filter along
with reduced number of channels (feature maps) and removal of the attention modules.
The proposed CNN filtering stractare {for Luma filtering) is shown m FIG. 14, FIG. 14
is a coneeptual diagram llustrating an example CNN-architecture 1400,

(8171} In CNN-architecture 1400, the guantity of residual blocks used 13 M=24. The
quantity of feature maps {convolutions} is reduced to 64. CNN-architecture 1400 includes
residual blocks (ResBlocks) 1462, In ResBlocks 1402, the quantity of chanunels firstly
goes up to 160 before the activation laver, and then goes down to 64 after the activation
layer. Residual block 1404 15 an example of residual blocks 1402, The number of residual
blocks and channels can be configured differently (M set to another value and the number
of channels in the residual block can be set to a number different than 160} for different
performance-complexity trade-offs. Chroma filtering follows the concept m JVET-Z0113
with the above modifications to its backbone for processing of chroma channels.

(6172} In a further modification, the bypass branch around convolution and activation
layers m the residual block in the previous solution i1s removed. FIG. 15 is a conceptual
diagram illustrating an example CNN architecture 1300 that mclades filter blocks 1502
that do not mchude a bypass branch around the convolution and activation layers. Thus,
in the example of FIG. 13, a filter block 1504 may have the same layers as residual block
1404 but does not mnclude the bypass branch. The number of channels and number of filter
blocks can be configurable, for example, 64 channels, 24 filter blocks, with 160 channels
before and after the activation, which results 1 the the complexity of the network is

603 93kMAC and the number of parameters 15 1.5M for the mtra luma model.
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18173} Furher complexity reduction of CON ILF architecture is aclueved with utilization
of the separable convolution in place of 21¥ convolutions (3x3), e.g., as described in US.
provisional patent application 63/485.862, filed February 17, 2023, converted to U.S.
patent application 18/442 955, and published as U.5. patent publication 2024/0283925.
fo Seregin ot al., “EE2: Swumary report of exploration cxperuvent oo cnhanced
compression beyond VVC capability” IVET-ADO0023, (hereinafter, “IVET-AD00237},
EEl test 135, a low-rank convolution approximation decomposes 3 3x3xMxN
convolution tto a pixel-wise convolution (IxIxMxR), two scparable couvolutions
{3xIxRxR, Ix3xRxR) and another pixel-wise convolution {1x1xRxN) was apphed to the
residual block of the architecture described in JVET-ACO155. Here, R 1s the rank of the
approximation, and can ablate the performance/complexity of the approximation.

(8174} Tn onc example, the ONN architecture 1500 of FIG. 15, with decomposition
ilustrated in FIG. 16, is implemented with parameters K=64, M=160 and R = 51, and
total number of 24 residual blocks resubts in the complexity of the network is
356.43kMAC and the number of pararoeters 1s 1.O7M for the mtra luea model. K and M
are channels (input or output). R s the rank of the decomposition. FIG. 16 13 a conceptual
diagram illostrating an example CNN architecture 1600, In the example of FIG. 16, the
last convolutional layer 1602 of filter block 1504 includes a first convolutional layer 1604
and a second convolutional laver 1606,

[8175] A multiscale feature extraction with a two-component convolution network is
proposedin Y. Li, 8. Eadie, D. Rusanovskyy, M. Karczewicz, EEI-Related: Combination
est of EEI-1.3.5 and multi-scale component of EEL-1.6, JVET-ADO211. April 2023
{heremafter, “IVET-ADO2117), which 1s illustrated n FIG. 17, the 3x3 convolutions are
decomposed into a 3xIxCIxR convolution and followed by a 1x3xRx{2 convolution,
where C1 and {2 are the number of input and output channels, respectively, and R is the
rank of the approximation. FIG. 17 is a conceptual diagram illustrating an exampie
multiscale feature extraction backbone network 1700 with two-component convolation.
The parameter R can be made proportional to R=CIxC2/{CI+C2) and controls the
complexity of the approximation.

18176} As an example, the architecture illustrated in FI1G. 17 can be implemented with
parameters R1=8, R2=44, M1=160 and M2=16, and total number of 24 residual blocks,
the complexity of the network will be 358.43kMAC and the number of parameters is
1.97M for the intra luma model. M1 and M2 are input channels and R is the rank of the

decomposition.
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i0177F The wmultiscale feature coxiraction backbone with the two-component
decomposition has been integrated into the unified model in EE. In addition, the
specification from the EE contains two versions of the model, which are 1} a wnified
model for joined luma and chroma, see FIG. 18, and 2) separate models for luma and
chroma, respectively, see FIG. 19 and FIG. 20. FIG. 18 1s a conceptual diagram
iHustrating an example onified filter with joint model 1800 (joint luma and chroma). In
the example of FIG. 18, inputs to joint model 1800 include reconsiructed Y samples
{RecextY ), reconstructed UV samples (RecexrUV), prediction modes (IPB) that indicates
the prediction mode of each block (e.g., intra predicted, inter uni-predicted or bi-
predicted) |, a slice QP {(QPSLICE), a base QP (QBPBASE), a boundary strength (BS),
and predicted samples {pred}. Recexy is reconstructed UV data. 3x3 means convolutional
kernel 3x3. di,dz, ..., ds are the output channels. Tn the example of FIG. 18 assumes that
the 4:2:0 format is used. Accordingly, the reconstructed UV samples are upsampled by a
factor of 2 (1.¢., 21) to form reconstructed samples {(rec). Furthermore, in the example of
FIG. 18, parameters d1 = 192, 2 =32, ds =16, ds = 16,ds =16, C=64, G = 160, Coy =
32, Ca2 =32, Co1 =64, N =24, and des = 48. FIG. 19 13 a conceptual diagram illustrating
an example unified filter with separate huna/chroma models 1900 (luma). FIG. 2015 a
conceptual diagram illustrating an example unified filter with separate luma/chroma
models 2000 {chroma). In the example of FIG. 19, parameters di = 192, do =32, ds = 16,
da=16,d5=16,C=64, Ci1 =160, 02 =32, C2=32, G5: =64 N=20, and de =438. In
the example of FIG. 20, parameters dy = 192, da = 32, d5 = 16, da = 16, ds = 16, = 64,
Cr =160, Cu = 160, Coz = 32, 31 = 64, N =20, and des = 48,

0178} A CCN ILF fler architecture with luma/chroma sphit was proposed
Rusavnovskyy et al., “Unified LOP filter design, traming procedure and filter usage”,
JVET-AE0281 (hereinafter, “IVET-AE(2817). Separate processing branches for luma
and chroma allows independent training of the NN weights to target component and a
degree of complexity-performance tradeoff optimization. In the filter architecture shown
i FIG. 21, chroma branch can employ smaller mimber of the BB, e.g., Ne <Ny or reduced
number of channels, eg., Cov < Cy or Covnt < Cyzr. FIG. 21 s a conceptual diagram
iHustrating g umified filter 2100 with luma/chroma split. As shown in FIG. 21, luma
samples are processed in a first path 2102 and chroma samples are processed in a second
path 2104. The back bone blocks of both the first path 2102 and the second path 2104
may have the same structure 2106, In the example of FIG. 21, the parameters may be

defined as shown in the following tables.
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Headblock parameters

di 12
dz 8
d3 4
d4 2
ds 2
dé 24

Backbone parameters

Luma Chroma
N 12 5
C 16 16
Cl 64 48
[ 16 HS)

(8173} Video content production, by the means of CGI or camera sensors, as well as video
conient consumption (through displays) is typically conducied in the RGB domain, with
imagery quality being controlled for cach color component. Video compression, in
contrast, 15 being typically conducted m the Y'ChCr domamm, with 4:2:0 chroma
representation. In such a format, Luma s being represented in full resolution, whereas
two differentiational color components {Cb and Cr} are represented in half spatial
resolution.

[6188] It 1s known that color space conversion (RGB to Y CbCr and back), chroma down
and up-sampling, and as well as processing conducted in the luma and chroma
components independently may result in suboptimal performance, or quality degradation
in the RGB domain. It has been observed that, especially due to the nonlinear
characteristics of the Y CbCr representation {electrooptical transter fimction (EOTF)) and
its effect on quantization, special caution needs to be exercised when selecting the filter
cocfficients of such a resampling filker, in oxder to mitigate chroma "leakage."
Conventional filters, such as hnear filters, that are commonly used for down-conversion
of SDR chroma signals may potentially result in visual artefacts when applied to

HDR/WCG signals.
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0181} In application to enhanced filiering, such as NN-based ILF, 1t may be suboptimal
o perform the filtering on Y and UV channel together, with non-optimal RGB-Y Ch(r
conversion, partially because the Y and UV data exhibit different distributions and may
not be suitable for the filters to generalize on both distributions.

[8182] To address the problem described above, the wmput YUV video frames can be
transformed, ¢.g., into non-Y UV color space, e.g., RGB, or in a transform domain, so that
the distribution of the signals in the said domain is beneficial to the filtering. Thereafter,
the filtering process is applied in the transform domain. At the end of the filtermg process,
the transformed signals are inverse transformed back to the input representation, ¢.g.,
YUV domain.

[8183] In onc example, the across-component color space conversion can be utilized as
the transform. For instance, the YUV mputs are converted to RGB domain by using the
method defined in the BT.709 system, and the conversion from RGB to YUV, and from

YUV to RGB are performed with the following matrix nuudtiplications, respectively:

Y 0.2126 0.7152 0.0722 1R
EU} = [-G.09991 —{.33609 $.436 {G
V. 0.615 —0.55861 —0.05636118.
R 1 G 1.2803311Y
{G =411 —0.2148Z 0.380591 EU]
¥} 1 212798 0 V.

{3184} An example of the filtermg process with the conversion is shown in FIG. 22
without 1nput down-sampling for the low complexity filter. FIG. 22 15 a conceptual
diagram illustrating an example architecture 2200 for filtering 1n a transform domain for
the low complexuty filter. In the case of converting from the RGE domain to the YUV420
domain, an average pooling can be conducted on UV channels of the YUV444 domain to
produce the required sub-sampling. In the YUV420 domain, the U and V samples are
downsampled by half in both the horizontal and vertical directions. In the YUV444
domain, the U and V samples are not down-sampled relative to Y samples.

{0188} In the example of FIG. 22, inputs to architecture 2200 include reconstructed Y
samples {RecextY), reconstructed UV samples (RecaxtUV), IPB data, a shice QP
{3PSlicey, a base QF (QPBase), and a boundary strength {(BS) value. RecextUV 18
extended/padded reconstructed UV data. RecextY 15 extended/padded reconstructed Y
data. RecexrUV is upsampled (21) so that Y and UV samples have the same spatial
resolution. RecexrY and the upsampled RecexyUV are merged to form reconstructed

video data {rec). A transform (fransform) is then applied fo the reconstructed video data
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1o generate transform-domam recounstructed video data. The transform convers the
reconstructed video data from a first domam to a second domam. For example, the
transform may convert the reconstructed video data from a Y CbCr domain to an RGB
domain. The transforma is afso applied to predicted video data (pred} to geunerate
transform-domain predicted video data. A video coder {¢.g., video encoder 200 or video
decoder 3003 may use mtra prediction, nter prediction, or ancther form of prediction to
generate predicted video data. Respective convolutional lavers 2202 are apphied to IPB,
{PSlice, QPBase, BS, the transform-domain reconstructed video data, and the transform-
domain predicted video data. In the example of FIG. 22, the parameters may have the
following values: di = 12, do =8, d3=4, da=2,ds =2, C=24, Cy=72, Ca =24, N =11,
and de = 24.

(8186} Furthermore, as shown in FIG. 22, outputs of convolutional layers 2202 are
concatenated and a convolutional layer 2204 is applied, followed by a PReLU activation
layer 2206, a down-sampling convolutional laver 2208, another PReLU activation layer
2210, and a sct of N back bone blocks 2212, Each of back bone blocks 2212 has a structure
2214 as further shown in FIG, 22, That 15, input to an individual back bone block {ie., a
3-dimensional matrix [Ch,w], where € indicates the number of channels, b indicates
height of the matrix, and w indicates width of the matrix} is passes through a series of
convolutional layers, activation function lavers, sepConv layvers, and a final convolutional
layer. sepConv is to separate a 3x3 convolution to 3x1 and 1x3 convolution for example.
Crutput of the final convolutional laver is added to the initial input of the backbone block
to form an output matrix.

(81871 A convolutional layer 2216 1s applied to the output of the final backbone block.
Convolutional layver 2216 includes two sepConv layers, followed by a convolational
laver. An activation laver 2218 is applied to the output of convolutional layer 2216,
followed by another convolutional layer 2220, Pixel shuffle 2222 re-amanges the Y data
of pixels from the channel domain to the spatial domain. Toverse transform 2226 converts
the Y data back to the state before the Y data was transformed. Pixel shuffle 2224 re-
arranges the UV data of pixels from the channel domain to the spatial domain. Inverse
transform 2228 converts the UV data back to the state before the UV data was
transformed. OGutput of inverse transform 2226 {e.g., luma samples in the imtial domain,
¢.g., the Y’Cb{r domain} is added to the reconstructed Y samples (2230} and cropped
(2234), thereby generating filtered reconstructed Y samples 2238, Output of inverse

transform 2228 {e.g., chroma samples in the initial domain, ¢.g., the Y CbCr domain) 1s
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added to the reconstructed UV samples (2232} and cropped (2236}, thereby gencrating
filtered reconstructed Y samples 2240,

(6188} In some examples, a video coder {e.g., video encoder 200 or video decoder 300}
applies the transform cither as across mputs, ¢.g., in a form of a color space conversion,
or transform can be applied n spatial domain, with cach component being transformed
independently. In some examples, the video coder applies the transform across different
mput. In some examples, independently applied transform can be combined.

(6189} In one example, the video coder applies a wavelet transform to a signal {e.g.,
reconstructed video data) in the YUV domain spatially for cach component to decompose
the signal into different frequency bands from the YUV inputs, and the video coder
conducts the filtering in the decomposed signal domain. In other words, the vides cader
conducts the filiering on the signal in a domain in which the reconstructed video data is
decomposed mto values corresponding to different frequency bands. At the end of the
process, the inverse wavelet transform converts the signal back to the YUV domain. In
another example, the wavelet transform can be the Haar wavelet.

[6196] In some examples, the transform kemel size can be from 2x2 to KxI, where K is
divisible by both the height H and width W of the filtering block. The transform kemel is
operator that applies a transform to mput data. The size of the transform kernel is the size
of the mput data to which the transform 1s apphied. In another example, the four frequency
bands from the Wavelet decomposition can be arranged into four channels, where each
frequency band is a block of half of the resclution of the original block. This transform 1
essentially downsarapling the original block in the spatial domain by a factor of 2 in each
dimension and quadrnipling the number of chamnels. In another example, the same
transform can be applied to other input signals, ¢.g., boundary strength (BS) and IPB, and
the input signal with constant values can be down-sampled directly, e.g., by using Pixel
unshuffle or Reshape operators.

[3191] In another example, the video coder may apply a Discrete Cosine Transform
(BCT) or its integer approximation to the mput signals. The kernel size can be of from
2x2 to KxK, where K is divisible by W and H of In another example, coefficients from
different frequency bands after the DCT transtorm can be arranged mto different
channels, where coefficients n the same frequency band are arranged mto a block of g
resolution of (W//K, H//K). This transform is essentially downsampling the original block
in the spatial domain by K in cach dimension and expand the number of channels by a

factor of KxK. In another ¢xample, the same transform can be applied to other mput
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signrals, ¢.z.. BS and 1PB and the mput signal with constant value can be downsampled
directly.

{6192} In another example, the transform kemel can be tramed and applied to the mput
signals. The kemnel size can be from Ixl to Kx¥K, where K is divisible by both W and H.
The tramable transform kernel may be mmpleented as couvolutional neural vetwork
layers with a kemel of KxK and a stride of K s, where K s is divisible by Wand H. In
another cxample, different frequency bands from the trained transform, t.e., output from
cach kemnel, can be arranged into the chaounel domain, where cach frequency band s a
block of W/ s, H/K a) in resolution. The convolutional layers are essentially
downsampling the original block in the spatial domain by K s in each dimension and
expand the number of channels by a factor of K s x K s or a number from 1 to N, where
N s constrained by the model complexity. In another example, the same convolutional
layers can be applied to other input signals, ¢.g., BS and IPB and the mput signal with
constant value can be down-sampled directly. In another example, the channel expansion
factor can be different for cach input signal.

6193} In another example, the methods mentioned for filtering 1 a transform domain
can also applied to separate Luma and Chroma branch of the NN models with
luma/chroma split.

[8194] 1o another example, the number of output channels before the Pixel Shufflec may
be adjusted, and the Pixel Shuffle operation may be tumed on or off so that the desired
spatial resolution can be obtained for the filtering. That is, after the nverse transform, if
the spatial size of the output can match that of the inpwt, then the Pixel shuffle is not
needed.

(8195} In another example, the transform or tramable transform can be applied in the
downsampled domain, ¢.g.. after using Pixel-unshuftle, where pixels in the spatial domain
arc arranged o chavnel domain. In other words, the video filtering ray apply the
transform while the data 15 10 a downsampled form and then subsequently upsample the
data, ¢.g., using pixel shuffle. Thus, the video coder may downsample and/or rearrange
the reconstructed video data so that the input data (e.g.. reconstructed video data,
predicted video data, ¢te.} 15 in a downsampled or rearranged domain. The video filtering
may apply a transform to the mput data in the downsampled or rearranged domain so that
the input data is in the transform domain for filtering. Correspondingly, pixel shuffle can
be used to re-~arrange the pixel back from the channel 1o the spatial doman at the end of

the filtering.
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18196} In another example, in order to obtain the same spatial resolution afier application
of the transform to luma and chroma components, the transform kernel size may be
different for hima and chroma. In another example, the downsampling process may be
omitted for chroma components. In another example, direct downsampling may be
applied to BS and {PB data without transform applied.

(8197} In yet another example, an input signal in the Y Cb{r domain can be first
converted to the linear YCbCr by applying inverse non-linearity (EOTF), specified by
respective color space (ITU-R BT.2100 or BT 2020} followed by the color transform
YCbCr to RGB in the hnear domain and applyving forward non-lineanty opto-clectnie
transfer fimetion (OETF} on RGB data. Thus, the mput domain 1s a Y CbCr domain and
the transform domain is an RGB domain. NN ILF filter can be applied in the resulting
represertation followed by the inverse operations to bring data back to Y ChCr domain.
[3198] It is assessed that the proposed technigaes may be applicable to all the NN models
of different functionality and of different types of architecture and modules, which
cmploy lincar or non-lincar functions on the YUV inputs.

[6193] Adoption of the techniques of this disclosure to NNV architectures could reduce
computation complexity and memory bandwidth requirements and provide a better
performance. Examples described in this document are related to NN-assisted loop
filtering, however, are applicable to any NN-based video coding tool that conswrues input
data with certain statistical properties, such as static content or sparse representation.
(6200} FIG. 23 18 a flowchart illustrating an example operation of a video coder, in
accordance with one or more techniques of this disclosure. The operation of FIG. 23 may
be performed by video encoder 200 or video decoder 300, Thus, the term “coding” with
respect to the operation of FIG. 23 may be applied to encoding or decoding.

(6201} In the example of FIG. 23, the video coder may obtain input data {2300). The
mput data includes one or more of predicied video data, reconstructed video data,
quantization parameter data, boundary strength data, or 1PB data. For example, in
mstances where the video coder is video encoder 200, reconstraction wnit 214 may
generate the reconstructed video data based on predicted video data and reconstructed
video data. In this example, the predicted video data may be gencrated by motion
compensation unit 224, intra~-prediction umit 226, or predicted i another way. In this
example, the reconstracted video data may be gencrated by inverse transform processing
unit 212, In an example where the video coder 15 video decoder 300, reconstruction unit

310 may generate reconstructed video data based on predicted video data and
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reconstructed video data. In this example, the predicted video data may be generated by
prediction processing unit 304, Tn this example, the reconstrucied video data may be
generated by inverse transform processing unit 308,

(8202} Furthermore. the video coder may convert the input data from an input domain {0
a transform domain to generate converied video data (2302). Tn some examples, filicr unit
216 of video encoder 200 converts the input data. In other examples, filter unit 312 of
video decoder 300 converts the input data. The input domain and the transform domain
may correspond to different ways of representing input data. As an example of converting
the reconstructed video data from an input domain to a transform domain, the video coder
may convert predicted video data and/or reconstructed video data from a YUV domain {o
anon-Y UV color space, such as frequency domain. In other words, the input domain may
be a YUV domain and the transform domain may be a non-YUV domain. In some
examples, the input domain is a Y ChCr domain and the transform domain is a linear
YChCr domain.

(6203} In some cxamples, the video coder couverts predicted video data and/or
reconstructed video data in a form of a color space conversion. In other words, the video
coder may change the color space of the predicted video data and/or reconstructed video
data from one color space to another color space. In some examples, the video coder
converts the predicted video data and/or the reconstructed video data in a spatial domain
with each component bemng transformed separatelv. In other words, data in the mput
domain and the transform domain still correspond to locations in a space. In some
exarnaples, the video coder converts the video input data across multiple temporal entities
of the video input data.

(8204} In some examples, the input domain 13 a YUV domain and the video coder applics
a wavelet transform to the YUV domam for each component to decompose the video
input data into a plurality of frequency bands. In this cxample, the transform domain is a
decomposed signal domam. In some examples, the video coder applies a discrete cosing
transform to the video mput data.

18208} The video coder may apply a NN-based ILF to the converted video data to
generate filicred video data (2304). In some oxamples, filter unit 216 of video encoder
200 applics the NN-based ILF. In other examples, filter unit 312 of video decoder 300
applies the NN-based ILF. In some examples, a transform kemel size of the NN-based

TEF ranges from 2x2 to KxK where K is divisible by both a height H and a width W of a
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filtering block. In some examples, the video coder applics different transform kernel sizes
for luma and chroma.

(82061 The video coder may convert the filtered video data from the transform domain
to the input domain (2306}, In some examples, filter unit 216 of video encader 200
converts the filtered video data. In other examples, filter vott 312 of video decoder 300
converts the filtered video data. In some examples, the video coder applies the NN-
based ILF to separate huma and chroma branches of NN models, ¢.g., using an
architecture similar to the umified filter 2100 of FIG. 21 but with transforms and inverse
transform mcluded. In another example, the video coder may apply the NN-based ILF {o
shared luma and chroma branches of NN models.

(8287} The following is a non-limiting list of clauses in accordance with one or more
techniques of this disclosure.

(09208 Clause 1A, A method of coding video data, the mecthod comprising:
generating, based on predicted video data and residual data, reconstructed video data;
converting the reconstructed video data from an input domain to a transform domain to
generate converted video data; applying a neural network (NN}-based in-loop filter (ILF)
1o the converted video data to gencrate filtered video data; and converting the filtered
video data from the transform domain to the input domain.

[8209] Clause A, The mcthod of clause TA, wherein the input representation 15 a
YUV domain.

62106} Clause 3A. The method of any of clauses TA-ZA, wherein the transform
domain is a non-YUV color space.

(8211} Clause 4A.  The method of any of clauses LA-3A, wherein converting the video
mput data comprises one of converting the video input data in a form of a color space
conversion, converting the video mput data i a spatial domain with each component
being transformed separately, or converting the video input data across multiple temporal
entities of the video input data.

(6282} Clause SA. The method of any of clanses 1A-4A, wherein: the iwput
representation is a YUV domain, the method further comprises applving a wavelet
transtorm to the YUV domam for cach component to decorapose the video input data into
a plurality of frequency bands, and the transform domain ts a decomposed signal domain.
(8283} Clause 6A.  The method of any of clauses 1A-5A, wherein a transform kemel
size of the neural network-based w-loop filter ranges from 2x2 to KxK where K s

divisible by both a height H and a width W of a filtering block.
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[0214} Clause TA.  The method of any of clauses 1A~6A, wherein the method further
comprises applving a discrete cosine transform to the video input data.

(6215} Clanse 8A.  The method of any of clauses 1A-TA, wherein applying the NN-
based ILF comprises applying the NN-based ILF to separate luma and chroma branches
of NN models.

8216} Clause 9A.  The method of any of clauses TA-8A, further comprising adjusting
a number of output channels before a pixel shuftle.

(6217} Clause 10A.  The method of any of clauses 1A-9A, wherem the transform is
applied i a down-sampled domain.

(8218} Clanse 11A.  The method of any of clauses 1A-10A wherein applving the NN-
based ILF comprises applying different transtorm kernel sizes for fuma and chroma.
(0219} Clause 12A.  The method of any of clauses 1A, 3A, 4A, 6A-11A, wherein the
tnput domain is a Y ChCr domain and the transform domain is a linear YCbCr domain.
0228} Clause 13A. The method of any of clauses 1A-12A, wherein coding comprises
decoding.

(6221} Clause 14A.  The method of any of clauses 1A-13A, wherein coding comprises
encoding.

(8222} Clause 15A. A device for coding video data, the device comprising one of more
means for perfornung the method of any of clauses 1A-14A.

(8223} Clause 16A.  The device of clause 15A, wherein the one or more means
comprise one or more processors implemented in circuitry.

08224} Clause 17A.  The device of anv of clauses 15A and 16A, further comprising a
memory to store the video data.

(6225} Clanse 18A.  The device of any of clauses 15A-17A, further comprising a
display configured to display decoded video data.

(8226} Clause 19A.  The device of any of clauses [5A-18A, wherein the device
comprises one or more of a camera, a computer, a mobile device, a broadcast receiver
device, or a set-top box.

0227} Clause 20A.  The device of any of clauses 15A-19A, wherein the device
comprises a video decoder.

(6228} Clause 21A.  The device of any of clauses 15A-20A, wherein the device

comprises a video encoder.
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10225} Clause 22A. A computer-readable storage medium having stored thercon
mstractions that, when executed, cause one or more processors {o perform the method of
any of clauses 1A-14A.

[823¢] Clause 1B. A method of coding video data, the method comprising: obtaining
put data, wherein the input data includes one or more of predicted video data,
reconstrucied video data, quantization parameter data, boundary strength data, or
prediction mode data; converting the mput data from an input domain {0 a transform
domain to gencrate converted video data; applying a neural network (NN}-based m-loop
filter GLF) to the converted video data to generate filtered video data; and converting
the filtered video data from the transform domain to the input domain.

(6231} Clause 2B, The method of clause 1B, whercin the mput domain is a YUV
domain.

(9232} Clause 3B, The method of any of clauses 1B-2B, wheremn the transform
domain is a non-Y UV domain.

(0233} Clause 4B, The method of any of clauses 1B-3B, wherein converting the
mput data comprises one of: converting the reconstructed video data in a form of a color
space conversion, converting the reconstructed video data in a spatial domain with cach
component being transformed separately, or converting the reconstructed video data
across multiple teroporal entities of the reconstructed video data.

[8234] Clause SB. The method of any of clauses 1B-4B, wherem: the input domain
is a YUV domain, the method further comprises applyving a wavelet transform to the
YUV domain for cach component to decompose the reconstructed video data into a
plurality of frequency bands, and the transform domain is a decomposed signal domain.
(8235} Clanse 6B, The method of any of clauses 1B-3B, wherein a transform kernel
size of the neural network-based in-loop filter ranges from 2x2 to KxK where K is
divisible by both a height H and a width W of a filtering block.

(8236} Clause 7B, The method of any of clauses 1B-6B, wherein the method firther
comprises applying a discrete cosine transform to the reconstructed video data.

10237} Clause 8B, The method of any of clauses 1B-7B, wherein applying the NN-
based ILF comprses applving the NN-based ILF to scparate huna and chroma branches
of NN models.

[8238] Clanse 9B.  The method of any of clauses 1B-8B, further comprising

adjusting a number of output channels before a pixel shuffie.



WO 2025/155418 PCT/US2024/061301

LI
[9%)

10235] Clause 10B. 'The method of any of clauses 1B-9B, wherein converting the
mput data comprises: at least one of downsampling or rearranging the reconstructed
video data so that the reconstructed video data 15 in a downsampled or rearranged
domain; an applying a transform to the reconstructed video data in the downsampied or
rearranged domain so that the reconstructed video data 1s in the transform domain for
filtering.

168248} Clause 118,  The method of any of clauses 18-10B, wherein applving the NN-
based TLF comprises applyving different transform kernel sizes for luma and chroma.
(0241} Clause 12B.  The method of any of clauses 1B-11B, wherein the input domain
3 3 Y UbCr domain and the transform domain is an RGB domain.

(8242} Clause 13B.  The method of any of clauses 1B-12B, wherein coding comprises
decoding.

18243} Clause 14B.  The method of any of clauses 1B-12B, wherein coding comprises
encoding.

0244} Clause 15B. A device for coding video data, the device comprising: one or
more memories to store the video data; and one or more processors implemented in
circuitry, the one or more processors configured to: obtain input data, wherein the wput
data includes one or more of predicted video data, reconstructed video data,
quantization parameter data, boundary strength data, or prediction mode data; convert
the input data from an input domain to a transform domain to generate converted video
data; apply a neural network (NN}-based im-loop filter (ILF) to the converted video data
to generate filtered video data; and convert the filtered video data from the transform
domain to the input domain.

(8245} Clanse 16B.  The device of claase 158, wherein the input domainis a YUV
domaii.

{0246} Clause 17B.  The device of any of clauses 15B-16B, wherein the transform
domain 13 a non-Y UV domain.

182471 Clause 18B.  The device of any of clauses 15B-17B, wherein the one or more
processors are configured to, as part of converting the input data: convert the
reconstructed video data in a form of a color space conversion, convert the
reconstructed video data in a spatial domain with each component being transformed
separately, or convert the reconstructed video data across multiple temporal entities of

the reconstructed video data.
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10248} Clause 19B.  The device of any of clauses 15B-188, whercin: the joput domain
i3 a3 YUV domain, the one or more processors are further configured to apply a wavelet
transform to the YUV domain for each component to decompose the reconstracted
video data into a plurality of frequency bands, and the transform domain is a
decomposed signal domain.

8249} Clause 20B.  One or more non-transitory computer-readable storage media
having stored thereon structions that, when exccuted by one or more processors, cause
the one or more processors to; obtain input data, wherein the input data includes one or
more of predicted video data, reconstructed video data, quantization parameter data,
boundary strength data, or prediction mode data; convert the input data from an input
domain to a transform domain to generate converted video data; apply a neural network
{NN})-based in-loop filter (ILF} to the converted video data to generate filtered video
data; and convert the filtered video data from the transform domain to the input domain.
8256} 1t 1s to be recognized that depending on the example, certain acts or events of any
of the techmqgues described herein can be performed in a different sequence, may be
added, merged, or left out altogether {e.g., not all described acts or events are necessary
for the practice of the techniques). Moreover, in certain examples, acts or events may be
performed concurrently, e.g., through multi-threaded processing, interrupt processing, or
wwitiple processors, rather than sequentially.

(3251} In one or more examples, the functions described mayv be implemented o
hardware, software, firmware, or any combination thereof. If implemented in software,
the functions may be stored on or transmitted over as one or more instructions or code on
a computer-readable mediim and executed by a hardware-based processing unit.
Computer-readable media may nclade computer-readable storage media, which
corresponds 1o a tangible medium such as data storage media, or conununication media
including any mediurn that facilitates transfer of a computer program from one place to
another, e.g., according to a communication protocol. In this manner, computer-readable
media generally may correspond to (1} tangible compuater-readable storage media which
is non-transitory or {2) a communication medium such as a signal or carrier wave. Data
storage media may be any available media that can be accessed by one or more computers
Or one Or More processors o retrieve instructions, code and/or data structures for
implementation of the techoigues described in this disclosure. A computer program

product may mclude a computer-readable medium.
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10282} By way of example, and not imitation, such computer-readable storage media can
comprise RAM, ROM, EEPROM, CD-ROM or other optical disk storage, magnetic disk
storage, or other magnetic storage devices, flash memory, or any other medium that can
be used to store desired program code in the form of instructions or data structures and
that can be accessed by a computer. Also, any connection is properly termed a computer-
readable mediwm. For example, if instructions are transnutted from a website, server, or
other remiote source using a coaxial cable, fiber optic cable, twisted pair, digital subscriber
line (DSL), or wireless technologies such as infrared, radio, and microwave, then the
coaxial cable, fiber optic cable, twisted pair, DSL, or wireless technologies such as
infrared, radio, and mucrowave are included in the definition of medium. It should be
understood, however, that computer-readable storage media and data storage media do
not include connections, carrier waves, signals, or other transitory media, but are instead
directed to non-transitory, tangible storage media. Dhsk and disc, as used herein, imcludes
compact disc {CD}, laser disc, optical disc, digital versatile disc (DVD), floppy disk and
Blu-ray disc, where disks usually reproduce data magoetically, while discs reproduce data
optically with lasers. Combinations of the above should also be included within the scope
of computer-readable media.

(8233} fostructions may be executed by one or more processors, such as one or more
D8Ps, general purpose nucroprocessors, ASICs, FPGAs, or other equivalent tntegrated or
discrete logic circuitry. Accordingly, the terms “processor” and “processing cirauitry,” as
used herem may refer to any of the foregoing structures or any other stractare suitable for
implementation of the technigues described herein. In addition, in some aspects, the
functionality descnibed heremn may be provided within dedicated hardware and/or

software modules configured for encoding and decoding

t=2}

or incorporated in a combined
codec. Also, the technigues could be fully implemented in one or more circuits or logic
clements.

{68254} The technigues of this disclosure may be implemented 1 a wide vanety of devices
or apparatuses, including a wireless handset, an integrated circuit ({C) oraset of iCs (e 8.,
a chip set). Various components, modules, or units are described in this disclosure to
emphasize functional aspecis of devices configured to perform the disclosed techuiques,
but do not necessarily require realization by different hardware units. Rather, as described
above, various units may be combined in a codec hardware unit or provided by a
collection of interoperative hardware units, including one or more processors as described

above, in conjunction with suitable software and/or firmware.
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scope of the following claims.
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WHAT IS CLATMED IS:

1. A method of coding video data, the method comprising:

obtaining input data, wherein the imput data inchudes one or more of predicted
video data, reconstructed video data, guantization parameter data, boundary strength
data, or prediction mode data;

converting the input data from an tuput domain to a transform domain to
generate converted video data;

applying a neural network (NN)-based in-loop filter (ILF) to the converted video
data to generate filtered video data; and

converting the filtered video data from the transform domain to the input

domain.

]

The method of claim 1, wherein the input domain is a YUV domain,

3. The method of claim 1, wherein the transform domam 1s a non-YUV domain,

4. The method of claim 1, wherein converting the input data comprises one of!
converting the reconstructed video data in a form of a color space conversion,
converting the reconstructed video data in a spatial domain with each component

being transformed separately, or
converting the reconstructed video data across multiple temporal entities of the

reconstructed video data.

3. The method of claim 1, wherein:

the mput domain is ¢ YUY domain,

the method further comprises applying a wavelet transform to the YUV doman
for each component to decompose the reconstructed video data into a plurality of
frequency bands, and

the transform domain is 3 decomposed signal domain.

6. The method of claim 1, wherein a transform kemel size of the neural network-
based in-loop filter ranges from 2x2 to KxK where K s divisible by both a height H and

a width W of a filtering block.
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7. The method of claim . wherein the method further comprises applving a

discrete cosine transform to the reconstructed video data.

8. The moethod of clavm 1, wheremn applying the NN-based [LF comprises applying

the NN-based ILF to separate luma and chroma branches of NN models.

g, The method of claim 1, further comprising adjusting a number of output

channels before a pixel shuftle.

10 The method of claim 1, wherein converting the input data comprises:

at feast one of downsampling or rearranging the reconstructed video data so that
the reconstructed video data is in 3 downsampled or rearranged domain; and

applying a transform to the reconstructed video data in the downsampled or
rearranged domamn so that the reconstructed video data 15 in the transtorm domam for

filtering.

11, The method of claim 1, wherein applying the NN-based ILF comprises applying

different transform kernel sizes for luma and chroma.

12. The method of claim 1, wherein the input domain s a Y ChCr domain and the

transform domain i1s an RGB domain.

13 The method of claim 1, wherein coding comprises decoding.
14 The method of claim 1, wherein coding comprises encoding.
15. A device for coding video data, the device comprising:

one or more memories to store the video data; and
one or more processors implemented in circuttry, the one or more processors
contigured to:
obtain mput data, wherein the input data includes one or more of
predicted video data, reconstracted video data, guantization parameter data,

boundary strength data, or prediction mode data;
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convert the input data from an jnput domam to a transform domain to
generate converted video data;

apply a neural network (NN}-based in-loop filter (ILF) to the converted
video data to generate filtered video data; and

convert the filiered video data from the transform domain to the wput

domain.
16, The device of claim 15, wherein the input domain 1s 2 YUV domain.
i7. The device of claim 15, wherein the transform domain 18 a non-YUV domain.
18, The device of claim 15, wherein the one or niore processors are configured to, as

part of converting the input data:
convert the reconstructed video data in a form of a color space conversion,
convert the reconstructed video data in a spatial domain with cach component
beng transformed separately, or
convert the reconstructed video data across multiple temporal entities of the

reconstructed video data.

i9. The device of claim 15, wherein:

the input domain is a YUV domamn,

the one or more processors are further configured to apply a wavelet transform
1o the YUV domain for cach component to decompose the reconstructed video data into
a plurality of frequency bands, and

the transform domain is a decomposed signal domain.

20, One or more non-transitory computer-readable storage media having stored
thereon mstructions that, when executed by one or more processors, cause the one or
MOTe Processors (o

obtain 1nput data, wherein the input data includes one or more of predicted video
data, reconstructed video data, quantization parameter data, boundary strength data, or
prediction mode data;

convert the input data from an input domaio o a transform domain to generate

converted video data;
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apply a newural network (NN}-based m-loop filter (JLF) to the converted video
data to generate filtered video data; and

convert the filtered video data from the transform domain to the inpuat domain.



