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PREMCTIVE GEOMETRY CODING IN G-PCC

{3001} This apphication claims prionty to U.S. Application No. 17/449,0603, filed
September 27, 2021, and U.S. Provisional Patent Application No. 63/088,831, filed
October 7, 2020, and U S, Provisional Patent Application No. 63/114,317, filed
Noventber 16, 2020, the entire contents of which are incorporated herein by reference.
U.S. Patent Application No. 17/449,003, filed September 27, 2021, claims the benefit of
U.S. Provisional Patent Application No. 63/088 831, filed October 7, 2020, and U S,

Provisional Patent Apphication No. 63/114,317, filed November 16, 2020

TECHNICAL FIELD

19602} This disclosure relates to point cloud encoding and decoding,.

BACKGROUND
{8603} A point cloud is a coliection of points in a 3-dimensional space. The points may
correspond to points on objocts within the 3-dimensional space. Thus, a point cloud
may be used to represent the physical content of the 3-dimensional space. Pomnt clouds
may have utility i a wide variety of situations. For example, pomnt clouds may be used
in the context of autonomous vehicles for representing the positions of objects on a
roadway. In another example, point clouds may be used in the context of representing
the physical content of an environment for purposes of positioning virtual objects m an
augmented reality (AR} or mixed reality (MR} application. Pomnt cload compression is
a process for encoding and decoding point clouds. Encoding pomt clouds may reduce

the amount of data required for storage and transmission of pomt clouds.

SUMBMARY

19604} In general, this disclosure describes techniques for coding nodes of a point
cloud, such as for the Geometry Point Clond Compression (G-PCC) standard currently
being developed. However, the example technigues are not hmited to the G-PCC
standard. In some examples of G-PCC, coordinates of position of nodes {also referred
1o as points} of a point cloud may converted mto a (7, @, {) domain in which a position
of a node 1s represented by three parameters, a radius », an azimuth @, and a laser
index 7. When using an angular mode for predictive geometry coding in G-PCC, a G-

PCC coder may perform prediction in the (7, @, {) domain, For instance, the G-PCC
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coder may determine a predicted position of a node and add the predicted posttion of the
node to primary residual data to determine a reconstructed position of the node.
Accordingly, in at least some examples, the primnary residuals may be coded m the

{r. &,y domaim. Due to the errors in rounding {e.g., for coordinate conversion), coding
mr, @, i may be lossy. In some examples, this loss may by reduced or eliminated by
coding a second set of residuals, which may be i a Cartesian domain. However, some

tplementations of G-PCC may requite a lot of context coded bins to signal the primary
and secondary residuals, which may be undesirably computationally mtensive.

[3305] In accordance with one or morg aspects of this disclosure, a G-PCC coder may
signal secondary residuals using a reduced number of contexts and/or context coded
bins. For mstance, as opposed to signalling an absoluie value of a secondary residual
valie using two separate syntax elements {e.g., ptn_sec_residual abs minus? coded
with contexts ... 15, and ptn_sec _residual abs minusl7 having O as a prefix context
and bypass coding a suthix), the G-PCC coder may signal the absoluie value of a
secondary residaal value using a single syntax element. For instance, the G-PCC coder
may signal a single syntax element that specifies the absolute value of the secondary
residual value, with a first set of prefix contexts {e.g., 0.. 4} and a second set of suffix
contexts {e.g., 3...8}. Inthis way, the technigues of this disclosure may reduce the
number of contexis and/or context coded bins used to signal secondary residuals. As
such, the techniques of this disclosure may reduce computational complexity of point
cloud coding.

[8086] As noted above, when using the angular mode for predictive geometry coding in
G-PCC, the G-PCC coder may determing a predicted position of a node and add the
predicted position of the node o residual data to determine a reconstructed position of
the node. G-PCC may provide several techniques to determine the predicted position of
the node. As one example, G-PCC provides a zero prediction mode in whichthe v, ¢, {
of the predicted position may be inferred 1o all be zero. As another example, G-PCC
provides a delta prediction mode in which the r, @, { of the predicted position are
inherited {c.g., copied} from the v, ¢, { of a reconstructed node {e.g., a parent node of a
current node). However, zero prediction mode may be very inefficient and, as a result,
the zero prediction may rarely be used.

(8607} In accordance with one or more techniques of this disclosure, a G-PCC coder
may perform a modified zero prediction mode m which a subset of the components of a

predicted position of a current node are inhertted from a parent node. For instance, as
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opposed to inheriting al three of the 7, @, { of the predicted position from the parent
node, the G-PCC coder may inherit the ¢ and 7 of the predicted position from the parent
node, and mfer 7 to be a minimum value {¢.g., 0 or a separaiely signalled minimum
valuc}. Bv inheriting the ¢ and 7 of the predicted posttion but not the #, the G-PCC
coder may avoid having to signal large values of residual data for the » where the ¢ and
i values are otherwise similar {and thus have small values for residual data). In thig
way, the technigues of this disclosure may improve the coding efficiency of pont cloud
coding.

(8608} In one example, a method of encoding a point cloud includes obtaining a value
of a secondary residual for geometry coding a current predictive tree node of the pomt
cloud; and encoding the value of the secondary residual, wherem encoding the value
comprises: encoding, using a first set of context-adaptive binary arithmetic coding
{(CABACQC) contexts, prefix bins of a syntax clement having a value that specifies an
absolute value of the value of the secondary residual minus 2; and encoding, using a
second sat of CABAU contexts that s different than the first set of contexts, suffix bins
of the syntax clement,

(8009} In ancther example, a method of decoding a pomnt cloud includes obtaining a
value of a secondary residual for geometry coding a current predictive tree node of the
point clowd; and decoding the value of the secondary residual, wherein encoding the
value comprises: decoding, using a first set of CABAC contexts, prefix bins of a syntax
clement having a value that specifies an absolute value of the value of the secondary
residual minus 2; and decoding, using a second set of CABAC contexts that 1s different
than the first set of contexts, suffix bins of the syntax clement.

(8618} In ancther example, a device for encoding a point cloud mcludes: a memory
configured to store at least a portion of the point cloud; and one or more processors
mmplemenied in circnitry and configured to: obtain a value of a secondary resideal for
geometry coding a current predictive tree node of the point clowd; and encode the value
of the secondary residual, wherein, to encode the value, the one or more processors arc
contigured to: encode, usimg a first set of CABAC contexts, prefix bins of a syntax
clement having a value that specifies an absohite value of the value of the secondary
residual minus 2; and encode, using a second sef of CABAC contexts that is different
than the first set of contexts, suffix bins of the syntax element.

168611} In another example, a device for decoding a pomt cloud includes: a memory

configured to store at least a portion of the point cloud; and one or more processors
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implemended in circutiry and configured to: obtain a value of a secondary residual for
geometry coding a current predictive free node of the point cloud; and decode the value
of the secondary residual, wherein, to decode the value, the one or more processors are
configured to: decade, using a first set of CABACU contexts, prefix bins of a syntax
clement having a value that specifies an absolute value of the value of the sccondary
residual minus 2; and decode, using a second set of CABAC contexts that 1s different
than the first set of contexts, suffix bing of the syntax element.

{8612} In another exanple, a computer-readable storage medium stores instructions
that, when exgcuted, cause one or more processors of a pomnt cloud encoder to; obtain a
value of a secondary residual for geometry coding a current predictive tree node of the
point cloud; and encode the vahie of the secondary residual, wherein, the instructions
that cause the or more processors 1o encode the value comprise nstructions that cause
the one or more processors to: encode, asing a first set of CABAC contexts, prefix bins
of a syntax ciement having a value that specifies an absohite value of the value of the
secondary residual minus 2; and encode, using a second set of CABAC contexts that is
different than the first set of contexts, suffix bins of the syntax element.

(8613} In ancther example, a computer-readable storage medim stores instructions
that, when exgcuted, cause one of more procgssors of a point cloud decoder to: obtain a
value of a secondary residual for goometry coding a current predictive tree node of the
point cloud; and decode the value of the secondary residual, wherein, the instructions
that cause the or more processors to decode the valae comprise instructions that cause
the ong or more processors 10 decode, using a first set of CABAC countexts, prefix bins
of a syntax clement having a value that specifies an absolute value of the value of the
secondary residual munus 2; and decode, using a second set of CABAC contexts that is
differgnt thao the first set of contexts, suffix bins of the svatax clement.

(8014} In ancther example, a method of decoding a point cloud includes: selecting,
from a plurality of predefined prediction modes, a prediction mode for performing
predictive geometry coding of a position of a current predictive tree node of the point
cloud, wherein the plurality of prediction modes ncludes at least: a zero prediction
mode, and a delta prediction mode; respounsive to selecting the zero prediction mode:
determining a radius, an azimuth, and a laser index of a parent node of the current
predictive tree node; inferring an azimuth and a laser index of a predicted position of the
current predictive tree node as the azimuth and the laser mndex of the parent node;

infernng a radius of the predicted posttion to be a minimum radius value, wherein the
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motnimum radius value is different than the radius of the parent node; and deterroining,
based on the predicted position of the current predictive tree node, the position of the
current predictive tree node.

{8615} In ancther example, a method of encoding a point ¢loud includes: selecting,
from a plurality of predefined prediction mades, a prediction mode for performing
predictive geometry coding of a position of a current predictive tree node of the point
cloud, wherein the plurality of prediction modes ncludes at least: a zero prediction
mode, and a delta prediction mode; where the selected mode 18 the zero prediction
mode: determining a radius, an azimuth, and a laser index of a parent node of the
current predictive tree node; inferring an azimuth and a laser index of a predicted
position of the carrent predictive tree node as the azinmth and the laser index of the
parent node; infernng a radius of the predicied position to be a minimurm radius value,
wheretn the mimimum radius value s different than the radius of the parent node; and
determining, based on the predicted position of the current predictive tree node, the
position of the current predictive tree node.

18616} In ancther example, a device for decoding a point cloud includes: a memory
configured to store at least a portion of the point cloud; and one or more processors
implemented in circmitry and configured to: select, from a plurality of predefined
prediction modes, a prediction made for performing predictive geometry coding of a
position of a current predictive tree node of the point cloud, wherein the plurality of
prediction modes includes at least: a zero prediction mode, and a delta prediction mode;
responsive 1o selecting the zero prediction mode: determine a radius, an azimuth, and a
laser index of a parent node of the current predictive tree node; infer an azimuth and a
laser index of a predicted position of the corrent predictive tree node as the azimuth and
the laser index of the parent node; infer a radius of the predicted positionto be a
munimum radius value, wheren the minimum radius value 1s difforent than the radius of
the parent node; and determing, based on the predicted position of the current predictive
tree node, the position of the current predictive tree node.

18617} In another example, a device for engoding a point cloud includes: a memory
contigured to store at least a portion of the point cloud; and one or more processors
mplemented in circuitry and configured to: select, from a plarality of predetined
prediction modes, a prediction mode for performing predictive geometry coding of a
posttion of a current predictive tree node of the pount cloud, wherein the plurality of

prediction modes includes at least: a zero prediction mode, and a delta prediction mode;
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where the selected mode 1s the zero prediction mode: deternune a radius, an azimuth,
and a laser mdex of a parent node of the current predictive tree node; mfer an azimuth
and a laser index of a predicted position of the current predictive tree node as the
azimuth and the lager index of the parent node; wnfer a radius of the predicted position to
be a nunimum radius value, wheremn the muunum radius value s different than the
radius of the parent node; and determine, based on the predicted position of the current
predictive tree node, the position of the current predictive tree node.

{6618} In another exanple, a computer-readable storage medium stores instructions
that, when executed, cause one or more processors of a point eloud decoding device (o:
select, from a plurality of predefined prediction modes, a prediction mode for
performing predictive geometry coding of a position of a current predictive tree node of
the pomt cloud, wherem the plurality of prediction modes includes at least: a zero
prediction mode, and a delia prediction mode; responsive to selecting the zero
prediction mode: determine a radins, an azumuth, and a laser index of a parent node of
the current predictive tree node; mfer an azimuth and a faser index of a predicied
position of the carrent predictive tree node as the azimmuth and the laser index of the
parent node; infer a radius of the predicied position to be a minimum radius value,
wherein the minimum radius value is different than the radius of the parest node; and
determine, based on the predicted position of the current predictive tree node, the
posttion of the current predictive tree node.

[8318] In another example, a computer-readable storage medium stores instructions
that, when executed, cause one or more processors of a point cloud encoding device to:
select, from a plurality of predefined prediction modes, a prediction mode for
performing predictive geometry coding of a position of a current prodictive tree node of
the point cloud, wherein the plurality of prediction modes tncludes at least: a zero
prediction mode, and a delta prediction mode; where the selected prediction mode is
zero prediction mode: determine a radius, an azimuth, and a laser index of a parent node
of the current predictive tree node; infer an azimuth and a laser index of a predicted
position of the current predictive tree node as the azimuth and the laser index of the
parent node; infer a radius of the predicted position to be a minumum radius value,
wherein the minimum radius value 1s different than the radius of the parent node; and
determine, based on the predicted position of the current predictive tree node, the

posttion of the current predictive tree node.
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16626} The details of one or more exarnples are set forth in the accompanying drawings
and the description below. Other features, objects, and advantages will be apparent

from the description, drawings, and claims.

BRIEF DESCRIPTION OF DRAWINGS
(8621} FHG. 115 a block diagram iustrating an example encoding and decoding system
that may perform the techuigues of this disclosure.
JB322] FIG. 2 18 a block diagram iHustrating an example Geometry Point Cloud
Compression {G-PLC) encoder.
{86231 FIG. 3 15 a block diagram illustrating an example G-PCC decoder.
18624} FIG. 415 a conceptual diagram of a prediction tree for predictive geometry
coding.
{80625} FIGS. 5A and 3B are conceptual diagrams of a spinning LIDAR acquisition
model.
[8626] FIG. 6 15 a conceptual diagram illustrating an example range-finding system that
may be used with one or more techniques of this disclosure.
16627} F1G. 7 is a conceptual diagram dlustrating an example vehicle-based scenario in
which one or more technigues of this disclosure may be used.
(6628} FIG. & 15 a conceptual diagram illustrating an example extended reality sysiem in
which one or more technigues of this disclosure may be used.
(8028} FIG. 9 15 a conceptual diagram illustrating an example mobile device system in
which one or more technigues of this disclosure may be used.
[83:30] FIGS. 10A and 10B are conceptaal diagrams illustrating a range apdate process
in binary arithmetic coding.
16631} FIG. 11 15 a conceptual diagram illustrating an output process n binary
arithmetic coding.
18632 FHG. 12 is a block diagram dlustrating a context adaptive binary anthmetic coder
in a G-PCC encoder.
[B8633] FIG. 13 15 a block diagram lustrating a context adaptive binary artthmetic coder
i a G-PCC decoder.
18634} FIG. 14 is a flow diagram llustrating an example technique for processing a

point cloud, in accordance with ong or more techriques of this disclosure.
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[6635] FIG. 15 15 a flow diagram illustrating an example technique for processing a

point cloud, 1 accordance with one or more techmgues of this disclosure.

DETAILED DESCRIPTION
[8836] FHG 115 a block diagram iustrating an example encoding and decoding system
100 that may perform the techoigques of this disclosure. The techniques of this
disclosure are generally directed to coding {encoding and/or decoding) point cloud data,
1.2., to support point cloud comprossion. In general, poind cloud data includes any data
for processing a pomt cloud. The coding may be effective in compressing and/or
decompressing point cloud data.
(8837} As shown in FIG. 1, system 100 includes a source device 102 and a destination
device 116, Source device 102 provides encoded pomt cloud data to be decoded by a
destination device 116, Particularly, 1o the example of FIG. 1, source device 102
provides the point cloud data to destination device 116 via a computer-readable medium
116, Source device 102 and destination device 116 may comprise any of a wide range
of devices, including desktop computers, notcbook {(1.¢., laptop) computers, tablet
computers, set-top boxes, telephone handsets such as smartphones, televisions, cameras,
display devices, digital media plavers, video gaming consoles, video streaming devices,
terrestrial or marine vehicles, spacecrafl, atrcrafl, robots, LIDAR devices, satellites, or
the like. In some cases, source device 102 and destination device 116 may be equipped
for wireless communication.
[338] In the example of FIG. 1, source device 102 includes a data source 104, a
memory 106, a G-PCC encoder 200, and an output mtertace 108, Destination device
116 mcludes an input interface 122, a G-PCC decoder 300, a memory 120, and a data
congumer 118, In accordance with this disclosure, G-PCC encoder 200 of source device
102 and G-PCC decoder 300 of destination device 116 may be configured to apply the
techniques of this disclosure related to predictive geometry coding. Thus, source device
102 represents an example of an encoding device, while destination device 116
represents an example of a decoding device. In other examples, source device 102 and
destination device 116 may mclude other components or arrangements. For example,

source device 102 may recetve data (¢ .g., point cloud data) from an internal or external
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source. Likewise, destination device 116 may interface with an extemal data consumer,
rather than melude a data consumer in the same device.

(8839} System 100 as shown in FIG. 115 merely one example. In general, other digital
eneoding and/or decoding devices may perform the techniques of this disclosure related
to predictive geometry coding. Source device 102 and destination device 116 are
merely examples of such devices in which source device 102 generates coded data for
transmission to destination device 116, This disclosure refers to a “coding” device as a
device that performs coding {encoding and/or decoding) of data. Thus, G-PCC encoder
2860 and G-PCC decoder 300 represent examples of coding devices, in particular, an
encoder and a decoder, respectively. In some examples, source device 102 and
destination device 116 may operate in a substantially symmetrical manoer such that
cach of source device 102 and destinanion device 116 includes encoding and decoding
components. Hence, system 100 may support ong-way or two-way transmission
between source device 102 and destination device 116, ¢ g, for streaming, playback,
broadcasting, telephony, navigation, and other apphications.

186481 In general, data source 104 represents a source of data (1.e., raw, unencoded
point cloud data} and may provide a sequential serics of “frames™} of the data to G-PCC
encoder 200, which encodes data for the frames. Data source 104 of source device 102
may nclude a point cloud capture device, such as any of a vanety of cameras or
sensors, €.2., 3 3D scanner or a light detection and ranging (LIDAR) device, one or
more video cameras, an archive confaining previously captured data, and/or a data feed
interface to receive data from a data content provider. Alternatively or additionally,
point cloud data may be computer-generated from scanncer, camera, sensor or other data,
For example, data source 104 may generate computer graphics-based data as the source
data, or produce a combination of hive data, archived data, and computer-gencrated data.
In cach case, G-PCC encoder 200 encodes the captured, pre~-captured, or computer-
generated data. G-PCC encoder 200 may rearrange the frames from the received order
(sometimes referred to as “display order™} into a coding order for coding. G-PCC
encoder 200 may generate one or more bitstreams mchuding encoded data. Source
device 102 may then output the encoded data via output interface 108 onto computer-
readable medium 110 for reception and/or retrieval by, e.g., nput nterface 122 of
destination device 116.

{6641} Memory 106 of source device 102 and memory 120 of destination device 116

may represent general purpose memornes. In some examples, memory 106 and memory
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120 may store raw data, ¢.2., raw data from data source 104 and raw, decoded data from
G-PCC decoder 306, Additionally or altematively, memory 106 and memory 120 may
store software instructions executable by, e.g., G-PCC encoder 200 and G-PCC decoder
300, respectively. Although memory 106 and memory 120 are shown separately from
G-PCC encoder 200 and G-PCC decoder 300 in this example, it should be understood
that G-PCC encoder 200 and G-PCC decoder 300 may also include internal memories
for functionally similar or cquivalent purposcs. Furthermore, memory 106 and memory
120 may store encoded data, ¢ g., output from G-PCC encoder 200 and 1nput to G-PCC
decoder 300. In some examples, portions of memory 106 and memory 120 may be
allocated as one or more buffers, e.g., 1o store raw, decoded, and/or encoded data. For
instance, memory 106 and memory 120 may store data representing a point cloud.
[8042] Computer-readable medium 110 may represent any type of medium or device
capable of transporting the encoded data from source device 102 to destination device
116, In one example, computer-readabie medivm 110 represents a communication
medium to enable source device 102 to transmit encoded data directly to destination
device 116 in real-time, ¢.g., via a radio frequency network or computer-based network.
Cutput interface 108 may modulate a transmission signal mchiding the encoded data,
and input mterface 122 may demodulate the received transmission signal, according to a
compunication standard, such as a wireless conmmunication protocol. The
communication medium may comprise any wireless or wired communication medium,
such as a radio frequency {RF} spectrum or one or more physical transmission lines.
The communication medium may form part of a packet-based network, such as a logal
area network, a wide-arca network, or a global network such as the Internet. The
communication medium may inclade routers, switches, base stations, or any cther
cquipment that may be useful to faciitate communication from source device 102 to
destination device 116.

[3043] In some examples, source device 102 may output encoded data from output
mnterface 108 to storage device 112, Similardy, destination device 116 may access
encoded data from storage deviee 112 via input interface 122, Storage device 112 may
mclude any of a variety of distributed or locally accessed data storage moedia such as a
hard drive, Bhu-ray discs, DVDs, CB-ROMs, flash memory, volatile or non-volatile
memory, or any other suitable digital storage media for storing encoded data.

6044} fo somce examples, source device 102 may output encoded data to file server 114

or another infermediate storage device that may store the encoded data generated by
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source device 102, Destination device 116 may access stored data from file server 114
via streaming or download. File server 114 may be any tvpe of server device capable of
storing encoded data and transmitting that encoded data to the destination device 116,
File server 114 may represent a web server (¢.g.. for a website), a File Transfer Protocol
{(FTP) server, a content delivery network device, or a network atiached storage (NAS)
device. Destination device 116 may access encoded data from file server 114 through
any standard data conpection, including an Imtemet conpection. This may mclude 2
wirgless channel (¢.g., a Wi-Fi connection), a wired connection {¢.g., digital subscriber
hine {DSL), cable modem, ¢tc.), or a combination of both that 1s suitable for accessing
encoded data stored on file server 114, Filg server 114 and input inferface 122 may be
configured to operate according to a streaming transmission protocol, a3 download
transmission protocol, or a combmnation thereof

[8345] Output interface 108 and input nterface 122 may represent wircless
transmitters/receivers, modems, wired networking components {¢.g., Ethernet cards),
wireless conwnunication components that operate according to any of a varniety of IEEE
802.11 standards, or other physical components. In examples where output interface
108 and input mterface 122 comprise wireless components, output interface 108 and
input interface 122 may be configured to transfer data, such as encoded data, according
to a cellular communication standard, such as 4G, 4G-LTE (Long-Term Evolution),
LTE Advanced, 5G, or the hike. In some examples where output mterface 108
comprises a wirgless transmitter, output interface 108 and mput interface 122 may be
configured to transfer data, such as encoded data, according to other wireless standards,
such as an IEEE 802 11 specification, an [EEE 802,15 specification {e.g., ZigBee™), a
Bluetooth™ standard, or the like. In some examples, source devige 102 and/or
destiation device 116 may inchude respective system-~-on-a-chip {SoC) devices. For
example, source deviee 102 may nclude an SoC device to perform the functionality
attributed to G-PCC encoder 200 and/or output interface 108, and destination device
116 may include an SoC device to perform the functionality attributed to G-PCC
decoder 300 and/or input mterface 122.

16646} The techniques of this discloswre may be applied to encoding and decoding n
support of any of a variety of applications, such as commumnication between autonomous
vehicles, communication between scanners, cameras, sensors and processing devices

such as tocal or remote servers, geographic mapping, or other applications.
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{8047} Input mterface 122 of destination device 116 roceives an encoded bitstream from
computer-readable medium 110 (¢.g., a communication medium, storage device 112,
file server 114, or the liked. The encoded bitstream may include signaling information
defined by G-PCC encoder 200, which is also used by G-PCC decoder 300, such as
syotax clements having values that describe characternistics and/or processing of coded
units {e.g., slices, pictures, groups of pictures, sequences, or the like}. Data consumer
118 uses the decoded data. For example, data consumer 118 may use the decoded data
to determune the locations of physical objects. In some examples, data consumer 118
may comprise a display to present imagery based on a point cloud.

8848} G-PCC encoder 200 and G-PCC decoder 300 each may be implemented as any
of a varicty of suitable encoder and/or decoder circuitry, such as onc or more
wucroprocessors, digital signal processors (D38Ps), apphication specific integrated
circutts (ASICs), ficld programmable gate arrays (FPGAgs), discrete logic, software,
hardware, firmware or any combinations thereof, When the techniques are implemented
partially in sofiware, a device may store mnstructions for the software 10 a suitable, non-
fransitory computer-readable medium and execute the instructions in hardware using
ong or more processors to perform the techniques of this disclosure. Each of G-PCC
encoder 200 and G-PCC decoder 300 may be meluded in one or more encoders or
decoders, cither of which may be integrated as part of a combined encoder/decoder
(CODEC) in arespective device. A device including G-PCC encoder 200 and/or G-
PCC decoder 300 may comprise one or more mntegrated cirouiis, microprocessors,
and/or other types of devices.

16649} G-PCC encoder 200 and G-PCC decoder 300 may operate according fo a coding
standard, such as video point cloud compression {V-PCC) standard or a geometiry point
cloud compression (G-PCC) standard. This disclosure may generally refer to coding
{c.z., encoding and decoding) of pictures to include the process of encoding or decoding
data. An encoded bitstream generally includes a series of values for svntax elements
representative of coding decisions {¢.g., coding modes).

13356} This disclosure may generally refer to “signaling” certain information, such as
svitax elements. The temm “signaling” may generally refer o the conununication of
values for syntax elements and/or other data used to decode encoded data. That is, G-
PCC encoder 200 may signal values for syntax ¢lements in the bitstreamn. {n general,
signaling refers to gencrating a value in the hitstream. As noted above, source device

192 may transport the bitstream to destination device 116 substantially m real time, or
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not 1 real fime, such as might oceur when storng svitax elements to storage devies 112
for later retneval by destination device 116,
(8651} ISO/EC MPEG (JTC 1/8C 29/WG 11} 15 studying the potential need for
standardization of point cloud coding technology with a compression capability that
significantly excecds that of the current approaches and will target o create the
standard. The group is working together on this exploration activity in a collaborative
offort known as the 3-Dimensional Graphics Team {3D{) to evaluate compression
cchunology designs proposed by their experts in this arca.
18632} Point cloud compression activities are categonized in two different approaches.
The first approach is “Video point cloud compression” (V-PCC), which segments the
3D object, and project the segments in multiple 21 planes {which are represenied as
“patches” in the 2D frame), which are further coded by a legacy 2D video codec such as
a High Efficiency Video Coding (HEVC) (ITU-T H.265) codec. The second approach
ig “Geometry-based point cloud compression” {(G-PCC), which directly compresses 3D
geometry 1.¢., position of a sot of points in 31 space, and associated atiribute values (for
cach point associated with the 3D geometry), G-PCC addresses the compression of
point clouds m both Category 1 {(static point clouds) and Category 3 {(dynamically
acquired point clouds). A recent drafi of the G-PCC standard is available in G-PCC
DS ISOARC ITCUSC29/ WG wi9328, Brussels, Belgium, January 2020, and a
description of the codec is available in G-PCC Codec Descenption v8, [SOIEC
JTCUSC29/ WG wi9325, Brussels, Belgium, January 2020
186353] A point cloud countains a set of points in a 3D space, and may have attributes
associated with the pomnt. The attributes may be color information suchas R, G, BorY,
Ch, Cr, or reflectance information, or other attribates. Point clouds may be captured by
a variety of cameras or sensors such as LIDAR sensors and 3D scanners and may also
be computer-generated. Point cloud data arc used in a variety of applications ncluding,
but not himited to, construction {modeling), graphics (3D models for visualizing and
animation), and the automotive mdustry (LIDAR sensors used to help in navigation}.
18654} The 3D space occupied by a point cloud data may be enclosed by a virtual
bounding box. The position of the points in the bounding box may be represented by a
certain precision; therefore, the positions of one or more points may be guantized based
on the precision. At the smakiest fevel, the bounding box is split into voxels which are
the smallest wit of space represented by a untt cube. A voxel in the bounding box may

be associated with zero, one, or more than one point. The bounding box may be split
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nto raltiple cube/cuboid regions, which may be called tites. Each tile may be coded
mto one or more slices. The partitioning of the bounding box into shices and tiles may
be based on number of points in each partition, or based on other considerations {e.g., a
particular region may be coded as tiles). The shice regions may be further partitioned
using splitting decisions sumilar to those 1o video codecs.

[B355] FIG. 2 provides an overview of G-PCC encoder 200, FIG. 3 provides an
averview of G-PCC decoder 360, The modules shown are logical, and do not
necessarly correspond one-to~-one to implemented code 1n the reference implementation
of G-PCC codec, 1.2, TMC13 test model software studied by ISQAEC MPEG (JTC
1/SC29/WG 11,

(8656} In both G-PCC encoder 200 and G-PCL docoder 300, point cloud positions are
coded first. Atiribute coding depends on the decoded geometry, In Fi(G. 2 and Fi(5. 3,
the gray-shaded modules are options typically used for Category 1 data. Diagonal-
crosshatched modudes are options tvpically used for Category 3 data. All the other
modules are common between Categories 1 and 3.

18687} For Category 3 data, the compressed geometry s typically represented as an
octree from the root all the way down to a leaf level of ndividual voxels. For Category
1 data. the compressaed geometry 1s typically represented by a pruned octree (1.2, an
octree from the root down to a leaf level of blocks larger than voxels) plus a model that
approximates the surface within each leaf of the pruned octree. In this way, both
Category 1 and 3 data share the octree coding mechanism, while Category T data may in
addition approximate the voxels within each leaf with a surface model. The surface
model used 1s a triangulation comprising 1-10 triangles per block, resulting in a tnangle
soup. The Category 1 geometry codec 1s thercfore known as the Trisoup geometry
codec, while the Category 3 geometry codec is known as the Octree geometry codec.
[GG38] At cach node of an octree, an occupancy is signaled {(when not inferred) for one
or more of its child nodes {up to eight nodes). Multiple neighborhoods are specifie
including (a} nodes that share a face with a current octree node, (b} nodes that share a
face, edge or a vertex with the current ootree node, etc. Within cach neighborhood, the
occupancy of a node and/or 1ts children may be used to predict the occupancy of the
current node or its children. For points that are sparsely populated m certain nodes of
the octree, the codec also supports a direct coding mode where the 3D position of the

oint 1s encoded durectly. A flag may be signaled to mdicate that a direct mode is
o g o~ o
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signaled. At the lowest level, the number of points associated with the octree node/icaf
node may also be coded.

(8859} Once the geometry 18 coded, the attributes corresponding to the geometry points
are coded. When there are multiple attribute points corresponding o one
reconstructed/decoded geometry pomt, an atirtbute value may be derived that is
representative of the reconstrocted point.

18660] There are three attribute coding methods in G-PCC: Region Adaptive
Hicrarchical Transform (RAHT) coding, mterpolation-based hierarchical nearest-
neighbour prediction (Predicting Transform), and mterpolation-based hierarchical
nearest-neighbour prediction with an update/lifting step (Lifting Transform). RAHT
and Lifting are typically used for Category 1 data, while Predicting is typically used for
Catcgory 3 data. However, cither method may be used for any data, and, just like with
the geometry codecs in G-PCC, the attribate coding method used to code the point
cloud is specified m the bitstream.

16661} The coding of the attributes may be conducted i a level-of-detail (LOD), where
with cach level of detail a finer representation of the pomt cloud attribute may be
obtained. Fach level of detail may be spectfied based on distance metric from the
neighboring vodes or based on a sampling distance.

[8062] At G-PCC encoder 200, the residuals obtained as the output of the coding
methods for the atinbutes are quantized. The guantized residuals may be coded using
context adaptive arithmetic coding.

18663} In the example of FIG. 2, G-PCC encoder 200 may inchide a coordinate
transform wnit 202, a color transform unit 204, a voxehzation wnit 206, an attribute
transfer unit 208, an octree analvsis wnit 210, a surface approximation analysis onit 212,
an arithmetic encoding unit 214, a geometry reconstruction unit {GRYU) 216, an RAHT
untt 218, a LOD generation unit 220, a Hifting unit 222, a coefficient guantization unit
224, and an arithmetic encoding unit 226,

[8364] As shown in the example of FIG. 2, G-PCC encoder 200 may receive a set of
positions and a set of attributes. The positions may include coordinates of points m a
point cloud. The atiributes may include mformation about points m the pont cloud,
such as colors associated with points in the point cloud.

80658} Coordinate transform unit 202 may apply a transform to the coordinates of the
potnts to transform the coordinates from an witial domain to a transtor domain. This

disclosure may refer to the transformed coordinates as transform coordinates. Color



WO 2022/076198 PCT/US2021/052366

I6

transform untt 204 may apply a transfom to transtorm color information of the
attributes to a different domain. For example, color transform unit 204 may transform
color mformation from an RGB color space to a YCbCr color space.

(8666} Furthermore, in the example of FIG. 2, voxelization unit 206 may voxehize the
transform coordinates. Voxchization of the transfonm coordinates may nclude
quantization and removing some points of the point cloud. In other words, multiple
points of the point cloud may be subsumed within a single “voxel.” which may
thereafter be treated 1n some respecis as one point. Furthermore, octree analysis unit
210 may generate an ociree based on the voxelized transform coordmates. Additionally,
i the example of FIG. 2, surface approximation analvsis unit 212 may analyze the
points to potentially determine a surface representation of sets of the points. Arithmetic
encoding umit 214 may entropy encode syntax elements representing the information of
the octree and/or surfaces determined by surface approximation analysis unit 212, G-
PCC encoder 200 may output these syntax clements in a geometry bitstream.

16667} Geometry reconstruction unit 216 may reconstruct transtorm coordinates of
points in the point cloud based on the octree, data indicating the surfaces determined by
surface approximation analvsis unit 212, and/or other information. The number of
transform coordinates reconstructed by goometry reconstruction unit 216 may be
different from the original number of points of the pomnt cloud because of voxehization
and surface approximation. This disclosure may refer (o the resulting poinis as
reconstructed points. Attribute transfer unit 208 may transfer attributes of the original
points of the pomt cloud o reconstructed points of the point cloud.

18668} Furthermore, RAHT unit 218 may apply RAHT coding to the attributes of the
reconstructed points. Alternatively or additionally, LOD gencration unit 220 and lifting
amit 222 may apply LOD processing and fifting, respectively, to the attnibutes of the
reconstructed points. RAHT unit 218 and hitting vnit 222 may generate coefficients
based on the attributes. Coetficient quantization umit 224 may guantize the coefficients
generated by RAHT unit 218 or Lifting enit 222, Anthmetic encoding unit 226 may
apply arithmetic coding to svntax elements ropresenting the quantized cocfficients. G-
PCC encoder 200 may output these syntax cloments in an attribute bitstreanm.

18669} In the example of FIG. 3, G-PCC decoder 300 may include a geometry
anthmetic decoding amit 302, an attribute arnthmetic decoding unit 304, an octree
synthesis unit 306, an mverse quantization unit 308, a surface approximation syothesis

unit 310, 3 geometry reconstruction unit 312, a RAHT umit 314, a LoD generation unit
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316, an tnverse lifting unit 318, an inverse transform coordinate unit 320, and an inverse
transform color umit 322,

(8878} G-PCC decoder 300 may obtain a geometry bitstream and an attribute bitstream.
Geometry anthmetic decoding unit 302 of decoder 300 may apply arithmetic decoding
{c.g., Context-Adaptive Bmary Anthmetic Coding (CABAC) or other type of anthmetic
decoding} to syntax clements in the geometry bitstream. Similarly, attribute anthmetic
decoding unit 304 may apply arithmetic decoding to syntax elements in the attribute
hitstream,

16671} Octree synthesis unit 306 may synthesize an octree based on syniax elements
parsed from the geometry bitstream. In mstances where surface approximation s used
in the geometry bitstream, surface approximation synthesis unit 310 may determine a
surface model based on syntax elements parsed frore the geometry bitstreams and based
on the octree.

18672} Furthermore, geometry reconstruction unit 312 may perform a reconstruction to
determine coordinates of poiots i a potnt cloud. foverse transform coordinate wrat 320
may apply an mverse transtorm to the reconstructed coordinates to convert the
reconstructed coordinates {positions} of the points in the point cloud from a transform
domain back info an initial domain,

16673} Addmionally, n the example of FIG. 3, nverse quantization unit 308 may
mverse quantize atiribute values. The attribute values mayv be based on syntax elements
obtained from the attribwute bitstream (¢.g., including syntax elements decoded by
attribute arithmetic decoding unit 304},

16674} Dependimg on how the attrbute values are encoded, RAHT unit 314 may
perform RAHT coding to deternine, based on the inverse quantized atinbute values,
color values for points of the point cloud. Alternatively, LOD generation unit 316 and
inverse lifting unit 318 may determine color values for points of the point cloud using a
level of detal-based technigue.

[8375] Furthermors, mn the example of FIG. 3, mverse transform color anit 322 may
apply an inverse color transform to the color values. The inverse color transform may
be an nverse of a color transform applied by color transtorm unit 204 of encoder 200,
For example, color transform unit 204 may transform color information from an RGR
color space to a YCbCr color space. Accordingly, inverse color transform unit 322 may

transform color information from the Y(bCr color space to the RGE color space.
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{8676} The various untis of FIG. 2 and FIG. 3 are dlustrated to assist with
understanding the operations performed by encoder 200 and decoder 300, The units
may be implemented as fined-function circuits, programmable circuits, or a combination
thercof. Fixed-function circuits refer {o circuits that provide particular functionality,
and are preset on the operations that can be performed. Programmable circuits refer to
circaits that can be programmed to perform various tasks, and provide flexable
functionality m the operations that can be performed. For instance, programmabie
circuits may execuie sofiware or firmware that cause the programmable circuits to
operate in the manner defined by instructions of the software or firmware. Fixed-
function circutts may execute software mstructions €€.2., {0 receive parameiers or sutput
parameters), but the types of operations that the fixed-function circuits perfomm are
gencrally tomutable. In some examples, one or more of the units may be distinct circust
blocks (fixed-function or programmable), and in some examples, one or more of the
units may be integrated circuits.

18677} Predictive geometry coding was mtroduced as an altemative to the ociree
geometry coding, where the nodes are arranged 1 a tree structure (which defines the
prediction structure}, and various prediction strategies are used to predict the
coordinates of each node in the tree with respect to i predictors. FIG. 4 is a conceptual
diagram Hustrating an example of a prediction tree, a directed graph where the arrow
points o the prediction direction. The horizontally shaded node 15 the root vertex and
has no predictors; the grid shaded nodes have two children; the diagonally shaded node
has 3 children, the non-shaded nodes have one children and the vertically shaded nodes
are leaf nodes and these have no children. Every node has only one parent node.

{8878} Four prediction strategics may be are specified for each node based on its parent
{p9), grand-parcnt {pl}) and great-grand-parent (p2). The prediction strategies include,
no prediction, delta prediction {(p0), linear prediction (2%p0 — pl), and parallelogram
prediction 2%p0 + pl — p2).

[8379] The encoder {e.g., G-PCC encoder 200} may employ any algorithm to generate
the prediction tree; the algorithm used may be determined based on the application/use
case and several strategies may be used. The encoder may encode, for cach node, the
residual coordinate values in the bitstream starting from the root node 1n a depth-first
manner. Predictive geomeiry coding may be particularly useful for Category 3 {e g,

LIDAR-acquired) pont cloud data e.g., for low-latency applications.
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{86881 Angular mode may be used in predictive geometry coding, where the
characteristics of LIDAR sensors may be utilized in coding the prediction tree more
cfficiently. The coordinates of the positions are converted to the (v, ¢, {)} (radius,
azimuth, and laser index) and a prediction is performed i this domain (the residuals are
coded in v, @, { domain). Due to the errors in rounding, coding in v, ¢, { 15 not lossless
and hence a second set of residuals may be coded which correspond to the Cartesian
coordinates. A description of the encoding and decoding strategies used for angular
mode for predictive geomeiry coding 1s reproduced below. The description is based on
FIGS. SA and 5B, which are conceptual diagrams of a spinning LIDAR acquisition
model.

{8681} The method focuses on point clouds acquired using a spinmung LIDAR model.
Here, the LIDAR has N lasers (e.g., N=16, 32, 64) spinning around the Z axis according
to an azimuth angle @ (sce FIGS. SA and 5B). Each laser may have different elevation
F{i};1 n and bheight ¢{i);. _y. Supposing that the laser { huis a point M, with
carfesian mieger coordinates {x, v, 23, detfined according to the coordinate system
described in FIG. 5A.

16682} The position of M 13 modelled with three parameters {r, ¢, 1), which are
computed as follows:

o ¢ = atan2{y,x}
o {=arg ,n'éin\{z () —r X tan(@( DL
f=1..N '

18683] More precisely, a G-PCC coder may use the quantized version of {r, ¢, {3},
denoted (7, ¢, i), where the three integers 7, ¢ and { are computed as follows:

e § = flgor + o, | = hypot{x,v}
o dr ¥ J
b ’ ; - atan2{v.x |
e ¢ = sign{atan2{y,x)} x floor {M . (ﬁ)
. \

=10

s [ =arg ,‘n‘gm {z+ () —rxtan{8())}
JEEN

where

® (g 0. ) and {gg, 0p) are quantization parameters controlling the precision of ¢
and 7, respectively.

o sign{f)is the function that return [ it 1s positive and (-1} otherwise.

e |t} is the absohute value of £,
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8684} To avoid reconstruction nusmatches due to the use of floating-point operations,

the values of ¢({};-, n and tan{B{));—1 y may be pre~computed and quantized as

follows:
Y 4 11 Ol I
(i) = sign{c{{) # ﬂoar( p + OQ)
. g y
- o oy o F tan(f (/)|
iy = sign{c(tan(B(H1)) X floor n----é------ + ag
& /
where

* (G, 0.) and {Gg, 05 ) are quantization parameters controlling the precision of ¢ and
6. respectively.
The reconstructed cartesian coordinates are obtained as follows:

s I= razmd(f' X Gy A app_cos(cﬁ X q@}

s §= raund(f‘ TG, A app,sin(fj; X qq-))}

e 2= round(F X g, X F({) X gg — 2(i) % qg)’

where app_cos(. } and app_sin{. } are approximation of cos{. } and sin{. ). The
calculations could be using a fixed-point representation, a look-up table and linear
interpolation.
[B#085] Note that (£, ¥, 2) may be different from {x, v, 2} due to various reasons:
- guantization
- approximations
model imprecision
model parameters tmprecisions

13086} Let (1, 13, 1, ) be the reconstruction residuals defined as follows:

3

- =X X
- B =YY
- r=mEe-Z

(8687} In this method, G-PCC encoder 200 may proceed as foliows:
s Encode the model parameters £(i) and (i) and the quantization parameters g,
go,dg und gy
e  Apply the geometry predictive scheme described in G-PCC DIS to the
representation (7, ¢, i)
o A ncw predictor leveraging the characteristics of idar could be introduced.
For mstance, the rotation speed of the hidar scanner around the z-axs is

usually constant. Therefore. we could predict the current ¢} as follows:
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Where

]

[0655]

-]

G = G~ D+ ) % 55 (k)

o ( 8y (k)}k: :l__'Kis a set of potential speeds the encoder could choose from.
The mdex k counld be explicitly written to the bitstream or could be mferred
from the context based on a deterministic strategy applied by both the
encoder and the decoder, and
n{J} 1s the number of skipped points, which could be explicitly written to
the bitstrean or could be inferred from the context based on a deterministic
strategy applied by both the encoder and the decoder.

Encode with each node the reconstruction residuals (n, 7,75}

G-PCC decoder 300 may proceed as follows:

Decode the model parameters £{(i) and Z(i) and the guantization parameters g,
g . qg and gy

Decode the (F,¢h,{) parameters associated with the nodes according to the
geometry predictive scheme described i G-PCC DIS

Computes the reconstructed coordinates (£, ¥, 2) as described above

Decodes the residuals (7,7, 7,)

o Asdiscussed in the next section, lossy compression could be supported by

quantizing the reconstruction residuals {7, 1,7, )
Compute the original coordinates {(x, y, z) as follows
o x=7.+E
o y=n+7¥

O E=ir,tZ

B389 Lossy compression could be achieved by applving quantization o the

reconstruction residuals (v, 7, 1) or by dropping points.

{86901 The quantized reconstruction residuals are computed as follows:

&

-]

i
7 = sign(r x floor {l—q—‘w + OX}
X 4

7y, = sign(n,} X floor (—g—j» + Oy)

¥, = sign{r.} ¥ floor (_!_;:_z_l + Og>

. . \ - . . .
Where (G, 04). {4y, 0, Jand {g,, 0,) are quantization parameters controlling the

precision of 7, 7, and 7, respectively.
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16691} In some examples, G-PCC encoder 200 and/or G-PCC decoder 300 may use

Trellis quantization o further improve the RD {rate-distortion) performance resulis.

The quantization parameters may change at sequence/frame/slice/block level to achieve

region adaptive quality and for rate control purposes.

6692} What follows is an examaple predictive geometry coding svinax, semantics,

syntax binanzation, and context table:

geometry_predtree_node{ nodeldy } { Descriptor
if{ geon_scaling enabled flag && I{ nodeldx % PtnQplnterval 1} {
pto_gp_offset_eq flag aelv}
i#{ 'pin_gp_offset_eq0 _flag} {
ptu_gp_offset_sign_flag ae(v)
pto_qp_offset abs_minusi ae(v)
h
}
if{ unigue_geomeiry_points_flag } {
pin_peint cot_gtl _flag ae(v)
i ptn_point_ont_gtl_flag )
pin_point_cnt_minus2 aefv]
¥
pin_child_cnt nodeldx | ae(v}
pto_pred_mode| nodeldx ] ae(v)
if{ geometry_angular_enabled flag && pin_pred_modef nodeldx ]
==1}{
pin_phi_mult eqd _flag aefv]}
i lptn_phi_mult eq0 flag ) {
ptn_phi_mult sign_flag ae(v)
ptn_phi_mult_eql flag ae(v)
i oto_phi_mult eql _flag)
pin_phi_muit abs minus2 aelv}
iff pto_phi_mult_abs_minusZ = =15}
pin_phi_mult_abs_minusi7 ae(v)
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3
h
for{k=0 k<3 k++3{
ptn_residual_eqf fagl k] ae(v)
if{ Iptn_residual eq0 _flag{k]}{
pin_residual sign flagik ] ae{v}
ptn_residual_abs log2{k] ae(v)
ptn_residual_abs_remaining{ k] ae(v)
3
h
if{ geometry_angular_enabled flag}
for{k=0k<3; k++}{
ptn_sec_residual_eqd flagl k| ae{v)
iff tptn_sec residual eq0 flag{ k) {
pto_sec_residual_sign flagf k] ae{v}
pto_sec_residual_eql_flagf k] ae(v)
H{ Iptn_sec_residual eqi_flagi k1)
ptn_sec_residual_abs minus2{k] ae(v)
if{ pta_sec_residual_abs_minus2fk]==15)
pin_sec residual_abs_minusi7i k] ae(v}
}
h
for{ 1= 0;1 < ptn_child_cnt; i++)}
geometry_predivee_node{ ++PinNodeldx )
3

ptn qp offset eql fiag, pin gp offset sign flag, and pts _gp offset abs minusi

together specify, when present, an offset to the slice geometry quantisation parameter,

Any of pin_gp_offset sign flag, or pin_gp_offset_abs minus! that are not present are

mferred to be 0.
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When nodeidx % PiQploterval is equal to 0, the node QP for the next PmQplnterval
nodes m decoding order s determined as follows:

When geom scaling enabled flag is equal to Lt

Prngp (nodeldx / PtnQplnterval] =

geom base gp + Jeom slice gp offset
+ (2 x ptn _gp offsel sign flag 1)
X {iptn_gp_ offset eyl Tlag + ptn_gp offset abs minusl)

Otherwise, PmQp{ nodeldx | 1s set equal 1o 0.

ptn_point_cot_gtl flag and pto_point_cnt_minus2 together specify the number of
points represented by the current predictive tree node. When not present, the values of
ptn_point cnt gtl flag and pin_point cnt_minus? are both inferred to be 0. The namber

of points represented by the current predictive trec node is dertved as follows:

53

tnPointlount [nodeldz] = 1 + ptn point ont 1 flag + ptn peint ont minusz

el

pto child enti nodeldx | 15 the mumber of direct chuld nodes of the current predictive
tree node present in the geometry predictive troe.

pitn_pred meode] nodeldx | is a mode used to predict the position associated with the
current node.

pin_phi mult eqd flag pin_phi mult_sige {lag, pitn_phi_mult egl fiag
ptn_phi_mult_abs_minus?, and pin_phi_mult_abs minusi? together speciy a
multiphcative factor used in delta angular prediction. ptn pha mult eqd flag, when
present, specifies whether the factor 18 equal to zero. ptn phi mult eql flag, when
present, specifies whether the factor's maguitade is equal to one. ptn_phi_mult sign flag
cqual to 1 indicates that the factor's sign is positive. ptn_pht_roult_sign flag equal to 0
dicates that the factor's sign 18 negative.  Any of pin pli mult sign flag,
pin phi mult abs minus2, or ptn phi mult abs munesl7 that are not present are
inferred to be 0. Any of ptn_phi_mult eql flag, or ptn_phi mult eql flag that are not
present are inforred to be |

The phi factor for the current tree node is derived as follows:

-1

fptn_phi mult _eqgl flag

> + ptn _phi mult abs minusl?)
pin ressduaﬁ eqﬁ ﬂag{ k} pin_residueal sign flag] k |, pta_resideal abs log2] k|,
and ptn_residual abs remaining] k | together specity the first prediction residual of the

k-th geometry position component. pin residual g0 flagl k | specifies whether the
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9]
h

residual component is cqual to zewo. pin_residual sign flagl k § equal to 1 indicates that
the sign of the resdual component is positive. ptn_residual sign flagf k | equal 10 &
mdicates  that the sign of the residual component 1s negative. Any of
ptn_resideal sign flag] k |, pin_residual abs log2ik |, or
pin_residual abs rematning] k | that are not present are mferred to be 0.

The first prediction residual associated with the corrent tree node is derived as follows:
for (k = 0; k < 3; k++}

PtnResgidual [nodeldz] [kl =
(2 x ptn residual sign flag - 1)

X {iptn residual eql flagix}

+ ({1 << ptn_reslidual abs logliki) >> 1}

+ ptn_residual abs remainingl[k];
pin_sec residual eqdh flagi k |, ptn_sec_vesidual egl flagl k |,
pto sec residual sign flag] k|, pin sec residual abs minws2{ k |, and

ptn sec residual abs minmusi7] k | together specify the secondary residual of the k-th
geometry position component.  ptn_sec residual cqd flag| k | specifies whether the
residual component 1s equal 1o zero. pin sec residual eql flag] k], when present,
specifics  whether the residual  component magnitude is equal o one.
pio_sec_residual sign flagl k| equal to 1 indicates that the sign of the residual
component is posifive. ptn_sec residual sign flag] k | equal {o 0 indicates that the sign
of the residual component is negative.  Any of pin src residual sign flagl k |,
ptn sec residual abs munus2f k|, or ptn sec residual abs munusi7i k§ that arc not
present  are  inferred to be O Any  of pin sec residual cgO flagfk ], or
pin_sec_residual_eql flag] k | that are not present are inferred to be 1.

The second prediction residual associated with the current tree node is denived as follows:

for (k = 0; k < 3; k++)

PinSecResidual [nodeldx] [k]

(2 x ptn sec residual sign flag - 1)
x {iptn sec resldual egl flaglk] + !ptn sec residual eql flagik]

1

+ ptn_se + ptn_sec ual abs minusl7(k}}

geomelry_predtree_node | ptu_gp_offset_eq_flag 9.6,1 {FL}, numBins = 1

{) pto_gp_offset_sign_flag .61 {FL}, numBins = 1
pin_gp_offset_abs_minusl 9.6.2 (EGKk})L, k=0
pin_point cnt gt flag 4.6.1 {FL)}, numBins = 1

pin_poini_cnt_minusZ 9.6.2 (EGk}L, k=0
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pin_child_ontl ]

9.6.1 (FL}, numBins = 2

ptr_pred_mode] |

9.6.1 {FL}, numBins = 2

pti_phi_mult_eq_flag

9.6, 1 {FL}, numBins = 1

pto_phi_mult_sign_flag

9.6 1 {FL}, numBins = 1

pin_phi_ ol eql _flag

.61 {(FL}, numBins = 1

pin_phi_mult_abs_minus?2

4.6.1 {FL), numBins = 4

pin_phi_mult_abs_minusl?

9.6.2 (EGk), k=0

pin_residual eq0_flag{ ]

9.6.1 {(FL}, numBins =1

pin_residual_sign_flag{ ]

9.6.1 (FL}, numBins = 1

ptn_residual_abs Jog2{k]

9.6.1 {FL}, numBins =
PtnResidualAbsLogZ Rits|
kj

pin_residual_abs_remaining[ k ]

9.6.1 {FL}, nurnBins =
pin_residual abs logZ{ k]
-1

ptn_sec residual_eq0_flagf k |

96,1 {(FL}, numBins = 1

pin_sec residual_sign_flag{ k |

.61 {(FL}, numBins = 1

pin_sec_residual_eql _flagf k]

9.6.1 {FL}, numBins =1

pin_sec_residual_abs_minusZ2{k

|

9.6.1 {FL}, numBins = 4

pin_sec_residual_abs_minus17]

k]

9.6.2 (EGk), k=0

pin_point_cnt gtl flag

pin_poini_cni_minus2

39 prefix: 0

suffix: bypass

pin_child ent{ ] 40 0. 2 (XREF)
pin_pred_modef | 41 G.. 2 (REF)
pin_phi_mult_eql_flag 50 4]
pin_phi_mult_sign_flag 51 0
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pin_phi_muit eql_flag 52 4]
pin_phi_mult_abs_minus? 53 0.15
pto_phi_mult abs_minus17 54 4]
pto_residual_egd_flagf k 42 k
pin_residual_sign_flag]{ k | 43 f
pin_residual_abs logZ{ k] 44 0. 526 (XREF)
pin_residual_abs_remaining| ] na bypass
pin_sec residual_eqQ_flagf k] 55 k
pin_sec_residual_sign flagl k] 56 k
ptn_sec_residual_eqgl flagf k] 57 k
pton_sec_residual_abs_minus2{ k] 58+k 0.15
pto_sec residual_abs_minusi7{k ] 61+k prefix: 0
suffix: bypass

186931 The above mmplementation of predictive geometry coding may present one or
more disadvantages. As one example, the above implementation of predictive geometry
coding with angular coding mode may requires a lot of context coded bins, as the above
implementation requires coding of both pamary (1, ¢, {) and secondary (7,7, 71;)
residuals, which 13 computationally intensive. As another example, for the signaling of
predictor index and number of child signaling (both cases have total 4 candidates), the
above implomentation of predictive geometry coding uses 2 bt fixed length coding,
which may not be optimal as the candidates are not equi-probable. As another example,
for the primary residual in the above implementation of predictive geometry coding, the
signaling associated with laser index (1) may be redundant, such as when the point count
is captured using a single laser. As another example, in the above implementation of
predictive geometry coding, zero-predictor {or “no prediction” desertbed above} is very

6¢. 99

inefficient and it may rarely be used for the prediction. Moreover, for the “¢” pait, as it
is non-negative, and the as prediction is always zero, the sign of the residual for “r”
component can always be inferred, and hence the corresponding signaling 1s redundant.
(8694} In accordance with one or more techniques of this disclosure, an encoder (e g,
G-PCC encoder 200} and/or a decoder {e.g., G-PC{ decoder 300) may overconic the

aforementioned disadvantages. As a first example, the encoder and/or the decoder may
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perform a reduction of context and context coded bins for secondary residual and phy
multipher. As a second example, the encoder and/or the decoder may perform vanable
length coding for mamber of child and predictor index signalling. As a third example,
the encoder and/or decoder may remove the signalling of laser index when content is
captured by single laser. As a fourth exaraple, the encoder and/or decoder may modify
zero prediction by utilizing the azimuth and laser index of parent neighbor, and sign
inference.

[8693} Some details examples of the techniques of this disclosure follow:

186961 As discussed above, 1n accordance with the first example, the encoder and/or the
decoder may perform a reduction of context and context coded bins for secondary
residual and phi multiphier. For mnstance, the secondary residual coding may be
simplified by removing pin_sec_residual_abs_minus17{ k | syntax clement and
associated 3% 15 = 45 contexts. In some examples, the binarization and contexts for
pin_sec_residual abs minus2{ k] may be modified. Some example modifications are
show below with additions in <ADD> || </ADI¥> tags and removals m

<REMOVE> . </REMOVE>1ags.

if{ geometry_angular_enabled flag}

for{k=0 k<3 k++}{

ptu_sec_residual_eqd_flag{ k] aa{v)

iff tptn_sec residual eq0 flag{ k) {

pto_sec_residual sign flagl k] ae(v)

pto_sec_residual eql flagl k] ae{v}

H{ Iptn_sec_residual eqd flag{ k1)

pta_sec_residual_abs_minus2{ k] ae(v)

<REMOVE>if{ ptn_sec residual_abs_minus2{k}==15)

ptn_sec residual_abs minusi7i k] ae(v)
</REMOV

[Sp—

ptn sec residual eqld flag] k |, ptn_sec residual egl flag{ ki,
ptn_sec_residual sign flagl k |, <ADD> and </ADD>
pin_sec_residual_abs minus2] k |, <REMOVE> and
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S0
el

ptn_sec_rvesidual_abs minusl7] k | /REMOVE> together specify the secondary
residual of the k-th geometry position component. ptn_sec_residual eq0 flagl k |
specifies whether the residual component s equal to zero.

ptn_sec residual eql flag{ k |, when present, specifics whether the residual component
magnitude is equal to one. ptn_sec residual sign flag] k | equal to 1 indicates that the
indicates that the sign of the residual component 1s negative. Any of
pio_sre_residual sign flagl k |, <ADD> or <YADD> pin_sec_residual_abs_ ounus2f k |,
<REMOVE> orptn_sec_residual_abs punusi7] k | YREMOVE> that arc not present
are mferred to be 0. Any of ptn_sec_residual eq0 flagi k |, or

ptn_sec residual eql flag{ k | that are not present are inferred to be 1

The second prediction residual associated with the current tree node 15 dertved as follows:
for (k = 0; k < 3; k++}
PtnSecResidual {nedeldxi (k] =

1 sec residual sign flag - 1)

x {iptn sec residual =gl flagl{k| + !ptn sec residual egl flagik]

+ ptn_sec residual abs minusZ[k] ‘:REI\Y’{G\/ ot

tn_sec residual_abs minusl7[ki <REMOVE>)

]
o
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geometry prediree node | pin_gp_offset_eq0_flag 9.6.1 (FL},
{J numBins = 1
ptr_sec_residual_eql_flag{ k] 96,1 (FL),
numBins = 1
pin_sec _residual sign flagf k] 9.6.1 {FL},
numbins = 1
pin_sec_residual_eql_flag{ k1 g.6.1{FL),
numBins = 1
pin_sec_residual_abs_minus2{ k] <REMOVE>
96,1 (FL),
numBins =
4</REMOVE
<ADD>9.6.2
(EGkyL k=0
</ADD>
<REMOVE>ptn_sec residual_abs_minus17f | 9.6.2 {EGK}, k
k] =0
</REMOVE>
pin_sec residual_eq0_flagf k] 55 k
pin_sec residual_sign_flagf k] 56 k
pin_sec_residual_eql flagf k] 57 k
ptn_sec_residual_abs_minus2{ k] 58+ k <REMOVE> 0. 15 </REMOVE>
<ADD> prefix: §
suffix: bypass </ADD>
<REMOVE> 6l+k prefix: 0
pin_sec_residual_abs_minusi7{k] suffix: bypass </REMOVE>

Alematively, the G_PCC coder may perform the signalling using a certain number of

prefix contexis {e.g., a contexts) and suffix contexts {¢.g., b contexts) for exponental

Golomb coding. The use of prefix condexts and suffix context may be effective {e.g.,
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provide coding gains) when there is a considerable energy in secondary residual

components. Inone example:a=5,b=4

suffiv: a

pin_sec_residual_eq0_flagf k] 55 k
pin_sec_residual sign_flag] k] 56 k
pin_sec_residual_eql _flagf k] 57 k
pin_sec residual_abs_minus2[ k] 58+ k <REMOVE> .15 </REMOVE>

<ADD>prefix: 0...{a-1}

..... {a+b-1} </ADD>

<REMOVE>ptn_sec_residual abs mi | 61 +k

nusi7{ k]

prefix: 0
suffix: bypass</REMOVE>

Secondly, the syatax associated with the phi multiplier is simplified by removing 8

contexts and modifving the signaling, details are as follows:

if{ geometry_anguwlar_enabled flag && ptn_pred_modef nodeldx
=214
pin_phi_mult_eq0 flag ae{v}
if Iptn_phi_mult_eq@ flag} {
ptn_phi_mult_sign_fag ae(v)
ptn_phi_mult eqi _flag ae(v)
it ptn_phi_mult_eql_flag)
pin_phi_mult abs_ minus2 aefv]}
iff pto_phi_nmult_abs_minusZ = =
<REMOVE>15</REMOVE> <ADD>7</ADD>)
<REMOVE>pin_phi_mull_abs_minusi7 ae(v}
</REMOVE> <ADD>ptn_phi mult abs_minus9</ADD>
3
¥

pto phi mult eq flag ptn phi mull sign flag

pin_phi mult abs minns?, and <REMOVE>pin_phi_mult_ abs_minusi7? </REMOVE>

ptn phi molt eql flag,
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<ADD>ptn_phi_mult_abs_minus9</ADD> togcther specify a multiplicative factor used
i delta angular prediction. ptn_phi_mult_eq0 flag, when present, specifies whether the
factor 18 equal to zero, ptn phr mudt eql flag, when present, specifics whether the
factor's magoutude is equald to one. pin phi mult sign flag equal to 1 indicates that the
factor's sign is positive. pin_phi_mult sign flag equal to 0 indicates that the factor's sign
is  negative. Any  of pin phi muolt sign flag,  pin phi muolt abs minus?2, or
<REMOVE>ptn phi_mult_abs minusl? </HEMOVE> <ADD> ptn phi_mult abs_minus9
</ADD>that are not present are inferred to be 8. Any of pitn_phi_mult eq0 flag, or
pin phi mult eql flag that are not present are mferred to be 1.

The phi factor for the current tree node is derived as foilows:

PEaPhiMult [nodeldx] =

(2 x ptn phl mult sign flsg - 1)

» (lptn phi mult =gl flag + !ptn phi mult egl flag

+ pitn phil mu abs minusZ + <REMOVE>ptn phi mult abs wminusl? </REMOVE>

7

<ADD>pLn phi mult abs minusS</ADD>)

geometry_prediree nod | pta_qp_offset_eql flag 9.6.1 {(FL}, numBins =
e{} 1
pin_phi_muit_eq0_flag 9.6.1 (FL}, numBins =
1
pin_phi_mult_sign_flag 9.6.1 (FL}, numBins =
i
pin_phi_mult_eql_flag 9.6.1 (FL}, numBins =
1
pin_phi_muli abs_minus2 9.6.1 (FL}, numBins =

<REMOVE>4</REMO
VE> <ADD>3</ADD>

<REMOVE>pto_phi_nult_abs_minus | 2.6.2 (EGk), k=0
17 </REMOVE>

<ADD>ptn_phi_mult_abs_minus9</

ADD>
pto_phi_mult eq0_flag 50 4]
pto_phi_mult_sign_flag 51 0

pin_phi_mult eql _flag 52 0
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pin_phi_mult_abs_minusZ 53 0. <REMOVE>15</REMOVE> <ADD>7
</ADD>
<REMOVE>ptn_phi_mult_abs_minus | 54 0

17 </REMOVE>
<ADD>ptn_phi_mult_abs_minus9</A
5>

(8897} As discussed above, in accordance with the second example, the encoder and/or
the decoder may perform variable length coding for number of child and predictor index
nalling. Currently, predictor mode and Mumber of Child signaling information both

8ig
signaled in 2 bits fixed length coding with 3 contexts with the following mapping:

Prediction Pt pred mode Number of Child Pin child ent
Zevo prediction 00 { 00
Delta prediction 41 1 01

Livcar prediction 10 2 16
Paraliclogram 1i 3 11
prediction

[8098] However, to account for the un-cquiprobable symbol statistics, 1t is proposed to
signal with a vanable length binanzation, for example, truncated unary binarization. It
may redace the overall number of bins associated with the signaling. As the statistics of
predMode may be different depending on whether angular mode is apphied, different
mapping may be used depending on whether angular mode is enabled or not which is

already signaled in the corresponding geometry parameter set.

Prediction Ptm_pred mode MNuamber of Child Pin_child_ont
Angular on/off
Zero prediction i/ G 10
Delta prediction 0/ ] 0
Lancar prediction 10/ 16 ) g
Parallelogram 116/6 3 1

prediction
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geometry_prediree_node{ } | ptn_gp_offset_eq0_flag 9.6.1 {FL}, numBins = 1

pin_gp_offset sign flag 9.6.1 (FL}, numBins =1

pin_qp_offset abs_minusl | 9.6.2 (EGK}L k=0

pin point_ont_gtl_flag 9.6.1 (FL}, numBins = 1
ptn_point_ont_minos? 9.6.2 (EGKL k=0
ptn_child_cot] ] <REMOVE> 9.6.1 {FL},

numBins = 2 </REMOVE>
<ADD» 963 (TU), maxVal =3

</ADD>

pin_pred_modef ] <REMOVE> 9.6.1 {FL),
numBins = 2 </REMOVE>
<ADD>9.6.3 (TU}, maxVal =3
</ADD>

pin_child ent{ ] 40 <REMOVE> ¢ . 2 (XREF} </REMOVE> <ADD>
Min{Binidx, 1) </ADD>

pin_pred_modef | 41 <REMOVE> 0. 2 {(XREF) «/REMOVE> <ADD>
Min{Binidx, 1} </ADD>

18699 As discussed above, in accordance with the third example, the encoder and/or
decoder may remove the signalling {c.g., not encode and not decode) of laser index
when content is capiured by single laser. When nam_lasers_munus] is equal to 0, laser
index 1s the same for all the point in the point cloud. So¢, associated residual signaling
for laser index may be redundant (i.¢., the residual of third componernt is not needed to
be signaled). The changes i the syntax 1s shown below considening the third

component corresponds o laser mdex. (Bt may change if the axis conversion is present).

&& mur_lasers_minus1)? 2: 3 </ADD>

for{ k = 0; k < <REMOVE> 3 </REMOVE> <ADD> numComp
</ADD> k++ 3 {
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pto_residual_eqf flagi k] ae(v)
H{ Iptn_residual eq0_flagl k] 1 {
pto_residual_sign_flag{ k] ae(v}
ptu_residual_abs log2ik] ae(v)
ptn_residual abs remaining| k| ae(v)
h
}

[8100] If the axis conversion is present, the component corresponds to laser index 1s not
to be signaled.

{8101} Morcover, when num_lasers_nunusl is 1 (there are only two lasers}), the residual
can be etther zero, -1 or +1, however, here for the nonzero case, the sign and subsequent
mformation can be inferred and does not need to be signaled. For example, let say, we
have two lasers, with laserldx § and 1, then if the predicted laseridx is 1, and residual is
nonzero, then it can be inferred that the current laserldx = 8. 8¢, n that case, just
signaling pitn_residual eqf flag{2] is sufficient. Accordingly, the following changes

in the syntax may be implemented:

<ADD>» pumComp = {geometry_angular_enabled flag

&& num_lasers_minusi}? 2: 3 </ADD>

for{ k = §; k < <REMOVE> 3 </REMOVE> <ADD> numComp </ADD>; k++ 1 {

ptn_residual_eqf flag{ k] ae{v}

== 1} </ADD>}{
pin_residual sign flagl k] ae{v}
pto_residual abs lop2{k}] ae{v}
ptn_residual_abs_remaining| k ] ae{v}
}
h

[8102] As discussed above, in accordance with the fourth example, the encoder and/or
decoder may modify zero prediction by utilizing the azimuth and laser index of parent

neighbor, and sign inference.
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18303} Currently, zero prediction 1n the angular domain corresponds to all components
cqual to zero. However, the current implementation of zero prediction may be
mefficient, and thusly s rarcly used.
(8584} In accordance with one or more techniques of this disclosure, an encoder or
decoder may inherit the azimuth and laser mdex from the parentMNode {ancestors), if
parentNode 1s available. 5o, v a way, simiar to delta prediction, except radins 1s set to
zero {or a minimum radius value).
16105} The following changes 1 the position prediction process 15 needed {section
8264 [wl9s22}]:

A U L e

B G G

HEHHHHH
When predMode 15 equal 1o (6, the predicted powt  position  is

<REMOVE>O<VREMOVE>:
for (k = 0; k < 3; k++)i
predfosik] = 0
<ADD>1f (geometry angular enabled flag && Xj
predPos [kl = aPos0ik] </ADD>

]
I

When predMode is equal to 1, the predicted point position is the position associated with

the first ancestor.

for (k = 0; k < 3; k++)
predPosik| = aPoslki

When predMode is equal to 2, the predicted point position is a hnear combination of the

positions associated with the first two ancestors

tor (k= 0; k < 3; k++)
predPosik] = aPosl[kl + aPosOik] - aPosliki

Otherwise, predMode 1s equal to 3, the predicted point position is a linear combination of
the positions associated with all three ancestors

for (k = 0; k < 32; k#++)

ik] = aPosllkl + aPoslik] - aPosZikl

I R TR IR R LR I IR R R I R R R IR R IR TR R R I TR R IR IR IR LN TR TR IR I I N TR T
4200 e e 5 e e R e e Frot i e i e i B o it B e i B i B
R E R A R S T R S R E I SR A R Rt A S LR Nt A SR A R S R i S R R AR S E R IRt R SRR LA R F

HER

18106} Secondly, when zero predictor 1s used, as the predicted radius is zero, the
corrgsponding residual 13 inferred to be positive, accordingly, the corresponding sign do
not need 1o be signaled, but to be inferred. The same also holds when angular mode is

disabled.
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for( k=0 k<3 k++3{

pto_residual_eql flagl k] aelv}

#{ Iptn_residual_eq0_flagl k11 {

<ADD>if{k || ptn_pred_mede[nodeldx]} </ADD>

ptn_residual_sign flagi k] ae(v)
pin_residual abs log2ik ] ae{v}
ptn_residual_abs remaining] k] ae(v)

[—-—

18307} Altiernativelv, the minimmum value of radius (the mintowm radius among all
points} can be signaled 1n the shice header, which can be used as the radius for zero
predictor mstead of .

(8508 To improve the zero predictor, phi muitiplier can be applied to all predictor, not

just delia predictor. The following changes in the svatax are:

if{ geometry_angular_enabled_flag <REMOVE> &&

pin_phi_mult_eq0 flag ae{v}

i lptn_phi_mult eq0 flag ) {

ptn_phi_mult sign_flag ae(v)

ptn_phi_mult_eql flag ae(v)

i oto_phi_mult eql _flag)

pin_phi_muit abs minus2 aelv}

iff pto_phi_mult_abs_minusZ = =15}

pin_phi_mult_abs_minusi7 ae(v)

13102} FIG. 6 18 a conceptual diagram illustrating an example range-finding system 600
that may be used with one or more technigues of this disclosure. In the example of FIG.
6, range-finding system 600 mcludes an iluminator 602 and a sensor 604, Hluminator

602 may emit hight 606, In some examples, iHuminator 502 may eout light 606 as one
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or more laser beams. Light 606 may be in one or more wavelengths, such as an mfrared
wavelength or a visible ight wavelength. In other examples, hight 606 18 not coherent,
laser light. When hght 606 cncounters an object, such as object 608, Light 606 creates
returning light 610, Retuming light 610 may inclede backscatiered and/or reflected
light. Returrung light 610 may pass through a lens 611 that divects retuming light 610
to ereate an image 612 of object 608 on sensor 604, Sensor 604 generates signals 614
based on image 612, Image 612 may comprise a set of points {¢.g ., as represented by
dots 1o image 612 of FIG. 6},

[8118] In some examples, iluminator 602 and sensor 604 may be mounted on a
spinning structure so that thuminator 602 and sensor 604 captore a 360-degree view of
an environment. fo other examples, range-finding system 600 may imchude one or more
optical components {¢.g., mirrors, collimators, diffraction gratings, cte.) that enable
iHuminator 602 and sensor 604 to detoct ranges of objocts within a specific range (e.g.,
up to 360-degrees). Although the example of FIG. 6 only shows a single tlhuminator
602 and sensor 504, range-finding system 600 may include nmltiple sets of ifluminators
and sensors.

(8811} In some examples, dlaminator 6062 generaies a structured light pattern. In such
examples, range-finding system 600 may include multiple sensors 604 upon which
respective images of the structured light pattern are formed. Range-findmg systera 600
mayv use disparities between the images of the structured hight pattem to determine a
distance to an object 608 from which the structured light pattern backscatters.
Structured light-based range-finding systems may have a high level of accuracy {e.g.,
accuracy m the sub-millimeter range), when object 608 18 relatively close to sensor 604
{c.g., 6.2 meters to 2 meters). This high level of accuracy may be useful in facual
recognifion applications, such as uniocking mobile devices {¢.g., mobile phones. tablet
computers, etc.} and for security applications.

(3112} In some examples, range-finding system 600 18 a time of flight (ToF}-based
system. In some examples where range-finding system 600 15 a ToF-based system,
itiuminator 602 generates pulses of light. In other words, illuminator 602 may modulate
the arpiitude of enutied light 606, In such examples, sensor 604 detects retuming hight
610 from the pulses of hight 606 generated by llununator 602, Range-finding system
600 may then determine a distance {0 object 608 from which light 606 backscatters
based on a delay between when hight 606 was emitted and detected and the known speed

of light in air). In some examples, rather than {or in addition to) modulating the
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amplitude of the enutted ight 606, illununator 502 may modulate the phase of the
emitted bight 606, In such examples, sensor 604 may detect the phase of retuming hight
610 from object 608 and deternmune distances to points on object 608 using the speed of
light and based on time differences between when thuminator 602 generated light 606 at
a specitic phase and when sensor 604 detected returning hight 610 at the specitic phase.
18113} In other examples, a pomt cloud may be generated without using iluminator
602, For instance, in some examples, sensors 604 of range-finding system 600 may
include two or more optical cameras. In such examples, range-finding system 600 may
use the optical cameras to capture stereo images of the environment, including object
608. Range-finding system 600 may include a point cloud generator 616 that may
calculate the disparities between locations in the stereo images. Range-finding system
600 may then use the disparities to determine distances to the locations shown m the
sterco mmages. From these distances, point cloud generator 616 may generate a point
cloud.

16114} Sensors 604 may also detect other attubutes of object 608, such as color and
reflectance information. In the example of FIG. 6, a point cloud generator 616 may
generate a point cloud based on signals 614 gencrated by sensor 604, Range-finding
system 600 and/or point cloud gooerator 616 may form part of data source 104 (FIG. 1),
Hence, a point cloud generated by range-finding system 600 may be encoded and/or
decoded according to any of the techmgues of this disclosure.

[8115] FIG. 7 18 a conceptual diagram llustrating an example vehicle-based scenario in
which ong or more techniques of this disclosure may be used. In the example of FIG. 7,
a vehicle 700 meludes a range-finding svstem 702, Range-finding system 702 may be
mplemented in the manner discussed with respect to FIG. 7. Although not shown in
the exampie of FIG. 7, vehicle 700 may alsc mclude a data source, such as data source
104 (FIG. D), and a G-PCC encoder, such as G-PCC encoder 200 (FIG. 1), Inthe
example of FIG. 7, range-finding svstem 702 emits laser beams 704 that reflect off
pedestrians 706 or other objects in aroadway. The data source of vehicle 700 may
generate a point cloud based on signals generated by range-finding system 702, The G-
PCC encoder of vehicle 700 ray encode the point cloud to gencrate bitstreams 708,
such as geometry bitstrearmn (FIG. 2) and attribute bitstream (FIG. 2). Bitstreams 7038
may nclude many fower bits than the unencoded point cloud obtained by the G-PCC

encoder.
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16116} An output interface of vehicle 700 {e.g., output interface 108 (FIG. 1) may
fransmit bitstreams 708 to one or more other devices. Bitstreams 808 may include
many fower bits than the unencoded point cloud obtained by the G-PCC encoder. Thus,
vehicle 700 may be able to transmit bitstreams 708 to other devices more quickly than
the unencoded point cloud data. Additionally, bitstreams 708 may require less data
storage capacity.

16117} in the example of FIG. 7, vehicle 700 may transmut bitstreams 708 io another
vehicle 710, Vehicle 710 may include a G-PCC decoder, such as G-PCC decoder 300
(FIG. 1), The G-PCC decoder of velucle 710 may decode bitstreams 708 to reconstruct
the point cloud. Vehicle 710 may ose the reconstructed point cloud for various
purposes. For imstance, vehicle 710 may determine based on the reconstructed point
cloud that pedestrians 706 are 1 the roadway ahead of vehicle 700 and therefore start
slowing down, e.g., even before a driver of vehicle 710 realizes that pedestrians 706 are
in the roadway. Thus, in some examples, vehicle 710 may perform an autonomous
navigation operation based on the recounstructed point cloud.

[6118] Additionally or alternatively, vehicle 700 may transmit bitstreams 708 to a
server system 712, Server system 712 may use bitstreams 708 for various purposes.
For example, server system 712 may store bitstreams 708 for subsequent reconstruction
of the point clouds. o this example, server system 712 may use the point clouds along
with other data (¢ g., vehicle telemetry data generated by vehicle 700) to tramm an
agtonomous driving system. In other example, server system 712 may store bitstreams
708 for subsequent reconstruction for forensic erash investigations {e.g., if vehicle 700
cothides with pedestrians 706).

(8819} FIG. 8 15 a conceptual diagram illustrating an example extended reality system
in which one or more technigues of this disclosure may be used. Extended reality (XK}
is a term used to cover a range of technologics that includes augmented reality (AR},
mixed reality (MR}, and virtual reality (VR In the example of FIG. 8, a user 860 15
located i 8 first location 802, User 800 wears an XR headset 804, As an alternative to
XK headset 804, user 800 may use a mobile device {e.g., mobiie phone, tablet computer,
otc.). X headset 804 includes a depth detection sensor, such as a range-finding system,
that detects positions of poinis on objects 806 at location 802, A data souree of XR
headset 804 may usc the signals generated by the depth detection sensor {0 generate a

potnt cloud representation of objects 806 at location 802, XR headset 804 may include
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a G-PCC encoder {c.g., G-PCC encader 200 of FIG. 1) that is configured to encode the
point cloud to generate bitstreams 808,

[8128] XR headset 804 may transmut bitstreams 808 {e.g., via a ngtwork such as the
Internet} to an XR headset 810 wom by a user 812 at a sccond location 814, XR
headset 810 may decode bitstreams 808 to reconstruct the pomt cloud. XR headset 810
may use the point cloud to generate an XR visualization {e.g., an AR, MR, VR
visualization} representing objects 806 at location 802, Thus, in some examples, such
as when XK headsct 810 generates an VR visualization, user 812 may bave a 3D
mmmersive experience of location 802, In some examples, XR headset 810 may
determine g position of a virtual ohicct based on the reconstructed point cloud. For
instance, XR headset 810 may determine, based on the reconstructed point cloud, that
an environment {¢.g., location 802} includes a flat surface and then deternune that a
virtual obiect (¢.g., a cartoon character} is to be positioned on the flat surface. XR
headset 810 may generate an XR visualization in which the virtual object is at the
determuned position. For instance, XR headset 810 may show the cartoon character
sitting on the tlat surface.

(8121} FIG. 9 1s a conceptual diagram illustrating an example mobile device system in
which onc or more technigques of this disclosure may be used. In the example of FIG. 9,
a mobile device 900, such as a mobile phone or tablet computer, includes a range-
finding system, such as a LIDAR svstem, that detects positions of points on objects 902
in an environment of mobile device 900, A data source of mohile device 900 may use
the signals generated by the depth detection sensor to gencrate a point cloud
representation of objects 902, Mohile device 900 may mclude a G-PCC encoder {c.g.,
G-PCC encoder 200 of FIG. 1) that 1s configured to encode the point cloud to gencrate
bitsireams 904. In the example of FIG. 9, mobile device 900 may transmit bitstreams to
a remote device 906, such as a server system or other mobile device. Remote device
D06 mayv decode bitstreams 904 to reconstruct the pomt cloud. Remote device 906 may
use the point cloud for varicas purposes. For example, remote device 906 may use the
point cloud to generate a map of environment of mobile device 900, For instance,
remote device Y06 may generate a map of an interior of a building based on the
reconstructed point cloud. In another example, remote device 906 may generate
tmagery {¢.g., computcr graphics) based on the point cloud. For instance, remote device
006 may use points of the point cloud as vertices of polygons and use color atirtbutes of

the points as the basis for shading the polygons. In some exampies, remote device 906
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may use the reconstructed pomt cloud for facial recognition or other security
applications.

(6122} FIGS. 10A and 10B show examples of this process at bin #. I example 201 of
Fi(. 10A, the range at bin n includes the RangeMPS and Rangel PS given by the
probability of the LPS (p,) given a certain context state (o). Example 201 shows the
update of the range at bin n+1 when the value of bin n is equal to the MPS. In this
example, the fow stays the same, but the value of the range at bin n+1 18 reduced to the
value of RangeMPS at bin n. Example 203 of FIG. 108 shows the update of the range
at bin n+1 when the value of bin n s not equal 1o the MPS (i.e, cqual to the LPS). In
this example, the low 1s moved to the lower range value of RangeLPS at binn. In
addition, the value of the range at bin o+l is reduced to the value of RangelPS at bin o
16123} In some exampiles, the range may be expressed with 9 bits and the low with 10
bits. There is a renormalization process to maintain the range and low values at
sufficient precision. The renormalization occurs whenever the range is less than 256.
Therefore, the range is always equal or larger than 256 after renormalization.
Depending on the values of range and tow, the BAC outputs to the bitstream, a "0, ora
1,7 or updates an miernal variable (called BO: bus-cutstanding) to keep for future
outputs. FIG. 11 shows examples of BAC output depending on the range. For example,
a ‘1’ is output to the bitstream when the range and low are above a certain threshold
{c.g.. 512). A0 is output to the bitstream when the range and low are below a cortan
threshold {g.g., $12). Nothing 1s cutput to the bitstream when the range and lower are
between certain thresholds. Instead, the BO value 18 incremented and the next bin is
encoded.

8124 As discussed above, anthmetic coding methods may be used to provide high
compression efficiency. This is achieved by first transforming the non-binary svntax
clements mto a binary representation {¢.g.. §, 1} using a process called binarizaion.
The resulting transformed entries are called as bins or bin-sirings. These bins or bin
strings are then fed into the arithmetic coding process. FIG. 11 tllustrates an example
context adaptive binary anthmetic coding {CABAC) encoding stage. The exampie
CABAC encoding stage may be tuplemented mn a G-PCC encoder, such as by
arithmetic encoding unit 214 and/or arithmetic encoding unit 226 of G-PCC encoder
200 of FIG. 2.

13125} in some examples of G-PCC, context-adaptive binary arithimetic coding

(CABACQ) may be used for generating the dins through the binarization process. For
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cach coded bin value, an appropniate context model 1s sclected. These context models
are used for encoding cach Aim value mto output bits based on the bin probability values.
CABAC engine bypasses context-modehing and bin gncoding when the bin i3 equally
probable to be 0 or 1. This is the bypass coding stage discussed below . Otherwise, an
appropriate context model is specified as the bin values are encoded and models based
on the probability of bin-values. Contexts are adapted as the encoder encodes more
bins. Lastly, the context-coded bin values or raw bifstreams are transmitted or
otherwise provided to the decoder.

18126} FIG. 12 15 a block diagram of an example arthmetic encoding unit 214 that may
be configured to perform CABAC i accordance with the techmiques of this disclosure.
A syntax element 1180 is input into the arithmetic encoding unit 214, i the syntax
clement is already a binary-value syntax element {e.g., a flag or other syntax clement
that only has a value of 0 and 1}, the step of binarization may be skipped. If the syntax
clement is a non-binary valued syniax ¢lement (e .g., 3 syntax element that may have
values other than 1 or 0}, the non-binary valued syntax clement is binanzed by binarizer
1200, Binarizer 1200 performs a mapping of the non-binary valued syntax element into
a sequence of binary decisions. These binary decisions are often called “bins.” For
cxample, for transform cocfficient levels, the value of the level may be broken down
nto successive bins, cach bin indicating whether or not the absolute value of coefticicnt
level is greater than some value. For example, bin O {sometimes called a significance
flag} indicates if the absolute value of the transform coefficient level is greater than O or
not. Bin | mdicates if the absolute vahie of the transform coefficient fevel is greater
than | or not, and so on. A umigue mapping may be developed for each non-binary
valued syntax element.

(8827 Each bin produced by binarizer 1200 13 fod to the binary artthmetic coding side
of artthmetic encoding vott 214, That 1s, for a predetermined sct of non-binary valued
syntax elements, cach bin type {c.g., bin 0) 13 coded before the next bin type {e.g., bin
). Coding may be performed in either reguiar mode or bypass mode. In bypass mods,
bypass encoding engine 1260 performs arithmetic coding using a fixed probability
model, for example, using Golomb-Rice or exponential Golomb coding. Bypass mode
13 generally used for more predictable syntax elements.

18128} Coding 1o regular mode involves performing CABAC. Regular mode CABAC
is for coding bin valucs where the probabiity of a value of a bin is predictable given the

values of previously coded bins. The probability of a bin being an LPS is determined



WO 2022/076198 PCT/US2021/052366

44

by context modceler 1220, Context modeler 1220 outputs the bin value and the
probability state for the context {¢.g., the probability state o, including the value of the
LPS and the probability of the LPS occurring). The context may be an initial context
for a series of bins, or may be deternuned based on the coded values of previcusly
coded bins. The identify of a context may be expressed and/or be determined based on
a value of a vanable ctxlnc {context increment, sach as the value of the cixine
representing an merement to apply to a previous comtext). As described above, context
modeler 1220 may update the state based on whether or not the recetved bin was the
MPS or the LPS. After the context and probability staie o is determined by context
modeler 1220, regular encoding engine 1240 performs BAC on the bin value.

(8829 FHG 13 is a block diagram of an example arithmetic decoding unit 302 that may
be configured to perform CABAC 1 accordance with the techniques ot this disclosure,
The arthmetic decoding unit 302 of FIG. 13 performs CABAC in an inverse manner as
that of arithmetic encoding unit 214 described 1o FIG. 12, Coded bits from bitstream
2180 are input into arithmetic decoding unit 302, The coded bits are fed to either
coniext modeler 2200 or bypass decoding engine 2220 based on whether they were
entropy coded using regular mode or bypass mode. H the coded bits were coded in
bypass mode. bypass decoding engine will use Gelomb-Rice or exponential Golomb
decoding, for example, to retrieve the binary-valued symtax elements or bins of non-
binary syntax clements.

8130} If the coded bits were coded in regular mode, context modeler 2200 may
determine a probability model for the coded bits and regular decoding engine 2240 may
decode the coded bits to produce bins of non-binary valued syntax elements {or the
syntax elements themselves if binary-valued). After the context and probability state o
is determined by context modcler 2200, regular decoding engine 2240 performs BAC to
decode the bin value. In other words, regular decoding engine 2240 may deteroune a
probability state of a context, and decode a b value based on previously coded bing
and a current range. After decoding the bin, context modeler 2200 may update the
probability state of the context based on the window size and the value of the decoded
bin,

(6131} FIG. 14 15 a flowchart iHustrating an example method for encoding a current
predictive tree node, in accordance with one or more techniques of this disclosure. The
current predictive tree node (PTN) may be included in a point cloud. Although

described with respect to G-PCC encoder 200 (FIGS. 1 and 23, it should be understood
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that other devices may be configured to perform a method similar to that of FIG. 14,
For mstance, a G-PCC decoder, such as G-PCC decoder 300 (FIGS. 1 and 3) may
perform a complimentary method to that of FIG. 14 {e.g., decode as opposed to encode}.
[8832] G-PCC encoder 200 may obtain a value of a secondary residual for geometry
coding a current predictive tree node (PTN) of the pount cloud {(1402). As discussed
above, when using an angular mode for predictive geometry coding in G-PCC, G-PCC
encoder 200 may perform prediction in the {#,¢.7) domain. Due to the errors in
rounding, coding in v, ¢, { may be fossy. In some exampies, this loss may by reduced or
chiminated by coding a second set of residuals {referred to as secondary residuals),
which may be in a Cartesian domain. For instance, the current PTN may include three
secondary residuals (7, 7y, 7.}, one or more of which may be encoded using the
technique of FIG. 14,

[8133] G-PCC encoder 200 may encode the value of the secondary residual. To encode
the value of the secondary residual, G-PCC encoder 200 may encode, asing a first set of
contexi-adaptive binary arithmetic coding (CABAC) contexts, prefix bins of a syatax
clement having a value that specifies an absolute value of the value of the secondary
residual minus 2 (1404); and encode, using a second set of CABAU contexts that s
differgnt than the first set of contexts, suffix bins of the syntax element {1406}, For
nstance, arithmetic encoding unit 214 of G-PCC encoder 200 may encode prefix bins of
apin_scc_residual abs minus? syntax clement using contexts with context indices
{etxddx} between O and o-1 and encode suffix bins of the pin_sec residual abs minus2|
k | syntax element using contexts with context indices {cixldx) between g and o+4-1. In
some exampies, @ may be 3 and » may be 4.

[8134] In some examples, in addition {0 the syntax element having a value that specifies
an absolute value of the value of the secondary residual minus 2, G-PCC encoder 200
may encode ong or more other syntax elements that specify the value of the secondary
residual. As one example, G-PCC encoder 200 may encode a svntax element having a
value that specifies whether the value of the sscondary residual 1s equal to zero (8.,
pin sec residual eql flag)y As another example, where the value of the secondary
residual s not equal to zero, G-PCC encoder 200 may cocode a syntax element baving a
value that specifies a sign of the value of the secondary residual {e.g.,

ptn_sec residual sign flag), and a syntax element having a value that specifics whether

the value of the secondary residual is greater than one {e.g., pin_scc_residual eql flag).
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8133} However, as discussed above an in accordance with one or more technigues of
this disclosure, G-PCC encoder 200 may avoid encoding a svntax element that specifies
the absolute value of the secondary residoal minus 17 {e.g.,

ptn_sec residual abs minusi7) even where the absolute value of the sccondary residual
is greater than 17, By vot encoding the syntax element that specifics the absolute value
of the secondary residual mings 17 and by context coding the prefix and suffix of the
syniax element that specifies the absolute value of the secondary residual minus 2, G-
PCC encoder 200 may reduce the number of contexts and/or context coded bins used to
signal secondary residuals. As such, the technigues of this disclosure may reduce
computational complexity of point cloud coding.

18836 The techniques of this disclosure may be applicable to signalling beyond
sccondary residuals. For instance, G-PCC encoder 200 may obtain a value of a phi
multiplier for geometry coding the current predictive tree node of the point cloud {1408}
and cncode the value of the phi multiplier by at least encoding a syntax element having
a value that specifics an absohute value of the value of the phi multiplier minus 9 {e.g.,
pin_phi_mult_abs minus9) (1410). However, similar to the secondary residual, G-PCC
encoder 200 may avoid encoding a syntax element that specifies the absolote value of
the phi multiphier minus 17 (o.g., even where the absolute value of the phi muktiplier is
greater than 17).

[B8137] As discussed above, in some examples, a G-PCC encoder may signal a number
of direct chuld nodes of PTNs. For instance, G-PCC encoder 200 may encode a syntax
clement that represents a number of direct child nodes of the current predictive tree
node that are present in a geometry predictive tree that represents the pomt cloud {(e.g.,
Pin child cnty. In some examples, G-PCC encoder 200 may utilize fixed length coding
for cncoding the syntax element {¢.g., binanzing}. For instance, G-PCC encoder 206
may utilize the following table to encode the syntax element that represeuts the number

of direct child nodes.

Number of Child Ptn_child oot
0 00
1 01
2 10
3 i

6138} However, 1n some cxamples, utilizing fixed length coding may be undesirable.

For instance, a probability distribution of the mumber of child nodes may result in more
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PTNs have one child node than having 0, 2, or 3 child nodes. In accordance with one or
more technigues of this disclosure, G-PCC encoder 2040 may encode, using variable
length coding, the syntax clement that represents a mumber of direct child nodes of the
current predictive tree node that are present in a goometry predictive trec that ropresenis
the pomt cloud {(c.g., Ptn_child cut} (1412). For mstance, G-PCC encoder 200 may
utifize the following table to encode the syntax clement that represents the mumber of

direct child nodes.

Number of Child Pta child cont
{ 10
i 0
2 110
3 111

(8139} As can be seen in the above table, variable length coding the syntax element that
represents the number of direct ¢hild nodes may include wtilizing a shorter codeword
where the number of direct child nodes is 1 than where the number of direct child nodes
is O {¢.g., using the code word 07 where the number of child nodes 1s 1 vs using the
code word 107 where the number of direct child nodes s 0).

16148} FIG. 15 is a flowchart iHlustrating an exampie method for decoding a current
predictive tree node, n accordance with one or more technigues of this disclosure. The
current predictive tree node (PTN) may be included in a point cloud. Although
described with respect to G-PCC decoder 300 (FIGS 1 and 3), it should be understood
that other devices may be configured to perform a method similar to that of FIG. 15,
For mstance, a G-PCC encoder, such as G-PCC encoder 200 (FIGS. | and 2) may
perform a comphimentary method to that of FIG. 15 €e.g., encode as opposad to decode,
such as m a reconstruction loop performed by GRU 216},

18141} G-PCC decoder 300 may select, from a plurality of predefined prediction modes,
a prediction mode for performing predictive geometry coding of a position of a current
predictive iree node of the point cloud. As discussed above, the plurality of prediction
modes may include at least: a zero prediction mode, and a delta prediction mode. In
some examples, G-PCC decoder 300 may select the prediction mode based on a value of
a syntax element. For instance, geometry anthmetic decoder wnit 302) may decode a
pin pred mode syntax element having a vahue that specifics which prediction mode s

10 be selected.
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63142} Responsive to selecting the zero prediction mode (1502}, G-PCC decoder 300
may perform zero prediction to determine the posttion of the current PTN. To perform
zero prediction, G-PCC decoder 300 may determine a radius, an azimuth, and a laser
index of a parent node of the current predictive tree node (1504}, For instance, G-PCC
decoder 300 may obtain the radius, azimuth, and laser index of the parent node from
memory {&.g., as previously determined by G-PCC decoder 300},

18143} G-PCC decoder 300 may infer an azimuth and a laser index of a predicted
position of the current predictive tree node as the azimwth and the laser index of the
parent node (1506). Forinstance, G-PCC decoder 300 may copy the azimuth and laser
ndex of the parent node to as the ammuth and laser index of the predicied position of
the carrent node.

[8144] G-PCC decoder 300 may infer a radius of the predicied position to be a
mimimum radios value (1508). For mstance, G-PCC decoder 300 may always set the
radius of the predicted position to be the minimum radius value. In some examples, the
rmoinimum radius value may always be zero. In some examples, the rainioum radius
value may be greater than zero. For instance, G-PCC decoder 300 may decode a syntax
clement that specifies the minimum radius value {(e.g., from a shce header).

81458} To compiete performance of zero prediction, G-PCL decoder 300 may
determine, based on the predicted position of the current predictive tree node, the
posttion of the current predictive tree node (1310). For instance, G-PCC decoder 300
may obtain a residual radias value that represents a difference between a value of the
radius of the predicted position of the current predictive tree node and a value of the
radius of the position of the current predictive tree node. In some examples, such as
where the sclected mode is the zevo prediction mode, G-PCC decoder 300 may infer that
a sign of the residual radius value is positive {e g., and avoud having to signal whether
the sign is positive or negative). G-PCC decoder 300 may add the residual radius value
to the mimmum radius value (¢.g., the radius value of the predicted position of the
carrent PTN} to obtain the value of the radius of the position of the current PTN. G-
PCC decoder 300 may sunilarly obtain and add residuals for other components {e.g.,
azimuth and laser mdex),

(8146} In some examples, G-PCC decoder 300 may modify decoding based on a
quantity of lasers used to generate the point cloud. For mstance, G-PCC decoder 300
may deternine a gquantity of lasers used to capture light detection and ranging (LIDAR}

data that represents the point cloud (1512}, and responsive to determining that the
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quantity of lasers is one, inferring laser indices for all nodes in the pont cloudto be a
same value {¢.g., alaser index value of 0) (1514}, In this way, G-PCC decoder 300 may
avoid having to signal and/or predict laser indices. As such, the techniques of this
disclosure may reduce the number of bits necded to represent point clouds and/or reduce
point cloud coding complexity.

18147} The following numbered clauscs may iustrate one or more aspects of this
disclosure:

(0348} Clause 1A, A method of processing a pount cloud, the method comprising:
obtaining a value of a secondary residual for geometry coding of the pomt cloud, the
value being greater than 17; and coding the value of the secondary residual without
coding a syntax element that specifies the value of the secondary residual minus 17,
[0149] Clause 2A.  The method of clause 1A, wheremn the syntax element comprises
aptn sec residual abs minus17 syntax element.

18150} Clause 3A.  The method of clause 1A or ZA, further comprising: obtaining a
value of a phu multiplier for geometry coding of the point cloud, the value of the plu
multiplicr being greater than 17; and coding the value of the phi multiphier without
coding a syntax element that specifics the value of the pht multiplier minus 17,

(8851 Clavse 4A.  The method of ¢lanse 3A, wherein the syntax clement that
specifies the value of the pht swiltiplier vunus 17 comprises a

pin_phi_mault abs munusl7 syntax element

[8152] Clauss SA. The method of clause 3A or clause 4A, further comprising:
coding a syntax clement that specifies the value of the phi multiplier minug 9.

[8183] Clause 6A.  The method of any of clauses 1A-5A, wherein coding the value
of the secondary residual comprises: coding, using exponential Golomb coding with o
prefix contexts and & suthix contexts, bits of a syntax element that specifies the valug of
the secondary residual minus ¥,

(8154 Clause 7A.  The method of clause 6A, wheremn N ig 2.

[#155] Clause SA. The method of clause 6A or TA, whergin g 18 5,

18156 Clause YA, The method of any of clauses 6A-8A, wherein b is 4,

(0187} Clause 1B, A mcthod of processing a pount cloud, the method comprising:
coding, using variable length coding, a syntax element that represents a number of direct
child nodes of a current predictive treg node present in a geometry prediciive tree that

represents the point cloud; and coding, using variable length coding, a syatax clement
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that represents a mode used to predict a position associated with the current predictive
free node.

(6158} Clagse 2B, The method of ¢clanse 1B, wherein the syntax element that
represents the number of direct child nodes of the current predictive tree node present in
the geometry predictive tree comprises a pin_child ont syntax element.

8159 Clause 3B, The method of clause 1B or 2B, wheretn the syntax element that
represents the mode used to predict the position associated with the current predictive
tree node compuses a ptn_pred _mode syntax clement.

[8168] Clause 1. A method of processing a point cloud, the method comprisimg:
responsive to determine that a single laser was used to captare light detection and
ranging {LIDAR) data that represents the point cloud, refrauning from signaling 3 laser
index value of the single laser.

8161} Clauss 1D A method of processing a point cloud, the method comprising:
performing zero prediction of the point cloud based: on an azimwth, a laser index of a
parent neighbor, and a sign mference.

[8162] Clause 1E. A method of encoding a point cloud, the method comprising:
obtaining a value of a secondary residual for geometry coding a current predictive tree
node of the point cloud; and encoding the value of the secondary residual, wherein
eneoding the value comprises: encoding, using a first set of context-adaptive binary
arithmetic coding {CABAC) contexts, prefix bing of a syntax element having a value
that specifies an absolute value of the value of the secondary residual mines 2; and
encoding, using a second set of CABAC contexts that is different than the first set of
contexts, suffix bins of the svntax clement.

(8863} Clagse 2E.  The method of ¢lause 1E, wherein the syntax cloment comprises
aptn sec residual abs minus? syntax element.

[8164] Clause 3E.  The method of any of clauses 1E-2E, wherein the absolute value
of the secondary residual 1s greater than 17, and wherein encoding the value of the
sscondary residual does not include encoding a syntax element that specifies the
absolute valoe of the secondary residual minus 17

[81638] Clause 4E.  The method of any of clauses 1E-3E, wherein the first set of
CABAC contexts comprises CABAC contexts having context indices between 0 and a-
1, and wherein the second set of CABAC contexts comprises CABAC contexts having
context indices between ¢ and g+b-1.

[8166] Clause SE. The method of clause 4E, wherein o 18 5, and wherem £ 15 4,
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18167} Clause 6F.  The method of any of clauses 1E-5E, wherein the syntax element
comprises a first syntax element, and wherein encoding the value of the secondary
residoal further comprises: encoding a second syntax element having a valoe that
specifies whether the value of the secondary residual is equal o zero; where the value of
the secondary residual 1s not equal to zero: encoding a third svntax clement having a
value that specifies a sign of the value of the sceondary residual; and encoding a fourth
syniax element having a valuc that specifies whether the value of the secondary residual
is groater than one; where the value of the sccondary residual s greater than one,
cncodmg the first syntax clement.

(6168} Clagse 7E.  The method of any of clauses 1E-6E, wherein the current
predictive tree node is a first predictive tree node, wherein the syntax element comprises
a furst syntax element, the method further comprising: obtaining a value of a pld
multiplier for geometry coding a second predictive tree node of the point eloud; and
encoding the value of the phi multiplier, wherein encoding the value of the phi
moultiplicr comprises: encoding a fifth svatax element having a valuce that specitics an
absolute value of the value of the phi multiphier minus 9.

[8869] Clause 8E.  The method of clause 7E, wherein the absolute value of the phi
aultiplier is greater than 17, and wherein encoding the vabhie of the phi multiplier does
not include encoding a svitax element that specifies the value of the phi multiphier
minus 17,

8170} Clause 9E.  The method of any of clauses 1E-8E, whergin the carrent
predictive tree node is a first predictive tree node, and wherein the syntax element
comprises a first syntax element, the method further comprising: encoding, using
variable length coding, a sixth syntax element having a value that ropresents a mumber
of direct child nodes of a second predictive tree node that are present in a geometry
predictive tree that represents the point cloud.

(8171} Clause 10E.  The method of clause 9E, wherein the sixth syntax clement that
represents the number of direct child nodes of the second predictive tree node present in
the geometry predictive tree comprises a ptn_child ont syntax clement.

16372} Clause 11E.  The method of clause 9E, wherein encoding the sixth syntax
clement using variable length coding comprises utilizing a shorter codeword where the
number of direct child nodes is 1 than where the number of direct ¢hild nodes is 0.
[8173] Clause 12E. A method of decoding a point cloud, the method comprising:

obtaining a value of a secondary residual for geometry coding a current predictive tree
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node of the point cloud; and decoding the value of the secondary residual, wherein
encoding the value comprises: decoding, using a first set of context-adaptive binary
arithmetic coding ({CABAC) contexts, prefix bins of a syntax clement having a value
that specifies an absolute value of the valuc of the secondary residual minus 2; and
decoding, using a second set of CABAC contexis that is different than the first set of
contexts, suffix bins of the syntax clement.

18874} Clause 13E.  The method of clause 12E, wherein the syntax element comprises
apto_sec residual abs minus? syntax element.

18175} Clause 14E.  The method of any of clauses 12E-13E, wherein the absolute
value of the secondary residual is greater than 17, and wherein decoding the value of the
secondary residual does not wnnclude decoding a syniax element that specifios the
absolute value of the secondary residual munus 17,

18176} Clause 15E.  The method of anyv of clauses 12E-14E, wheremn the first set of
CABAC contexts comprises CABAC contexts having context indices between 0 and ¢-
1, and wherein the seccond set of CABAC contexts comprises CABAC contexts having
context indices between a and a+b-1.

(8877} Clagse 16E.  The method of ¢clause 153E, whersin o 18 5, and wheremn b is 4.
[8878] Clavse 17E.  The method of any of clauses 12E-16E, wherein the syntax
clement comprises a first syntax clement, and wherein decoding the value of the
secondary residaal further comprises: decoding a second syntax clement having a value
that specifies whether the value of the secondary residual is equal to zero, where the
value of the secondary residual is not equal to zero: decoding a third svntax element
having a value that specifies a sign of the value of the secondary residual; and decoding
a fourth syntax glement having a value that specifies whether the value of the secondary
residual is greater than one; where the value of the secondary residual is greater than
one, decoding the first syntax clement.

(8179 Clause 18E.  The method of anv of clauses 12E-17E, wherein the current
predictive tree node is a first predictive tree node, wherein the syntax element comprises
a first syntax element, the method further comprising: obtaining a valuc of a phi
multiplicr for geometry coding a second predictive trec node of the point cloud; and
decodmg the value of the phi multiphier, wherein decoding the value of the phn
mudtiplier comaprises: decoding a fifth syantax clement having a value that specifies an

absolute value of the value of the phi multipbier minus 9.
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{6180} Clause 19E.  The method of clause 18K, wherein the absclute value of the phi
multipher is greater than 17, and wheremn decoding the value of the phi multiphier does
not include decoding a syntax element that specifies the value of the phi mudtipher
minus 17.

(8181} Clause 20E.  The method of any of clauses 12E-19E, wherein the current
predictive tree node is a first predictive tree node, wherein the syntax element comprises
a first syntax element, the method further comprising: decoding, using variable ength
coding, a sixth syntax eleroent having a value that represents a number of direct child
nodes of a second predictive tree node that are present in a geometry predictive tree that
represents the point cloud.

(8882 Clause 21E.  The method of clause 20E, whergin the sixth syntax element that
represerds the number of direct child nodes of the second predictive tree node present in
the geometry predictive tree comprises a ptn_child ont syntax clement.

16183} Clause 22E.  The method of clause 20H, wherein decoding the sixth syntax
clement using variable length coding comprises utilizing a shorter codeword where the
number of direct child nodes is | than where the mumber of divect child nodes 15 0.
(6884} Clagse 23E. A device for encodmg a pownt cloud, the device comprising: a
memory configured to store at least a portion of the pount cloud; and one or more
processors implemented in circuitry and configured to: obtain a value of a secondary
residual for geometry coding a current predictive tree node of the point cloud; and
encode the value of the secondary residual, wherein, o encode the value, the one or
more processors are configured to: encode, using a first set of context-adaptive binary
arithmetic coding (CABAC) contexts, prefix bins of a syntax clement having a value
that specifies an absolute value of the value of the secondary residual mimus 2; and
encode, using a sccond set of CABAC contexts that is different than the first set of
contexts, suffix bins of the syntax clement.

[8185] Clause 24E.  The device of clause 23K, wherem the syntax element comprises
aptn sec residual abs minas? syntax element,

18186} Clause 25E.  'The device of any of clauses 23E-24K wherein the absclute value
of the secondary residual 1s greater than 17, and wherein, 1o encode the value of the
secondary residual, the one or more processors are not configured to encode a syntax
clement that specifies the absolute value of the secondary residual minus 17

[8187] Clause 26E.  The device of any of clauses 23E-25E, wherein the first set of

CABAC contexts comprises CABAC contexts having context mndices between 0 and a-
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1, and wherein the seccond set of CABAC contexts comprises CABAC contexts having
context indices between a and a+b-1.

(6188} Clagse 27E.  The device of clause 26E, wherein o 18 5, and wherein b 13 4.
(8889 Clavse 28E.  The device of any of clauses 23E-27E, whergin the syntax
clement comprises a first syntax element, and wherein, to encode the value of the
sscondary residual further, the one or more processors are configured to: encode a
second syntax clement having a value that specifics whether the value of the secondary
residual is equal to zero; where the value of the secondary residual 18 not equal to zero:
cneode a third syntax element having a value that specifies a sign of the value of the
secondary residual; and encode a fourth syntax ¢lement having a value that specifies
whether the value of the secondary residual is greater than one; where the value of the
sccondary residual is greater than ong, encode the first syntax clement.

18190} Clauss 29E.  The device of any of clauses 23E-29E wherein the current
predictive tree node is a first predictive tree node, wherein the syntax clement compriscs
a first syntax element, and wherein the one or more processors are further configured to:
obtain a value of a phi multiplier for geometry coding a second predictive tree node of
the pomt cloud; and encods the value of the phi multiphier, wherein, to encode the valug
of the phi muitiplier, the one or more processors are configured {o: encode a fifth syatax
clement having a value that specifies an absobute value of the value of the phi multipher
minus 9.

8191} Clauss 30E.  The device of clause 29E, wherein the absolate value of the pha
multiplier is greater than 17, and wherein, to encode the value of the phi multiplier, the
ong or more processors are not configured to encode a syniax element that specifies the
value of the phi multipher minas 17.

18892 Clavse 31E.  The device of any of clauses 23E-30F, wherein the current
predictive free node 15 a first predictive tree node, wherein the syntax element compuses
a first syntax element, and wherein the one or more processors are further configured to
encode, using vanable length coding, a sixth syntax element having a value that
represents a number of direct child nodes of a second predictive trec node that are
present in a geometry predictive tree that represents the peint cloud.

(6193} Clause 32E.  The device of clause 31E, wherein the sixth syntax element that
represents the number of direct child nodes of the second predictive tree node present in

the geometry predictive tree comprises a pin_child ont syntax element.
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16394} Clause 33E.  The device of clause 31E, wherein, to encode the sixth syntax
clement using vanable length coding, the one or more processors are configured to
atilize a shorter codeword where the number of direct child nodes 15 1 than where the
number of direct ¢child nodes is 8.

[8195] Clause 34E. A device for decodmg a point cloud, the device comprising: a
memory configured to store at least a portion of the point cloud; and one or more
processors implemented 1n circuitry and configured to: obtam a value of a secondary
residual for geometry coding a current predictive tree node of the point cloud; and
decode the value of the secondary residual, wherein, o decode the value, the one or
more processors are configured to: decode, using a first set of context-adaptive binary
arithmetic coding {CABAL) contexts, prefix bins of a syatax element having a vahie
that specifics an absolute value of the value of the secondary residual mmus 2; and
decode, using a second set of CABAC contexts that is different than the first set of
contexts, suffix bins of the syntax clement.

18396} Clause 35E.  The device of clause 34E, wherein the syntax clement comprises
aptn_sec residual abs minus? syntax element.

(8197} Clagse 36E.  The device of any of clauses 34E-35E, wherein the absohite value
of the secondary residual is greater than 17, and wherein, to decode the value of the
secondary residual, the one or more processors are not configured to decode a svrdax
element that specifies the absolute value of the secondary residual minus 17

8198} Clauss 37E.  The device of any of clauses 34E-36E wherein the first set of
CABAC contexts comprises CABAC contexts having context indices between 0 and ¢-
1, and wherein the second set of CABAC contexts comprises CABAC contexts having
context indices between o and ¢+5-1.

(8899 Clavse 38E.  The device of clause 37E, wherein o 15 5, and wherein b is 4.
(6200} Clause 39H.  The device of any of clauses 34E-38E, wherein the syntax
clement comprises a first syntax element, and wherein, to decode the value of the
sscondary residual further, the one or more processors are configured to: decode a
second syntax element having a value that specifics whether the value of the secondary
residual is equal to zero; where the value of the secondary residual 18 not equal to zero:
decode a third syntax element having a value that specifies a sign of the value of the
secondary residual; and decode a fourth syntax ¢lement having a value that specifies
whether the value of the secondary residual is greater than one; where the value of the

secondary residual 1s greater than one, decode the first svntax element.
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16201} Clause 40E.  The device of any of clauses 34E-39E, wherein the current
predictive tree node 1s a fivst predictive tree node, wherein the syntax element comprises
a first syntax clement, and wherein the one or more processors are further configured to:
obtain a value of a phi multiplier for geometry coding a second predictive tree node of
the pomt cloud; and decode the value of the phu multiplier, wherein, to decode the value
of the phi multiplier, the one or more processors are configured to: decode a fifth syntax
clement having a value that specifies an absolute value of the value of the phi multiplicr
minus 9.

[8202] Clause 41E.  The device of any of clauses 34E-40E, wherein the absolute value
of the phi multiplier is greater than 17, and wherein, to decode the value of the phn
mudtiplicr, the one or more processors are not configured to decade a syntax element
that specifies the value of the phi multiplier minus 17,

18203} Clauss 42E.  The device of any of clauses 34E-41E, wherein the current
predictive tree node is a first predictive tree node, wherein the syntax clement compriscs
a first syntax element, and wherein the one or more processors are further configured to:
decode, using variable length coding, a sixth syntax element having a value that
represents a number of direct child nodes of a second predictive tree node that are
present in a geometry predictive troe that represents the point cloud.

16204} Clause 43E.  The device of clause 42E, wherein the sixth syotax clement that
represents the number of direct child nodes of the second predictive free node present in
the geometry predictive tree comprises a ptn_child ont syntax clement.

19265} Clause 44E.  The device of clause 42E, wherein, to decode the sixth syntax
clement using vanable length coding, the one or more processors are configured to
atilize a shorter codeword where the number of direct child nodes 15 1 than where the
number of direct ¢child nodes is &,

[8286] Clause 45E. A computer-readable storage medium storing instructions that,
when executed, cause one or more processors of a point cloud encoder to: obtain 3 value
of a secondary residual for geometry coding a current predictive tree node of the point
cloud; and encode the value of the secondary residual, wherein, the instructions that
cause the or more processors to encode the value comprise mstructions that cause the
ong or more processors to: encode, using a first set of context-adaptive binary anthmetic
coding {CABAC) contexts, prefix bins of a syntax clement having a value that specifics

an absolute value of the value of the secondary residual minus 2; and encode, using a
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second sct of CABAC contexts that is different than the first set of contexts, suffix bins
of the syntax clement.

(8267} Clagse 46E. A computer-readable storage medium storing instructions that,
when executed, cause one or more processors of a point cloud decoder to: obtain a value
of a secondary residual for geometry coding a current predictive tree node of the point
cloud; and decode the value of the secondary residaal, wherein, the nstructions that
cause the or more processors to decode the value comprise mmstructions that cause the
One OF 1001C processors to: decode, using a first set of contexi-adaptive binary anthmetic
coding {CABACQC) contexts, prefix bins of a syntax element having a value that specifies
an absolute value of the value of the secondary residual minus 2; and decede, using a
second sot of CABAC contexts that is different than the first set of contexts, suffix bins
of the syntax elemoent.

169208} Clause 1F. A method of decoding a point cloud, the method comprising:
selecting, from a phurality of predefined prediction modes, a prediction mode for
performing predictive geometry coding of a position of a current predictive tree node of
the point cloud, wheremn the plurality of prediction modes includes at least: a zero
prediction mode, and a delia prediction mode; responsive to selecting the zero
prediction mode: determining a radius, an azimuth, and a laser index of a parent node of
the current predictive tree node; inferring an azimuth and a laser index of a predicted
postition of the current predictive tree node as the azimuth and the laser index of the
parent node; wnferring a radius of the predicted position {0 be a minimum radius valae,
wherein the minimum radius value 1s different than the radius of the parent node: and
determining, based on the predicted position of the current predictive tree node, the
position of the current predictive free node.

[8209] Clavse 2F.  The method of ¢lanse 1F, further comprising: responsive to
sclecting the delta prediction mode: infernng the radius, the azmwuth, and the laser index
of the predicted position of the current predictive tree node as the radius, the azimuth,
and the faser index of the parent node.

19210} Clause 3F¥.  The method of any of clauses 1F-2F, wherein the munimum
radius value 15 zero,

18211} Clause 4F. The method of any of clauses IF-3F, wherein the munimum
radius value is greater than zero.

(6212} Clause 5F.  The method of anv of clauses 1F-4F, wherein deteroiing the

position of the current node based on the predicted position comprises: obtaming a
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residual radius value that represents a difference between a value of the radius of the
predicted position of the current predictive tree node and a value of the radivs of the
position of the current predictive free node.

[8213f Clause 6F.  The method of ¢lanse 3F, wherein obtaining the residual radius
value comprises: responsive to selecting the zero prediction mode, inferming a sign of
the restdual radius value to be positive.

19214} Clause 7F.  The method of any of clauses 1F-6F, further comprismg:
deternuning a quantity of lasers used to capture light detection and ranging (LIDAR)
data that represents the point cloud; and responsive to determining that the quantity of
lasers 1s one, inferring laser indices for all nodes m the pomt cloud to be a same value.
[8215] Clavse 8F.  The method of any of clauses 1F-7F, whergin selecting the
prediction mode comprises: decoding a syntax element having a value that indicates the
selected prediction mode.

19216} Clause 9F. A method of encoding a point cloud, the method comprising:
selecting, from a phurality of predefined prediction modes, a prediction mode for
performing predictive geometry coding of a position of a current predictive tree node of
the point cloud, wherein the plarality of prediction modes tncludes at least: a zero
prediction mode, and a delta prediction mode; where the selected mode is the zero
prediction mode: determuining a radius, an azimuth, and a laser index of a parent node of
the current predictive tree node; mfernng an azimuth and a laser index of a predicte
position of the current predictive tree node as the azimuth and the laser index of the
parent node; inferring a radius of the predicted position to be a nunimum radius valoe,
wherein the munimum radius value is different than the radius of the parent node; and
determining, based on the predicted position of the current predictive tree node, the
position of the current predictive tree node.

[8217] Clause 10F.  The method of clause 9F, further comprising: responsive to
selecting the delta prediction mode: inferring the radius, the azimuth, and the laser index
of the predicted position of the current predictive tree node as the radius, the azmuth,
and the faser index of the parent node.

{6218} Clause 11F.  The method of any of clauses 9F-10F, wherein the nunimum
radius value 1s zero.

(8219 Clavse 12F.  The method of any of clauses 9F-11F, wherein the minimum

radius value is greater than zero.
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16226] Clause 13F.  The method of any of clauses 9¥F-12F, wherein determining the
position of the current node based on the predicted position comprises: obtaining a
residual radius value that represents 8 differcnce between a value of the radius of the
predicted posttion of the current predictive troe node and a value of the radius of the
posttion of the current predictive tree node.

18221} Clauss 14F.  The method of clause 13F, whercin obtaining the residual radius
value comprises: where the selected mode is the zero prediction mode, inferring a sign
of the residual radius value to be positive.

18222} Clause I5F.  The method of any of clauses 9F-14F, further comprising:
determining a quantity of lasers used to capture light detection and ranging (LIDAR)
data that represenis the point cloud; and respounsive to determining that the quantity of
lasers is one, nferning laser indices for all nodes m the pont cloud to be a same value.
198223} Clauss 16F.  The method of any of clauses 9F-15F wherein selecting the
prediction mode comprises: encoding a syatax clement having a value that indicates the
selected prediction mode.

18224} Clause 17F. A device for decodimg a pomt cloud, the device comprising: a
memory configured to store at feast a portion of the point cloud; and one or more
processors implemented in circuitry and configured to: select, from a plurality of
predefined prediction modes, a prediction mode for perdforming predictive geometry
coding of a posttion of a current predictive tree node of the pont cloud, wherein the
plurality of prediction modes inclades at least: a zero prediction mode, and a delta
prediction mode; responsive 1o selecting the zero prediction mode: determing a radius,
an azimuth, and a laser index of a parent node of the current predictive tree node; infer
an azimuth and a laser index of a predicted position of the current predictive tree node
as the azimuth and the laser index of the parent node; infer a radius of the predicted
position 1o be a minimurm radius value, wherein the minimum radius value is difforent
than the radius of the parent node; and determme, based on the predicted position of the
carrent predictive tree node, the position of the current predictive tree node.

19225} Clause 18F.  The device of clause 17F, whergin the one or more processors arg
further contigured to: responsive to seiecting the delta prediction mode: infer the radius,
the azimuth, and the laser index of the predicted position of the current predictive tree
node as the radius, the azimuth, and the laser index of the parent node.

(8226 Clause 19F.  The device of any of clauses 17F-18F, wherein the nunimum

radius value 18 zero.
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16227} Clause 20F.  The device of any of clauses 17F-19F, wherein the mmimum
radius value 15 greater than zero,

(6228} Clagse 21F.  The device of any of clauses 17F-20F, wherein, to determine the
position of the current node based on the predicted position, the one or morC processors
are contigured to: obtain a residual radius value that represents a difference between a
value of the radius of the predicted posttion of the current predictive tree node and a
value of the radius of the position of the current predictive tree node.

16229} Clause 22F.  The device of clause 21F, wherein, to obtam the residual radius
value, the one or more processors are configured to: infer, responsive 1o selecting the
zero prediction mode, a sign of the residual radius value to be positive.

18238 Clavse 23F.  The device of any of clauses 17F-22F, wherein the ong or more
processors are further configured to: determine a quantity of lasers used to capture light
detection and ranging (LIDAR) data that represents the point cloud; and infer,
responsive to determining that the quantity of lasers is one, laser indices for all nodes 1n
the pomt cloud to be a same value.

18231} Clause 24F.  The device of any of clauses 17F-23F, wherem, to sclect the
prediction mode, the one or more processors are further configured to: decode a syntax
clement having a vahie that mdicates the s¢lected prediction meode.

(08232 Clause 25F. A device for encodmg a point cloud, the device comprising: a
memory configured to store at least a portion of the point cloud; and one or more
processors implemented in circuitry and configured to: select, from a plurality of
predefined prediction modes, a prediction mode for performing predictive geometry
coding of a position of a current predictive tree node of the point cloud, wherein the
plurality of prediction modes mcludes at least: a zero prediction mode, and a delta
prediction mode; where the selected mode is the zero prediction mode: determine a
radius, an azimuth, and a laser index of a parent node of the current predictive tree node;
wnfer an azimuth and a laser index of a predicted position of the current predictive tree
node as the azimuth and the laser index of the parent node; nfer a radius of the
predicted position to be a minimum radius value, wherein the minimoem radius value is
different than the radius of the parent vode; and determine, based on the predicted
position of the current predictive tree node, the position of the current predictive tree
node.

(8233 Clause 26F.  The device of clause 25F, whercin the one or more processors are

further configured to: responsive to selecting the delta prediction mode: infer the radius,
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the azimuth, and the laser index of the predicted posttion of the current predictive tree
node as the radius, the azmuth, and the laser index of the parent node.

(8234} Clagse 27F.  The device of any of clauses 25F-26F, wherein the munimum
radius value is zero.

[8235] Clause 28F.  The device of any of clauses 25F-27F, wherein the nunimum
radius value is greater than zero,

19236} Clause 29F.  'The device of any of clauses 25F-28F, wheroin, to determing the
position of the current node based on the predicted position, the one or raore processors
are configured to: obtam a residual radius value that represents a difference between a
value of the radius of the predicted position of the current predictive tree node and a
value of the radius of the posttion of the current predictive tree node.

[8237] Clause 30F.  The device of clause 29F, wherein, to obtain the residual radius
value, the one or more processors are configured to: infer, responsive to selecting the
zero prediction mode, a sign of the residual radius value to be positive.

16238} Clause 31F.  The device of any of clauses 25F-30F, wherem the one or more
processors are further configured to: determine a quantity of lasers used to capture light
detection and ranging (LIDAR) data that represents the point cloud: and infer,
responsive to determining that the quandity of fasers is one, laser indices for all nodes in
the pomt cloud to be a same value.

(8239} Clause 32F.  The device of any of clauses 25F-31F, wherein, to select the
prediction mode, the one or more processors are further configured to: encode a syntax
clement having a valuce that indicates the sciected prediction mode.

182481 Clause 33F. A computer-readable storage medium storing mstructions that,
when executed, cause one or more processors of a pomt cloud decoding deviee to:
select, from a plurality of predefined prediction modes, a prediction mode for
perforoung predictive geometry coding of a position of a current predictive tree node of
the pomt cloud, wherem the plurality of prediction modes meludes at least: a zero
prediction mode, and a delia prediction mode; responsive to selecting the zero
prediction mode: determine a radins, an azumuth, and a laser index of a parent node of
the current predictive tree node; mfer an azimuth and a faser index of a predicied
position of the carrent predictive tree node as the azimmuth and the laser index of the
parent node; infer a radius of the predicted position to be a minimum radius value,

wherein the minumum radius value is different than the radiuvs of the parent node; and
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deterovue, based on the predicied position of the current predictive tree node, the
position of the current predictive tree node.

(8241} Clagse 34F. A computer-readable storage medium storing instructions that,
when executed, cause one or more processors of a point cloud encoding devige to:
select, from a plurality of predefined prediction modes, a prediction mode for
performing predictive geometry coding of a position of a current predictive tree node of
the point cioud, wherein the plurality of prediction modes includes at least: a zero
prediction mode, and a delta prediction mode; where the sclected prediction mode is
zero prediction mode: determine a radius, an azmuth, and a laser index of a parent node
of the current predictive tree node; infor an azimuth and a laser index of a predicted
position of the carrent predictive tree node as the azinmth and the laser index of the
parent node; infer a radius of the predicied position to be a mimimum radius value,
wheretn the minimum radius value s different than the radius of the parent node; and
determine, based on the predicted position of the current predictive tree node, the
position of the current predictive tree node.

18242} Clause 17, A device for processing a point cloud, the device comprising one
or more means for performing the method of any of clauses 1A-1F.

[0243f Clavse 272, The device of clause 17, wherein the one or more means
COMprise One or more processors tmplemented io circuitty.

8244} Clause 37, The device of any of clauses 12 or 27, further comprising a
memory 1o store the data representing the pomnt cload.

19245} Clause 47, The device of any of clauses 17 37, wherein the device
comprises a decoder.

(8246} Clagse 537, The device of any of clauses 172 -47, wherein the device
comprises an encoder.

[0247] Clause 62, The device of any of clauses 12, -537, further comprising a device
to generate the point cloud.

18248} Clause 72, The device of any of clauses 17 -67, further comprising a display
to present imagery based on the point cloud.

[6249] Clause 87. A computer-readable storage medium having stored thercon
mstructions that, when executed, cause one or more processors o perform the method of
any of clauses 1A-1F.

[8256] Examples in the various aspects of thus disclosure may be used individually orin

any combination.
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16251} tt1s to be recognized that depending on the example, certain acts or evends of
anv of the technigues described herein can be performed m a different sequence, may be
added, merged, or left out altogether (¢ g., not all described acts or events are necessary
for the practice of the techniques). Moreover, 1n cortain examples, acts or gvents may
be performed concurrently, e.g., through multi-threaded processing, mnterrupt
processing, or multiple processors, rather than sequentially.
16252} in one or more examples, the functions descnbed may be implemented in
hardware, software, firmware, or any combination thereof. [f implemented i software,
the functions may be stored on or transmitted over as one or more instructions or code
on a computer-readable mediwm and executed by a hardware-based processing unit.
Computer-readable media may include computer-readable storage media, which
corresponds to a tangible medium such as data storage media, or communication media
including any medium that facilitates transfer of a computer program from one placs to
ancther, ¢.g., according to a commumnication protocol. In this manner, computer-
readable media generally may correspond to (1) tangible computer-readable storage
media which 1s non-transitory or {2) a communication medium such as a signal or
carrier wave. Data storage media may be any available media that can be accessed by
On¢ OF MOIC COMPUESTs OF ORE OF IMOTS Processors 1o retrieve nstructions, code and/or
data structures for implementation of the techniques described i thus disclosure. A
computer program product may mclude a computer-readable medium.
18253} By way of example, and not mitation, suck computer-readable storage media
can comprise RAM, ROM, EEPROM, CD-ROM or other optical disk storage, magaetic
disk storage, or other magnetic storage devices, flash memory, or any other medium that
can be used to store desired program code in the form of mstructions or data structures
and that can be accessed by a computer. Also, any connection is properly termed a
compuier-readable medmm. For example, if instructions are transmitted from a
website, server, or other remote source using a coaxial cable, fiber optic cable, twisted
pair, digital subseriber line (DSL), or wireless technologies such as infrared, radio, and
microwave, then the coaxial cable, fiber optic cable, twisted pair, DSL, or wirckess
cchnologies such as infrared, radio, and microwave are included in the defimition of
medivm. ¥t should be understood, however, that computer-readable storage media and
data storage media do not include connections, carricr waves, signals, or other transitory
media, but arc instead directed to non-transitory, tangible storage media. Disk and disc,

as used herein, includes compact disc (CD), laser dise, optical disc, digital versatile disc
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(DY), floppy disk and Blu-ray disc, where disks usually reproduce data magnetically,
while discs reproduce data optically with lasers. Combinations of the above should also
be included within the scope of computer-readable media.

18254} Instructions may be oxecuted by one or more processors, such ag one or more
digital signal processors {DSPs), general purpose microprocessors, application specific
integrated circuits {ASHs), field programmable gate arravs {(FPGAs), or other
equivalent integrated or discrete logic cireuitry. Accordingly, the teoms “processor” and
“processmg circuitry,” as used herern may refer to any of the foregoing structures or any
other structure suitable for implernentation of the technigues deseribed heremn. In
addition, in some aspects, the functionality described herein may be provided within
dedicated hardware and/or software modules configured for encoding and decoding, or
incorporated in a combined codec. Also, the technigues could be fully implemented in
one or more circuits or logic elements.

18255} The techniques of this disclosure may be implemented 1 a wide variety of
devices or apparatuses, including a wireless handset, an integrated circoit (JO) or a set of
ICs {e.g., a chip set). Vanous components, modules, or units are described in this
disclosure to emphasize functional aspects of devices configured to perform the
disclosed technigues, but do not necessartly require realization by different hardware
units. Rather, as described above, vanous units may be combined 1n a codec hardware
unit or provided by a collection of mteroperative hardware units, including one or more
processors as described above, in conjunction with suitable software and/or finmware.
18256} Various examples have been described. These and other examples are within the

scope of the following claums.
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WHAT IS CLAIMED I5:

1. A method of encoding a point cloud, the method comprising:
obtaming a value of a secondary residual for geometry coding a current
predictive free node of the point cloud; and
gncoding the value of the secondary residual, wherein encoding the value
COMPIISes:
encoding, using a first set of context-adaptive binary arithmetic coding
{CABAC) contexts, prefix bins of a svntax element having a value that specifies
an absolate value of the value of the secondary residoal minus 2; and
encoding, using a second set of CABAC contexts that is different than

the first set of contexts, suffix bins of the syntax element.

2

The method of claim 1, wherein the syntax clement comprises a
pio_sec_residual_abs minus? syntax clement.

3. The method of claim 1, wherein the absolute value of the secondary residual is
greater than 17, and wherein encoding the value of the secondary residual dogs not
include encoding a symtax element that specifies the absolute value of the secondary

residual minus 17,

4. The method of claim 1, wherein the first set of CABAC contexts comprises
CABAC contexts having context indices between O and -1, and wherein the second set

of CABAC contexts comprises CABAC contexts having coniext mndices between o and

at+h-1.
5 The method of claim 4, wherein ¢ is 5, and wherein 615 4.
6. The method of claim 1. wherein the syatax clement comprises a first syntax

clement, and wherem oncoding the value of the secondary residual further comprises:
encoding a second syntax element having a value that specifics whether the
value of the secondary residual 1s equal to zero;

where the value of the secondary residual is not equal o zero:
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encoding a third svidax element having a value that specifics a sign of
the value of the secondary residual; and

encoding a fourth syntax element having a value that specifics whether
the vahue of the secondary residual is greater than ong;
where the value ot the secondary residual 1s greater than one, encoding the first

syntax element.

7. The method of claim 1, wherein the current predictive tree node is a first
predictive tree node, wherein the syntax clement comprises a fivst syntax clement, the
method further comprising:

obtaining a value of a phi multiplier for geometry coding a second predictive
tree node of the point cloud; and

encoding the value of the phn muoltiplier, wherein encoding the vahie of the phi
multiplier comprises:

encoding a fifth syntax element having a value that specifies an absolute

value of the value ot the phi multiplier minus 9.

8. The method of claim 7, wherein the absclute value of the phi sultiplier s
greater than 17, and wherein encoding the value of the phi multiphier does not inchude

encoding a svniax element that specifies the value of the phi multiplier minus 17

9. The method of claim 1, wherein the current predictive tree node is a first
predictive free node, and wherein the syntax element comprises a first syntax element,
the method further comprnising:

encoding, using variabie iength coding, a sixth svntax element baving a value
that represents a number of divect child nodes of a second predictive tree node that are

present in a geometry predictive tree that represents the point cloud.

10. The method of claim 9, wherein the sixth syntax element that represents the
number of direct child nodes of the second predictive trec node present in the geometry

predictive tree comprises a ptn_childont syntax clement.
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11 The method of claim 9, wherein encoding the sixth svatax clement using
variable length coding comprises utilizing a shorter codeword where the number of

direct child nodes 1s 1 than where the number of direct child nodes 15 0.

12. A method of decoding a pomt cloud, the method comprising:
obtaming a value of a secondary residual for geometry coding a cusrent
predictive tree node of the point cloud; and
decoding the value of the secondary residual, wherein encoding the value
COMpPTISes:
decoding, using a first set of context-adaptive binary arithmetic coding
{CABAC) contexts, prefix bins of a syntax element baving a value that specifies
an absolute value of the value of the secondary residual ouws 2; and
decoding, using a second set of CABAC contexts that is different than

the first set of contexts, sutfix bins of the syntax clement.

13. The method of claim 12, wherein the svntax element comprises a

pin sec residual abs minus? gyntax element.

14, The method of claim 12, wherein the absolute value of the secondary residual s
greater than 17, and wherein decoding the value of the secondary residual does not
mclade decoding a syntax element that specifies the absclute value of the secondary

residual minus 17,

15 The method of claim 12, wherein the first set of CABAC contexts comprises
CABAC contexts having context indices between 0 and a-1. and wherein the second set

of CABAC contexts comprises CABAC contexts having condext indices between @ and

a+be-t
16, The method of claim 15, wherein ¢ 1s 5, and wherein # is 4.
17, The method of claim 12, wherem the svntax clement comprises a first syntax

clement, and whercin decoding the value of the secondary residual further comprises:
decoding a second svutax clement having a value that specifies whether the

value of the secondary residual 15 equal to zero;
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where the value of the secondary residual 1s not equal to zero:

decoding a third syntax element having a value that specifies a sign of
the value of the secondary residual; and

decoding a fourth syntax element having a value that specifies whether
the value of the secondary residual 1s greater than one;
where the value of the secondary residual s greater than one, decoding the first

syntax element,

18. The method of claim 12, wherein the current predictive tree node 1s a first
predictive tree node, wherein the syntax clement comprises a first syntax clement, the
method further comprising:

obtaining a value of a phi muitiplier for geometry coding a second predictive
tree node of the pont cloud; and

decoding the value of the phi multiphier, wherein decoding the vahue of the pht
moultiplicr comprises:

decoding a fifth syntax element having a value that specifies an absolute

salue of the value of the phi multiplier minus 9.

19 The method of claim 18, wherein the absolute value of the phi multiplier s
greater than 17, and wherein decoding the valae of the phi multipher does not include

decoding a syntax element that specifies the value of the phi multiplier minus 17,

20, The method of claim 12, wherein the current predictive tree node 1s a first
predictive tree node, wherein the syntax clement comprises a first syntax clement, the
method further comprising:

decoding, using variabie length coding, a sixth svidax element having a value
that represents a number of direct child nodes of a second predictive tree node that arc
present in 3 geometry predictive troe that represents the point cloud.
2L The method of claim 20, wherein the sixth syntax clement that represents the
number of direct child nodes of the second predictive tree node present in the geometry

predictive free comprises a pin_child cnt syntax element.
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22, The method of claim 20, wherein decoding the sixth svitax clement using
variable length coding comprises utilizing a shorter codeword where the number of

direct child nodes 1s 1 than where the number of direct child nodes 15 0.

23 A device for encoding a pomnt cloud, the device comprsing:
amemory configured to store at least a portion of the point cloud,; and
one or more processors implemented in circuitry and configured to
obtain a value of a secondary residual for geometry coding a current
predictive tree node of the point cloud; and
encode the value of the secondary residual, whergin, to encode the value,
the one or more procgssors are configured to:
encade, using a first set of context-adaptive binary artthmetic
coding (CABAC) contexts, prefix bins of a syntax clement having a
value that specifies an absolute value of the value of the secondary
residual munus 2; and
encode, using a second set of CABAC contexts that 1s different

than the first set of contexts, suffix bins of the syntax element.

24, The device of claim 23, wherein the syotax clement comprises a

pin_sec reswdual abs minus2 syntax element.

25. The device of clamm 23, whergin the absohute value of the secondary residual is
greater than 17, and wherein, to encode the value of the secondary residual, the one or
more processors are not configured to encode a syntax clement that specifies the

absolute vahue of the secondary residual minus 17,

26, The device of claim 23, wherein the first set of CABAC contexts comprises
CABAC contexts having context indices between (0 and ¢-1, and wherein the second set
of CABAC contexts comprises CABAC contexis having coutext indices between @ and

a+b-1.

[
~d

~

The device of claim 26, wherein g 18 3, and wherein 5 is 4.
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28, The device of clamm 23, wheren the syntax clement comprises a first syntax

clement, and wheremn, to encode the value of the secondary residual further, the one or
more processors are configured o
encode a second syntax element having a value that specifics whether the value
of the secondary residual 15 equal to zero;
where the value of the secondary residual is not equal to zero:
encode a third syntax element having a value that specifies a sign of the
value of the secondary residual; and
encode a fourth syntax element having a value that specifies whether the
salue of the sccondary residual 1s greater than one;
where the value of the secondary residual is greater than one, encode the first

syotax clement.

29. The device of clamm 23, whergin the current predictive tree node is a first
predictive tree node, wherein the syntax clement comprises a first syntax clement, and
wherein the one or more processors are turther configured to:

obtam a valug of a pht maltiplier for geometry coding a second predictive tree
node of the point cloud; and

encode the value of the phi multiplicr, wherein, to encode the value of the phi
multiplier, the one or more processors are configured to:

encode a fifth syntax clement having a value that specifies an absolute

value of the value of the phi multiplier minus 9.
30, The device of claim 29, wherein the absolute value of the phy muoltiphier is
greater than 17, and wherein, to encode the value of the phi swultiplier, the ong or more
processors are not configured to encode a svntax elerment that specifics the value of the

phi multipher munus 17.

31 The device of clamm 23, whergin the current predictive tree node is a first
predictive tree node, wherein the syntax clement comprises a first syntax clement, and
wherein the one or more processors are turther configured to:

encode, using variable length coding, a sixth syntax element having a value that
represerds a number of direct child nodes of a second predictive trec node that are

present in a geometry predictive tree that represents the point cloud.
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32 The device of claim 31, wherein the sixth syntax element that represents the

number of direct child nodes of the second predictive tree node present in the geometry

predictive free comprises a pin_child cnt syntax element.

33. The device of claim 31, wherein, to encode the sixth syntax element using
variable length coding, the one or more processors are configured to utilize a shorter
codeword where the number of direct child nodes is | than where the number of direct

child nodes s 0.

34, A device for decoding a point cloud, the device comprising:
a memory configured to store at least a portion of the pout cloud; and
one of more processors implemented m circuttry and configured to:
obtain a value of a secondary residual for geometry coding a current
predictive tree node of the point cloud; and
decode the value of the secondary residual, wherein, to decode the value,
the one or more processors are configured to:
decade, using a first set of context-adaptive binary arithmetic
coding (CABAC) contexts, prefix bins of a syntax element having a
value that specities an absolute value of the value of the secondary
residuad mings 2; and
decode, using a sccond set of CABAC contexts that is different

than the first set of contexts, suffix bins of the syntax element.

35, The device of claim 34, wherein the syntax element comprises a

pin_sec_residual abs minus? syntax clement.

34. The device of claim 34, whergin the absohute value of the secondary residual 1s
greater than 17, and wherein, to decode the value of the sccondary residual, the one or
more processors are not configured 1o decode a syntax eloment that specifies the

absolute value of the secondary residual minus 17

37. The device of claim 34, wherein the first set of CABAC contexts comprises

CABAC contexts having context indices between 0 and -1, and wherein the second set
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of CABAC contexts comprises CABAC contexts having coutext indices between @ and

avb-1.
38. The device of claim 37, wherein g 18 3, and wherein 5 is 4.
39. The device of clamm 34, wherein the syntax element comprises a first syntax

clement, and wherein, to decode the value of the secondary residual further, the one or
raote processors are configured to
decode a second syntax element having a value that specifies whether the value
of the secondary residual 1 equal to zero,;
where the value of the socondary residual is not equal to zero:
decode a third syntax clement having a value that specifics a sign of the
vahue of the secondary residual; and
decode a fourth syntax element having a vahue that specifics whether the
value of the secondary residual 18 greater than one;
where the value of the secondary residual 1s greater than one, decode the first

syntax element.

449, The device of claim 34, wherein the current predictive troc node 1s a fivst
predictive tree node, whereimn the syntax element compnises a first syntax element, and
wherein the one or more processors are further configured to:

obtain a value of a phit smdtiplier for geometry coding a second predictive tree
node of the point cloud; and

decode the value of the phi multiphier, wherein, to decode the value of the phi
multiphier, the one or more processors are configured to:

decode a fifth syntax element baving a value that specifics an absolute

value of the value of the phi multiplier minus 9.

41 The device of claimm 40, whergin the absohite value of the phi multiphier is
greater than 17, and whereim, to decode the value of the phi multiphier, the one or more
processors are not configured to decode a syntax element that specifies the value of the

phit multiphier minus 17
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42, The device of claim 34, wheremn the current predictive tree node is a first
predictive tree node, wherein the syntax element comprises g first syntax element, and
wherein the one or more processors are further configured to:

decode, using variable length coding, a sixth syntax clement having a value that
represerds a number of direct child nodes of a second predictive trec node that are

present in a geometry predictive tree that represents the point cloud.

43, The device of claim 42, wheremn the sixth syotax element that represents the
number of direct child nodes of the second predictive tree node present in the geometry

predictive tree comprises a ptn_child ont syntax clement.

44, The device of claim 42, wherein, to decode the sixth sviax element using
variable length coding, the one or more processors are configured to utilize a shorter
codeword where the number of direct child nodes is 1 than where the number of direct

child nodes 1s 4.

45 A computer-readable storage medium storing instructions that, when executed,
cause one or mare processors of a point cloud encoder to:
obtain a value of a sccondary residual for geometry coding a current predictive
tree node of the point cloud; and
gncode the value of the secondary residual, wherein, the instructions that cause
the or more processors to encode the value comprise instructions that cause the one or
MOTe Processors 1o
encode, using a first st of context-adaptive binary arithmetic coding
{CABAC) condexts, prefix bins of a syntax element baving a value that specifies
an absolute value of the value of the secondary residual ouws 2; and
encode, using a second set of CABAC contexts that is different than the

first set of contexts, suffix bins of the syntax element.

46. A computer-readable storage raedium storing mnstructions that, when executed,
cause one or more processors of a pomnt cloud decoder to:
obtain a valug of a secondary residual for geometry coding a current predictive

tree node of the point cloud; and
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decode the value of the secondary residual, wherein, the instructions that cause
the or more processors (o decode the value comprise instructions that cause the one or
MOTC Processors 1o
decode, using a first set of context-adaptive binary arithmetic coding
{CABAC) comexts, prefix bins of a syntax element having a value that specifies
an absolute value of the value of the secondary residual minus 2; and
decode, using a second set of CABAC contexis that 1s different than the

first set of conmiexts, suffix bins of the syntax clement.
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__________ b

| DETERMINE A QUANTITY OF LASERS USED TO CAPTURE :/ 1512
|

LIGHT DETECTION AND RANGING (LIDAR) DATA THAT
REPRESENTS THE POINT CLOUD

| WHERE THE DETERMINED QUANTITY OF LASERS IS ONE, :/1514
INFER LASER INDICES FOR ALL NODES IN THE POINT
CLOUD TO BE A SAME VALUE

FIG. 15
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