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METHOD AND APPARATUS FOR VIDEO CODING

INCORPORATION BY REFERENCE

{0001}  Thw present application claims the benefit of privrity o U5, Patent Application
Neo. 16/838,753, “Method and Apparatus for Video Coding™ filed on April 2, 2020, which claims
the benefit of prionty to U.S. Provisional Application No. 62/829 435, "Modifications on the
Recondary Transform " filed on April 4, 2019, The entire disclosures of the prior applications
ave hereby incorporated by reference in thew entivety.
TECHNICAL FIELD

{0002]  The present disclosure describes embodiments generally related to video coding.
BACKGROUND

{0003} The background description provided hersin s for the purpose of generally
presenting the context of the disclosure. Work of the presently named inventors, to the extent the
work s described iu this background section; as well as aspects of the description that may not
otherwise qualify as prior art at the time of filing, are netther expressly nor imphiedly admitted as
prior art against the present disclosure.

[0604]  Video coding and decoding can be performed using inter-picture prediction with
motion compensation. Lincompressed digital video can include a sertes of plctaes, each picture
having a spatial dimension of, for example, 1920 x 1080 luminance samples and associated
chrominance samples. The series of piciures can have g fixed or variable picture rave (informally
also known gs frare vate), of, for example 60 pictures per second or 60 Hz, Uncomypressed
video has significant bitrate requiremnents. For example, 1080p66 4:2:0 video at 8 bit per sample
{19205 1080 luminance sample resolution at 60 He frame rate) requires close to 1.5 Gbivs
bandwidth. An hour of such video requires more than 600 GByies of storage space.

[0005]  One purpose of video coding and decoding can be the reduction of redundancy in
the fnpui video signal, through compression. Compression can help reduce the aforementioned
bandwidth or storage space requirgments, I some cases by two orders of magnitude or more.
Both lossless and lossy compression, as well as 8 combination thereof can be emploved.
Lossless compression refers 1o techadques where an exact copy of the original signal can be
reconstructed from the compressed ortginal signal. When using lossy compression, the

+

reconsiructed signal may not be dentical to the original signal, but the distortion between

#

original and reconstructed signals is small encugh to make the reconstructed signsl useful for the
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mtended application, In the case of viden, lossy compression is widely emploved. The amount
of distortion folerated depends on the application; for example, users of certain consumer
streanuing applications may tolerate higher distortion than users of television distribution
applications. The compression ratio achievable can reflect that; higher allowableftolerable
distortion can yvield higher compression ratios.

06} A video encoder and decoder can utilize techmiques from several broad categories,
ncluding, for example, motion compensation, transform, quantization, and entropy coding.

{0007 Video codec technologies can include fechmques known as atra coding. In intig
coding, sample values are represented without reference to samples or other data from previously
reconstructed reference pictures. In some video codecs, the picture is spatislly subdivided into
blocks of samples, When all blocks of samples are coded in intra mode, that picture can be an
intra picture. Intra pictures and their desivations such as independent decoder refresh pictures,
can bepsed o reset the decoder state and can, therefore, be used as the fivst picture in a coded
video bitstream and a video session, or as a still image. The samples of an intra block can be
exposed to g transform, and the tansform coeflicients can be quantized before entropy coding,
Intra prediction can be a technigue that minimizes sanple values i the pre-transform domain. In
soune cases, the smaller the DU value after g transform is, and the smaller the AC coeffivients
are, the fewer the bits that are required at a given quantization step size to represent the block
after entropy coding.

{0808} Traditional intra coding such as known from, for example MPEG-2 generation
coding technologies, does not use intra prediction. However, some newer video comprassion
technologies inchude techmigques that atfempt, from, for example, strounding sample data andfor
metadata obtained during the enceding/decoding of spatially neighboring, and preceding in
decoding ordet, blocks of dafa. Such techniques are henceforth called “intra prediction”
techniques. Note that i at least some cases, intra prediction is only using referance data from
the current picture under regonstruction and not from reference pictures.

{00091  There can be many different forms of intra prediction. When more than one of
such techniques can be used i a given video coding technology, the technique in use can be
coded in an intra prediction mode.  In certain cases, modes can have submodes and/or
parameters, and those can be coded individually or included in the mode codeword. Which

codeword to use for a given mode/submode/parameter comibination can have an impact in the
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coding efficiency gain through intra prediction, and so can the entropy coding technology used o
transiate the codewords into a bitsfream,

{0810] Acertain mode of intra prediction was mtroduced with H.264, refined in H.265,
and further refined in newer coding technologies such as joint exploation model (JEM), versatile
video coding (VVC), and benclumark set (BMS). A pradictor block can be formed using
neighboring sarople values belonging to already available samples. Sample valoes of
neighboring samples are copied imo the predictor block according to a direction. A reference to
the direction tn use Canbe coded i the bitstreany of may dself be predicted.

{8611}  Referring to FIG. 1A, depicted in the lower right is a subset of nine predictor
directions known from H.265%s 33 possible predictor directiens {corresponding to the 32 angular
modes of the 35 mniva modes). The point where the arrows converge {101} represents the sample
betng predicted. The arrows represent the direction from which the sample is being predicted.
For example, arrow (102} indicates that sample (101} §s predicted from a semple or samples to
the upper right, at a 45 degree angle from the horizonal. Similatly, arrow (103} indicates that
sample {101} 13 predicted from a sample or samples to the lower left of sample (101), ina 22,5
degree angle from the honzontal,

{0612]  Sull referning to FIG, 1A, on the top left there is depicted a square block (104) of
4 x 4 samples {(indicated by a dashed, boldface line). The square block (104} includes 16
samples, cach labelled with an “S”, its posttion i the Y dimension (e.g., row index) and its
position in the X dimension {e.g., column mdex), For example, sample 821 i3 the second sample
in the Y dimension {from the top) and the first {from the left) sample in the X dimension,
Similarly, sanple S44 is the fourth sample in block {104) fn both the Y and X dimensions. As
the block is 4 x 4 samples in size, S44 is at the bottom night. Further shown sre veference
samples that follow a similar mambeting scheme. A reference sample is belled withan R, s Y
position (e.g., row index} and X pesition (column index) relative to block (104).  {nboth H.264
and H.265, prediction samples neighbor the block under reconstruction; therefore no negative
values need to be used.

[0013]  Intra picture prediction can work by copving reference sample values from the
neighboring samples as appropriated by the signaled prediction direction. For example, assume
the coded video bitstream mcludes signaling that, for this block, indicates 3 prediction direction
consistent with artow (102} —that is, samples are predicied from g prediction sample or samples

to the upper right, at & 45 degree angle from the horizontal. In that case, samples 841, 832, 823,
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and S14 are predicted from the same reference sample RO3. Sample S44 is then predictad from
reference sample BOR,

{0014]  Incenain cases, the values of multiple reference samples rmay be combined, for
example throngh interpolation, in orderto calculste a veference samiple; especially whea the
directions are not evenly divisible by 43 degrees.

[O815]  The nwuber of possible directions has increased as video coding technology bag
developed. In H.204 (vear 2003}, nine different divection could be represented. That increased
1033 in H.265 {year 2013}, and JEM/VVO/BMS, at the time of disclosure, can support up 1065
directions. Experiments have been conducted to identify the most likely directions, and certain
techniques in the entropy coding are used to vepresent those likely directions in ¢ small number
of bits, accepting a certain penalty for less Hikely divections. Further, the directions themselves
can sometimes be predicted from neighboring directions used in neighboring, already decoded,
blogks.

jo016]  FIG. 1B shows a schematic (180) that depicts 65 intra prediction directions
according fo JEM to tHustrate the jncreasing number of prediction directions over time,

{66817]  The mapping of intra prediction divections bits in the coded video bitstream that
represent the direction can be different from video coding sechnclogy to videa coding
techuology; and can range, for example, from simple direct mappings of prediction direction to
mitra prediction mode, to cadewords, to comaplex adaptive schemes involving most prabable
modes, and similar technigees, In all cases, however, there can be certain divections that are
statistically Jess likely to occur in video content than certain other directions. As the goal of
video compression is the reduction of redundancy, those less Hkely directions will, in g well
working video coding technology, be represented by a larger mumber of bits than more likely
directions.

[0818]  Video coding and decoding can be performed using inter-picture prediction with
motion compensation. Motion compensation can be a lossy compression technique and can
refate to technigques where a block of sample data from a previeusly reconstructed picture or part
thereof {reference picture), after being spatially shifted in a direction indicated by s motion
vector (MV henceforth), is used for the prediction of a newly reconstructed picture or picture
part. i some cases, the reference picturs can be the same as the picture onrrently under
reconstruction. MVs ¢can have two dimensions X and Y, or three dimensions, the third being an

indication of the reference picture in use (the latter, indivectly, can be a time dimension).
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{0018 Insome video compression techniques, an MV applicable to & cenain area of
sample data can be predicied from other MVs, for example from those related to another area of
sample data spatially adiacent to the area under reconstruction, and preceding thar MV in
decoding order. Doing so can substantially reduce the amount of data required for coding the
MV, thereby removing redundancy and increasing compression. MV prediction can work
effectively, for sxample, becanse when coding au input video signal devived from a.¢amers
{known as natural video) there is a statistical likelthood that argas larger than the area to which a
single MV is gpplicable move in a stmilar direction and, therefore, can in some cases be
predicted using a siilar motion vector devived from MVs of neighboring area. That results in
the MV found for a given area to be similar or the same as the MV predicted from the
surrounding MVs, and that in tun can be represented, afler entropy coding, in a smaller number
of bits than what would be used if coding the MV directly. In some cases, MV prediction can be
an example of lossless compression of a signal (namely: the MVs) dertved from the original
signal (namely: the sample sream}. In other caszs, MV prediction itself can be lossy, for
example because of rounding evvors when calenlating a predictor from several surrounding MVs.

{0628]  Various MV prediction mechanisms are described i H265/HEVC {ITU-T Rec.
H.265, "High Efficiency Video Coding”, Deceber 2016).  Qut of the many MV predictinn
mechanisms that H.265 offers, described here is a technique henceforth referred to as "spatial
merge”.

{0821} Referring to FIG, 2, a current block {201) comprises samples that have been
found by the encoder during the motion search process to be predictable from a previous block of
the same size that has been spatially shifted. Instead of coding that MV directly, the MV can be
derived from metadata associated with one oy more veference pictures, for example from the
most recent (in decoding order) reference picture, using the MYV associated with either one of
five surrounding samples, denoted A0, A, and BO, Bi, B2 {202 through 206, regpectively). In
H.265, the MV prediction can use predictors from the same reference picture that the
neighboring block is using.

SUMMARY

{88221 Aspects of the disclosure provide methods and apparatuses for video
encading/decoding. In some examples, an apparatus for video decoding includes processing
circuitry. The processing circuitry can decode coded information of a coding unit {CU) froma

coded video bitstreant. The coded information can indicate & last positions of non~zero transform
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coefficients of a first coding block (UB) of the CU. The processing circuitry can determine
whether a secondary transform index s signaled in the coded mformation based on the last
position. The processing circuitry can deternuine whether to perfonm g secondary wransform on &
second CB based on whether the secondary transtorm index is determined to be signaled in the
coded information. Responsive to the secondary transform being determined to be performed,
the provessing clrcuitry can perform the secondary fransform on the second CB and
reconstructing the second CB. Responsive to the secondary transform being determined not to
be performed, the processing ciroultty can reconstruct the second OB without performing the
secondary transforny on the second CR,

{00231 In an embodiment, the processing circuitey can detenmine whether a horizental
component of the last position 15 less then a first threshold and a vertical component of the last
position is less than a second threshold. Responsive to the horizontal component being
determined to be less than the first threshold and the vertical component being determined o be
less than the second threshold, the processing cipenitry can detersnine that the secondary
transform ndex 1s not signaled i the coded nformation,

{6624] o an embodiment, the processing circuitry can determing whether a sum of 8
horizontal component and s vertical component of the last position is less than a threshold.
Responsive to the sum betng determined to be less than the threshold, the processing circuitry
can determing that the secondary transform index is not signaled in the coded information.

[0825] 1o an embodiment, the processing circuitey can determine whether a nunimum
one of {1) a horizontal component and () a vertical component of the last position 1s fess than a
threshold, Regponstve to the minimuin one being determnined 1o boless than the threshold, the
rovessing citenitry can determine that the secondary transforn wndex is not signaled w the
coded information.

{0826}  In an embodiment, the processing circuitry can determine whether a maxinum
one of (1} a horizontal component and (i) a vertical component of the last position is less than a
threshold. Responsive to the maxinum one being determined 1o be less than the threshold, the
processing circuitry can determine that the secondary transform index s not signaled in the
coded information.

[6627]  Inan embodiment, the first OB is a luma block. The last position is a last luma
position for the luma block. The processing circuitry can determine whether the second

transforn mdex is signaled based on the last luma position.
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{00281 Inan embodiment, the first C8B is d huna block. The last position is g last huma
position for the luma block. The CU further ncludes a chroma bock. The coding information
further indicates a last chroma position of non-zere ttansform coeffivients for the chroma block.
The processing circnitry can determine whether the secondary transform index is signaled based
on the last luma position and the last chroma position.

[0029] o some examples, an apparatus for video decoding includes processing circadiry.
The processing clreuitty can decode coding nformation of a coding vnit (C13} from a coded
video bitstreant.. The coding information can indicate a size of the CU. The processing circuitry
can determine whether a secondary transform is allowed based on the stve of the (U and a CU
size threshold where when the size of the CU is less thaw or equal o the CU size threshald, the
secondary fransform is deterniined to be allowed, and when the size of the CU is larger than the
CU size threshold, the secondary transform is determined not 1o be slfowed.

{6638] In an embodiment, the CU size threshold is 2 maximmun size of g transforn unit in
the CU.

0831} In ab embodiment, when the size of the CU 1 Jess than or equal to the CU wize
threshold, the processing circuitry can determine a number of non-zero transform coefficients for
at least one OB in the CU where a size of each of the at least one OB i darger than or equalto g

g less than a

pios

first threshold. Respousive to the number of nog-zero transform coetficients bein
sceond threshold, the processing circuitry can determine that 8 secondary transform index is not
signaled in the coded nformation. In an example, the coding information indicates that a color
format for the CU is YUV 4:2:0. The CU includes a luma block and twe chroma blocks. The
processing ciropitry can determine whether a first divsension of the tama block is 4 and a second
dimnension of the huna block i N where Nis larger than or egual to 4. Responsive 10 the first
and second dimensions being determined o be 4 and N, respectively, the processing civcaitry ¢an
determine the number of non-zero transform cosfficients from only the loma block where the at
{east one CR s the luma block.

{86321 Inan embodiment, the coding information indicates that a color format for the CU
s YUV 4:2:2. The CU includes a luma block and twa chroma blocks. The processing circuitry
can determine whether a size of the huma block is 4xN where N is larger than or equal to 4.
Responsive 1o the size of the luma block being determined to be 4xN where N and 4 are a height

and g width of the hana black, respectively, the processing cifcoitry can detesming the mumber of
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non-zero transform coefficients from only the huma block. The at least one UB is the luma
block.

{0033] Aspects of the disclosure also provide a non-transitorv computer-readable
mediym storing nstructions which when executed by a computer for video decoding cause the
computer to perform any of the methods for video decoding.

BRIEF DESCRIPTION OF THE DRAWINGS

{0634]  Further features, the nature, and varicus advantages of the disclosed subject

mgtter will be more apparent fiom the following detiled déscription and the accompanying
drawings in which:

{0038]  FIG. 1A is 2 schematic Hlustration of an exemplary subset of iitra prediction
modes,

{0836  FIG. 1B is an illostration of exemplary intrs prediction directions.

{8637} FIG. 2 is a schematic fhustration of a current block and #s surrounding spatial
merge candidates i one example.

[0038]  FIG. 3 i5 a schematic lustration of a simplified block diagram of a
conmmunication system (300} m accordance with an embodiment.

{06839]  FIG. 4 1s a schematic illustration of a simplified bleck diagram of g
commpnication system {400) n accordance with an embodiment.

[0840]  FIG. 515 a schematic llustration of @ stmplified block diagram of a decoder in
accordance with an embodiment.

{0841} FIG. 633 4 schematic illustration of a simplified block diagram of an encoder in
gccordance with an embodiment.

{06421 FiG. 7 shows a block diagram of an encoder in accordance with another
cmbodiment,

{0843} FIG. 8 shows a block diagram of a decoder in accordance with another
embodiment.

[0044]  FIG. 9 shows an example of wansform unit syntax in accordance with an
embodiment,

[e845]  FiGs. 10A-10C show an example of residual coding syntax i accordance with an
sathodinent.

{p046]  FlGs 11A-11B show examples of primary transfonns in accordance with gn

embodiment.



WO 2020/206254 PCT/US2020/026578

9

{08477 FliGs 12A-12E show an example of ransformation process m sccordance with an
embodiment.

{0648]  FIG. 13 shows an exemplary transform coding process {1300).

{00491  FIG. 14 shows an exemplary transform coding process {1400},

{00367  FiG. 15A shows an exemplary process {1501} of a reduced forward transform and
an exemplary process (1502} of a reduced inverse transform.

{06851]  FiGs. 15B-13C show examples of reduced sevondary transforma in accordance
with some smnbodiments,

{06821 FIG. 15D shows an exemplary transform set selection able (13500

j0033]  FIG. 16A shows an illusiration of exemplary wtra prediction directions and the
jatra prediction modes in accordance with an embodiment.

{0054 FIG. 16B shows an tlustration of exemplary intra prediction directicns and the
corresponding intrg prediction modes in accordance with sn embodiment.

[0088]  FIG. 17 shows an example of 4 reference lines for & coding block (1710
accordance with an embodiment.

{6656]  FIG. 18 shows a wable that associates a number of sulv-partitions with a block size
tn accordance with an embodiment.

{00871 FIG. 19 shows an example of sub-parttitions of a block having a size 458 or §x4.

[0038]  FIG. 20 shows another example of sub-partitions of & block having a size larger
than 458 and 8x4.

{0659 FiGs 21A-21D show examples of different YUV {formats.

[0060]  FIG. 22 shows a flow chart outlining a provess {2200} in accordance with an
embodiment.

[0861]  FIG. 23 shows # flow chat ontlining a process (2300) in aceordance with an
envbodinent.

{0062]  FIG. 24 is a schematic flusiration of 8 computer system in accordance with an
embodiment.

DETAILED DESCRIFTION OF EMBODIMENTS

[e863]  FIG. 3 tlustrates a simplified block diagram of a conununication system (300}
according o an embodinrent of the present disclosure. The communication system (300)
inchudes a plurality of terminal devices that can communicate with each other, vig, for example,

network {350}, For example, the comaunication system (3003 includes a first pair of terminal
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devicss {310) and (320) interconnected via the network (350). In the FIG. 3 example, the first
pair of terminal devices (310) and (320} performns wnidirectional transnuission of data. For
example, the terminal device (310} may code video data (2.¢., a stream of video pictures that are
captured by the terminal device (310}) for transmission to the other terminal device (320} via the
network {350}, The encoded video data can be transmitied in the form of one oy more coded
video bitstreams. The terminal device (320) mav receive the coded video data from the network
{350), decode the coded video data 10 recover the video pictures and display video pictures
according o the recovered video data, Unidirectional data fransmission maay be common in
media serving applications and the like,

[0064]  In another example, the;‘oxmnunix:ation system {300} includes a second pair of
terminal devices (3301 and (340} that performs bidirectional transmission of coded video data
that may occar, for example, during videoconferencing. For bidirections! transmission of data,
in an example, each terminal device of the terminal devices (330} and (340) may code video data
{e.g., a stream of video pictures that are captured by the terminal device) for transmission to the
other ternumal device of the terminal devices (330) and (340} via the network (350}, Each
termuinal device of the terminal devices (330) and {340} also may receive the coded video data
transmitted by the other terminal device of the terminal devices (330) and (340), and may decode
the coded video data to recover the video pictures and may display video pictures af an
accessible display device sccording to the recovered video data.

[0865] 1o the FIG. 3 example, the terminal devices {3103, (320), (330) and (340} may be
llustrated as servers, personal computers and smart phones but the principles of the present
disclosure may be not so Himited. Embodinents of the present disclosure find application with
laptop computers, tablet computers, media players andfor dedicated video conferencing
equiipraent. The network (350) fepresents any mumber of networks thay convey coded video data
among the terminal devices (310, (320), (330) and (340}, including for example wireline {wired)
and/or wireless communication networks. The communication netwark (350 may exchange
data in circatt-switched andfor packet-swiiched channels.  Representative networks include
telgcommuications networks, local ares networks, wide area networks andfor the Internel: For
the parposes of the present discussion, the architecture and topology of the network (350} may be
immaterial to the operation of the present disclosure unless explained herain below.

{9066}  FIG. 4 illustrates, as an example for an application for the disclosed subject

matier, the placement of 2 video encoder and a video decoder i a streaming environment. The
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disclosed subject matter can be equally applicable 1o ather video enabled applications, including,
for example, video conferencing, digital TV, storing of compressed video on digital media
including CD, DVD, memory stick and the like, and so on,

{06871 A streaming system may include a capture subsystem (413), that canvinciude a
video source (401}, for example a digital camera, creating for example a stream of video pictures
{402} that are vncompressed. Io gn example, the stream of video pictures (402) includes samples
that are taken by the digital camera, The stream of video pictures (402}, depicted as a bold line
to emphasize a high data vohaue when compared o encoded video data (404) (or coded video
bitstreams}, can be processed by an electronic device (420} that includes a video encoder (403)
coupled 1o the video source (401). The video encoder {403) can inchude hardware, software, ora
combination thereof to enable or implement aspects of the disclosed subject matter as described
i more detail below. The encoded video data (404) (or encoded video bisstresm (404)),
depicted as a thin line to emphasize the lower data volume when compared to the stream of video
pictares (402}, can be stored on 3 streaming server {405) for future use. ne or more streaming
client subsystems, soch as client subsystems (406) and (408} in FIG, 4 can access the stregming
server (403) to retrieve copies (407} and {409} of the encoded video data (404). A client
subsystem {406) can include g video decoder (10}, for example, in an electronic device (430).
The video decoder (410} decodes the Incoming copy {407} of the encoded video data and creates
an putgoing stream of video pictures {411) that can be rendered on a display (412} (e.g., display
screen} or other rendering device (not depicied). In some streaming systems, the encoded video
data {404), {407}, and (409) (e.g., video bitstreams) can be encoded according to certain video
coding/compression standards. Examples of those standards include ITU-T Reconmmendation
H.265 Inan example, a video coding standard under development is informally known as
Versatile Video Coding (VYV} The disclosed subject matter roay be used in the contéxt of
VVC,

{0068]  1tis noted that the electronic devices (420) and (430} can include other
components (not shown), For example, the electronic device (420) can include a video decoder
{not shown) and the electronic device (430) can include a video encoder (ot shewn) as well.

[0869]  FIG. § shows a block diagram of a video decoder {$10) according to an
sarhodiment of the present disclosure. The video decoder {510} can be-included in an electronic

device (330). The electronmic device (530) can include & receiver (331} {e.g., receiving cirwitry).
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The video decoder (510} can be used in the place of the video decoder (410} in the FIG. 4
example.

{06870]  The recetver {531} may receive one or more coded video sequences to be decoded
by the video decoder (3109 in the same or another emibodiment, one coded video sequence at a
time, where the decoding of each coded video sequence is independent from other coded video
sequences. The coded video sequence may be recetved from a channel {301), which may be g
hardware/software link to 8 storage device which stores the encoded video data. The receiver
{531) may recetve the encoded video data with other dats, for example, coded andio dota and/or
ancillary data sireams, that may be forwarded to their respective using entities (not depicted).
The receiver {531) may separate the coded video sequence from the other data. To combat
network jitter, a buffer memory {313) may be coupled in between the receiver (331) and an
entropy decoder / parser (5203 ("parser {520} henceforth). In certain appHeations, the buffer
meniory {$15) is part of the video decoder (310}, In others, it can be ocutside of the video
decoder (510) (not depicted). In sull others, there can be a bud¥er nemory (not depicted) outside
of the video decader (510}, for example to combat network jitter, snd in additon another buffer
memory {5135) mside the video decoder (510), for example to handle playout timmg., When the
receiver {331} is receiving data from g stereforward device of sufficient bandwidth and
controllability, or from an isosvuchronous network, the buffer memory {515} may not be needed,
or can be small. For use on best effort packet nerworks such as the Internet, the buffer memory
{515} may be required, can be comparatively large and can be advantageously of adaptive size,
and may at least partially be implemented in an operating system or similar elements (not
depicted) ontside of the video decoder (510}

{0871 The video decoder (510} may mclude the parser {520} to reconstruct symbuols
{521 from the coded video sequence. Uategories of those symbols include information used ©
manage operation of the video decoder {510), and potentially information to control a rendering
device such as a render device (512) {e.u., a display screen) that is not an itegral part of the
electronic device (530} but can be coupled to the electronic device (§30), as was shown i FIG.
5. The control information for the rendering device(s) may be in the form of Supplemental
Enhancement Infornation (SEI messages) or Video Usability Informsation (VUI} parameter set
fragments {not depicted). The parser {520} may parse / entropy-decods the coded video
sequence that 1s received, The coding of the coded video sequence can be in accordance with a

video coding technology or standard, and can follow various principles, including variable length
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coding, Huffiman coding, arithmetic coding with or without context sensitivity, and so forth. The
parser (320) may extract from the coded video sequence, a set of subgroup pavaneters for at least
one of the subgroups of pixels in the video decoder, based npon at least one paramesey
corresponding to the group.  Subgroups can include Groups of Pictures {GOPs), plotures, tiles,
shices, macroblocks, Coding Units (CUs), blocks, Transform Units {TUs), Prediction Unigs (FUs)
and so forth. The parser (520) may also extract from the coded video sequence information such
as transform coefficients, guantizer parameter values, motion vectors, and so forth.

{0072]  The parser {520} may perform an entropy decoding / parsing opération on the
video sequence received from the buffer memory (515}, s0 as to create symbols (521}

00731 Reconstruction of the synibols (321) can involve multiple different units
depending on the type of the coded video picture or parts thereof (such as: inter and intra picture,
tnter and intea block), and other factors. Which units are invalved, and how, van be controalied
by the subgroup conirol information that was parsed from the coded video sequence by the
parser (5320}, The Row of such subgroup control information between the parser {520) and the
multiple units below is not depicted for clanity,

{0674]  Beyond the functional blocks already mentioned, the video decoder {510) can be
conceptually subdivided into 3 nwmber of functional units as described below. Ina practical
implementation operating under commercial constraints, many of these units interact closely
with each other and can, at least panly, be integrated imto each other. However, for the purpose
of describing the disclosed subject matter, the conceptual subdivision into the functional anits
below is appropriate.

[0875] A first unitis the scaler / inverse transform unit (551}, The scaler / inverse
transform unit {331 receives a quantized transform cosfficient as well as control information,
icluding which transform to use, block size, quantization factor, quantization scaling matrices,
te. as svatbol(s) (321) from the parser (520}, The scaler / inverse transform unit (351 can
output blocks comprising sample values, that can be input into sggragator (355},

[00676]  Insome cases, the output samples of the scaler / inverse fransform {551) can
pectain to gn intrg coded bleck; that is: a block that is not using predictive information from
previously reconstructed pictures, bat can use predictive information from previcusly
reconstructed parts of the current picture. Such predictive information can be provided by an
intra picture prediction undt (552}, In some cases, the intra picture prediction unit {552}

generates a block of the same size and shape of the block under reconstruction, using
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surrounding already reconstructed mformation fetched from the current picture buffer (558}
The current picture bufler {358) buffers, for example, partly reconstrucied current pictare and/or
fully reconstructed current picture, The appregator (555, in some cases, adds, oh 8 per sample
basis, the prediction information the infra prediction nnit (332} has generated to the oniput
sample information as provided by the scaler / inverse transform unit (531},

[00771 1o other cases, the output satoples of the scaler ! inverse transtorm unit (351} can
pertain 1o an inter coded, and potentislly motion compensated block. 1n such a case, a motion
compensation prediction nait (S53) can access reference picture memary {557) to feich samples
used for prediction. After motion compensating the fetched samples in accordance with the
symbols (521) pertaining to the block, these samples can be added by the aggregator (555) to the
output of the scaler / inverse iransforoy onit (3513 (i this case called the residual samples or
residunl signal) so as to generate output sample information. The addresses within the reference
picture memory (357} from where the motion compensation prediction unit {353 feiches
prediction samples can be controlled by motion vectors, available to the motion compensation
prediction unit (5533 in the form of symbols (521} that can have, for example X, Y, and reference
picture components. Motion compensation also can include interpolation of sample values as
fetched from the reference picture memory (357} when syb-sample exact motion vectors are in
use, motion vector prediction mechanisms, and so forth,

j0878]  The output samples of the aggregator (535} can be subject to various loop filtering
techniques in the loop filter unit (356}, Video compression technologies can include in-loop
filter technologies that are controlled by parameters inclnded in the coded video sequence {also
referred to as coded video bitstream) and made available to the loop filter vait (356) as symbols
{321} frony the parser (520), but can also be responsive to meta-information obtained during the
decoding of previous {in decoding order) parts of the coded picture or coded video seguenge, as
well as responsive 1o previously reconstructed and loop-filtered sample values.

{06879]  The output of the loop filter unit (336) can be & sample stream that can be output
to the vender device {512} as well as stored in the reference picture memory (857} for use in
future inter-pictare prediction.

[0880]  Centain coded pictures, once fally reconstructed, can be used as reference pictures
for furure prediction. For example, once a coded picture corresponding 1o 8 current picture is
fully reconstructed and the coded picture has been identified as a reference pictore {by, for

example, the parser {320)), the current picture buffer {338) can become a part of the reference
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picture memory (337}, and a fresh current picture buffer can be reallocated before commencing
the reconstruction of the following coded picture.

{0681}  The video decoder (510} may perform decoding operations sccording 1o a
predetermined video compression technology in a standard, such as ITU-T Rec, H268. The
coded video sequence may confonm 1w a syntax specified by the video compression technology
or standard being used, in the sense that the coded video sequence adheres o both the syntax of
the video compression technology or standard and the profiles as documented in the video
compression technology or standard. Specifically, a profile can select certain tools as the only
tools available for use under that profile from all the tools available in the video compression
technology or standard, Also necessary for compliance can be that the complexity of the coded
video sequence is within bounds as defined by the level of the video compression technology or
standard. In some cases, levels restrict the maximum picture size, maximum frame rate,
mgsimum reconstrochion sample rate (measured i, for example megasaruples per second),
maximum reference picture size, and sp on. Limits set by levels can, in some cases, be further
restricted through Hypothetical Reference Decoder (HRD) specifications and metadats for HRD
buffer management signaled in the coded video sequence.

{0682]  Inan aunbodiment, the receiver (531) may receive additional (redundant) data
with the encoded video, The additional data yuay be included as part of the coded video
sequence(s). The additional data may be used by the video deceder (310} to properly decode the
data andfor to more accurately reconstruct the original video data. Additional data can be in the
form of, for example, temporal, spatial, or signal noise ratio (SNR) enhancement layers,
redundant slices, redundant pictures, forward error correction codes, and so on,

{06831  FIG. 6 shows a block diagram of a video encoder (603) according to an
embodiment of the present discloswre, The video encoder (603) is included in an electronic
devive {620). The electronic device {620} includes a transmitter {640) (2.g., fransmitting
circuitry).  The video encoder {603} can be used in the place of the video encoder (403) in the
FIG, 4 example,

j0084]  The video encoder (603} may receive viseo samiples from g video source (601}
{that ¥s not part of the electronic device (6207 in the FIG, 6 example) that may capture video
intage(s) to be coded by the video encoder {603}, In another example, the video sowrce (601} isa

part of the electronic device {620},
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{0885 The video source (601} oy provide the source video sequence to be coded by the
video encoder (603} in the form of a digital video sample stream that can be of any suitable bit
depth (for example: 8 bit, 10 bit, 12 bit, .}, any colorspace {for example, BYT.601 Y OiCR,
RGE, .., and any suitable sampling structare (for example ¥ CrCh 4:2:0.Y GiCh 4:404). Tna
media serving system, the video source (601 ) may be a storage device storing previously
prepared video,  Ing videnconferencing system, the video sonrce (601} may be a camera that
captures local image information as a viden sequence. Video data may be provided as a plurality
of individual pictares that impart motion when viewed i sequence. The pictures themselves
may be organized as a spatial array of pixels, wherein each pixel can comprise one or more
samples depending on the sampling siructure, color space, ete. in use. A person skilled in the art
can readity understand the relationship between pixels and sanples. The deseription below
focnses on samples,

{BOR6] According to an embodiment, the video encoder {603) may code and compress
the pictures of the source video sequence inte a coded video sequence (643} in real time or under
any other time constraints gs vequired by the application, Enforcing sppropriate coding speed (s
one function of a controller (650). In some embodiments, the controller (630} contrals other
functional units 33 deseribed below and is functionally coupled to the other functional wnits. The
coupling is not depicted for clarity. Parameters set by the controller (830} can Inchude rate
control related parameters (picture skip, quantizer, lambds value of rate-distartion optimization
techniques, ...}, picture size, group of pictures {GOP) lavout, maximum motion vector search
range, and so forth. The controller {630} can be configured to have other suitable functions that
pertai o the video encoder (603 ) optimized for a cerfain system design,

{06871  In some embodiments, the video encoder (803} 13 configured to operate in a
coding loop. As an oversimplified desctiption, in an example, the coding loop ¢an include &
source cader {830} {e.g., responsible for creating symibols, such as a symibol stream, based on an
nput picturs to be coded, and a reference picture(s)), and a (Incal) decoder (633} embedded in
the video encoder {603}, The decoder (633} reconstructs the symbols to create the sample data in
a similar manner g5 g (remote) decoder alse would create (35 any compression between symbeols
and coded video bitstream is loasless in the video compression technologies cousidered in the
disclosed subject matter). The reconstructed sample stream (sample data} is input to the
reference pictute memory (6343 As the decoding of 2 symbol stream leads fo biteexact results

independent of decoder location (local or remote), the content in the reference picture memary
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{6:34) is also bit exact between the local encoder and remote eacoder. In other words, the
prediction part of an encoder "sees” as reference picture samples exactly the same sample values
s a décoder would "see” when using prediction during decoding. This fundamental principle of
reference picture syochronicity (and vesulting doift, if syachronicity cannot be maiatained, for
example because of channel ervors) is used in some velated arts as well.

[0088]  The operation of the "local” decoder (633) ¢an be the same as of a "remote”
devoder, such as the video decoder (310}, which has already been described in detail sbove in
conjunction with FIG. 5. Briefly referring also 0 FIG. 5, however, as symbols ave available fnd
encoding/decoding of symbols to a coded video sequence by an entropy coder {645) and the
parser {520} can be lossless, the entropy decoding parts of the video deceder (510), including the
buffer memory (513}, and parser {520} may not be fully implemented in the local decoder (633).

{0689]  An observation that can be made at this point s that any decoder technology
except the parsingfentropy decoding that is present ina decoder also necessarily needs to be
present, i substantially idenvcal funcBional form, v a corresponding encoder. For this reason,
the disclosed subject matter focuses on decoder operation. The deseription of encoder
technologies can be abbreviated as they are the inverse of the comprehensively described
decoder technologies. Quly In certain areas a more detail description is required and provided
below,

j0896]  During operation, in some examples, the source coder (630) may perform motion
compensated predictive coding, which codes an input picture predictively with reference to one
or more previousty~-coded picture from the video sequence that were designated as "reference
pictures™. In this manner, the coding engine {632) codes differences between pixel blocks of an
input picture and pixel tocks of reference picture(s) that may be selected as prediction
reference(s) fo the fput plotwre,

{0891}  The local video decoder (633) may decode coded video data of pictures that may
be designated as reference pictures, based on syrabels created by the source coder (630).
Operations of the coding engine (832) mav advastageously be lossy processes. When the coded
video data may be decoded at a video decoder {(net showa in FIG. 6}, the reconstructed video
sequence typically may be a replica of the source video sequence with some errors, The local
video decoder (633} replicates decoding processes that may be performed by the video decoder
on reference pictures and may cause teconstructed reference pictures to be stored i the reference

picture cache (634). In this manner, the video encoder {603} may store copies of reconstructad



WO 2020/206254 PCT/US2020/026578

18
reference pictures locally that have common consent as the reconstructed reference pictures that
will be obtained by a far-end video decoder {absent transmission ervors).

{06921  The predictor (635) mayv perform prediction searches for the coding engine {632}
That s, for a new picture to be coded, the predictor (635} may search the reference picture
memory {634) for sample data (as candidate reference pixel blocks) or certain metadata such as
reference picture motion vectors, block shapes, ancd so on, that may serve as an appropriate
prediction reference for the new pictures. The predictor {635} may operate on a sample block~
by-pixel block basis to find appropuate prediction references. In some cases, a¢ determined by
search results obtained by the predictor (635}, an input picture may have prediction references
drawn from multiple reference pictures stored in the reference picture memory (634},

[0893]  The controller (630} may manage coding operations of the source coder {6303,
including, for example, setting of parameters and subgroup parameters used for encoding the
video data.

{0694]  Output of all aforementioned functional units may be subjected to entropy coding
i the entropy coder (645). The entropy coder {643} translates the svmbaols as generated by the
various functional units into a coded video sequence, by lossless compressing the symbals
according to technologies such as Huffinan coding, variable length coding, arithmetic coding,
and so forth.

[009SE  The transmister {640) may buffer the coded video sequence(s) as created by the
entropy coder (645} to prepare for transnuission via a communication channel (660), which may
be a hardware/software link 10 a storage device which would store the encoded video data. The
transmitter (640} may merge coded video dats from the video coder (603) with other dats to be
transmitted, for example, coded audio data andior ancillary data streams (spurces not shown).

{0896]  The controller (650} may manage operation of the video encoder (603). During
coding, the controller (650} may assign to each coded picture & certain coded picture type, which
may affect the coding techniques that may be applied to the respective picture. For examiple,
pictures often may be assigned as one of the following picture tvpes;

JO087Y  An Intra Picture (I picture) may be oue that may be coded and decoded without
using any other picture in the sequence as a source of prediction. Some video codecs allow for
different types of intra pletures, including, for example lndependent Decoder Refresh ("IDR™)
Pictures, A person skilled i the art is aware of those variants of 1 pictures and thelr respective

applications and features.
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[0098] A predictive picture (P picture) may be cne that may be coded and decoded using
intra prediction or infer prediction using at most ope motion vector and reference index to predict
the sample values of each block.

{0099 A bi-directionally predictive picture (8 Picture} may be oue that may be coded
and decoded using intra prediction or inter prediction using at most two motion vectors and
reference indices 1o predict the sample values of each block. Similarly, multiple-predictive
pictures can use more than two refersnce pictures and associated metadata for the reconstruction
of a single block:

{8100}  Sowwce pictures commonly may be subdivided spatially nto a plurality of sample
blocks {for example, blocks of 4x4, 8x8, 4x8, or 16x16 samples each) and coded on a block-by-
block basis. Blocks may be coded predictively with reference to other {(already coded) blocks as
determined by the coding assignment applied to the blocks’ respective pictures. For example,
blocks of  pictures may be coded non-predictively or they may be coded prediciively with
reference to already coded blocks of the same prcture (spatial prediction oy intra prediction).
Pixel blocks of P pictures may be coded predictively, via spatial prediction or via temporal
prediction with reference to vae previously coded reference picture. Blocks of B pictures may be
voded predictively, via spatial prediction or via temporal prediction with reference to one ar two
previously coded reference pictures.

161} The video encoder (603) may perfarn coding operations according to a
predetermined video coding technology or standard, such as ITU-T Rec, H.265. 1n is operation,
the viden encoder (603} may perform various compression operations, including predictive
coding operations that exploit temporal and spatial redundancies in the fnput video sequence,
The voded videp data, therefore, may conform 1o a syntax specified by the video coding
technology of standard being used.

{0102}  inan embodiment, the fransmittey (640) may transmit additional data with the
encoded video. The source coder (630} may include such data as part of the coded video

sequence. Additional data may comprise temporal/spatial/SNR enhancement layers, other forms
of redundant data such as redundant pictures and shives, SEI messages, VUT parameter set
fragments, and 30 on

{0163 A video may be captured as a pluvality of source pictures {video pictures) in a
ternporal sequence.  Intraspicture prediction {often abbreviated to intra prediction) makes use of

spatial correlation in a given picture, and inter-picture prediction makes uses of the {temporal or
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other) correlation between the pictures. In an example, a specific picture under
encoding/decoding, which is referved to as & current picture, is partitioned into blocks. When &
block in the current picture is similar to 2 reference block in a previcusly coded and still buffered
reference picture in the video, the block in the current piotwre can be coded by a vector that is
referred to as a motion vector. The motion vector points to the reference block in the reference
picture, and can have a third dimension identifving the reference picture, in case muyltiple
reference pictures are i use,

{8104]  Insome embodiments, a bi~prediction technique Can be used in the infer-pictine
prediction.  According to the bi-prediction technique, two reference pictures, such as a first
reference picture and a second reference picture that are both pricr in decoding order to the
current picture in the video (hut may be in the past and future, respectively, in display order) are
nsed. A block in the current pictore ¢an be coded by a first motion vector that points to a first
reference block in the first reference picture, and a second motion vector that points {0 a second
reference block in the second reference picture. The block can be predicted by a combination of
the first reference block and the second reference block.

{6185]  Further, a merge mode technique can be used m the inter-picture prediction to
improve coding efficiency.

{8106]  According to some embodiments of the disclosure, predictions, such as infer-
pioture predictions and intra-picture predictions are performed in the unit of blocks. For
example, according to the HEVC standard, a picture in a sequence of video pictures is
partitioned into coding tree units (CTU) for compression, the C'TUs in a picture have the same
sizg, such as 64x64 pixels, 32x32 pixels, or 16x16 pixels. In general, 8 CTU mchides three
coding tree blocks (CTBs), which are one luma CTB and two cliroma CTBs. Each CTU can be
recursively quadiree split into one or multiple coding units (CUs). For examaple, a CTU of 64x64
pixels can be split into one CLI of 64x64 pixels, or 4 CUs of 32x32 pixels, or 16 Cls of 16x16
pixels. In an example, each CU is anslyzed to determine a prediction type for the €U such as an
inter prediction type or an intra prediction type, The UL is split {nto one or more prediction units
{PUs} depending on the temporal andfor spatial prediciability. Generally, each PU includes a
huma prediction block (PB), and two chrona PBs. In an embodiment, a prediction operation in
coding (encoding/decoding) is performed in the unit of a prediction block. Using a luma

prediction block as an example of a prediction block, the prediction Block ingludes p matrix of
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values {e.g., luma values) for pixels, such as 8x8 pixels, 16x16 pixels, 8x106 pixels, 16x8 pixels,
and the tike.

{0187} FIG. 7 shows a diagram of a viden encoder {703} according o anather
embodiment of the disclosure, The video eacoder (703} is configured to receive 1 processing
tlock (e g., a prediction block) of sample values within a current video picture in a sequence of
video pictures, and cocode the processing blockinto g coded picture that 1s part of a coded video
sequence. In an example, the video sncoder (703) is used in the place of the video encoder (403)
in the FIG. 4 example.

[8108]  Inan HEVC example, the video encoder {703) receives a matrix of sample values
for a processing block, such as & prediction block of 8x8 samples, and the like. The video
encoder {703} determines whether the processing block is best coded using ntra mode, inter
mde, or bi-prediction mode using, for example, rate-distortion optimization. When the
processing block s to be coded in intra mode, the video encoder (703) may use an intra
prediction technigue to encode the processing block into the coded picture; and when the
processing block is to be coded v inter mode or bi-prediction mode, the video encoder {(703)
may use an imter prediction or bi-prediction technique, respectively, 1o encode the processing
block into the coded pictyre. In certain video coding technologies, merge mede can be an inter
picture prediction submode where the motion vector is derived from one or more motion vector
predictors without the beaefit of a coded motion vector conponent outside the predictors. In
certain other video coding technologies, 8 motion vector component applicable to the subject
block may be present. In an example, the video encoder (703} includes other components, such
as a mode decision modale (not shown) to determine the mode of the processing blocks.

{01097 Inthe FIG. 7 example, the video encoder (703} includes the inter encoder (730),
an tndra encoder {7223, ¢ residue calondator {733, & switeh (726); o residus encoder (724, a
seneral controller (721}, and an entropy encoder {725} coupled together as shown in FIG. 7.

{01318]  The inter encoder (7307 is configured to receive the samples of the current block
{e.g., a processing block}, compare the block to one or more reference blocks in reference
pictures {g.g., blocks in previous pictures and later pictures), gencrate inter prediction
wformation (e.g., description of redandant information according to inter encoding technique,
motion vectors, merge made information), and calculate inter prediction resulis {2.g., predicted

block} based on the mter prediction information using any suitable techuique. 1o some examples,
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the reference pictures gre decoded reference pictures that are decoded based on the encoded
video mformation.

{0111}  The intra encoder (722} 15 configored to receive the samples of the current block
{e.g.. a processing block), in some cases compare the block 1o blocks already coded in the same
picture, penerate quantized coefficients after transforny, and in some cases also intia prediction
miformation (€., an intra prediction direction information according to one or more intry
encoding techniques). In an example, the intra encoder (722) also calculates intra prediction
results {eg., predicted hlock) based on the intra prediction information and referenice blocks w
the same picture,

JO112}  The general controller (721} is configured to determine general control data and
control other components of the video encoder {703) based on the general control data. In an
gxgmple, the general controller (721 determines the made of the block, and provides a control
signal to the swiich (726} based on the mode. For example, when the mode is the intra mode, the
general controlier (7217 controls the switch (726} to select the intra mode result for use by the
residoe caloudator (7233, and controly the eatropy encoder {725) to select the intra prediction
information and include the intra prediction information in the bitstrean; and when the mode is
the inter mode, the general controller (721) controls the switch (726} t select the inter prediction
result for use by the residue caleslator {723}, and controls the entropy encoder {725} to select the
mter prediction informaticn and include the inter prediction information in the bitstream.

{6113} The residue calondator {723} is configared to caloulate a difference {residue data)
between the received block and prediction results selected from the intra encoder {722 or the
inter encoder (7303, The residae encoder {724) 15 configured to operate based on the residue data
to encodde the residue data to generate the transform coefficients. In an example, the residue
eficoder (724} s configured to convert the residue data from a spatial domain o a freguency
domain, and generate the transform coefficients. The tansform coefficients are then subject o
guantization processing to obtain quantized transform coefficients.  In varions embodiments, the
video encoder {703) also includes a residue decoder {7281, The residue decoder {(728) 15
configured o perforny inverse-transforn, and generate the decoded residue data. The decoded
resicdue data can be suitably used by the intva encoder (722) and the inter encoder {730). For
example, the inter encoder {730} can generate dévoded blocks based on the decoded residue data
and fnter prediction information, and the infra encoder (7223 can generate decoded hlocks based

onthe decoded residue data and the intra prediction information. The decoded bivcks are
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suitably processed to generate decoded pictures and the decoded pictures can be buffered ina
memory circuit (not shown) and used as reference pictures in some examples.

{0114}  The entropy encoder (725} is configured to format the bisstream to include the
encoded block. The entropy encoder {725} is configured to include varions information
according to a suitable standard, such as the HEVC standard, In an example, the entropy
encoder {725} is configured to include the general control data, the selected prediction
nformation {e.g., intra prediction information or inter prediction information), the residue
information, and other suitable information in the bitstream. Note that, according to the
disclosed subject matter, when coding a block in the merge submode of either inter mode or bi-
prediction mode, there is no residue infermation,

[0115]  FIG. 8 shows a diagram of a video decodey (810} according to another
embodiment of the disclosure,  The video decoder (8103 15 configured to receive coded pictures
that are part of a coded video sequence, and decode the coded pictures to generate reconstructed
pictures. Ih an example, the video decoder (8107} is used in the place of the video decoder (410}
m the FIG, 4 example.

{0116] o the FIG. 8 example, the video decoder (810} includes an entropy decoder (871},
an mter decoder {880), a residue decoder {873}, a reconstruction module (874}, and an intra
decoder {872} coupled together as shown in FIG. 8,

{0117} The entropy decoder (871} can be confignred to reconstruct, from the coded
pictare, certamn symbols that represent the syntax elements of which the coded pictare s made
up.  Such symbols can include, for example, the mode i which a block is coded {such as, for
example, intra mode, inter mode, bi-predicted mode, the laiter two In merge submode or another
submode), prediction information (such as, for example, intra prediction information or inter
prediction tnformation) that can identify certain sample or metadata that 1z wsed tor prediction hy
the intra decoder {872) or the inter decoder (880}, respectively, residual information in the form
of, for example; quantized transform coefficients, and the like. In an example, when the
prediction mode is inter or bi-predicted mode, the inter prediction information s provided to the
inter decoder (880); and when the prediction type is the intra prediction type, the Intra prediction
yformation is provided to the intra decoder (8723, The vesidual information can be subject o
inverse quantization and is provided to the restdue decoder {(873).

{0118]  The inter decoder (880) is configured to receive the inter prediction information,

and generate inter pradiction resulis based op the inter prediction information.
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{01197  Theintra decoder {(872Y is configured to veceive the intra prediction information,
and generate prediction results based on the intra prediction information,

{0128]  The residoe decoder (873) 15 configured o perfornt inverse quantization to exiract
de~quantized fransform coefficients, and process the de~quantized fransform coefficients 1o
convert the residual from the frequency domain to the spatial domam. The residue decoder (§73)
may also requive certain control information (lo include the Quantizer Pargmeter (QF)), and that
information may be provided by the entropy decnder {871} {data path not depicted as this may be
fow volume codtrol information onlv).

{01231 The reconstructivn module {874) is configured to combine, in the spatial domain,
the residual as output by the residue decoder (873) and the prediction results {as outpus by the
yater oy intra prediction modules as the case may be) to form a reconstructed block, that may be
part of the reconstructed picture, which in tumn may be part of the recanstrcted video, Tt is noted
that other suitable operations, such as a deblocking operation and the like, can be performed to
mprove the visual guality.

{0122} 1t is noted that the video encodess (4033, (603), and (703}, and the video
decoders (410), {510, and {810} can be nuplemented using any suitable technique. In an
embodiment, the video encoders (403), (603), and {703}, and the video decoders (410}, {510},
and (310) can be implenwnted using one or more integrated circuits. In another embodiment, the
video pncoders (403}, (603, and (603}, and the vidéo decoders (4103, {(510), and (8103 can be
implemented using one or more processors that execute software instructions.

{01231  Aspects of the disclosure are related to modifications on a secondary transform,
such as implementations of an inverse secondary transform.

[0124]  In some embodiments, such as in HEVC, a primary transform may inchude 4-
point, B-point, 16-point and 32-potat discrete costne transform (DCT) type 2(DCT-2), and the
wransform core matrices may be represented using S-bit mtegers (e, 8-bit transform core). The
transform core matrices of a smaller DOT-2 are part of transform core matrices of a larger DCT-
2. a5 shown in APPENDHX L

{01281 The DCT-2 core matrices show synmmetryfanti-symmetry characteristics.
Therefore, a “partial butierfly” implementation may be supported to reduce a nuwwber of
operation counts {e.g., multiplications, additions, sultractions, shifts, and/or the like}, and

tdentical results of mattix multiplication can be obtained using the partial butterfly.
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[0126]  Insome emboduments, such as in VVC, besides the 4-point, 8-point, 16-point, and
32-point DCT-2 ransforms described above, additional 2-puint and 64-point DCT-2 may also be
included. An example of ¢ 64-point DOT-2 core, such ag used in VVC, is shown in APPENDIX
H 2% 2 64x64 matrix.

{0127 In addition to DUT-2 and 4> DSTV7, such as used in HEVC, an Adaptive
Multiple Transform (AMT) {also known as Enhanced Mobtiple Transform (EMT) or Multiple
Transform Selection (MTR)) scheme, can be used, such as in VV, for seaidual coding for both
nder snd fntea coded blocks, The AMT scheme may use mudtiple selected wansforms from the
DCT/DST families other than the current transforms in HEVEC, The newly introduced transform
matrices are DST-? anad DCTS, Table I shows examples of the basis functions of the selected
DSTDCT for an N-point input.

Fransform Type Basis function {7, 4 /0, 1., N1
i 2 7 d e {2F + 1
Ty =tuy- \}Z} os (W}
BT .
Eot=ma
whare &g = %\‘ ® Ih 8
Ll igp
- 0= mg( wNFET
Lt w24 1)+ 1.3}
517 (= | o5t
DET TdhH R sn_( T )

j0128]  The primary transform matrices, such as used in VVC, may be used with 8-bit
representation. The AMT applies transform matrices to the CUs with both a width and a height
snaller than or equal to 32, Whether AMT is applied may be controlled by a flag {e.g., an
mis flag). When the mts flag is equal to 0, in some examples, only DCT-2 is applied for coding
restdue data. When the nuts_tlag is equal to 1, an index (2.2, an mis_idx) may be fiwther
signalied using 2 bius to identify the hovizontal and vertica! transform to be used according to
Table 2, where a type value of | means DST-7 is used, and a type valoe of 2 means DOT-R 48
used. In Table 2, the specification of ¢ TypeHor and wTvpeVeor depends oo mts Wdx{ x v [
cldx 1.
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Table 2

0129 In some embodiments, an imphicit MTS can be applied when the above signaling
based MTS (Le., explicit MTS) is not used. With the bmpliclt BITS, the transform selection s
made according o the block width and height instead of the signaling, For example, with an
mplicit MTS, DRTV7 is selected for a shorter side (Le., a minimuns one of M and N} of the block
of MxN and DOT-2 #s selected for a longer sude {Le., & maximun one of M and Ny of the block.

{0138 Exemplary transform cores, each of which is a matrix composed by the basis
vectors, of DST-7 and DOT-8 are Hlustrated in AFPENDIX L

{0131} Insome examples, such as in VVC, when both the height and width of the coding
block is smaller than or equal 1o 64, the TB size is the same as the coding block size. When
either the height or width of the coding block is larger than 64, when doing & wransfonn (such as
an myerse trapsform, an inverse primary transform, or the like) or intra prediction, the coding
block is further split into multiple sub-blocks, where the width and height of cach sub-block 1s
smafler than or equal to 64, One wansform can be performed on sach sab-block.

{01321 Related syntax and semantics of MTS m some examples in VVC can be described
below (highlighted using gray color) i FIGs. 9 and 104-10C, FIG. 9 shows an example of

{01331  Anexample of the transfornt wit semantics 13 as follows, cu mts flag] x0 [ v0 1
equal to 1 specities that nultiple transtorny selection 1 applied to the residual samples of the
associated tuma transform block. cu_mts flag] x0 }{ v0 ] equal to O specifies that multiple
transform selection is not applied to the residual sanples of the associated luma transform block.
The array indices x0, v0 specify the location { x0, v0 } of the top-left luma sample of the
considered transform block relative to the top-left luna sample of the picture. When
cu_mis_flag] x0 }f v 1 is not present, 1t 1s inferred to be equal to 0.

[0134]  An example of the residoal coding semantics i3 as follows, mis_idx[x0 [ v0 ]
specifies which transform kernels are applied to the luma residual samples along the horizontal

and vertical dirgetion of the current travsformn block. The arvay tnddices x0, v0 spegify the
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location { X0, v0 Yof the top-left luma saniple of the considered transform block relative to the
top-left huma sample of the picture, When mts_idx[ x0 J v0 | is not present, it is inferred 1o be
ggual o —1.

{B138]  FIG. 1A shows an exemplary forward transform (also referred io as 8 forward
primary transform} performed by an encoder. The forward transform can include 8 forward
horizontal transform and g forward veetical fransform, The forward horizontal wansform ig
applied first to a vesidual block (1110) having vresidual data o obtain an mtermediate block.
Subsequently, the forward vertical transfornt is applied to the intermediate black to obtain g
coefficient block (1112) baving wansform coefficients.

j0136]  FiG. 118 shows an exemplary backward transform {alse referred to as aun inverse
primary transform or an tiverse wansform) performed by a decoder. Generally speaking, the
tnverse transform matches the forward wransform. The wverse primary transform can include an
tnverse privaary horizontal transform (also referred to as an inverse horizonts! transform) snd an
mverse primary vertical transform {also referred to as an inverse vertical transform). To match
the forward transform, an order of applying the inverse horizontal and vertical trangforms is
switched in the inverse wansform. Accordingly, the mverse vertical transform is applied first to
a coetficient block (1122) to obtain an intermediate block. Subsequently, the inverse horizontal
transform is applied to the ntermediate block to obtain a residual block (1120).

J37) A primary transform can refer to a forward primary transforne ot an nverse
primary transform, A horizontal transform can refer to an inverse hortzontal transform or a
forward horizontal transform. - Similarhy, a vertical transforny can refer to an inverse vertical
transtorm or 4 forward vertical transform,

[0138]  Inan example, such asin VVC, at the decoder, the inverse vertical primary
transtorm is pecformed first, then the wverse honizontal primary transform is performed second
after applying the inverse vertical transform, as indicated in FIGs. 12A-12E o texts highhighted
in gray color. FIGs. 12A-12E show an examgple of a transformation process, for examaple, for
scaled wanstorm coefficionts, The texts highlighted 1 gray color are shown FIG 12K

{0139 In an embodiment, a mode-dependent non-separable secondary transform {NSST)
can be used between a forward core wansform and a quantization at an encoder side and between
a de~quantization and an iverse core transform at & decoder side. For example, to keep a low
complexity, a NSST is applied to low frequency coefficients after a primary transform {or a core

wransform). When both & width {W) and a height (H} of & wansform cosfficient block are larger
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than or equal to 8, an 8x& NSST is applied to a top-left 848 region of the transform coefficients
block. Otherwise, when either the width W or the height H of the transform coefficient block is
4, a 4x4 NAST is applied, and the 4x4 NSST is performed on a top-left min{&,Wixmin(§, H)
region of the transform coefficient block. The above transform selection method is applied for
both fuma and chroma components.

[0140] A matrix multiplication implementation of a NSST 18 described as follows using &
$x4 input block as an example. The 424 input block X is written in Eq. (1) as

XQ{'; Xg i X 32 X a3

X': i xll X} 2 X},S

A= X?g f(gi X X.b (i)
(X0 Xz Xsz Xag)

+:

WA

[ VIR &

{0141} The input block X can be represented as a vector ¥in Eq. (2) where
X = [Xo Xog Xoz Xoz X1u X1y X1z X 13 X0 Xa3 Xaz X3 Kso Xy Xup Xzl " (2)

The non-separable transform is caleulated as F =T+ ¥, where F indicates a fransform coefficient
vector, and T is a 16516 transfornt matrix. The 16x1 transform coefficient vectar F is
subsequently reorganized as a 4x4 block using a scanning ovder (for example, a horizontal
scanning order, a vertical scamning order or & diagonal scanning order) for the input block X.
Coefficienis with smaller indices can be placed with smaller scanning mdices in the 4x4
coefticient bock. Tn some embodiments, a Hypercube-Givens Transform (HyGT) with a
butterfly implementation can be used instead of the matrix multiplicaticn desertbed shove
reduce the complexity of the NSST.

j0142]  Inanexample, 3553 non-separable secondary transforms are avatlable for both
44 gnd 8x8§ block sizes, where 35 is 8 number of transform sets associgted with the intra
predivtion modes, and 3 is a number of NSST candidates for each mira prediction mode. Table 3
shows an exemplary mappiog from an intra prediction mode to a respective transtorm set. A
transforon set applied to luma/chroma transform coefficients is specified by & corresponding
hana/chromas inra prediction mode, according to Table 3 that shows mapping froman intra
prediction mode to 3 tranzform set index. For an intra prediction mode larger than 34, which
corresponds to a diagonal prediction direction, 8 transform coefficient block is transposed
beforefafter the NSST at the encoder/decoder, respectively.

{01431 For each transform set, a selected NSST candidate can be further specified by an
explicitly signaled CU level NSST index. The CU level NSST index is signaled in a hifstream

for each intra conled CLY after transform coefficients and a truncated unary binarization is used
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for the CU level NSST index. For example, a truncated value is 2 for the planar or the DC mode,
and 3 for an angular intra prediction mode. In an example, the CU level NSST index is signaled
pnly when there is more thar one pon-zern coefficient in the CUL The defanlt value is zeyo and
not signaled, indicating that a NSST is not applied to the Ol Each of vidues 1-3 indicates which

NSST candidate is to be applied from the transform set.

mramode | 0| T 1213 {4 {5 18171 B IO 1211331141 15 16
st glri2i3{4is5ie 78 io{10iiti12183118115 16
intramade |17 18118120 1211224023 1341 25 12627 128128 (30131 {32 33
set 17 '18 912003132123 134 7.25 28 727 8 ”.23 3G 73?17 32 3§
intramode | 34 | 351 36 { 37 | 38 38140 141142143144 145146147 148145 50
set 34 | 3313213113020 2812713612513 1231221211281 19 18

fptramode | 5152153 {54 | 55156 157 1585960616253} 64]65]66 | 67{LM)

set iS22y 8187416150413 12 NULL
3

{0144] In some embodiments, a NSST is not applied for 4 block coded with a transforin
skip mode. When the CU level NSST index 15 signaled for o CU and not equal to zeve, a NSST
is not used for a block that is coded with the wansform skip mode in the CU. When the CL with
Blocks of all components are coded i a trassform skip mode or a munber of non-zero
coefficients of non-transform-skip mode CBs is less than 2, the CU level NSST tndex s not
signaled for the CUL

{0145] 1o some embodiments, a variant of NSST, such as a reduced size wansform
{RST}, s employed. The RET uses a transform zero-oul scheme. In an example, in the R8T,
whether the ntra prediction mode is Plasar or DC is checked for entropy coding the transform
mdex of NSST.

[#146] 1o an example, 4 transform sets ave applied, and each transform set includes three
RST transform cores. The RET wransform cores can have a size of 10348 (or 16x64) (applied for
transtorm coefficient block with a height and width both being yreater than or equal to 8) or
1ix16 {applied for transform coetficient block with either height or width being equal 1o 43 For
notational convenience, the 16x48 {or 1ox64) iranstorm is denoted a5 RSTEXS and the 16x16 one
as RST4x4.

{0147]  FIG. 13 and FIG. 14 show examples of two transform coding processes {1300)

and (1400} using a 16x64 gansform {(or a 64x 16 ransform depending on whether the transform
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is a forward or inverse secondary transform) and & 16x48 transforny (or 8 48x 16 tansform
depending on whether the transform is a forward or inverse secondary transform}, respectively,
Referring to FIG. 13, in the process (1300}, at an encoder side, a forward primary transform
{1310} can first be performed over a residual block o obtain a coefficient block (1313}
Subsequently, a forward secondary transform {1312) can be applied to the coefficient block
{1313). In the forward seécondary transform (1312}, &4 coefficients of 4x4 sub-hlocks A-Data
top-left corer of the coetficient block (1313) can be represented by a 64-length vector, and the
64-length vector ¢an be multiphied with a trausform matrix of 64x16 (Le, a width of 64 and &
height of 16} according to Eq.{2), resulting in a 10-length vector. Elements in the 16-length
veotor are filled back into the top-left 4x4 sub-block A of the coefficient block (1313} The
coefficients in the sub-blocks B-D can be zero, The resulting coefficients after the forward
secondary transform (1312) are then quantized at a step {1319}, and entropy-voded to generste
coded bits tn a bitsiream {1316}

{0148}  The coded bits can be recerved at a decoder side, and entropy-decoded followed
by a de-guantization {1324} to generate a coefficient block (1323}, An taverse secondary
transform (1322), such as an inverse RSTSx8 can be performed to obtain 64 coefficients, for
exgmple, from the 16 coefficients at 8 top-left 4x4 sub-block E. The 64 coefficients can be filled
back to the $x4 sub-blocks E-H. Further, the cosfficients in the coefficient block (1323} after the
mverse secondary transform (1322} can be processed with an inverse primary transform {1320}
to obtain a recovered residual block:

{0149}  The process (1400} of the FIG. 14 example is sinsilar to the process {1300} except
that fewer (i.e., 48y coeflicients are processed during the forward secondary transform (1412),
Specifically, the 48 coefficients in the sub-blocks A-C are processed with a smaller transform
matrix of a stze of 48x16, Using the smaller teansforny matrix of 48x16 can reduce a memary
size for storing the tansform matrix and a number of calculations (2.8, muliiphications,
additions, subtractions, andfor the tike), and thus can reduce computation complexity.

{01861 A Reduced Transtorm (RT) {also referred 10 as RSTY can map an N dimensional
vector to an R dimensional vector in g different space, where RN (R < N} is a reduction factor,

{0151} The RST (or RT) matrix iz an R<N matrix as follows:
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where R rows of the transform are R bases of the N dimensional space. The inverse transform
matrix for BT ix the trasapoge of its forward transform,

{0152]  FIG. 15A shows a process (1501) of g reduced forward transform and a provess
{1502} of a reduced wverse transform. T represents an RST transform mateix having a
dimension of RN, and TV represents a transpose matrix of T and TV has a dimension of NxR.

[0153]  In RSTSx8, s reduction factor of 4 (174 size} can be realized. For example,
instead of 64x84, which is a conventional &x8 non-separable fransform mattix size, 3 16x64
diveet matrix can be used. The 64x16 nverse RST matrix can be used at the decader side to
generate core {primary) transform coefficients inv an €8 top-left region. The forward RSTEx8
uses 16464 {or 8x64 for Sx8 block) matrices so that the forward RETEx8 producss non-zera
coefticients only i the top-lefl 4x4 region within the given 8x§ top-left region. In other words,
when RST is applied, a region in the 8x& top-left region that is cutside the top-left 424 region
hag only zero coefficients, For RS8Tdxd, 16x16 {or 8x16 for 4x4 block} divect matrix
multiplication can be applied.

[0154]  Inaddition, for RSTAx8, to further reduce the transform matix size, instead of the
using the whole top-left 8x8 coefficients (64 coefficients in shaded sub-blocks in FIG. 15B) of a
residial block (1510 as input for caloulating 8 secondary transform, the top-left three x4 sub-
block coefficients (48 coefficients in shaded sub-blocks in FIG. 15C) of the residual block
{1510} are used as the inpus for calculating the secondary transfarm. Accordingly, a 16x64
transform maitix i used in FIG. 158, and a 16x4R transform mairix is used in FIG. 15C

{0158]  Inan example, an inverse RST is conditionally applied where the mmverse RST ia
applied when the following two conditions are satisfied: (1) a block size (e.g., a width W andior
a height H of the block) is greater than or equal to-a threshold (e.g., W 254 and H >=4), and (i)Y a
transform skip mode flag is equalfo zevo. For example, if both width (W) and beight (H) of a
transform coefficient block is greater than 4, then the RSTBxY is apphied o the top-left 8x8
region of the transform coefficient block. Otherwise, the R8T4x4 is applied on the top-left
min{®, W) x yin(8, H) region of the transform coefficient block.

{01561 Inan example, when an R8T index is equal to 8, RST is not applied. Otherwize,

RST is applied, and a kernel is chosen with the RST index. In an example, RST is applied for an
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mtra CU {e.g., 8 CU coded in intra prediction or intra mode) in both intra and inter slices, and for
both luma and chroma. If a dual tree is enabled, RST indices for lama and chroma are signaled
separately, For inter shice (the dual tree is disabled), a single RST mdex is signaled and used for
both luma and chroma, When an ISP mode is selected, RST 15 disabled, and RET index iz not
stgnaled.

01571 looan example, an RST matrix can be selected from four transtorm sess, eachof
which consists of two transtorms. Which transform set is applied can be determined based on an
infra prediction mode as follows, When one of three cross component Hnear model (CCLM)
modes 1s indicated, a transforo set O can be selected. Otherwise, the wansform set selection can
be performed according to a table (1550) shown in FIG. 15D An index {e.g., an IntraPredMaode)
to access the Table (1550) can be in & range of [-14, 801, which is a transformed mode index
nsed for g wide gngle intra predicton for example. An example of the intra grediction mwodes i3
shown m FIG. 16B. In an example, an index to access the Table (15350} can be in a range of |-
14, B3} orany suitable range.

{0158}  FIG. 16A shows an illusiration of exemplary wutea prediction divections and the
intra prediction modes used in HEVC, In HEVC, there are tosal 35 intra prediction modes {mode
0 1o mode 34} The mode 0 snd mode 1 are non-directional modes, among which mede 0 s
planar mode (labeled as Intra_Planar in FIG. 16A) and mode 1 is DC mode (labeled as Intra_ DC
m FIG. 16A). The modes 2-34 are directional modes, among which mode 10 is a horizontal
mode, mode 26 i3 a vertical mode, and moede 2, mode 18 and mode 34 are diagonal modes. In
some examples, the intra prediction modes are signaled by three most probable modes (MPMs)
and 32 remaining modes.

{01597 FiG. 168 shows an illustration of exemplary intra prediction divections and intra
prediction modes in some examples (e, VYO, There are total 95 Intea prediction wodes
{mode - 14 to mode 80}, among which mode 18 13 a horizontal mode, mode 58 is a vertical mode,
and mode 2, mode 34 and mode 66 are disgonal mades. Modes -1 ~ <14 and Modes 67 -~ 80 are
calted wide-angle intra prediction (WAIP) modes.

j0160]  Multi-line intra prediction can nsé more reference lines for intra predicticn. A
reference line can inclode mudtiple samples i 8 picture. In an example, the reference Hne
nvlades samples in a row and samples i g column. 1n an example, an encoder cin defermine
and signal a reference line used to genetate the futeg predictor, An index (also referred toas a

reference line index) indicating the reference line can be signaled before tuira prediction
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mode(s). Inan example, only the MPMs are allowed when a nopzero reference Hing index is
signaled. FIG 17 shows an example of 4 reference lines for a coding block (1710). Inthe
example shown i FIG. 17, o reference line can include 1ix segments, 1.6, Segment Ato F. The
reference ling 3 can jnclude atop-left reference sample. The Segment A and F can be padded
with closest samples from the Segnient B and E, respectively. In some examples, such as in
HEVC, only one reference line {e.g., the reference line 0 that is adjacent to the coding Block
{17103 tx used for intra prediciion. In some examples, such as in VVC, multiple reference lines
{e.g.. the reforence lines 8, 1, and 3} are used for jntea prediction,

{0181} Dura sub-partition (ISP} coding mode can be nsed. In the ISP coding mode, a
hung intra-predicted block can be divided vertically or herizountally into 2 or 4 sub-partitions
depending on a block size.

{0162]  FIG. 18 shows 4 Table 4 that associates g number of sub-partitions with a black
size. For example, when the block size is 4x4, no partition 15 performed on the block in the 18P
coding mode. When the block size is 4x8 or &x4, then the block s partitioned into two sub-
partitions i the 18P coding mode. For all other block wizes that are larges than 4x8 or x4, the
block is partitioned into fowr sub-parttions. FIG. 19 shows an example of sub-partitions of a
block having a size 4x8 or 8x4. FIG. 20 shows ancther example of sub-partitions of a block
having a size other than 4x8, 8x4 and 4x4, for example, the block size is larger than 4x8§ and 8x4.
Inan example, all of the sub-partisions satisfy a condition of having at least 16 samples. For
chroma components, ISP 13 not applied.

{0163} 1o some sxamples; for each of the sub-partitions, the decoder can entropy decode
coefficients that are send from the encoder to the decoder, then the decoder tuverse quantizes and
mnverse transforms the coefficients 1o generate residuals (or residual data) for the sub-partition.
Further, when the sub-partition is witta predicted by the decoder, the decodert can add the
residuals with the intra prediction results to obtain the reconstructed samples of the sub-partition.
Therefore, the reconstructed samples of each sub-partition can be available fo generate the
prediction of next sub-partition{s} to be reconstructed. The process described above can be
repeated for the next sub-partition(s} and so o, All sub-partitions share the same intra
prediction mode in an example. In some examples, in 18P, cach sub~-partition can be regarded as
a TU, since the tansform and reconstruction is perfonmed individeally for each sub-partition.

{0164]  Insome examples, the ISP algorithm s only tested with intea prediction modes

that are part of the MPM lst. For this reason, when a block uses ISP, then the MPM flag can be
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inferred 10 be ong. Besides, when ISP is used for a certain block, theo the MPM list can be
modified to exclude the DC mode and o prioritize hortzontal intra prediction modes for the ISP
hortzontal partition {or horizontal sphit) and vertical intra prediction maodes for the vertical
partition {or vertical split) in some examples,

{0168]  FliGs. 21A-210 show examples of different YUY formsts or chroma formats,
Each chroma format may defing a different down-sampling grid of different color components.

{0166] A secondary transform can refer to a NSST, a RST {or RT), or the like. A
secondary fransforsn Index can refor fo a NSRT mdex, a RST index, or the hke, Inanexample,
the second transform index indicates a second wansform {also referred to a8 a second transform
candidate). The second transforny index can be signaled at 8 CU level. For example, a NSST
fndex or @ RST ndex is signaled at a ClUdevel for 2 CU. Whether to signal the secondary
transform index can depend on @ number of non-zero coefficients of the CUL Thus, a decoder
may loop all TUs included in the CU to determine the nuraber of non-zero coetficients of the
CLl In some embodiments, the process is relatively complicated.

{0167} In certain secondary transform (e.g., RST) designs, when a single splitiing tree is
used amonyg different color components ina CU including, for example, 3 luma component and
two chroma components, a number of non-zero coefficients in the CU can be counted 1o
determine whether a secondary transform index is signaled or not. However, for a 4xN or Nxd
huma block, a corresponding chroma block 18 2xN/2 or N/2x2 in a YUVA2:0 format. Thas, a
secondary teansform suchas RST i3 not applied for the chroma block and a munber of non-zero
coefficients of the chroma block does not need to be counted.

{0168] - Insome examples, 4 second transform such s NSST or RST &8 not enabled for
ISP, This can limit the full benefit of secondary transforms in terms of coding efficiency.

{0169]  Embodiments deseribed herein mav be used separately or combined in any order.,
Further, the embodiments may be implemented by processing circuitry {2.g., one or more
Processors or one or more integrated circuits) in an encoder, a decoder, or the like. Inone
example, the one or more processors can excoute a program that is stored in 8 non-iransifory
computer-readable mediwn, In some examples, a block may be a prediction block, a coding
block, a CU, or the hike.

[{0178]  In the disclosure, embodiments for DST-7 of an MTS candidate may be

gpplicable to DST-4, and embodiments for DCT-8 of an MTS candidate may be applicable to
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DCT-4. Further, referénces to NSST may also apply to RST, which ix an example of an
alternative design of 8 non-separable secondary transformy, in some embudiments,

{0171 A high-level syntax (HLS) elenient can refer 1o 2 Video Parameter Set {VPS), a
Sequence Paramaeter Set {SPS), a Picture Parameter Set {(PPS), a Slice header, a Tile header, 1
Tile group header, or the like. A CTU header can refer to syntax element(s) signaled fora CTU,
.., as header information, In an example, a CTU size is & maximwm CU size. & TU size may
refer 1o a maximum width andior a height, or an area of a T,

{0172)  Ih general, when g lonw size (represented by huma samples) of a certain unit {e.g.,
a TL, a €Y is known, a corresponding chroma stze that 1s specified by a number of chroma
samples can be obtained. In an example, 8 YUV format of $:2:0 s used and 8 CU has 2 CU size
of 64x64 hana samples (or 64x64-L}. Accordingly, the CU has 8 CU size of 32x32 chroma
samples {or 32x32-C). The CU size can be referred 1o as 64x64-L, 32x32-C, or 64x64-L/32x32-
C. The CU can inclade a luma block and two chroma blocks where the tums block has 64x64
tama samples and each of the two chroma blocks has 32x32 chroma samples,  The description
can.be adapted for g TU. For purposes of brevity, the descriptions are omitted.

{8173] A TU size can be represented using fuma samples in the TU. For example, a
oaximum TU size of M samples refers to @ maxinm: TU size of M luma samples. Similarly, a
CLI size can be represonted using homa samples in 8 CUL The TU size and the CU size can be
represented nsing chroms samples or a combination of tuma and chroma samples in other
embodiments,

{0174] A unit size may refer to a widdh, & height, and/or an area of the unit. For example,
a maximum TU size roay refer to a width, 2 height, andfor an areg of 8 maxinam TU. In
general, a TU, a CU, or the ke can have any suitable shape, including a rectangular shape, a
sguare shape, an "L shape, or any suttable shape. When the shape of the unit 18 frregular, such
as ar "L’ shape, the uni size capn specify an area of the unit.

{0175} 1o some pmbodiments, a maximum TU size (also referred o 85 a maximum size
of a TUY can be signaled in a coded video bitstream, such as in HLS {e.g., a SPS and a PPS).
The maximum T size can be signaled in terms of huma samples or chroma samples.

[8176]  Insome embodiments, a nradmum TU size can be stoved in an encoder andfor a
decoder, thus the masimum TU size 15 oot signaled. In one example, the masimum T size can
be stored in profile andior level definitions. The maximum TU stze can be stored 1o terms of

luma or chroma samples,
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01777 According to aspects of the disclosure, whether a secondary transform is allowed
for a CU can be determined based on a size of the CU (or a CUJ size). In an example, whether a
secondary transform is allowed for the CU can be detenmined based on the Ol size and a CU
size threshold. When the C1J size is less than or equal to the O size threshold, the secondary
transform s determined to be allowed, and when the CLJ size is larger than the CU size
threshold, the secondary transtorm is determined not o be allowed. In an example, when the
secondary transform is determined not to be allowed, a secondary transform index is not
sigualed. Thus, whew a decoder deferminesthat the second sransformn is not allowed, the decoder
can also determine that the second wansform index 15 not signaled. In an example, the CU sixe
may refer o a width andfor a height of the CU, such as 64 saraples. In au exaniple, the CU size
may refer to an ared of the CU, such as 64x64 samples.

{8178]  Inan example, the CU size threshold {e.g., CU width threshold, CU heaght
threshold, or CU area threshold) is Himited to be not larger than a maximum size of a TU in the
CLL The maxinvam size of the TU can be signaled in the HLS. The maximum size of the TU
can glso be pre-defined and stored i a decoder.

{6179]  As described above, in some examples, a decoder may loop TUs ina CU o
determine a number of non-zere coefficients of the CU and then determine whether a secondary
transform tadex is signaled. According to aspects of the disclosure, mstead of counting the
nuntber of non-zero coofficients of the CLI, whether the sécondary transform index is signaled
can be determined based on & last position of non-zero wansform coefficients {or a last non-zpero
coefficient position) of a first OB of the CU. The first CB can be any suitable block, such as a
tuma block, a chroma block, or the Hke, that is in the CU. The second transform fadex can
indicate u selected second transform for a second CB in the CLL

[0180] According to aspects of the disclosure, whether to perform the secondary
transform on the second OB in the (L can be determined based on whether the secondary
transform tndex is determined io be signaled. Further, when the secondary transform is
determined to be performed, a sample in the sccond UB can be reconstructed after the secondary
transform mndicated by the second ransform index is performed on the second CB.
Alternatively, when the secondary transform iz determined not to be performed, the sample in the
second CB can be reconstructed without performuing the secondary transform on the second CB.

The second CB can be any suitable block, such as 8 huna block, & chroma block, or the like, that
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isin the CUL In an example, the first OB 15 the second CBL In another example, the first CR 13
different from the second CB.

{0181]  Inanexample, the CU inclodes o huma block. The first CB s the huma block.
The last position is a last non-zero luma coefficient position for the tuma block. Accordingly,
whether the second transform index is signaled is determined based on the last luma position.
The second CB is also the tuma block or the first CB.

{0182] 1o some embodiments, additional information can be included o determing
whether the sccondary fransform index is signaled, g5 described below.

[B183]  Inan example, the CU includes a toma block and a chroma block. The fist CB is
the fuma block. The last position is 2 last non-zero huma ceefficient position -for the loma block.
The additional information can nclude a last non-vero chroma coefficient position for the
chroma block. Accordingly, whether the second transfonm index is signaled is detersuned based
on the last non-zeve T coefficiont position and the last non-zero chroms coefficient position
for the chroma block. The second UB can be one of! the luma block and the clvoma block.

{0184}  Inan example, the CU includes a luma block and two chroma blocks feg. a
chroma block Tand # chroma block I}, The fust OB is the luma block. The last position is a last
now-zero luma coefficient position for the luma block. The sdditional information can include a
last non-zero chroma coefficient position § for the chroma block 1 and a last non-zero chroma
cocfiicient positicn H -for the chroma block 11, Accordingly, whether the second transform index
is signaled can be determined based on the last non-zero huma coetficient position, the last non-
zero chroma coefficient position 1 of non-zero transform coefficients for the chroma block I, and
the last non-zero chroma coefiicient position 1 of non-zero transform coefticients for the chroma
tlock IE The second UB can'be ane of the Juma block, the chroma block I, and the chroma
block L,

{0185}  As described above, whether the secondary transform index is signaled can be
determined based on the last non-zero coefficient position of the first OB of the CU. The last
non-zero coefficient position can inchude a horzontal component (e.g,, tast_pos_x) and a vertical
component {e.g. last_pos v, snd thus whether the secondary transfornt index is signaled can be
determined based on the horizontal component and/or the vertical component. The horizontal
component and the vertical component can be an integer that is 0 or larger than 0. The vertical

contponent can be an iteger that is 0 or larger than @,
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[0186]  Inan embodiment, the horizontal component can be compared with a first
threshold andior the vertical component can be compared with a second threshold. The first
thrashold can be identical to the second threshold. Alternatively, the first threshold can be
different from the second threshold, The first threshold and/or the second tdweshold canbe a
positive integer, such as 1, 2, 3, or the like.

[0187] o an example, whether the horizontal component is less than the first threshold
and whether the vertical component is less than the second threshold can be determined. When
the horizontal component 18 determined {0 be less than the first threshold and the vertical
component is determined 1o be less than the second threshold, the secondary transform index can
be determined not to be signaled.

{0188} Inan example, whether the hortzontal component is larger than or equal to the
first threshold can be determined. Further, whether the vertical compaonent is larger than or equal
tor the second threshold can be determined, When the horizontal component 15 determined to be
larger than or equal to the first threshold and the vertical component 13 determined to be larger
than or equal to the second threshold, the secondary transform index can be detenmined to be
signaled.

{0189}  1Inan embodiment, whether & sum of the honzontal component and the vertical
component of the last position is less than a third threshold can be determined. When the sum is
determined 0 be loss than the third threshold, the secondsry tansfornt index can be determined
notto be signated. The third threshold can be a positive integer, such as 1, 2, 3, or the like.
When the sum is deternuined fo be larger than or equal 1o the third threshold, the secondary
transtorm tndex can be determined to be signaled.

{0196  Inan embodiment, whether a mintmum one of the horizontal companent and the
vertical component is less than g fourth threshold can be determined. When the minbmun: ong of
the horizontal component and the vertical component is determined o be less than the fourth
threshold, the secondary transform index is determined not 1o be signaled. The fourth threshald
can be a positive integer, such as t, 2, 3, or the like.

J01891] In an embodiment, whether 2 maximum ane of the horizontal componens and the
vertical component is less than a fifth threshold can be determined. When the maxinnun one is
determined o be less than the 1ifth threshold, the secondary transformn fndex 8 determinad not ©

be signaled. The fifth threshold can be a positive integer, such as 1, 2, 3, or the hke, The fowth
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threshold can be identical to the fifth threshold, Alternatively, the fourth threshold can be
differcot from the fifth threshold.

{0192} Inan embodiment, the Srst CB isa luma block n the CU. Further, the CU
inchudes a chrama block. However, whether the secondary transform index is signaled is
determined based on only the last non-rero luma coefficient position of the luma block of the
CU. Therefore, a last non-zero chroma coefficient posttion for the chroma black is not
considered in determining whether the secondary transform mdex is stgnaled.

{0193} Inan embodiment, the CL includes the fama bfock and the chroma block as
described above. Whether the second transform index i3 signaled 15 determined based on the last
non-zere luma coefficient position for the luma block and the last non-zero clwoma coefficiens
position for the chroma block. Similarly, the last nonezero luma coefficient position can include
a luma horizontal component and a luma vertical component, and the last non-zero chroma
coefficient posttion can include a chroma horizontal component and a chroma vertical
component. Thus, whether the secondary transforn index is signaled can be determined based
on the huna bortzontal component, the Tuina vertical component, the chroma horizontad
conponent, andfor the chroma vertical component.

{8194]  Inan anbodiment, one or more of the respective horizantal component and the
vertical component of cach of the last non~zero tuma and chroma coefficient positions can be
compared with a respective threshold, such as 1, 2, 3, or the hike. In an example, whether the one
or more of the respective horizontal component and the vertical component of each of the last
non-zere luma and chroma coefficient positions is less than the respective threshold can be
determined. When the one or more of the respective horizontal component and the vertical
component of each of the last nonzers luma and chroma coefficient positions is less than the
respective threshold, the secondary transform index can Be determined not to be sigualed,

{0195}  Inan embodiment, a harizontal sum s obtaived by summing the huma borizontal
component and the chroma horizontal component; and & vertical sum is obtained by summing the
tuma vertical component and the chroma vertical component, Whether each of the horfzontal
sum and the vertical sum is less than a respective threshold can be determined. When ¢ach of the
hortrontal sum and the vertical stum s less than the respective threshold, the secondary sransform
index can be determined not to be signaled.

[8196]  Inanexample, 8 Pt s of the tuma horizontal component and the hamg vertical

component is deterniined, and a second sum of the chroma horizontal component and the chroms
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vertival component is determined. Whether sach of the fivst sum and the second sum is less than
arespective threshold can be determined. When gach of the first sum and the second sum is
determined to be less than the respective threshold, the secondary transforny index can be
determined not 1o be signaled,

{0197 In an embodiment, a total sum is obtained by sunumning the first sum and the
second sum, when the total ©uaw is determined to he less than a threshold, the secondary
transform index can be determined not o be signaled.

{8198} Inan abodiment, a first mindmuwm of the luma honizontal component and the
luma vertical component is determined, and a second minimum of the chroma horizontal
component and the chroma vertical component is determined. Whether edch of the first
misimun and the second mininmaen is {ess than a respective threshold can be determined. When
gach of the first mimmum and the second minimum is determined to be Jess than the respective
threshold, the secondary tansform index can be determined not to be signaled. The above
description can be adapted for using a first maximun of the luma hortzontal component and the
hama vertical component and g second maximun of the chroma horizontal component and the
chroma vertical component to determine whether the second transform index is signaled.

{8199}  Similarly, a minimum of the hortzontal sum and the vertical sum can be used o
determine whether the second transform index is signaled or not. A maximum of the horizontal
sum and the vertical sam can be used o determine whether the second transform index s
stgnaled or not.

{0200}  According to aspects of the disclosure, when determining a number of non-zero
transtorm coefficients for a CUL non-zero transform coefficients tn a CB of the CU cannbe
counted when a size of the CB (alse referred to as a CB size} is larger than or egual to s size
threshold, such g5 4. Inan example, when the OB size is loss than the size threshold, the non-
zeyo ranstorny coefficients in the U8 are not comnted, e, are not nclided fn the number of non-
zero transform coefficients for the CU. The size threshold can be pre~-defined and stored n g
decoder. The size threshold can be signaled explicitly, for example, from an encoder to &
decoder, Further, when the number of nov-zero sransforn coeffictents n the CU s less thun a
number threshold, a secondary transform index can be determined not o be signaled.

{0201} Inanexample, a color format for the CU s YUV 4:2:0. The CU includes a luma
bloek and two chroma blocks that are co-located with the luma block. The size threshold is 4.

When the luma block has a size of 4xN o Nxd wherg N canvefer toa width or a height of the
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turna block and can be larger than or equal to 4, the two chroma blocks have a size of 2xXN/2 ar
N2x2. In an example, N s a positive even number. The number of non-zero wansform
coefficients for the CU is determined from only the fama block without considering the two
chroma blocks. A width or a height of each of the two chroma blocks is less than the size
threshold. I another example, the size threshold is 4x4, and the CB size of 2xN/2 or N/2x2 is
also less than the size threshold where N can be a positive even number. A secondary transform
is not performed on the two chroma blocks:

{0202] Irean example, g colorformat for the CU YUV 4:2:2. The CU includes a lums
block and two chroma blocks that are co-located with the luma block. The size threshold 8 4.
When the loma block has a size of 4xN where N is larger than otequal to 4, the two chroms
blocks have a size of 2xN. The number of non-zero transform coefficients for the CU'is
determined from only the luma block withowt considering the two chroma blocks, A width {(eg.,
2} of each of the two chroma blocks is less than the size threshold. A secondary ransform is not
performed on the two chroma blocks.

j0283] A secondary transform cais be performed on g first coefficient block (such s a
TB) to obtain a 4x2 {or 2x4) first sub-block that includes at least one non-zero coefficient. For
example, & RST s applied ou a 4x4 first TR {e.g., the first coefficient block) to obtain a second
TH that includes a first sub-block and a second sub-block. The first sub-block of 4x2 {or 2x4)
includes at feast one non-zero coctlicient, Coetficionts in the second sub-block of 4x2 (or 2x4)
ave vegarded as 0. Thus, a 452 {or 2x4) sub-block scanning of the fivst sub-block {i.e., the 4x2
{or 2x4) coefficient scanming order} is applied for entropy coding the second TH. In an example,
the 4x2 (or 2x4) coefficient scanning order is a same scanning order that is applied for entropy
coding of & 4x2 (or 2x4) chroma block.

{0204]  Similarly, a secondary transform can be performed on a Hrst coefficient hlpck
{such as 2 TB) to obtain an 8x4 {or 4x8) first sub-block that includes at least one non-zero
coefficient, for example, when the first coefficient block is larger than 8x4 {or 4x8). For
example, a RST is applied ona 3x8 first TR {e.g., the first coefficient block) to obtain a second
TB that includes a first sub-block and a second sub-block. The first sub-block of 8x4 {or 4x8)
mncludes at least one non-zero coefficient. Coefficients in the second sub-block of Bx4 {or 4x8}
are vegarded as 0. Thus, an8x4 {or 4x&) block scanning of the first sub-block {Le., the Sx4 {or

4x8) copfficient seauing order) 15 apphied for catropy coding the second TB. In an example, the



WO 2020/206254 PCT/US2020/026578

42

8x4 {or 4x8) coefficient scanning order i3 a same scanning order that is applied for entropy
coding of a 8x4 {or 4x8) chroma block,

{0205]  FIG. 22 shows & flow chart outlining a process (2200) according to-an
embodiment of the discloswe, The process (2200) can be used in the reconstruction of a block
coded in infra mode, so to penerate a prediction block for the block under reconstruction. In
some examples, the process (2200} can be used inthe réconstruction of 8 block coded w fner
mode. In various embodiments, the process (2200) are executed by processing circuitry, such as
the processing circuitry in the terminal devices (316}, (320), {330) and {340}, the processing
circuitry that performs fanctions of the video encoder {403), the processing civouitry that
performs functions of the video decader (410), the processing circuitry that performs functions of
the video decoder (510), the processing circuitry that performs fimetions of the video encoder
{603}, and the like. n some embodiments, the process (2200} s implemented in software
instructions, thus when the processing civeuitry executes the software instrictions, the processing
circuitry performs the process {2200}, The process starts at {52201 and proceeds to (82210}

[0286]  At{S2210), coded wformation of a CU can be decoded from g coded video
bitstream. The coded information can indicate 2 last position of non-zere transform coefficients
{or g last nen-zero coefficient position) of & first OB of the CUL In an example, the CU can
inchude a luma block and a chroma block. The first CB can be the fuma block or the chroma
block.

{0207} At {S2220), whether a secondary transform index is signaled in the coded
information can be determined based on the last non-zero coefficient position, as described
above, The second transform index can indicate & second transform e be performed on a second
C8 in the CUL The second OB can be the luma block oy the chroma block.

102081 1o an example, the last non-zero coefficient position can tnclude & horizontal
component and a vertical component, and whether the secondary transform index s signaled in
the coded information can be determined based on the horizontal component and/or the vertical
component, As described above, additional information can be vsed fo determine whether the
secondary transform index is signaled and step (82220) can be suitably adapted o include the
additional information. lu an example, when the secondary transforny index is defermined to be
signaled, the process {2200) proceeds to (822301 Otherwise, the process (2200) proceads o
{82250}
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0209 At(S2230), whether to perform the secondary transform oo the second CB can be
determined based on whether the secondary tranaform index is determined to be signaled in the
coded information. o some examples, when the secondary transform index is determied to be
signaled, the secondary transtorm is determined to be performed. When the secondary transform
is deternyined to be performed, the process {2200} proceeds o (82240). Otherwise, the process
{2200) proceeds to {82250},

{0238 At (82240), the secondary transform indicated by the second transform index is
performed on the second OB, The secondary transform can be NS8T. The secondary transform
can be RST including a zero~out method. For example, when the second CB i3 B8, R8T is
applied on the second OB to obtain & transformed block that includes & first sub-block of 834 and
a second sub-block of 8x4. The first sub-block includes at least one nonzero coefficient.
Coeflficients in the second sub-block are not caloulated and regarded a5 0.

{8211} At {82250), a sample in the second CB can be reconstructed. The process {2200)
then proceeds 1o (82299) and ternsinates.

{02121  The process (2200) can be suntably adapted 85 described above, For example, one
or more steps can be modified, omitted, or combined. In an example, steps (822203 and (82230}
are combined. Additional step(s) can also be added. An order that the process (2200} is
executed can alse be modified.

0213 FIG. 23 shows a flow chart outlining 8 process (2300} according o an
embodiment of the disclosure. The process {2300} can beused in the reconstruction of a block
coded i intra mode, s0 1o generate a prediction Mock for the block under reconstruction. fa
some examples, the process {2300} can be used in the reconstruction of & block coded tn inter
mode. In various embodiments, the process (2300} are executed by processing circuitry, such as
the processing Circuitsy in the ternunal devices (310, (320), {330} and (340}, the processing
cireuitry that performs functions of the video encoder (403), the processing eircuitry that
performs functions of the videe decoder (410), the processing circustry that performs functions
of the video decoder {$10), the processing circuitry that performs functions of the video encoder
{603}, and the like. In some embodiments, the process (2300} is implemented in software
mstructions, thes when the processing circaitry executes the software instractions, the processing
circuliry performs the process (2300}, The process starts at (82301} and proceeds to (S2310).

[0214] A (R2310), coding information of a CU can be decoded front a coded video

bitstreams where the coding information indicates a size of the (L
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[0215]  At(82320), whether a secondary transform is allowed can be determined based
on the size of the CU and a CLJ size threshold. When the size of the CU is less than or equal to
the CU size threshold, the secondary transform is determined to be allowed. The process (2300}
proceeds fo (82330} When the size of the CU is larger than the CU size threshold, the
secondary transform is determined not 1o be allowed and the process {2300} proceeds to {82330},

[0216] At {S2330), whether fo perform a secondary transform on g CB in the CU canbe
determined, for example, based on whether the secondary transtorm index s signaled, as
desoribed above, When the secondary fransform is determined to be performed, the process
{2300} proceeds to (823401, Otherwige, the process (2300) proceeds to {(S2350).

0217 At{82340), the secondary transform indicated by the second transform index is
performed on the U8, sholar to step (82240},

{0218] A1 (S2350), a sample in the CB can be reconstructed.  The process (2300} then
proceeds 0 (52399} and terminates.

{0219 The process (2300} can be suitably adapted. For example, one or more steps can
be modified. Additional step(s) can also be added.

{0220]  The process (2200) and process (2300} can be suitably combined. For example,
{52310} and (82320) can be implemented, followed by (82210)-(32230).

19221 The techniques described above, can be implemented as computer software using
computer-readable instructions and physically stored in one or more computerreadable media.
For example, FIG, 24 shows a computer system (2400 suitable for implementing certain
embodiments of the disclosed subject matter,

[0222]  The computer software can be coded using any suitable machine code ot
computer language, that may be subject 1o assembly, compilation, linking, or like mechanisms to
create code comprising instructions that can be executed disectly, or through interpretation,
micro-code execution, and the like, by one or more computer central processing units (CPUs),
Uraphics Processing Units {GPUs), and the like.

{02237 The instroctions can be execuied on various fvpes of computers or components
thereof, including, for example, personal compusers, tablet computers, servers, smartphiones,
gaming devices, itesnet of things devices, and the Hke

{0224]  The components shown in FIG. 24 for computer system {2400) are exemplary in
nature and are not intended to suggest any Himitation as to the scope of use or functionality of the

computer software implementing embodiments of the present disclosure. Neither should the
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configurativn of components be interpreted as having any dependency or requirement relating to
any one or combination of components lustrated in the exemplary embodiment of & compater
system {24003,

{82251 Computer system (2400} may include cestain human interface inpuot devices,

Such a human interface input device may be responsive o iput by one or more buman users
through, for example, tactile tnput (such as: keystrokes, swipes, data glove movanents), audio
input {such as: voice, clapping), visual input (such as: gestures), olfactory input (not depicted;.
The uman interface devices can glso be used {0 capture certain media not necessarily directly
related to conscious input by a human, such as andio (such as: speech, music, ambient sound},
mnages {such as: scanned tmages, photographic images obtain from a still image camers), video
{such as two-dimensional video, three-dimensional video including stercoscopic video).

{0226  Ioput human interface devices may include one or more of (anly one of each
depicted): kevboard (2401), mouse {2402}, trackpad (2403}, touch screen {2410), data-glove (not
shown), jovstick (2405}, microphone (2406}, scanoer (2407), camera (2408},

{02271 Computer system {2400} may also inclode certain huunan nterface vutput devices.
Such human interface output devices may be stimulating the senzes of one or more human users
through, for example, tactile cutput, sound, hight, and smellffaste. Such human interface cutput
devices may include tactile output devices {for example factile feedback by the touch-screen
{2410), data-glove (not shown), or joystick {2403}, but there can also be tactile feedback devices
that do not serve as input devices), audio output devices {such as: speakers {2409}, headphones
{not depicted)), visual output devices {such as screens {2410) to include CRT sereens, LCD
screens, plasma screens, OLED soreens, each with or without touch-screen input capability, each
with or without tactile feedback capability--—some of which may be capable to cutput two
dimensional vispal output or more than three dimensional output through meass such ag
stersographic output; virtual-reality glasses {not depicted), holographic displays and smoke tanks
{not depicted)), and prigers {(not depicted)

{0228]  Compuier system {24003 can also include human accessible storage devices and
their associated media such as optical media including CH/DVD ROM/RW (2420) with
CH/DVD or the like media (2421), thumb-drive (2422}, verovable hard drive or solid state drive

2423}, legacy miagnetic madia such as tape and floppy disc {not depicted), specialized

ROM/ASIC/PLD based devices such as secwrity dongles (not depicied), and the like.
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{02291 Those skolled in the art should also understand that term “computer readable
media”™ as used in connection with the presently disclosed subject matter does not encompass
trapsmission media, carter waves, or other transitory signals,

{8230]  Computer system {2400} can also include an interface o one or more
communication networks. Networks can for example be wireless, wireline, optical. Networks
can further be local, wide-area, metropolitan, vehicular and indusivial, real-time, delay-tolerant,
and so on. Examples of networks include local srea networks such as Ethernet, wireless LANS,
ceflular setworks to molude GSM, 3G, 4G, 5G, LTE and the Bike, TV wireline or wireless wide
area digital networks to include cable TV, satellite TV, and tervestrial broadeast TV, vehicular
and industrial to inclade CANBag, and so forth. Certain networks commonly reguire external
network interface adapters that attached to certain general parpose data ports or peripheral buses
{2449} (such as, for example USB ports of the computer system (24007, others are commonly
integrated mto the core of the computer system (2400 by atiachivent to g systen bus ag
described below (for example Ethernet interface into a PC computer system or cellular network
mterfsce into a smartphone computer system). Using any of these networks, computer svstem
{2400} can commumicate with other entities.  Such communication can be uni-directional, receive
only {for example, broadeast TV}, uni-directional send-only {(for example CANbus to certain
CANbus devices), or bi-directional, for example o other computer systems using local or wide
avea digital networks. Certain protocels and protocol stacks can be used on each of those
networks and network interfaces as deseribed above:

{0231}  Aforementioned human interface devices, human-aceessible storage devices, and
network interfaces can be atached o a core {2440) of the computer system (2400).

{02321 The core (2440} can include one or more Central Processing Units {CPUY (2441,
Graphics Processing Units {GPL) (2442), specialized programmable processing waits i the form
of Field Programmable Gate Areas (FPGAY (2443), bardware accelerators for certain tasks
{2444}, and so forth. These devices; along with Read-only memory {ROM) (2445), Random-
access memory {24463, intemnal mass storage such as internal non-user accesaible hard drives,
SSDs, and the like (3447), may be connected through a systern bus (24483 Tn some computer
systems, the system bus (2448) can be accessible in the form of one or more physical plugs to
enable extensitns by additional CPUs, GPU, and the Bke. The peripheral devices can be
attached either directly to the core’s system bus {244%), or through a peripheral bus {2449},

Architecturss for a peripheral bus include PCI, USB, and the like.
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{02331 CPLE(2441), GPUs (2442}, FPGAs (2443), and accelerators {2444 can execuse
certain instructions that, in combination, can make up the aforementioned computer code. That
computer code can be stored in ROM (2445 or RAM (24463, Transitional data can be glso he
stored in RAM {2446, whereas permanent data can be stored for example, in the internal mass
storage (3447}, Fast storage and retrieve 0 any of the memory devices can be enabled through
the nse of cache memory, that can be closely associated with one of more CPU (24413, GPU
{24423, mass storage (2447}, ROM (2445), RAM {2446), and the like.

{0234}  The computer readable medip can have compuier code thercon for performing
vartous computer-implemented operations. The media and computer code can be those specially
designed and constructed for the purposes of the present disclasure, or they can be of the kind
well known and avaifable to those having skill in the computer software arts.

{0235]  Asg an example and not by way of Himitation, the computer system having
architecture {2400}, snd specifically the core (2440) can provide functionality as s result of
processor(s} {including CPUSs, GPUSs, FPGA, accelerators, and the like) executing software
embodied in one or more langible, computer-readable media. Such computer-teadable media
can be media associated with user-accessible mass storage as introduced above, as well as certain
storage of the core (2440) that gre of non~transitory nature, such as core<internal mass storage
{2447} or ROM {2445}, The software implementing various embodiments of the present
disclosure can be stored in such devices and executed by core (2440). A computer-readable
medium can include one or more memory devices or chips, according to particular needs. The
software can cause the core (2440 and specifically the processors therein (including CPU, GPU,
FPGA, and the like) o execute particular processes or particular parts of particular processes
described herein, including defining data structures stored in RAM (24461 and modifying such
data structures aceording 1o the processes defined by the software. o addition of 45 an
alternative, the computer system can provide functionality as a result of logic hardwired or
otherwise embodied in a circult (for example: accelerator (2444)), which can operate in place of
or fogether with software 1o execute particular processes or particular parts of particular
processes described herein, Reference to software can encompass logic, and vice versa, where
appropriate, Refersnce to a computer-readable media can encompass a circuit (such as an
integrated circuit (1C)) storing software for execution, a cirenit embodying logic for execution, or
both, where appropriate. The present disclosure enconpasses any suitable combination of

hardware and software,
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Appendiz A: Acronyins
JEM joint exploration model
VYV versatile video coding
BMS: benchivadk set
MV Motion Vector
HEVC: High Efficiency Video Coding
SEL Supplememtary Enhancement Information
VLT Video Usability Information
GOPs: Groups of Pietures
TUs: Transform Units,
PUs: Prediction Units
CTUs: Coding Tree Units
CTBs: Coding Tree Blocks
PBs: Prediction Blocks
HRID: Hypothetical Reference Decoder
SNR: Signal Noise Ratio
CPUs: Central Processing Units
{PUs; Graphics Processing Units
CRT: Cathode Ray Tube
LOD: Liguid-Crysial Display
OLED: Organic Light-Emitting Diode
CD: Compact Dise
DV Digital Video Disc
ROM: Read-Only Memory
RAM: Raodont Access Memory
ASIC: Application-Specific Integrated Ciruit
PLD: Programmable Logic Devies

LAN: Logal Ares Netwark

GSM: Global System for Mobile communications

LTE: Long-Term BEvolution
CANBus: Controller Area Network Bus

LISE: Universal Serigl Bus

48
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PCL Peripheral Component Ingerconnect
FPGA: Field Programmable Gate Areas
SSD: solid-state drive
2 Integrated Circult
CLl Coding Unit

PCT/US2020/026578

[0236]  While this disclosure has described several exemplary embodiments,; there are

alterations, permutations, and various substinute equivalents, which fall within the scope nf the

disclosure, It will thus be appreciated that those skilled in the art will be able to devise mumerous

systens and methods which, although not explicitly shown or described herein, embeody the

principles of the disclosure and are thus within the spirit and scope thereof,

APPENDIN I

4x4 fransform

{64, 64, 64, 54)
183, 36,-36,-83)
(64, ~64,-64, 64}
{36,-83, 83,-36}

8x8 ransform

{ed, o4, b4, €4, 64, 64, 64, 64}
{89, 75, 50, 1§&,-18,-50,-75,-89
{83, 36,-36,-83,-83,-36, 36, 83}
{75,-18,-89,-50, 50, 89, 18,-75}
{cd,-64,-64, 4, 64,-064,-64, 64}
{50,-89, 18, 75,-75,-18, 89,-50}
{36,-83, 83,-36,-36, 83,-83, 3%}
{18, -5Q, 75,-88, 8&,-75, 50,-18}

16x16 transform
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{ aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, a8, #Y, AW, AR, 4, B8, AY, AR, 4a, 94, 48, AQ,
aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa,

aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa, aa }

{bf, bg, bh, bi, by, bk, bl bm, bn, bo, bp, bg, br, bs, bt, bu, bv, Inw, bx, by, bz, ca,
¢b, ce, od, ce, of cg, ch, of, ¢f, ok, ~ck, =g, ui, ~ch, ~cg, of, e, od, s, b, -ca, bz, by, -

bx, ~taw, <by, -bu, -bt, ~bs, -br, <byg, -bp, ~bo, -bn, -bm, -bl, -bk, -bj, -bi, -bh, -bg, -bf }

{ap, ag ar, a8, af, wy, |y, 4w, ax, ay, ax, ba, bb, be, bd, be, -be, -bd, -bc, -bb, -ba, -az, -
ay, -ax, -a8W, -RY, -’W, -al, -8, -ar, -aq, -ap, -ap, -84, a7, -as, -at, -an, -av, -aw, -gx, -ay, -az, -ba, -

bb, ~be, ~bd, <be, be, bd, be, bb, ba, az av, ax, aw, av, a4, at, as, ar, ag, ap |

{bg. bi, bm, bp, bs, by, by, ¢b, ¢o, oh, ck, i, <f ~ce, ~bz, -bw, ~bt, by, -bn, -bk, -bh, -bf,
b, -Bl, <bo, <br, bu, By, -ca, -od, ~og, ~6l, ¢, cgooed, cay bx, bu, by, bo, bl b, bf bh, bk

bn, bg, bt, bw, bz, co, of a ~ck, ~ch, ~ce, ~cb, by, -bv, by, ~bp, -bmy, by, ~bg }

{ ah, ai, aj, ak, al, am, an, ao, -ao, -an, -am, -al, -ak, -aj, -ai, -ah, -ah, -ai, -aj, -ak, -al, -am, -
an, -ao, ao, an, am, al, ak, aj, ai, ah, ah, ai, aj, ak, al, am, an, ao, -ao, -an, -am, -al, -ak, -

aj, -ai, -ah, -ah, -ai, -g, -ak, -al, -am -an, -a0, ac, an, am, al, ak, aj, ai, ah}

{ bh, bm, br, bw, ¢b, cg, ~ck, ~cf ~ca, -by, by, -bi, -bg, ~bi, -by, <bs, -bx, ~¢cc, ~ch, ¢, e, bz,
bu, bp, bk, bf, bj, bo, bt, by, cd, ci, -¢i, -cd, -by, -bt, -bo, -bj, -bf, -bk, -bp, -bu, -bz, -ce, -¢j,

ch, co, by, bs, bn, by, bg, bl bg, by, ca, of, <k, ~cg, ~cb, -bw, ~br, -bm, -bh }

{ag. at, aw, az, be, -be, -bb, «ay, -av, -as, -ap, -ar, -ay, -ax, -ba, -bd, bd, ba, ax, au, ar, ap,
as, av, ays bb, be, -be, <az. -aw, -at, -, -ag, -at-aw, -ax, <be, be, bb, ay, gv, as, ap, ar au,

ax, ba, bd, -bd, ~ba, ~ax_ -au, -ar, -ap, -as, -av, -ay, ~bb, ~be, be, ar, aw, af, ag}

{61, bp, bw, od, ¢k, -cg, ~bx, -bg, ~bj, -bh, ~-bo, -bv, ~c¢, -ci, of, by, br, bk, bg, bn, bu, ¢b,
ci, -ug, -bz, <bs, -bl -bf, <bm, <bt, ~ca;~ch, ob, ca, b, bm, b bl bs, bz, ¢g, ~ci, -cb, <bu, ~bn,
-bg, bk, -br, by, -of, ¢f, ¢c. by, bo, bh, by, by, bx, ce, -ck, ~cd, -bw, -bp, b }
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{ad, ae, af, ag, -ag, -af, -ae, -ad, -ad, -ae, -af, -ag, ag. &f, a2, ad, ad, e, af, ag, -ag, -af, -
ae, -ad, -ad, -ae, -af, -ag, ag, af. ae, ad, ad, ae, af, ag, -ag, -af. -ae, -ad, -ad, -ae, -af, -ag, ag,

af, ae, ad, ad, ae, af, ag, -ag, -af, -ae, -ad, -ad, -ae, -af, -ag, ag, af, ae, ad }

{ bi, bs, ¢b, ck, ~ee, -bt, -bk, -bi, -br, -ca, ~¢c}, od, bu, bl, bh, bg, bz, ci, -ce, by, -bm, -bg, -
bp, -by, ~ch, of bw, bn, b bo, by, cg, -¢g, -bx, -bo, -bE by, -bw, «cf, ¢h, by, bp, bg, bm,
by, ce, -ui, bz, by, -bh, bl b, ed, ¢f, wa, br, bi, bk, bt, cc, -ck, -cb, -bs, -bj }

{ar; aw, bb, <bd, -ay, ~al, -ap, -aq, ~a%, -be, ba, av, aq, as, ax, bc, -be, -ax, -as. -aq, -av, -ba,
be, az, aw, ap, at, ay, bd, -bb, -aw, -ar, -ar, -aw, -bb, bd, ay, at, ap, au, az, be, -ba, -av, -aq,

-as, ~-ax, ~be, be, ax, as, ag, av, ba, ~be, -az, -aw, -ap, -af, -ay, bd, bb, aw, ar}

{ bk, by, cg, ~ce, -bt, <bi, -bm, -bx, ~¢1, ¢o, br, bg, ba, br, ok, ~ca, -bp. ~bf, -by, ~cb, ¢f. by,
by, bl bs, od, -ch, <bw, -bl, -bi, -bu, -of, ¢f by, by, bl bw, ch, «cd, -bs, Jbh, -bn, ~by, i,

¢b, by, bf, bp, ¢, -ck, -bz, -bo, -bg, -br, ~ce, e, by, bm, bi, b, ce ~cg by, bk}

{ ai, al, ao, -am, -aj, -ah, -ak, -an, an, ak, ah, aj, am, -ao, -al, -ai, -ai, -al, -ao, am, aj, ah,
ak, an, -an, -ak, -ah, -aj, -am, ao, al, ai, ai, al, ao,-am, -aj, -ah, -ak, -an, an, ak, ah, aj, am,

-aQ, -al, -ai, -ai, -al, -a0, am, aj, ah, ak, an, -an, -ak, -ah, -aj, -am, ao, al, ai }

{ bl by, -ck, by, -bk, ~boy, -be, ¢, bw, bj, bn, ea, -¢i, -bv, b, ~bo, -cb, ¢h, bu, bh, bp, cc,
-cg, -bt, -bg, -bq, -cd, cf, bs, bf, br, ce, -ce, -br, ~bf, -bs, ~cf, od, by, be, bt, cg ~co, -hp, by,
-bu, -ch, cb, bo, bi, bv, ci, -ca, -bn, -bj, -bw, -¢j, bz, bm, bk, bx, ¢k, by, -bl}

{as, az, -bd. -aw, -ap, -av, -be, ba, at, ar, ay, -be, -ax, -aq, -au, -bb, bb, au, aq, ax, be, -ay,
-ar, -at, -ba, be, av, ap, aw, bd, -az -as, -as, -az, bd, aw, ap. av, be, -ba, -at, -ax, -ay, be,

ax, aq, au, bb,-bb, -au, -aq, -ax, -be, ay, ar, at, ba, -be, -av, -ap, ~aw, -bd, az as}

{bm, cb, -cf, -bq, -bi, -bx, cj, bu, bf, bt, ci, -by, ~bj, -bp, ~ce, ¢c, by, bl, ca, g, -br, b, -
bw, ¢k, bv, by, bs, ch, -bz, -bk, -bo, <d, wd, Do, bk, bz, ~ch, -bs, -bg, -bv, <k, bw, bh, by,
og, ~ca, ~bl -bn,-ce, ¢, bp, by, by, o, bt, <bE sbu.-¢), by, b, by, ¢ ~ch, -bm}
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{ ab, ac, -ac, -ab, -ab, -ac, ac, ab, ab, ac, -ac, -ab, -ab, -a¢, ag, ab, ab, ac¢, -ac, -ab, -ab, -ac,
ac, ab, ab, ac, -ac, -ab, -ab, -ac, ac, ab, ab, ac, -ac, -ab, -ab, -ac, ac, ab, ab, ac, -ac, -ab, -ab,

-ac, ac, ab, ab, ac, -ac, -ab, -ab, -ac, ac, ab, ab, ac, -ac, -ab, -ab, -ac, ac, ab}

{bn, e, -va, B, -br, i, bw, bf| bv, -ci, -bs, -4, bz, of) bo, bon, od, -cb, -bk, -bg, ~ch, bx,
be, by, ~ck, -bt, -bh, by, ¢g, bp, bl cc, =g, bl ~bp, ~cg, by, bh, bt ¢k, -bu, -bg, <bx, ¢h,

bg, bk, b, -cd, -bm, <bo, -¢f, bz, bi, bs, ¢, ~by, -bf, -bw, i, br, bj. ca, -ce, -ba}

{at, be, -ay, -ap, ~ax, bd, au, as, bb, -az, -aq, -aw, be, av, ar, ba, -ba, -ar, -av, -be, aw, aq,
az, -bly, -as -an, -bd, ax, ap, ay, -be, -at -at, -be, ay, ap, ax, -bd, -ay, -as, -bb, sz, ag, aw,-

be, -av, -ar, -ba, ba, ar, av, be, -aw, -ag, -az, bb, as, su, bd, -ax, -ap, -ay, be, at}

{ b, chy, by, ~bh, ~ea, e, bj, by, -¢f, by, -bm, ~cf, bx, bf by, ~ce, b, -br, <k, bs, bk, od, ~
bz, -by, -bw_ og, bn, bp, i, -by, -bi, b, cby, b, bu, -ci, -bp, ~bm, -cg. bw, bg, bz, -cd, -bk, -~

bs, ok, br, bl ce, by, -bE -bx, el bm, bg, ¢f, -bt, ~by, e, ea. bh, by ~ch, “bo }

{ aj, ao, -ak, -ai, -an, al, ah, am, -am, -ah, -al, an, ai, ak, -ao, -aj, -aj, -ao, ak, ai, an, -al, -
ah, -am, am, ah, al, -an, -ai, -ak, ao, aj, aj, ao, -ak, -ai, -an, al, ah, am, -am, -ah, -al, an, ai,

ak, -ao, -aj, -aj, -a0, ak, ai, an, -al, -ah, -am, am, ah, al, -an, -ai, -2k, ao, aj }

{ bp, ¢k, -bg, -bo, ~cj, br, ba, of, -bs, -bm, -ch, by, bl, cy by, -bk, -cf, by, b, ce, -bw, -bi, -
cd, bx, bh, cc, -by, -bg, -cb, bz, bf, ca, -ca, -bf, -bz, ¢b, bg, by, -c¢, bl -bx, od, bi, bw, -

ce, ~bj, -bv, of, bk, bu, ~cg, -bl, b, ch, b, bs,-ci, -bn, ~br, ¢f, be, bg, ~ck, -bp }

{au, -be, -at, -av, bd, as, aw, -be, -ar, -ax, bb, ag, ay, -ba, -ap.-az, az, ap, ba, -ay, -aq, -bb,
ax, an, be, ~aw, -as, -bd, av, at, be, gy, -an, be, at av, -bd, -as, saw, be, s, ax, -bb,-ag, Ay,

ba, ap, az, -az, -ap, -ba, ay, aq, bb, -ax, ~-ar, -be, aw, as, bd, ~av, -at, -be, au !

{ by, ~cl, -bl, <bv, od, by, ca, -by, -bi, ~cf, bi, bu, ck, -bo, -bs, cg b, bx, b, -bf, ~cc, bw,
bk, ¢h, -br, -bp, ¢f, bm, bu, -ce, -bh, Dbz, bz, bh, ce, by, -bm, ~¢j, bp. br,-ch, -bk, b, e,
bf, ¢b, -bx, -bi, -cg, bs, bo, ok, -bn -bt, of bL, by -ca, -bg, -od, by, Bl o -bg )
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{ ae, -ag, -ad, -af, af, ad, ag, -ae, -ae, ag, ad, af_ -af, ~ad, <ag, se, ag, -ag, -ad, -af, af, ad,
ag, -ae, -ae, ag, ad, af, -af, -ad, -ag, ae, ae, -ag, -ad, -af, af, ad, ag, -ae, -ae, ag, ad, af -af -

ad, -ag, ae, ae, -ag, -ad, -af, af, ad, ag, -ae, -ae, ag, ad, af -af, -ad, -ag, ae}

{br, ~of, -bg, ~ce, bu, bo, -ui, ~b, ~be, bx, bl, ck, -bm, bw, ca, W, ch, -bp, -bt, cd, bf ce, -
bs, ~bg, ¢z bh, ¢b, by, <bn, ¢f, bk, by, -by, -bk, -¢j. bn, by, ~cb, -bh, ~cg, bg, bs, -ce, -bE -

ed, bt, bp, -ch, -bi, ~ca, bw, bm, ¢k, -bl, -bx, bz, b, o, ~bo, -bu, oo, bg, of ~br}

{ av, -bh, -ap, -be, au, aw, -ba, -aq, -bd, a, ax, -az, -ar, -be, as, ay, -ay, -as, be, ar, az, -ax,
-at, bd, aq. ba, -aw, -au, be, ap, bb, -av -av, bb, ap, be, -au, -aw, ba, ag, bd, -at, -ax, az

ar, be, ~as, -ay, ay, as, ~be, ~ar, -2z, ax, af, -bd, «aq, ba, aw, an, -be, -ap, -bb, av}

{ bs, «ce, ~bi, ~¢i, bl, bz, -bv, <bp, ¢f, bl cg -bo, bw, by, bm, ~ci, -bh, ~cd, br, bi, -¢b, -by, -
ck, bk, ca. -bu, -bg, ce. bg. ch, -bm, -bx, by, bn, ~¢ch, -bg, «ce, bg, by, -ca, -bk, ¢k, b, cb, -

bt, -br, ed, bh, of, -bm, -by, bw, bo, -cg, -bE ¢l bp, by, -bz bl o, b, co s}

{ ak, -am, -ai, ao, ah, an, -aj, -al, al, aj, -an, -ah, -ao, ai, am, -ak, -ak, am, ai, -ao, -ah, -an,
aj, al, -al, -aj, an, ah, ao, -ai, -am, ak, ak -am, -ai, ao, ah, an, -aj, -al, al, aj, -an, -ah, -ao,

ai, am, -ak, -ak, am, ai, -ao, -ah, -an, aj, al, -al, -aj, an, ah, ao, -ai, -am, ak}

{ bt, -bz, -bn, cf, bh, ck, -bi, -ce, bo, by, -bu, -bs, ca, bm, -cg, -bg, ~¢j, bi, ed, -bp, -bx, by,
br, -cb, -bl, ch, bf, ci, -bk, -cc, bg, bw, -bw, -bq, cc, bk, -ci, -bf, -ch, bl, ¢b, -br, -bv, bx, bp,

~od, -bi, ¢f, be. cg, ~bm, ~ca, by, bu, -by, -bo, e, by, ~ck, bl -of, bn, bz, W}

{ aw, -ay, -an, ba, as, -be, -aq, be, ap, bd, -ar, -bb, at, az, -av, -ax, ax, av, -az, -at, bb, ar, -
bd, -ap, -be, ag, be, -as, -ba, aw, ay, -aw, -aw, ay, aw, -ba, -as, be, ag, -be, -ap, -bd, ar, bb, -

al, ~a7, av, ax, -ax, -av, az, at -bb, -ar, bd, ap, be, -aq, ~be, as, ba, -au, -av, aw }

{ by, -bw, -bs, by, bg, ~ca, -bo, cc, bm, ~ce, -bk, cg. bi. -ci, ~bg, ¢k, bf, ¢f. -bh, ~ch, b, ¢f
-bi, -cd, ba, eby, -bp, ~bz, br, bx, -bt, -bv, by, bt, -bx, -, bz, bp, b, -bn, od, bl ~¢f by, chy
bh, -¢j, -bf} ¢k, bg. cf, -bi, -og, bk, ee, -bm, ~e¢, bo, ca, -bq, -by, bs, bw, -bu }
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{ aa, -aa, -aa, aa, aa, -aa, -aa, aa, aa, -aa, -aa, 84, a4, -84, -3, 94, a4, -84, -3, 84, A, -88, -
aa, aa, aa, -aa, -aa, aa, aa, -aa, -aa, aa, aa, -aa, -aa, aa, aa, -aa, -aa, aa, aa, -aa, -aa, aa, aa, -

aa, -aa, aa, aa, -aa, -aa, aa, aa, -aa, -aa, aa, aa, -aa, -aa, aa, aa, -aa, -aa, aa }

{by, -be, -bx, br, bz, -bp, b, ba, od, -bl cf) by, ch, -bh, -¢j, bf ¢k, -bg, ¢i, bi, -cg, -bk,
¢e, bm, ~ce, -bo, ¢a, by, -by, -hs, bw, bu, -bu, ~bw, bhs, by, -bq, ~ca, bo, ce, -bm, —ce, bk, cg
-bi, -ci, bg, ck, -bf, ¢j, bh, -ch, -bj, cf, bl, -cd, ~bny, ¢b, bp, -bz, -br, bx, bt <bv }

{ ax, -av, -a%, af, bb, -av, -bd, ap, -be, -aq, be, as, -ba, -au, ay, aw, -aw, -ay, au, ba, -as, -bc,
aq, be, -ap, bd, ar, -bb, -ay, az av, -ax, -ax, av, az -at, -bb, ar, bd, -ap, be, aq, -be, -as, ba,

at, -ay, ~aw, aw,” ay, -au, <ba, as, be,wag, -be, ap, +bd; sar, bb, at, -a¥,; -av, ax}

{bw, <bg, -ce, bk, of, -bf, ¢cl, bl, «cb, br, by, bx, -bp, ~cd, bi, ¢i. -bg, cug. bm, ~ca, -bs, by,
by, -bo, ~ce, bi, ok, -bh, of bn, -bz -bt, by, bz, b, -of, bh -ck, -bi, ce, bo, ~by. -bu, by, ca,

-hm, ~eg, be, ¢l bj, ody by, by, -bv br, eb, Wbl oy B, -on -bk, ec, bg, b}

{ al, -aj, -an, ah, -ao, -ai, am, ak, -ak, -am, ai, ao, -ah, an, aj, -al, -al, aj, an, -ah, ao, ai, -
am, -ak, ak, am, -ai, -ao, ah, -an, -aj, al, al, -aj, -an, ah, -ao, -ai, am, ak, -ak, -am, ai, ao, -

ah, an, aj, -al, -al, aj, an, -ah, ao, ai, -am, -ak, ak, am, -ai, -ao, ah, -an, -a;, al }

{ by, -bn, ~ch, by, ~ce, -bg, bu, ca, bk, ~ck, bj, «b, -bt, br, ¢d, -bh, ci, bm, -by, -bw, bo,
cg, -bf, cf, bp, -bv, -bz, bl, ¢j, -bi, cc, bs, -bs, -cc, bi, -¢j, -bl, bz, bv, -bp, -cf, bf, -cg, -bo,

b, by, -bin, ~ei, Bl -ed, -br, bt ol by, ok, bk, <ca,-bu, bg, cg, -bg, by, by, -bx }

{ay, -as, -be, ar, -az, -ax, at, bd, -aq, ba, aw, ~au, -be, ap, -bb, -av, av, bb, -ap, be, au, -aw,
-ba, aq. -bd, -at, ax, az, -ar, be, as, -ny, -ay, 85, be, -ar, az ax, -at, -bd, ag, -ba, ;aw, au, be,

-ap. bh, av, -av, -bb, ap, -be, -au, aw, ba, -aq, bd, at, -ax, -az, ar, -be, -as, ay |

{ by, -bk, ¢f. bn, ~bv, b, bh, -cg, b, bs, e, -bf, ¢d, bt, -bp, -ch, bi, «a, ~bw, bm, ¢k, bl
bx, bz, -bj, ¢i, bo, -bu, -ce, by, «of, b, br, of <bg, cc, b, -bo, ~ci. by, -bz, by, b, -ck, -bm,

bw, ca, ~bi, ¢h, bp, -bt, ~ed, bf -ce. -bs, by, cg, -bh, b, by, -bn -¢j, bk, by }
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{af -ad, ag, ae, -ae, -ag, ad, -af, -af, ad, -ag, -ae, a¢, ag, -ad, af, af <ad, ag. as, -ae, -ag,
ad, -af, -af, ad, -ag. -ae, ae, ag, -ad, af, af, -ad, ag, ae, -ae, -ag, ad, -af, -af, ad, -ag, -ae, ae,

ag, -ad, af, af, -ad, ag, ae, -ae, -ag, ad, -af, -af, ad, -ag, -ae, ae, ag, -ad, af}

{ bz, -bh, ce, bu, -bm, <, bp, <br, ~ch, bk, -bw, -cc, bf, ~cb, -bx, bj, -cg, -bs, bo, ck, -bn, by,
ef, <bi, by, ca, b od, by, bl cl, by, -by, ¢t bl, -bv, <od, bg ~ca, by, b, ~of -bt, b, <k, -
bo, bs, cg, ~bj, bx, by, -bf, co, bw, bk, o, by, -bp, ~ci, ban, ~bu, -ce, bh, bz }

{ &z, -ap, ba, ay,-aq, bb, ax, -ar, be, aw, -a3, bd, av, -at, be, au, -au, -be, at, -av, -bd, as, -
aw, -bec, ar, -ax, -bb, aqg, -ay, -ba, ap, -az, -az, ap, -ba, -3y, ag, -bh, -ax, ay, -be, -aw, as, -bd, -

av, af, -be, -an, au, be, -at, av, bd, -as, aw, b, -ar, ax, bb, -aq, ay, ba, -ap, ar }

{ca, «bf bz, ch.-bg, by, co, -bh, bx, ¢d, -bi, bw, ce ~bj, by, of bk, bu, cg, -bl, bt ¢h, ~
bm, bs, ci, -bn, br, ¢f, -bo, by, ok, -bp, bp, «ck, -bg, bo, ~¢y, -br, bn, ~¢i, ~bs, b, -chy, bt b,

-cg, -bu, bk, -cf, by, b, ~ce, -bw, bi, -ed, -bx, bh, -cc, by, bg, -¢h, -bz, bf, ~ta }

{am, -ah, al, an, -a1, ak, ao, -aj, aj, -ao, -ak, ai, -an, -al, ah, -am, -am, ah, -al, -an, ai, -ak, -
ao, aj, -aj, ao, ak, -ai, an, al, -ah, am, am, -ah, al, an, -ai, ak, ao, -aj, aj, -ao, -ak, ai, -an, -

al, ah, -am, -am, ah, -al, -an, ai, -ak -a0, aj, -3}, aq, ak, -ai, an, al, -ah, am}

{ch, -bi, bu, ci, -bp, bn, -cg, ~bw, by, bz, ~ed, bk, -bs, -ck, br,-bl, ce, by, -bf bx, of -bm,
bq, -¢j, -bt, bj, -cc, -ca, bh, -bv, -ch, bo, -bo, ch, bv, -bh, ca, cc, -bj, bt, ¢}, -bg, bm, -cf, -bx,

bf, -by, ~ce, B, b, ok, bs, bk, od, bz, -bg, taw, cg ba, bp, -ci, -bu, bi, b}

{ ba, -ar, av,-be, -aw, aq, -az, -bly, as, -au, bd, ax, -ap, ay, be -at, at; -be, -ay, ap, -ax, -bd,
au, -as, bb, az, -aq, aw, be -av, ar, -ba, -ba, ar, -av, be, aw, -aq, az, bb, -ss, au, -bd, -ax,
ap, -8y, ~boy at, -at, be, ay, -ap, ax, bd, ~an, as, -bb, -z, ag, -aw, b, av, -ar, ba

fee, <bl by, ~cg, by, bh, -bt, ¢k, by, -bg, bx, ¢h, -by, bk, b, -cd, bin,-bo, cf bz, -bi, bs,
-ci, -bv, b, -bw, -ci, by, -bj, ca, ce, -bn, bn, ~ce, ~ca, b, -br, of, bw, bf by, ¢, -bs, by, bz, -

of, bo,-bm, ed, cb,-bk, bg, ~ch, -bx, ba by, ok, bt bk, by, cg -bp, bl o}
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{ ac, -ab, ab, -ac, -ac, ab, -ab, ac, ac, -ab, ab, -ac, -s¢, sh, -ab, ac, uc¢, -ab, ab, -ac, -ag, ab, -
ab, ac, ac, -ab, ab, -ac, -ac, ab, -ab, ac, ac, -ab, ab, -ac, -ac, ab, -ab, ac, ac, -ab, ab, -ac, -ac,

ab, -ab, ac, ac, -ab, ab, -ac, -ac, ab, -ab, ac, ac, -ab, ab, -ac, -ac, ab, -ab, ac }

{ed, -bo, bk, -bz, -chy, bs, -bg, by, ¢k, -bw, bh, -br, cg, ca, -bl, bn, -cc, -ce, bp, -bi, by, &
-bt, bf, -bo, ¢}, bx, -bi, bg, ~of -cb, bm, -bm, ¢b, of ~bg, bi <bx, -, bu, bf, bt -ci, -by, bi,

-bp, e, co,-bn, bl -ca, ~cg, br, -bh, bw, ¢k -bv, bg, -bs, b, be, bk, bo, -ed }

{bb, -au, aq, -ax, be, ay, -ar, at, -ba, -bc, av, -ap, aw, -bd, -az, as, -as, az, bd, -aw, ap, -av,
b, ba, -at, ar, -ay, -be, ax, -ag, sy, -bb, -bb, an, -aq, ax, -be, -ay, s, -at, ba, be, -av, ap, -

aw, bd, az -as, 85, -az, ~bd, aw, -ap, av, -be, -ba, af, -ar, ay, be, -ax, ag, -au, bb}

{ce, <br, bf -bs, of ¢d, -bg, by bt cg, ¢p, -bp, bh, -bu, c¢h, ¢cb, -bo, i, -bv, oi, ¢g, -bn,
by, ~bw, ¢, be -bm, bk, -bx, ok, by, -bl, bl by, ~ck, bx, -bk, bm, ~bz, ¢, bw, -bi, by, ~ca, ~

ci, bv, -bi, bo, -cb, -ch, bu, -bh, bp, -cc, -cg, bt ~bg, by, -ed, «¢f, by, -bf br -ce }

{ an, -ak, ah, -aj, am, ao, -al, ai, -ai, al, -ao, -am, aj, -ah, ak, -an, -an, ak, -ah, aj, -am, -ao,
al, -ai, ai, -al, ao, am, -aj, ah, -ak, an, an, -ak, ah, -aj, am, ao, -al, ai, -ai, al, -a0, -am, aj, -

ah, ak, -an,-an, gk, -ah, aj, -am, -ao, al, -ai, ai, -al, ae, am, -aj. ah, -ak, an}

{cf, -bu, b, -bl, bw, ~«ch, -cd, bs, -bh, b, by, cj, ¢b, -bq, bf, -bp, ca, ck, -be, bo, -by, br,
-cc, -ci, bx, -bm, bi, -bt, ce, cg, -bv, bk, -bk, bv, -cg, -ce, bt, -bi, bm, -bx, ¢, cc, -br, bg, -

by, bz, -k, -va, bp, -bf, bq, ~cby, -¢f, by, -tm, bh, by, od, ob, <bw, bl by, bu, «cf}

{be, -ax, as,-aq. av, -ba, ~be, az, -au, ap, -at, ay, -bd, -bb, aw, -ar, ar, -aw, bhy, bd, -ay, at,
-ap, ‘au, -az, be, ba, ~av, ag, -as, ax, -be, -be, ax, -as, ag, -av, ba, be, sz, su, -ap, af, -ay,

bd, bb,«aw, ar, -ar, aw, -bb, -bd, av, -8, ap, -au, ax, -be, -ba, av, waq, as, -, bo}

{Ck—

8. -bx, bo, -bf, bn, -bw, of, ch, -by, bp, -bg, bu, by, ce, ¢, b, by, -bh, bl -by, «d, ¢,
-ca, br, -bi, bk, -bt, co, ok, -cb, bs, -bj, b, -bs, b, -ck, -co, b, bk, bi, by, ca, -cf, ~cd, bu, -
bi, bh, -bg, bz, ~ci, -ce, by, -bm, bg, <bp, by, -ch, <f, bw, -br, bf -bo, bx -cg}
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{ag, -af, ae, -ad, ad, -ae, af, -ag, -ag, af -ae, ad, -ad, ae, -8f, ag, ay, -«af &, -ad, ad, -ag,
af, -ag, -ag, af, -ae, ad, -ad, ae, -af, ag, ag, -af, ae, -ad, ad, -ae, af, -ag, -ag, af, -ae, ad, -ad,

ae, -af, ag, ag, -af, ae, -ad, ad, -ae, af, -ag, -ag, af, -ae, ad, -ad, ae, -af, ag }

{ch, ~ca, by, -bm, b, -bl, bs, bz, cg, ci, -ch, bu, -bn, by, bk, br, -by, of, ¢, -ee, by, -bo,
bh, bl bg, -bx, ce, ck, ~cd, bw, -bp, bi, -bi, bp, bw, od, -k, -ce, by, sbyg, bi, -bh, bo, by,
cc, -cj, -cf, by, -br, bk, -bg, bn, -bu, cb, -ci, -cg, bz, -bs, b, -bE bwm, -dbt, ¢a, ~ch}

£bd, -ba, ax, -au, ar, -ap, as,-av, ay, -bb, be, be, -az, aw, -at, aq, -aq, at, -aw, az, -bc, -be,
bb, -ay, ay, -as, ap, -ar, aw, -ax, ba, -bd, -bd, ba, ~ax, an, -ar, ap, -as, av, -ayv, bb, -be, -be,

az, ~aw, at, -aq, agq, -at, aw, -az, be, be, ~bb, ay, -av, as, -ap, ar, -au, ax, -ba, bd }

{¢t, «ed, by, <bt, bo, «bj, bf, bk, bp, -bu, bz, -ce, ¢f, ch, ¢, bx, ~bs, ba, -bi, bg, -bl, by, -
by, ca, -cf, ¢k, cg, -cb, bw, -br, boy, -bh, bh, -bm, br, -bw, by, -cg. -k, of, ~ca, by, -bg, bl -

be, by, -bn, bs, -bx, ce, ~ch, -y, ce, bz, bu, -bp, bk, -bf, by, -bo, bt by, ed e}

{ a0, -an, am, -al, ak, -aj, ai, -ah, ah, -ai, aj, -ak, al, -am, an, -ao, -ao, an, -am, al, -ak, aj, -
ai, ah, -ah, ai, -aj, ak, -al, am, -an, ao, ao, -an, am, -al, ak, -aj, ai, -ah, ah, -ai, aj, -ak, al, -

am, an, -a0, -a0, an, -am, al, -ak, aj, -ai, ah, -ah, ai, -aj, ak, -al, am, -an, a¢}

{ ¢, ~cg, od, ~ca, bx, ~bu, br, -bo, bl -bi, bf -bh, bk, ~bm, byg, -bt, bw, bz, cg, -cf, ¢i, ¢k, ~
ch, ce, ~cb, by, ~bv, bs -bp, bm, ~bji, bg -bg, bj, ~bm, bp, -bs, by, -by, ¢bh, ~ce, ch, -k, -¢i,
cf, -cc, bz, -bw, bt, -bq, bn, -bk, bh, -bf, bi, -bl, bo, -br, bu, -bx, ca ~d, ¢g v}

{be, -bd, be, -bb, ba, -az, ay, -ax, aw,-av, au, -al, as, -ar, aq, -ap, ap, -ay. ar, -as, af, Ay,
#v, -aw, ®X, -ay, az, -ba, bb, -be, bd, -be, -be, bd, -be, bb, -ba, az -ay, ax, -aw, av, -au 8t -

AS. BT, -2, ap, -ap, 8, ~ary as, 8L A, -av, AW, -ax, 9y, a2, ba, <bh, b, <bd, be }

fck, «f, ¢, ~ch, cg, ~cf, ce, ~cd, ¢c, b, ca, bz, by, -bx, bw, -by, bu, -bt, bs, -br, by, -bp,

bo, ~bn, bin, -bl, bk, -y, bi, -bh, bg, -bfl bf -bg, bh, -bi, bi, bk, bl b ba. -bo, bp, ~bq,

&

br, -bs, bt, -bho, by, -bw, by, -by, bz, ~ca, ¢b, =cc, ¢d, -¢e, of -cg ¢by, -o, o, ¢k}

}
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where

i ag, ab, ac, ad, ae, af, ag, ah, ai, af, ak, al, amy, an, a0, ap, ag, %, as, 8i, au, 9v, aw, ax, av, az, ba,
bb, be. bd, be, bf, ba, bh, by, by, bk, bl, bm, bry, bo, bp, b, br, bs, bt, bu, by, bw, bx, by, bz, ca,

¢h, ce, od, oe, of, cg, ch, ol g, ek} =

(64,83.36,89,75,50,18.90.87,80,70,57.43 25,9,90,90,88,85,82,78,73.67.61,54,46,38,31,22,13,4,9
1.90,90,90, 88 87 86,84 83 81,79.77,73, 71,6968 62,59,56, 32 48 44413733 28 24.20,15,11,7.3}
APPENDIXN IH

4-point DST-7
{ab e d}
% ¢ G, 05 'C}
{da-g, bt

3\ b$ _d’r. L-a )f\

where {a, b, ¢, d} = { 29, 35, 74, 84}

8-point DST-T:
{a booodoe £g h}

& f- h' €, b.’: ~q, "d,.\ _g!}

i,

e, g bo-c -k od, g £}

&

‘g? [ER -ds "fa &, h: bw '_e‘v}

et

B, -a,~g, b, [ -c e, d}

s

{ i} -2 -8, g 'da “bj -h> 'c.\}

d,-h, e, -8, -¢, g - b,}

g,

{b-d £ by ogoe ooa)
where {a, boo,d o £ g b} = { 17,32, 46,60, 71, 78, 85, 86}
16-point DST-7

faboe doe £ g bod 4k Lomon, oo, pd

¢, £ ivh oo Ly f €0 - L« -0}

o,

e, 1. o m, hy oo, b, g ol ep, -k, a0 d, 1, 0

e,

% g B L ¢ ""b? hi,ﬂ- - -»_§.= - d’? ks 2y h\ g, hf?.- “n‘}:}
Paoa, £ -l =, £ oo 4, 8406, ¢, 1}
{ k? k7 07 -kv _k> O: kw k: 0; -kr _k> O: kr k: Op ”k;:§
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m, g, 'f: -0, R, }9 h =€, =G, "’h, k, L *d: U W }3

i,

Q, C,"‘L "f; i:: L “f» ”g\s €0 0O, (}:\ Q. ~Cy i) fﬁ "ii}

e,

Pod -0, by onpeeem, d, Lee k) ) -g of R

P

B, e, -1, §, d, -0, &, m,~f b, k o -p b, Leg]
Lot =¢, o,~f-f o ~c. -, |, O.-L & co-0, £}

i,

i,

L-myoeogeep Bodoen, b ac-k L-bosh, oo-e

i,

hr: ~§, 1‘ -], ~& 0, '”js bs f\ i, k: SN {1 "Ip d*\;

s,

§ 64 o, 6 o0+ 0,4, £ O, Lo, 4 -0}
£, -h, Lep, m, -1, e,-a,-¢, gk, o,-n j.-f b}

Uho-d, €50, 1 -4 n-pooo-my k-1, g0, ©-a)

whereda, b,¢, d, ¢, £

e h ik Lm0 ph=19 17 25 33,41, 49, 56,62, 66, 72, 77. 81, 83,
87, 89, 90}

*

32-;193;1{‘ DTS

fa boe de Dogohy Lk Ly n, o, pog &0 Lw v w % vz A B CHD,
E, {{,,}

Peo, £ L Lo nwx, A, DD FC 2 w0 0 k hoe b g, ~do o) -, =P, -8 -¥, -y,
B, E

fe,hbo, Ly, D.Dow o4, 8 008 -1 0,42y, D <D, -y -0, 45,76, 0, &, 40 o b
v Dy

oy, B, D, weoopo b b -h-g, o -F <y, on okosd o) Lo 3 B A o £oea b, -
o, v, 0,4

ALk b -y cE v em, -d e, 0w FLox oo £ e -h u-Dy -z, g0 -hy sy

I8 By

Ek v, B oy, g, -abew SE -t - b,om, x, D) os, B, en, ey, -Clen g dio, 2, B, og f -
e, -p, -A,}

{m, z,z,m 0,-m,-z,-z-m O m, 2 z m, 0,-m,-z-z-m 0, m, z z m, 0,-m,-z -
z,-m, 0, m, 2.}

o, B e -h-visvoqoe t. Do 0,-0.-D,te Ly, v, ].-e,-t,-D,-0, 0, 0, D, t, e, -
bk

{4 'E? oL A8, 2k L w v B e, LG s oo Fepsoas 1 B oy ed qu-A
4 &
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Cs. A, Bk -Dap, o0 vo X, e <Foam, §owyou, boego 0w, 1 B, nea ot -z, LOE,

o, -, ~w,}

fow, boesoovsd, g AL -0 -0 <h my B, G-k -F AL 4 Dyony g -Boep, 802, 1 -0,
“t,o8 v

Cw, 8,-d -A, -0, I B, k-L-D, -z, p, 5 oostoev, 8,0%, -6, -8B, -n, i, F,§,-01,-C, +f, q,
v, b,-ud

Loy, o0+, "D et L8, -0, -1, 0y, Biey,-0, 5, Dye, -t -t e, D, j,-0,-y, 0, v, 0,4, -D,
-, bt

SA kp,v, e B Do 1B, a-z -l o woed -Beg ton - -0 b,y myen s, e
D, ho-s}

PO g ovomn, 00,4098, a, D fww,am, p, t--A, b EL e -x -l g, 8,4, -2

4 3

¢ F,odo~
Y. —k, r}

{ E.o-Boof ywodoovslosooo-pon iy % g Ac-d Dy g, b, -Cloeel 2, how ok
t, 0, -,

{FoaoE, b Do <Cod, Boe AL 2ogove Boxosbow, |k L emees, 0y o1-
0, ~q, P}

{ D2y, §o L-0,00, t,-vi-e, D, 05D, e vidhoot 0, 0,4+, v, 6 oD, 0, De ey,
t -0}

 Boeds t j, “Aga, Oyt g ko= <b, D, -g -u, p, 4=y, -, E,-f -v, o, m,-x,-d, F, -
& W, N,

{goemy -, 2 0,2, my m, -2, 0, zo-m-m, oz, 0,-z m, m,-z, 0, z,-m,-m, z, 0,-z, m,
m, -z, 0, z, -m,}

Cxo-g-g B, A-eo-ug f d B, my koD, £ v swoay vopchy FoA o, 20, v
e, -, L}

Pov,=uc-a wo-tb, X -8, -0, v, ro-d, 2, -q0-0 AL -p, - B-oo-p, Coon, by DSl E, L
-1 Fo<k}

Sty e 0,-D0 1 5-D, 0, ey, 6 0,4t v se, 0, Do A, Do, e vt O, 1wy, 8 0 -

-0 kogoye vordion, Foeooegn-z By §0-B, 8 -8, -q0 DosLof xoow, e B py by
-t, A, -1}

{p.-Fogo-ac-0, B o b, oD, s o-ooom, G-t d, L-BLow-e -k, Alsv, f) 4 -2 w-e -

¥ou¥, B
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=B, w, -1, -8, 8, -F, r,-d- x0 =& m, a0, Co b, £ B g0 ¢, kv, 2.-1 -b,op.-
D, 1, 2.}

fL-x,C g ¢ g-5 E-v, L b-n, g -4, o/-¢ - u-F, t,-h -4, p.-B, v,=m, a_k -w,
Do, £

Cf-t, Doy, oo-ei-e o,-y, -1 1, 0,4, t,-D, y,-0, e, e,-0, v,-D, .-, 0, j,-t, D, -y,
O, et

fho-p x-F, voeq do-ao-g, o0-w, Eoeronosho b £ oy v -0 AL s, koo, my, g O -8,
t,-L d,}

8L n-x, D womg, ko-eo-a, gy 8oy, BB voep, L-doob, Ben, toee FLCAL
-G, 1, ~C,}

fdosh Lap, tex, B WF, Cosy, wwg, mo-i, e,-8, -0, 2.9k, o, -5, w, =&, B, -, 7, v, 1,-n,
Jo-f b

{b,-d, L 4 -k nosp o, vk 2B DU GFOE G Ay, weng so-g, 00t koA g,

"ea Cs “33}

where {a. bedefoh Lk lmupopgustuvwxyv2 ABUCUDEF; =149
13, 17,21, 26, 30, 34, 38, 42, 45, 50, 53, 56, 60, 63, 66, 68, 72, 74, 77, 78, 80, 82, 84, 85, 86, 88,
88, 89, 90, 90 }

4-point DCT-8
{ a: b\ Cfv '-;

{ b, 0,-b, b
‘: C‘i Hb,ﬂ‘ '{L a';

i da "bﬁ &, '{::]i\

whers {a, b, ¢, d} = { 84,74,5529}

&-point DCT-8:
fa boede £ g hi
by e, b ~g -d-a o, £
oo, bveo-a,<f g bdd

d,~g, a-h o0 e, b

ntors, s,

e, ~d, -f, ¢, g -b, <, a}

f-a g e-b b 40}

oo
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i 8y “Cy h; —f: a}lz ds =&, ﬁ'\}

i h~f d~b,og o~ e g

P

where {a. b, ¢, d e, £ g, h} = { 86,85.78,71,60,46 32,17}

16-point DCT-8
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WHAT IS CLAIMED 1S:

1. A method for video decoding in a decoder, comprising:

decoding coded information of 2 coding tnit (CL) from a caded vides bitstream, the
coded information indicating a last position of non-xero transform coefficients of a first coding
tlock (CB) of the CU;

determining whether a secondary transform index s signgled in the coded information
based on the last position;

determining whether to perforn g secondary transform on & second UB hased on whether
the secondary transform index is determined 1o be signaled in the coded information;

responsive to the secondary transform being determined to be perfermed, performing the
secondary transform on the second OB and reconstructing the second CB; and

responsive to the secondary transform being determined not to be performed,

reconstructing the second OB without performing the secondary transform on the second CB.

2. The method of claim 1, wherein the determining whether the secondary transform
index is signaled further comprises:

determining whether 2 horizontal coraponent of the last position is fess then a first
threshold and a vertical component of the last position is less than a second threshold; and

responsive to the horizontal component being determined to be less than the first
threshold and the vestical component being determined to be less than the second threshold,

determining that the secondary transform index is not signaled in the coded information.

3. The method of claim 1, wherein the determining whether the secondary transform
fudex: ts signaled Rurther comprises!

determining whether a sum of a horizontal component and a vertical component of the
fast position is less than a threshold; and

responsive to the sum being determined {0 be less than the threshold, determining that the

secondary transform index 1s not signaled in the coded information,

4. The method of claim 1, wherem the determining whether the secondary transform

index is signaled further comprises:
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determining whether & minimuwn oneof (3} & honzontal component and (i) a vertical
component of the last position i3 less than a threshold; and
responsive to the mimimum one being determined to be less than the threshold,

determining that the secondary transform index is not signaled in the coded information.

5. The method of claim 1, wherein the determining whether the secondary trangfonm
e s signaled further comprises;
determining whether 8 maximom one of (1} 2 horizontal component and (1) g vertical
component of the last position is less than a thresheld; and
responsive to the maximum one being determined to be less than the threshold,

determining that the secondary transform index 18 not signaled in the coded information.

&, Themethod of ¢laim 1, wherein

the first CB s a lama block;

the last position 18 a last luma position for the lums block: and

the determining whether the second transform index is signaled further meludes

determining whether the second transform index is signaled based on the last luma position.

7. The method of claim 1, wherein

the first OB i3 a luma block;

the Jast position is a last luma position for the huma block;

the CU further includes g chroma blogk;

the coding information further indicates a last chroma position of non~zerp transform
coeffictents for the chroma block; and

the determining whether the secondary transform index is signaled further includes
determining whether the secondary transform index is signaled based op the last luma position

and the last chroma position.

8. A method for video decoding in a decoder, comprising:
decoding coding information of a coding wnit (CU} from a coded video bitstream, the

coding nformation indicating a size of the CU; and



WO 2020/206254 PCT/US2020/026578

68
determining whether a secondary transform s allowed based on the size of the CU and
CU size threshold, wherein
when the size of the CU is Tess than or equal 1o the CU size threshold, the secondary
transtorm is determined to be allowed, and when the size of the CU is larger than the CL} size

threshold, the secondary transform is determined not o be allowed.

9. The method of claim B, wherain the CU size threshold i3 amaximum size of' a

transtorm anit in the CUL

10, The method of claim §, further comprising:
when the size of the CU is less than or eqoal to the CU size threshold,
determining a number of non-zero transform coeffictents for at lesst one CB in
the CU, g size of each of the at least one UB being larger than or equal 1o a first threshold; and
responsive 1o the number of non-zere transform coefficients being less than a
second threshold, determining that a secondary tratsform index is not signgled in the coded

information,

11, The method of claim 10, wherein
the coding information indicates that & color format for the CU s YUV 4:2:0;
the CUV includes a tuma block and vwo chivoma blocks; and
the method further includes:
determining whether a first dimension of the huoa block is 4 and 8 second
dimnension of the huma block is N, N being larger than or equal to 4; and
responsive 1o the first and second dimensions being determined to be 4 and N,
respectively, the defermining the number of non-zero transform coefficients includes
determining the number of non-zere transform goefficients from only the huma block, the at feaxt

one CB being the tama block,

12; The method of claim 10, wherein
the coding information indicates that a color format for the Cllis YUV 4:2:2;
the CU includes a luma block and two chroma blocks: and

the method further nchudes:
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determining whether a size of the lums block is 4xN, N being larger than or equal
to 4 and

responsive to the size of the Turua block being determined to be 4xN, N and 4
being a height and a width of the luma block, respectively, the determining the numbser of non-
zero transform coefficients includes determining the number of non-zeroe transform coefficients

from only the loma block, the at least one UB being the huna bloack.

13, An apparatus for video decoding, comprising processing cirouitry configured 1o

decode coded information of a coding unit {11} from a coded video bitstream, the coded
mformation indicating a last position of non-zero wrausform coefficients of a first coding block
{CRY of the CUI,

determine whether a secondary transform index is signaled in the coded information
hased on the last position;

determine whether to perform a secondary transfornt on a second CB based on whether
the secondary transform index 15 determined to be signaled in the coded information;

responsive to the secondary transform being determined 1o be performed, performing the
secondary transform on the second CB and reconstructing the second CB; and

responsive to the secondary transform being determined not to be performed, recoustract

the second CB without performing the secondary transform on the second CB,

14. The apparatus of claim 13, wherein the processing cireuitry is further configured to:

determine whether 8 hortzontal component of the last position is less then a first threshold
and a vertical component of the last position is less than a second threshold; and

responsive 1o the horizontal component being determined 1o be less than the first
threshold and the vertical component betng determined 1o be less than the sevond threshold,

determine that the secondary transform index is not signaled n the coded information.

15, The apparatus of claim 13, wherein the processing cirouitry is further configured to:

determine whether a sum of & horizontal component and a vertical component of the last
position is less than a threshold; and

responstve to the sum being determined to be less than the threshold, determine that the

secondary transforn index is not signaled in the coded nformation.
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16. The apparatus of claim 13, wherein the provessing cirouitry is further configured to;

determine whether a minimum one or 8 maximum one of (1} a horizontal component and
{il} a vertical component of the last position is less than a threshold; and

responsive to one of the minimum ope and the maximum one being determined to be less
than the threshold, determine that the secondary transtorm index is not signaled in the coded

infbrmation.

17, The apparatus of claim 13, wherein

the first OB is & luma block; |

the last position is a last huma position for the huma block; and

the processing cireuitry is further configured to determine whether the second transform

tndex is signaled based on the last hema position,

18, The apparatus of claim 13, wherein

the first OB 13 a luma block;

the last position 15 a last luma position for the uma block;

the CLJ further includes a chroma black;

the coding information further indicates a last chroma position of aon-zero transform
coefficients for the chrota block: and

the processing circuilry is further configured to deternuine whether the secondary

transtorm tndex is sigraled based on the tast huwa position and the fast chroma position.

19 An gpparatus for video decoding, comprising processing circaiiry configured !

decode coding information of a coding unit {CU) from a coded video bitstream, the
coding information indicating a size of the CU; snd

determine whether a secondary transforn ts allowed based on the size of the CU and a
{17 size threshold, wherein

when the size of the CU s less than or equal o the CU size threshold, the secondary
wransform is determined to be allowed, and when the size of the CU iy farger than the CU size

threshold, the secondary wansform is determined not 0 be allowed.
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20. The apparatus of claim 19, whereln the CU size threshold is 3 maximun size of a

transform unit n the CUL



