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(57) ABSTRACT 

In accordance with some aspects, systems, methods and 
media for hierarchical progressive point cloud rendering are 
provided. In some aspects, a method for point cloud ren
dering is provided, the method comprising: rendering a first 
image based on point cloud data; requesting point cloud 
points, first synthetic point cloud points, and an octant of a 
second synthetic point cloud that intersects a new viewing 
frustum; reprojecting points used during rendering of the 
first image into frame buffer objects (FBOs) of different 
resolutions; replacing reprojected points if a received point 
corresponding to the same pixel is closer to the camera; 
determining that a pixel in the highest resolution FBO is 
unfilled; copying a point that originated in a lower resolution 
FBO to the gap in the highest resolution FBO; and when the 
highest resolution FBO is filled, rendering a second image 
based on the contents. 
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SYSTEMS, METHODS, AND MEDIA FOR 
HIERARCHICAL PROGRESSIVE POINT 

CLOUD RENDERING 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application is based on, claims the benefit of, and 
claims priority to U.S. Provisional Application No. 62/514, 
706, filed Jun. 2, 2017, which is hereby incorporated herein 
by reference in its entirety for all purposes. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

This invention was made with govermnent support under 
HS033659 awarded by the Agency for Healthcare Research 
and Quality and 2016-U-CX-0017 awarded by the US 
Department of Justice. The govermnent has certain rights in 

2 
lions of points that are within the field of view. Another 
conventional technique for attempting to render point cloud 
data more efficiently is to reduce the resolution of the image 
being rendered by using a single point to render multiple 

5 pixels. While this can increase frame rates at which point 
cloud data can be rendered, this also creates lower quality 
images. 

Using conventional techniques to attempt to render point 
cloud data can result in low resolution images, low frame 

10 rates, partially transparent objects (e.g., where an object 
between the camera and another object is only partially 
rendered), blank spaces where no points are rendered, and 
other artifacts that can reduce the usability of the point cloud 
data. 

15 Accordingly, new systems, methods, and media, for hier
archical progressive point cloud rendering are desirable. 

SUMMARY 

the invention. 20 In accordance with some aspects of the disclosed subject 
matter, systems, methods, and media for hierarchical pro
gressive point cloud rendering are provided. BACKGROUND 

Point cloud data created (e.g., using lidar techniques, 
which is sometimes referred to as LIDAR, LiDAR, or 
LADAR) that preserves the positions of objects within a 
scene or scenes in great detail. For example, point cloud data 
can be used to represent the contents of a room, a building, 
a crime scene, a landmark, a land formation, etc., in detail 
such a replica of the scene can be reproduced. Such point 
cloud representations may be useful for a variety of appli
cations, such as studying details of a crime scene without 
blocking off the area for an extended period of time ( e.g., 
days or weeks), for preserving sites of cultural importance 
(e.g., buildings, landmarks, etc.) that may otherwise be lost 
due to neglect, erosion, etc. As another example, point cloud 
data can be used to recreate the details of a patient's 
dwelling prior to discharge from a medical facility, such that 
a medical practitioner ( e.g., a doctor, a physical therapist, 
etc.) can inspect the dwelling to determine whether any 
modifications should be made before the patient returns 
home. 

While technology for creating highly detailed point cloud 
data that can include millions to billions of individual points 
is available, rendering the point cloud data can be extremely 
difficult in light of the potential for extremely large datasets. 
For example, to create a single 1920 by 1080 pixel image 
(e.g., an HD image) from a point cloud including just one 
billion points, a system must select up to about two million 
points from the billion available points in order to render the 
single image. In many virtual reality applications frame rates 
in the range of 70 to 120 frames per second (fps) are often 
required to avoid causing users discomfort. Extending the 
above example, to render HD quality images at 70 fps may 
require sifting through several dozen million points each 
fraction of a second (e.g., in about 14.3 milliseconds) 
between frames to determine which points to render, and 
which to ignore or discard. 

One conventional technique for attempting to render point 
cloud data more efficiently is to organize the point cloud data 
in a multi-level octree that is organized based on location 
within the scene. The information from the octree can be 
used in combination with information about the field of view 
into the scene to relatively efficiently disregard large por
tions of the point cloud data that are not within the field of 
view. However, while this can reduce the number of points 
that to be considered, there are still potentially many mil-

In accordance with some embodiments of the disclosed 
subject matter, a method for point cloud rendering is pro-

25 vided, the method comprising: rendering a first image based 
at least in part on point cloud data, the first image corre
sponding to a first viewing frustum; determining that a 
viewing angle has changed to a second viewing frustum; 
requesting, from a memory, points from a first synthetic 

30 point cloud that are within the second viewing frustum, 
wherein the first synthetic point cloud has a resolution that 
is lower than a resolution of the point cloud data; requesting 
points in a subdivision of a second synthetic point cloud that 
intersects the second viewing frustum, wherein the second 

35 synthetic point cloud has a resolution that is lower than a 
resolution of the point cloud data and higher than a resolu
tion of the first synthetic point cloud; reprojecting points 
used during rendering of the first image into a plurality of 
frame buffer objects of different resolutions including at 

40 least a first frame buffer object of a first resolution for points 
from the first synthetic point cloud, and a second frame 
buffer object of a second resolution for points from the 
second synthetic point cloud, wherein the second resolution 
is higher than the first resolution; determining, for each 

45 frame buffer object, whether at least one point received from 
the memory corresponds to the same position in the frame 
buffer object as a point reprojected into the frame buffer 
object; overwriting, in each frame buffer object, at least one 
reprojected point with a point corresponding to the same 

50 position received from the memory that is closer to a camera 
position; determining that a first position in the first frame 
buffer object is not associated with a reprojected point and 
is not associated with a point received from the memory 
after rendering of the first image; in response to determining 

55 that the first position in the first frame buffer object is not 
associated with a reprojected point and not associated with 
a new point, copying a point that originated in a lower 
resolution frame buffer object to the first position of the first 
frame buffer object; determining that the first frame buffer 

60 object is filled; and in response to determining that the first 
frame buffer object is filled, rendering a second image based 
on the contents of the first frame buffer object. 

In some embodiments, the method further comprises: 
determining that a plurality of subdivisions of the second 

65 synthetic point cloud intersect the second viewing frustum; 
and selecting the subdivision from the plurality of subdivi
sions based on a distance to the subdivision. 
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In some embodiments, each of a plurality of points from 
the first synthetic point cloud represents a subset of one or 
more points from the point cloud data, and a color associated 
with each of the plurality of points is corresponds to an 
average color of points in the subset of one or more points 5 

from the point cloud data represented by that point from the 
synthetic point cloud. 

4 
that are each organized as a grid of third voxels, wherein the 
third voxels each represent a smaller portion of the scene 
than the second voxels. 

In some embodiments, the first synthetic point cloud is 
subdivided into n voxels along a first axis of the scene, 
where n is less than or equal to 256, and the first octant is 
subdivided into n voxels along the first axis. 

In some embodiments, a position of each point of the first 
synthetic point cloud within the first synthetic point cloud is 

10 represented by no more than three bytes. 

In accordance with some embodiments of the disclosed 
subject matter, a system for point cloud rendering is pro
vided, the system comprising: memory storing: a first syn
thetic point cloud representing a three dimensional scene, 
the first synthetic point cloud organized as a grid of first 
voxels, each point of the first synthetic point cloud repre
senting one or more points in point cloud data having a 

15 
non-homogenous point density; a second synthetic point 
cloud representing the scene, the second synthetic cloud 
subdivided into a plurality of octants that is each organized 
as a grid of second voxels, wherein the first voxels each 
represent a portion of the scene, and the second voxels each 
represent a smaller portion of the scene; a central processing 
unit associated with cache memory; and a graphic process
ing unit, wherein the graphics processing unit is pro
grammed to: render a first image of the scene corresponding 
to a first viewpoint of a virtual camera; determine that an 
image from a second viewpoint is to be rendered, the second 
viewpoint associated with a second viewing frustum; deter
mine that a first octant of the plurality of octants intersects 
the second viewing frustum; receive a plurality of points 
included in the first octant from the cache memory; replace 
a point at a first position in the first frame buffer object with 
a first point of the plurality of points that represents the same 
pixel and that is closer to a position of the virtual camera; 
determine that a gap exists in the first frame buffer object at 
a second position; fill the second position in the first frame 
buffer object using a second point at a corresponding posi
tion in a second frame buffer object storing a plurality of 
points from the first synthetic point cloud; determine that a 
first gap exists in a third frame buffer object storing a 
plurality of points from a third synthetic point cloud at the 
first position, and that a second gap exists in the third frame 
buffer object at a second position; fill the first gap using the 
first point; fill the second gap using the second point; render 
a second image corresponding to the second viewing frus
tum based on points stored in the third frame buffer object, 
including the first point and the second point. 

In some embodiments, a position of each point of the 
second synthetic point cloud within an octant of the plurality 
of octants is represented using no more than three bytes. 

In some embodiments, a method for point cloud rendering 
is provided, the method comprising: storing, in memory, a 
first synthetic point cloud representing the scene, the first 
synthetic point cloud organized as a grid of first voxels; 
storing, in memory, a second synthetic point cloud repre-

20 senting the scene, the second synthetic cloud subdivided into 
a plurality of octants that are each organized as a grid of 
second voxels, wherein the first voxels each represent a 
portion of the scene, and the second voxels each represent a 
smaller portion of the scene; rendering, using a graphics 

25 processing unit, a first image of the scene corresponding to 
a first viewpoint of a virtual camera; determining that an 
image from a second viewpoint is to be rendered, the second 
viewpoint associated with a second viewing frustum; deter
mining that a first octant of the plurality of octants intersects 

30 the second viewing frustum; receiving a plurality of points 
included in the first octant from a cache memory of a central 
processing unit coupled to the GPU; replacing a point at a 
first position in the first frame buffer object with a first point 

35 
of the plurality of points that represents the same pixel and 
that is closer to a position of the virtual camera; determining 
that a gap exists in the first frame buffer object at a second 
position; filling the second position in the first frame buffer 
object using a second point at a corresponding position in a 

40 second frame buffer object storing a plurality of points from 
the first synthetic point cloud; determining that a first gap 
exists in a third frame buffer object storing a plurality of 
points from a third synthetic point cloud at the first position, 
and that a second gap exists in the third frame buffer object 

45 at a second position; filling the first gap using the first point; 
filling the second gap using the second point; rendering a 
second image corresponding to the second viewing frustum 
based on points stored in the third frame buffer object, 
including the first point and the second point. 

In some embodiments, the graphics processing unit is 
further programmed to: determine that a second octant of the 
plurality of octants intersects the second viewing frustum; 
select the first octant based on a distance to the first octant; 50 

request points in the first octant from the cache memory; and 
receive the plurality of points responsive to the request. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In some embodiments, the second point represents a first 
cell in the first synthetic point cloud, and a color of the 
second point is an average calculated based on the color of 55 

each of a plurality of points from the point cloud data that 
are at least partially within the portion of the scene repre
sented by the first cell. 

In some embodiments, the color of the second point is 
based on a simple average of the plurality of points from the 60 

point cloud data. 
In some embodiments, a position of the second point is a 

midpoint of the first cell. 
In some embodiments, the memory further stores: the 

third synthetic point cloud representing the scene, the third 65 

synthetic cloud subdivided into the plurality of octants, each 
of the plurality of octants subdivided into eight sub-octants 

Various objects, features, and advantages of the disclosed 
subject matter can be more fully appreciated with reference 
to the following detailed description of the disclosed subject 
matter when considered in connection with the following 
drawings, in which like reference numerals identify like 
elements. 

FIG. 1 shows an example of a system for hierarchical 
progressive point cloud rendering in accordance with some 
aspects of the disclosed subject matter. 

FIG. 2 shows an example of an octree structure that can 
be used to organize point cloud data in accordance with 
some aspects of the disclosed subject matter. 

FIG. 3 shows an example of a process for hierarchical 
progressive point cloud rendering in accordance with some 
aspects of the disclosed subject matter. 
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FIG. 4 shows an example of real points and inferred 
points generated by linear interpolation between neighbor
ing points in accordance with some aspects of the disclosed 
subject matter. 

6 

FIG. 5 shows an example of another system for hierar- 5 
chical progressive point cloud rendering in accordance with 
some aspects of the disclosed subject matter. 

In accordance with some aspects of the disclosed subject 
matter, the mechanisms described herein can render images 
of a scene from point cloud data by reusing points that were 
used to render a previous frame, and can replace a portion 
of the reused points with new points and/or supplement the 
reused points with new points when the view of the scene 
changes and/or when a new image of the same view is to be 
rendered. FIG. 6 shows an example of a structure that can be used 

to organize synthetic point cloud data in accordance with 
some aspects of the disclosed subject matter. 

10 
FIG. 7 shows an example of a process for generating 

synthetic point cloud data that can be used in connection 
with a hierarchical progressive point cloud rendering pro
cess in accordance with some aspects of the disclosed 
subject matter. 

In some aspects, the mechanisms described herein can 
select subsets of points from representations of the point 
cloud at various resolutions that are associated with a 
portion of the scene that intersects a viewing frustum 
corresponding to a current view of the scene. For example, 

FIG. SA shows an example diagram representing a por- 15 

tion of a point cloud that can be used in connection with a 
hierarchical progressive point cloud rendering process in 
accordance with some aspects of the disclosed subject 
matter. 

the mechanisms described herein can select points from 
nodes at various levels of an octree that represent a portion 
of the scene that intersects the viewing frustum. In such an 
example, the newly selected points can be used to replace 
points in a frame buffer object corresponding to a level of the 
octree from which a point originated, and points in lower 

FIG. SB shows an example diagram representing the 
portion of the point cloud subdivided into equal sized cells 
in accordance with some aspects of the disclosed subject 
matter. 

FIG. SC shows an example diagram representing a por
tion of the point cloud subdivided into equal sized cells with 
the average color of points within the cell shown overlaid on 
the points in accordance with some aspects of the disclosed 
subject matter. 

FIG. SD shows an example diagram representing the 
portion of the point cloud subdivided into equal sized cells 
with the average color of points within the cell shown 
without the points in the cell in accordance with some 
aspects of the disclosed subject matter. 

FIG. SE shows an example diagram representing the 
portion of the point cloud subdivided into equal sized cells 
with synthetic points of the average color populating the 
cells in accordance with some aspects of the disclosed 
subject matter. 

FIG. SF shows an example diagram representing the 
portion of the point cloud subdivided into octants in accor
dance with some aspects of the disclosed subject matter. 

FIG. SG shows an example diagram representing the 
portion of the point cloud with each octant subdivided into 
equal sized cells in accordance with some aspects of the 
disclosed subject matter. 

FIG. SH shows an example diagram representing the 
portion of the point cloud with each octant shown in FIG. SF 
subdivided into octants in accordance with some aspects of 
the disclosed subject matter. 

FIG. 9 shows an example of a process for hierarchical 
progressive point cloud rendering using synthetic point 
cloud data in accordance with some aspects of the disclosed 
subject matter. 

FIG. 10 shows an example of a process for selecting 
octants from which copy points at each resolution of frame 
buffer in accordance with some aspects of the disclosed 
subject matter. 

FIGS. llA to llC show examples of the same octant at 
different distances corresponding to different points per 
pixel in accordance with some aspects of the disclosed 
subject matter. 

DETAILED DESCRIPTION 

20 resolution frame buffers can be used to supplement higher 
resolution frame buffers where a point from a higher reso
lution level of the octree is not present. 

As another example, the mechanisms described herein 
can select points from various representations of the point 

25 cloud data at different resolutions. In such an example, the 
newly selected points can be used to replace points in a 
frame buffer object corresponding to a representation of the 
point cloud from which a point originated, and points in 
lower resolution frame buffers can be used to supplement 

30 higher resolution frame buffers where a point from a higher 
resolution representation of the point cloud is not present. 

In accordance with some aspects of the disclosed subject 
matter, using the mechanisms described herein can improve 
the functioning of a computing device rendering images of 

35 a scene represented by point cloud data. For example, in 
some aspects, using the mechanisms described herein can 
facilitate rendering of point cloud data of a scene that 
includes billions of individual points at relatively high frame 
rates. In a more particular example, using the mechanisms 

40 described herein can render images of detailed portions of a 
point cloud at upward of 70 fps ( e.g., in the range of 70-120 
fps) while the viewpoint is moving between frames. As 
another example, in some aspects, using the mechanisms 
described herein can reduce highly noticeable visual errors 

45 when rendering images based on point cloud data, such as 
solid objects appearing to be partially transparent, the 
appearance of blank spots at the edges of images when the 
viewpoint changes, etc. 

FIG. 1 shows an example 100 of a system for hierarchical 
50 progressive point cloud rendering in accordance with some 

aspects of the disclosed subject matter. As shown in FIG. 1, 
point cloud data 102 representing one or more scenes can be 
stored using non-volatile storage 104, such as a hard drive, 
a solid state drive, flash, etc. Additionally or alternatively, in 

55 some aspects, point cloud data 102 can be held in volatile 
memory (e.g., RAM) that has sufficient capacity to store a 
large file such as point cloud 102. In some aspects, point 
cloud data 102 can include any suitable number of points of 
data that collectively represent the state of one or more 

60 scenes. Such a point cloud can be generated from one or 
more LiDAR scans, which can generate very large datasets 
that can depict, for example, the interior and/or exterior of 
a home, a crime scene, a historical site, etc. In some cases, 

The present disclosure provides system and methods 65 

which can, for example, include systems, methods, and 
media, for hierarchical progressive point cloud rendering. 

point cloud data 102 can include billions of points, and may 
not have uniform point density. For example, portions of a 
scene with more detail can be captured at higher point 
density to make sure that the detail is represented in the point 
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cloud data. Accordingly, point cloud data 102 can include 
tens of gigabytes of data. In a more particular example, a 
LiDAR-scanned data set of Frank Lloyd-Wright's 'Taliesin' 
home and office can include both exterior and interior 
spaces, intricate details and complex shading features. In 5 

such an example, the point cloud can include more than 
1.9xl09 points requiring about 30 Gigabytes of storage, 
which is beyond the capabilities of currently available 
graphics cards. The Taliesin data set can contain varying 
point density. For example, 80 LiDAR scans could be used 10 

to make up the full model, and preprocessing of the data set 
may not include homogenization of point density to preserve 
high detail of certain objects in the space (a desire common 
for interior spaces). 

In some aspects, point cloud data 102 can be organized 15 

using an octree ( e.g., as described below in connection with 
FIG. 2). Such an octree structure can organize points in point 
cloud data 102 based on which region of the scene the point 
is located in, which can later be used to determine which 
groups of points ( e.g., nodes in the octree) are potentially 20 

within the viewport(s) of the virtual camera(s) representing 
the viewpoint(s) of a user (or users). 

In some aspects, system 100 can include a central pro
cessing unit (CPU) 106 with cache memory 108. In some 
aspects, CPU 106 can access information in cache memory 25 

108 without using a bus 110 over which CPU 106 commu
nicates with other hardware, such as non-volatile storage 
104, main memory (e.g., RAM) (not shown), a GPU 112, 
etc. In some aspects, CPU 106 can coordinate operation of 
at least a portion of system 100, such as by executing an 30 

operating system, accessing main memory and/or non-vola
tile storage 104, etc. 

In some aspects, system 100 can include a graphics 
processing unit (GPU) 112 that can be configured to render 
graphics to be presented by a display 116. In some aspects, 35 

GPU 112 can include buffer memory 114 that can be used, 
for example, to temporarily store data that can be manipu
lated by GPU 112 to render graphics that are to be presented 

8 
dividing each of those eight regions into another eight 
regions, etc., until some condition is satisfied for a particular 
region and/or a maximum number of levels of division have 
been reached. Each level of the octree can have one or more 
nodes (e.g., root node 202) that include data points that do 
not fall into any of its child nodes. For example, as shown 
in FIG. 2, root node 202 can include points from the point 
cloud that lie at the boundary between two or more regions. 
That is, when the point cloud is subdivided into eight 
regions, there may be data points that straddle a plane 
dividing two or more regions. These data points can be 
associated with the node that is being subdivided. As shown 
in FIG. 2, a level 204 (sometimes referred to as level 0) can 
include a single node (e.g., root node 202), and a next level 
206 (sometimes referred to as level 1) can include eight 
nodes (e.g., nodes 208-210), which may each be subdivided 
into eight regions, associating points that lie on the borders 
between regions with the node being subdivided, etc. Note 
that level L does not necessarily include SL nodes, as some 
nodes in previous levels may satisfy a condition such that 
they are not subdivided. For example, if a node includes less 
than a threshold number of points, the node may not be 
subdivided again. Note that point cloud data (e.g., point 
cloud data 102) does not necessarily have a rectangular 
shape that can be subdivided into equal volumes ( e.g., equal 
cubes, equal rectangular cuboids, etc.). Accordingly, in some 
aspects, an initial hexahedron ( e.g., a cube, a rectangular 
cuboid, etc.) can be drawn to include all of the points in the 
point cloud data as a starting point for subdivisions. In some 
aspects, each node in the octree can be associated with 
multiple points, and in a point cloud that does not have a 
uniform density the number of points in each node can vary 
significantly. 

Although the subject matter described herein is generally 
described in connection with using data organized in an 
octree, the data can be grouped using any suitable technique 
to create multiple representations of the point cloud data. For 
example, the point cloud data can be subdivided into any 
suitable number of cubes (e.g., 64) and the pixels within 
each cube can be averaged together, then each initial child 
cube can be subdivided again and averaged, creating a 
representation that is less sparse, and this can be carried out 
any suitable number of times to create representations of the 
point cloud at various levels of resolution. 

In some aspects, each node in the octree can represent an 
area of space within the point cloud. For example, each node 
in level 1 can correspond to one octant of the point cloud 
data. Accordingly, if the viewing angle and/or position of a 
virtual camera ( or cameras for applications such as a 

to a user using display 116. Display 116 can be any suitable 
type of display or combination of displays. For example, 40 

display 116 can be one or more projectors, flat panel 
displays, etc., that is part of an immersive virtual reality 
environment, such as a cave automatic virtual environment 
(CAVE). As another example, display 116 can be one or 
more presentation devices (e.g., an LCD display, an OLED 45 

display, an AMOLED display, etc.) integrated into a head 
mounted display (HMD) that can provide a virtual reality 
and/or augmented reality experience to a user. As yet another 
example, display 116 can be a television, compute monitor, 
touchscreen, etc. 

In some aspects, GPU 112 can output image data to 
display 116 over a connection 118. In some aspects, con
nection 118 can be any suitable connection that can com
municate image data from GPU 112 to display 116. For 
example, connection 118 can be an internal bus connecting 55 

GPU 112 to an internal display (e.g., where display 116 is 
part of a head mounted display, smartphone, tablet com
puter, etc.). As another example, connection 118 can be a 
connection to an external display using a cable ( e.g., HDMI, 
Display Port, DVI, etc.), a wireless link, etc. 

50 CAVE), some nodes represent portions of the scene that do 
not intersect the view frustum of the virtual camera, and 
many of the points associated with these nodes can be 
excluded from consideration for inclusion in the image 
being rendered for presentation. Conversely, some nodes 
represent portions of the scene that intersect or are included 
entirely within the view frustum of the virtual camera, and 
points associated with these nodes can be considered for 
inclusion in the image being rendered for presentation. 

FIG. 3 shows an example 300 of a process for hierarchical 

FIG. 2 shows an example of an octree structure that can 
60 progressive point cloud rendering in accordance with some 

aspects of the disclosed subject matter. As shown in FIG. 3, 
process 300 can begin by generating an initial image to be 
displayed based on an initial virtual camera viewpoint. In 

be used to organize point cloud data in accordance with 
some aspects of the disclosed subject matter. In general, an 
octree can be characterized as a tree data structure in which 
internal (i.e., non-leaf) nodes each have exactly eight chi!- 65 

dren. An octree of point cloud data can be created by 
subdividing the point cloud data into eight regions, and then 

some aspects, the initial virtual camera viewpoint can be 
predetermined, and the initial image to be displayed can be 
predetermined using known points from the point cloud. 
Alternatively, in some aspects, the initial camera angle may 
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not be predetermined, and the initial image to be displayed 
can be generated using similar techniques to those described 
below in connection with 304-328. 

At 304, process 300 can determine a new viewpoint of the 
virtual camera. In some aspects, such as when process 300 
is used in connection with a head mounted display, the 
viewing angle changes by at least a small amount between 
most frames due to small, potentially involuntary, move
ments by the wearer and/or large voluntary movements. 
Process 300 can use any suitable technique or combination 
of techniques to determine the new viewpoint of the virtual 
camera. 

10 
process 300 can draw a screen-filling point grid with one 
point per pixel using the points from the previous frame, and 
the previous frame's render target buffer can be bound as a 
read texture and drawn to a second render target. For each 

5 point, the coordinates can be used as texture coordinates into 
the color texture. In some aspects, the frame buffers can have 
a first binding point for the geometry and color, and a second 
binding point for the depth. Additionally, in some aspects, 
the frame buffers can have a 32 bit floating point format, 

10 whereas the octree data can be stored in a binary format, 
with each point having a size of 16 bytes, twelve bytes for 
the 3D position, and four bytes for a packed RGBA color in 
a depth first order. One byte (the alpha channel "A," which 
is typically used to denote the opacity of a pixel) of the 

In some aspects, process 300 can determine which octants 
(i.e., nodes) of the octree intersect the viewing frustum of the 
virtual camera. For example, process 300 can use view 
frustum culling to determine visible nodes. In some aspects, 
process 300 can sort the visible nodes front-to-back based on 
Euclidean distance to the current camera position, and can 
use the point density estimate function to determine how 
many points are potentially visible to the user for each 20 

visible octant and determine how many points are loaded 
from file. 

15 packed RGBA color can be used to represent the current 
level of the octree from which the system renders the point. 
A binary meta-data file can hold the octree structure, and can 
include bounding box information that indicates which area 
of space is bounded by each octant. 

In some aspects, for each point from the previous frame 
in a particular frame buffer object, process 300 can push the 
depth value of the point back away from the camera if the 
point was previously interpolated (e.g., as described below 
in connection with 320) rather than being inserted from the 

At 306, process 300 can copy points corresponding to the 
visible octants from the point cloud data ( e.g., in storage or 
memory) into the CPU cache memory. In some aspects, the 
CPU can determine which octant(s) are visible based on 
viewpoint information, and can copy the points correspond
ing to the visible octants (e.g., as determined at 304). 
Additionally, in some aspects, process 300 can copy some 
points that may fall outside the current viewing frustum of 
the virtual camera, as this can facilitate more quickly ren
dering points that were just off screen in the previous frame. 

25 point cloud, or points that originated in a lower resolution 
level frame object buffer (e.g., as described below in con
nection with 322). In some aspects, the point can be pushed 
back by any suitable amount, such as by an amount based on 
a value, PBA (greater than one), that can be selected by a 

30 user (e.g., a developer or administrator). That is, the new 
depth value for the re-projected point can be the previous 
depth value multiplied by PBA, thereby increasing the depth 
value assigned to the point. This can increase the likelihood At 308, process 300 can copy a set of points from the CPU 

cache (e.g., CPU cache 108) into a frame buffer object for 
each level (e.g., from level Oto level L), such that for the 35 

lowest resolution level (i.e., the root level in FIG. 2), the 
lowest number of points are copied, and for the highest 
resolution level the most points are copied. For example, if 

that a point copied from the CPU will replace these points. 
At 312, process 300 can replace (e.g., by overwriting) the 

point corresponding to each pixel in a particular frame buffer 
object corresponding to a particular level when a new point 
copied from the CPU cache for that level is closer to the 
camera than the point from the last frame. In some aspects, S points are copied for the highest resolution frame buffer 

object corresponding to level L, S/2 points can be copied for 
level L-1, S/4 points can be copied for level L-2, and S/2L 
points can be copied for level 0 (i.e., the root node). In some 
aspects, any suitable technique can be used to select the 
points from the visible octants to copy to the GPU at each 
level. For example, process 300 can select the points to be 
copied randomly from all visible octants at the level corre
sponding to the frame buffer. As another example, process 
300 can select the points randomly with a bias in favor of 
octants that are closer to the camera position. In some 
aspects, the points can be selected for each frame from the 
whole dataset of points included in visible octants (i.e., 
selection with replacement). In some aspects, points that are 
selected for a particular frame can be inhibited from being 
selected again until all points from a particular octant have 
been selected for a frame (i.e., selection without replace
ment). In some aspects, points that are selected for a 
particular frame can be inhibited from being selected again 
for a particular number of frames. In some aspects, each 
frame buffer object can include more pixels than correspond 
to the image to be rendered, which can, in some cases, 
facilitate more quickly rendering points that were just off
screen in the previous frame. 

At 310, process 300 can reuse the data that was included 
in the frame buffer object for each level used in rendering the 
previous frame. For example, the points in the frame buffer 
object for each level can be copied to a second frame buffer 
object when the previous frame is rendered. In some aspects, 

40 the new points that are closer to the camera can overwrite the 
point for that pixel from the previous frame. In some aspects, 
process 300 can apply a random world space offset to one or 
more points copied from the CPU cache prior to comparing 
the points to points from the previous frame. However, in 

45 order to avoid introducing noise when reprojecting these 
points (e.g., if the offset were recursed upon), the stored 
world coordinates for the point are not changed to add the 
random offset. In some aspects, the random offset can be set 
to a radius of 1-2 millimeters, meaning that the offset 

50 generally does not result in a point projecting to a different 
pixel than normal. However, when the camera is close to a 
surface, the random offset can allow walls to appear filled in 
by causing some points that would otherwise correspond to 
the same pixel to correspond to different pixels, whereas 

55 without the offset these walls may appear to be semitrans
parent. 

At 314, process 300 can determine, for each pixel of the 
lowest resolution frame buffer, whether a point corresponds 
to that pixel. If there is a pixel that does not have a 

60 corresponding point ("NO" at 316), process 300 can move 
to 318 to determine if a point can be interpolated for that 
pixel from points associated with surrounding pixels. In 
some aspects, process 300 can determine that a point can be 
interpolated if at least a threshold number of neighboring 

65 pixels are associated with points. If process 300 determines 
that a point can be interpolated for a pixel ("YES" at 318), 
process 300 can move to 320 and can interpolate the point 
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based on surrounding points. For example, process 300 can 
use points from surrounding pixels to generate the new point 
(sometimes referred to as a "hallucinated" point, which can 
be created by "hallucinating" the point from the surrounding 
points) as shown by point Hl in FIG. 4, which was created 
based on the values of at least points Pl and P2. 

Otherwise, if no point can be interpolated at a pixel ("NO" 
at 318), process 300 can move to 322. At 322, process 300 
can fill the pixel using a point from a frame buffer object that 
is, for example, one level lower resolution. In some aspects, 
the position of the point from the lower resolution buffer can 
be linearly interpolated with neighboring pixels in the cur
rent level frame buffer object, which can in some cases 
reduce the incidence of block artifacts. For example, as 
shown in FIG. 4 in connection with points H2 and H3, 
process 300 can perform a linear interpolation between that 
point with neighbors and it can be stored in the current level 
frame buffer object. In FIG. 4, H2 represents a pixel for 
which data cannot be hallucinated from neighboring points, 
so a lower frame buffer level is sampled at a corresponding 
pixel. In the case of H2, a point could have originated from 
the frame buffer corresponding to octree level 1, whereas H3 
represents a point in which no higher octree frame buffer 
object contains a point for that pixel, and a point is used that 
originated at level 0. If there is a pixel in the frame buffer 
object corresponding to level O for which no point exists, 
and for which a point cannot be inferred from neighbors, the 
pixel may remain unfilled. However, it is possible that the 
pixel will be filled at a higher level frame buffer by a point, 
or an interpolated point. 

If there is a point corresponding to a pixel in a frame 
buffer object for the current level ("YES" at 316), after the 
pixel has been filled at 320 or 322, or after no point can be 
found or inferred, process can move to 324 to determine 
whether the highest resolution frame buffer object has been 
filled using previous points, new points, inferred points, 
lower level points, and/or blanks. If the highest resolution 
frame buffer object has not been filled (i.e., the current frame 
buffer is not the highest resolution buffer) ("NO" at 324), 
process 300 can move to 326 and move to the next level 
frame buffer object. Otherwise, if the highest resolution 
frame buffer object has been filled ("YES" at 324), process 
300 can move to 328. 

At 328, process 300 can render an image using points 
from the highest resolution frame buffer object. In some 
aspects, an additional transformation can be included in the 
pipeline, such that the fragment position p can be repre
sented as: 

12 
FIG. 5 shows an example 500 of another system for 

hierarchical progressive point cloud rendering in accordance 
with some aspects of the disclosed subject matter. In some 
aspects, system 500 can be similar to system 100, and can 

5 include synthetic point cloud data 502 in non-volatile stor
age 104 (and/or in memory, such as RAM, not shown) in 
addition to, or in lieu of, point cloud data 102. In some 
aspects, point cloud data 102 can be stored in non-volatile 
storage 104, but may not be used to render the scene (e.g., 

10 the scene can be rendered based solely on synthetic point 
cloud data 502). Alternatively, in some aspects, point cloud 
data 102 can be omitted from non-volatile storage 104. As 
described below in connection with FIGS. 6 and 7, synthetic 
point cloud data 502 can be used to represent one or more 

15 lower resolution regularized representations of point cloud 
data 102 that is based on the points in point cloud data 102. 
As described above, in some aspects, point cloud data 102 
can include any suitable number of points of data that 
collectively represent the state of one or more scenes, while 

20 a particular synthetic point cloud can have a limited number 
of points based on the number of cells ( or voxels) that the 
point cloud was subdivided into when generating the syn
thetic point cloud. In some aspects, synthetic point cloud 
data 502 can include multiple files that can be used to 

25 represent the point cloud data at various resolutions. For 
example, a first file can be used to implement an octree-like 
organization of the point cloud information. In such an 
example, the first file can include, for each octant repre
sented in a level of the synthetic point cloud (e.g., corre-

30 sponding to a node in an octree ), the bounds of the octant 
within the point cloud ( e.g., the volume represented by that 
octant), the number of points in the octant, and the number 
of child octants (e.g., corresponding to leaf nodes in an 
octree). As another example, a second file can be used to 

35 represent the positions and color of points in synthetic point 
cloud data 502. In such an example, the second file can be 
a binary file that stores each point using three binary 
numbers to represent the x, y, and z coordinates, and a fourth 
binary number to represent the color ( e.g., as a packed RGB 

40 value). In a more particular example, the x, y, and z 
coordinates can each be represented by a single byte ( e.g., as 
described below in connection with FIGS. 7 and 9), and the 
color can be represented by three bytes ( e.g., one for each 
color channel). As yet another example, a third file can be 

45 used to represent the position within the second file at which 
each data for each octant ( e.g., corresponding to a node of 
the octree) starts. In some aspects, each file can be organized 
in a depth first manner or a breadth first manner. For 

p~[l-W,1-W,1 ,1 ]'.P-MV-v, (l) 50 
example, each file can be organized in a breadth first manner 
such that data from each octant in the lowest resolution level 
(which may represent the entire bounding box of the point where MV is the modelview matrix, P is the projection 

matrix, and W is the percentage of view which is to be 
extended. Additionally, in some aspects, process 300 can 
look up color information for each point, taking into account 
that data may have been rendered off screen via the W value 
from Equation 1. For example, a geometry shader can 
narrow the default (0-1) texture coordinates to (W'-W") used 
for lookup via the following: 

cloud as described below in connection with FIG. 6) is 
stored first, then data from each octant in the next highest 
resolution is stored, etc. As another example, each file can be 

55 organized in a depth first manner such that data from a first 
octant in the lowest resolution level ( e.g., octant 1, level 0, 
which may represent the entire bounding box of the point 
cloud as described below in connection with FIG. 6) is 

w~((l.0-WJ*0.5), (2) 60 
stored first, then data from a first child octant in the second 
lowest resolution level (e.g., octant 1, level 1), then data 
from a first child of that octant, (e.g., octant 1, level 2), etc., 

W"~l.0-W', (3) 

In some aspects, throughout the pipeline, point color can be 
packed into the alpha component of the floating point 
geometry buffer. Accordingly, as a final step, each pixel's 
final color can be unpacked from the geometry buffer's alpha 
component and rendered to screen. 

until the first octants present at a highest resolution are each 
stored (e.g., octants 1-8, level L), then data from a next 
octant in the next to highest resolution can be stored (e.g., 

65 octant 2, level L-1), etc. 
FIG. 6 shows an example of a structure that can be used 

to organize synthetic point cloud data in accordance with 
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aspects, process 700 can use any suitable technique or 
combination of techniques to determine the average color. 
For example, in some aspects, process 700 can calculate a 
simple average of colors for points represented by each 
voxel (e.g., by summing the color values, and dividing by 
the number of points). In some aspects, each point in the 
original point cloud data can be associated with a single 
voxel ( e.g., points that lie at the border of two or more voxels 
can be associated with one of the voxels ). As another 
example, process 700 can use a luminance preserving tech
nique to average the colors ( e.g., a technique that weights 
each points color based on luminance of that point). In a 
more particular example, as described below in connection 
with FIGS. 8B to SE, synthetic points can be generated that 

some aspects of the disclosed subject matter. As shown in 
FIG. 6, point cloud data (e.g., point cloud data 102) can be 
preprocessed to generate various synthetic point clouds of 
varying resolution. Unlike in FIG. 2, each level shown in 
FIG. 6 can include data representing all points in the original 5 

point cloud (e.g., point cloud 102), rather than an octree in 
which each level represents only part of the point cloud. For 
example, in some aspects, a first synthetic point cloud (e.g., 
represented as level 604) can include a single volume 602 
that encompasses the entire point cloud, and that includes 10 

data points that collectively represent the data points from 
the original point cloud ( e.g., as described below in connec
tion with FIGS. SA to SE). In some aspects, synthetic point 
cloud 604 can be a lowest resolution representation of the 
original point cloud. 15 represent the average color of points in each voxel. 

Similarly, in some aspects, a second synthetic point cloud 
606 can include multiple volumes 608-610 that each encom
passes a fraction of the point cloud (e.g., as indicated by the 
arrows pointing from 608 and 610 to volume 602, indicating 
that these volumes represent points encompassed by volume 20 

602), and that each includes data points that collectively 
represent the data points in that fraction of the point cloud 
(e.g., as described below in connection with FIGS. SF and 
8G). In some aspects, any suitable number of synthetic point 
clouds can be generated that include smaller and smaller 25 

volumes that are each subdivided into cells, and that are each 
represent the points in a smaller volume of the point cloud. 
For example, a highest resolution synthetic point cloud 608 
can include many relatively small volumes ( e.g., i total 
octants that were subdivided from octants represented in a 30 

previous point cloud) that each represents a relatively small 
portion of the entire point cloud (e.g., as described below in 
connection with FIG. SH, each octant in synthetic point 
cloud 606 can be sub-divided into octants). Note that, as 
described in connection with the octree of FIG. 2, there may 35 

not be 8L-l octants in synthetic point cloud 608, as an octant 
from the previous synthetic point cloud may not be subdi
vided if it includes less than a particular number of points 
from the point cloud. For example, data for a particular 
sub-octant ( e.g., an octant in a level below level 0) can be 40 

stored if it includes at least one point, and data for sub
octants that do not include any points can be omitted. In a 
more particular example, if only one particular octant in 
level 3 includes points (e.g., 1 to n3 points), level 4 can 
include only one child octant for level 3 that corresponds to 45 

those points. In some aspects, point cloud 610 shown in FIG. 
6 can be the highest resolution of synthetic point cloud data. 

FIG. 7 shows an example 700 of a process for generating 
synthetic point cloud data that can be used in connection 
with a hierarchical progressive point cloud rendering pro- 50 

cess in accordance with some aspects of the disclosed 
subject matter. As shown in FIG. 7, process 700 can begin 
at 702 by subdividing the point cloud into voxels. In some 
aspects, process 700 can subdivide the point cloud into any 
suitable number ofvoxels representing any suitable dimen- 55 

sions. For example, in some aspects, the point cloud can be 
subdivided evenly along each axis to create cells that each 
encompass a particular portion of the point cloud. In some 
aspects, process 700 can subdivide the point cloud into n3 

cells, where n can be the number of subdivisions along each 60 

axis. For example, process 700 can subdivide the point cloud 
data into 2563 cells. As another example, process 700 can 
subdivide the point cloud data into 1283 cells. 

At 704, process 700 can determine, for each voxel or cell, 
the average color of points that fall within the space repre- 65 

sented by the voxel, and can create a synthetic point at the 
center of that voxel having the average color. In some 

At 706, process 700 can save the synthetic points created 
at 704 as a representation of the point cloud at a particular 
resolution. For example, if the point cloud is subdivided into 
n3 cells, the synthetic points can be saved as a representation 
of the point cloud that includes up to n3 points. In a more 
particular example, if the point cloud is subdivided into 2563 

cells, the synthetic points can be saved as a representation of 
the point cloud that includes up to about 16.7 million points. 

At 708, process 700 can determine whether the highest 
resolution representation of the point cloud has been gen
erated. For example, in some aspects, synthetic point cloud 
representations can be generated until each cell within the 
highest resolution synthetic point cloud represents a particu
lar volume of the scene. In a more particular example, 
synthetic point cloud representations can be generated until 
the spacing between midpoints of adjacent cells is less than 
about 1 millimeter (mm), 2 mm, 5 mm, 10 mm, etc., which 
can be calculated based on the size of the smallest sub-octant 
( e.g., along a particular dimension if the octants are not 
cubes, such as a smallest dimension, or an average dimen
sion) divided by the number of cells along that dimension 
( e.g., if the smallest octant represents a cube 250 mm on a 
side, and the octant is subdivided into 1283 cells, the 
midpoints of adjacent cells would be a little less than 2 mm 
apart). As another example, a predetermined number of 
synthetic point cloud representations (e.g., three, four, etc.) 
can be generated, and process 700 can determine whether 
the predetermined number of synthetic point cloud repre
sentations have been generated. As yet another example, in 
some aspects, process 700 can determine whether the most 
recently created synthetic point cloud includes a number of 
cells that is at least a threshold fraction of the number of 
points in the original point cloud data. As still another 
example, in some aspects, process 700 can determine 
whether the number of points in the most recently created 
synthetic point cloud is at least a threshold fraction of the 
number of points in the original point cloud data. In a more 
particular example, process 700 can determine that the 
number of points (and/or cells) in a most recently created 
synthetic point cloud is equal to at least one quarter ( or any 
other fraction) of the points included in the original point 
cloud. 

If process 700 determines that the highest resolution 
synthetic point cloud has been generated ("YES" at 708), 
process 700 can end at 710. Otherwise, if process 700 
determines that the highest resolution synthetic point cloud 
has not been generated ("NO" at 708), process 700 can move 
to 712. At 712, process 700 can subdivide each volume that 
was previously subdivided into voxels (e.g., the entire point 
cloud at 702, or smallest previously present octants) into 
octants (or sub-octants). For example, if the previously 
generated synthetic point cloud was generated based on the 
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entire point cloud subdivided into n3 voxels, process 700 can 
subdivide the point cloud into octants (e.g., a 2x2x2 grid). 
As another example, if the previously generated synthetic 
point cloud was generated based on octants that each rep
resented 1/s of the point cloud which were each subdivided 5 

into n3 voxels, process 700 can subdivide each octant 
representing 1/s of the point cloud into octants that each 
represent 1/64 of the point cloud. Note that although the scene 
is generally described herein as being subdivided into 
octants, which can then also be subdivided into octants, this 10 

is merely an example, and the scene can be subdivided into 
a number of subdivisions other than eight. 

At 714, process 700 can subdivide each new smallest 
volume ( e.g., octant or sub-octant representing the smallest 
portion of the point cloud) into voxels. For example, if the 15 

point cloud was subdivided into octants at 712, process 700 
can subdivide each octant into n3 cells, where n can be the 
number of subdivisions along each axis. For example, 
process 700 can subdivide the point cloud data into 2563 

cells. In some aspects, process 700 can subdivide each 20 

volume into the same number of voxels regardless of how 
large a portion of the point cloud is represented. 

In some aspects, process 700 can subdivide a particular 
volume (e.g., point cloud, octant, or sub-octant) into voxels 
if the volume includes at least a threshold number of points. 25 

For example, in some aspects, process 700 can subdivide the 
volume into voxels if the volume includes at least one point. 

In some aspects, after subdividing each of the smallest 
volumes into voxels at 714, process 700 can return to 704 to 
generate a synthetic point for each voxel based on the 30 

average color of points within each voxel, and at 706 to save 
the resulting synthetic point cloud as a higher resolution 
representation of the point cloud (as compared to a last 
version saved at 706). 

In some aspects, each point in a synthetic point cloud can 35 

be addressed based on the smallest volume in which the 

16 
FIG. SB shows an example diagram representing the 

portion of the point cloud subdivided into equal sized cells 
in accordance with some aspects of the disclosed subject 
matter. As shown in FIG. SB, in some aspects, the point 
cloud can be subdivided into voxels by subdividing each 
axis into equal subdivisions. In the example shown in FIG. 
SB, each axis is subdivided into four equal parts, resulting in 
a total of 64 voxels being used to represent the point cloud. 
Note that this is merely an example, and the point cloud can 
be subdivided into any suitable number ofvoxels (e.g., 1283

, 

2563 voxels). As shown in FIG. SB, some voxels can enclose 
one or more points, while other voxels can be empty of 
points. 

FIG. SC shows an example diagram representing a por
tion of the point cloud subdivided into equal sized cells with 
the average color of points within the cell shown overlaid on 
the points in accordance with some aspects of the disclosed 
subject matter. As shown in FIG. SC, in some aspects, the 
average color of points within each voxel can be calculated. 

FIG. SD shows an example diagram representing the 
portion of the point cloud subdivided into equal sized cells 
with the average color of points within the cell shown 
without the points in the cell in accordance with some 
aspects of the disclosed subject matter. As shown in FIG. 
SD, in some aspects, the original points can be disregarded, 
while retaining the average color information. 

FIG. SE shows an example diagram representing the 
portion of the point cloud subdivided into equal sized cells 
with synthetic points of the average color populating the 
cells in accordance with some aspects of the disclosed 
subject matter. As shown in FIG. SE, in some aspects, a 
synthetic point can be generated for each voxel that included 
at least one point, and each synthetic point can be addressed 
by a combination of three coordinates (e.g., X, Y, and Z 
coordinates). 

FIG. SF shows an example diagram representing the 
portion of the point cloud subdivided into octants in accor
dance with some aspects of the disclosed subject matter. As 
shown in FIG. SF, in some aspects, the point cloud can be 

point is included (e.g., the entire point cloud, an octant, a 
sub-octant, etc.) and based on the voxel represented by the 
point. For example, in some aspects, each synthetic point 
cloud can be identified as corresponding to a particular 
number of volumes (e.g., octants), and each point can be 
addressed based on the location of the voxel that is repre
sented by the point. In some aspects, each point within a 
volume can be addressed using three coordinates referenced 
to a particular point on the volume (e.g., a particular corner). 
For example, if each volume is subdivided into 2563 voxels, 
each point can be addressed using three bytes. In such an 
example, each byte can represent a position along one axis 
of the volume to reference a particular voxel. In some 
aspects, the total number of volumes in a particular synthetic 
point cloud can be related to the level L of the point cloud 
(e.g., as described above in connection with FIG. 6) such 
that the total number of volumes is 8L. For example, the 
original point cloud can be 8°=1 volumes, the point cloud 
divided into octants can be subdivided into 81=8 volumes, 
the point cloud in which those octants are each subdivided 
into octants can be subdivided into 82=64 total volumes, etc. 

40 subdivided into octants that each include 1/s of the original 
point cloud. Note that, although the point cloud in FIGS. 
SA-SH is represented as a cube, this is merely an example, 
and a point cloud can have other shapes. In some aspects, the 
octants can each represent the same volume of space (e.g., 

FIG. SA shows an example diagram representing a por
tion of a point cloud that can be used in connection with a 
hierarchical progressive point cloud rendering process in 
accordance with some aspects of the disclosed subject 
matter. As shown in FIG. SA, a point cloud can include 
various points that each is associated with a location in space 
and a color. Note that the representation in FIG. SA is 
simplified to avoid overcomplicating the figure, and point 
clouds can include very large numbers of points (e.g., 
hundreds of millions to billions of points). 

45 the octants can have the same length, width, and height). 
Alternatively, in some aspects, the octants can represent 
unequal volumes of space, and the divisions along each axis 
can be made to subdivide the point cloud to have about the 
same number of points in each half of the bounding volume. 

50 This can result in each group of four octants representing a 
contiguous half of the volume including about the same 
number of points from the original point cloud. 

FIG. SG shows an example diagram representing the 
portion of the point cloud with each octant subdivided into 

55 equal sized cells in accordance with some aspects of the 
disclosed subject matter. As shown in FIG. SG, in some 
aspects, each octant can be subdivided into voxels that each 
represent the same fraction of the octants that each voxel in 
FIG. SB represented of the entire point cloud. In some 

60 aspects, an average color can be calculated for each voxel in 
FIG. SG, which can be used to generate synthetic points 
(e.g., as described above in connection with FIGS. SC to 
SF). 

FIG. SH shows an example diagram representing the 
65 portion of the point cloud with each octant shown in FIG. SF 

subdivided into octants in accordance with some aspects of 
the disclosed subject matter. As shown in FIG. SH, in some 
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from the highest resolution synthetic point cloud ( e.g., level 
L ), and can copy synthetic points from that octant into the 
corresponding frame buffer object. 

As another example, process 900 can select visible 

aspects, each octant shown in FIGS. SF and 8G can be 
further subdivided into octants (e.g., each of these octants 
are sometimes referred to as sub-octants ). Each of these 
octants can then be subdivided into voxels, and used as the 
basis of another level of synthetic point cloud. As shown in 
FIG. SH, in some aspects, each sub-octant can be addressed 
by an index number I, and each synthetic point in the 
synthetic point cloud representation based on voxels sub
divided from the sub-octants can be addressed using four 
coordinates (I, X, Y, Z). 

5 octants based on an expected number of points per pixel 
represented by a particular octant if it were to be used to fill 
a portion of a particular resolution of frame buffer object. 
For example, for each octant that is in the viewing frustum, 
process 900 can determine how many cells map to each pixel 

FIG. 9 shows an example 900 of a process for hierarchical 
progressive point cloud rendering using synthetic point 
cloud data in accordance with some aspects of the disclosed 
subject matter. As shown in FIG. 9, process 900 can begin 

10 in the frame buffer object if that octant were used to fill a 
portion of the frame buffer object. A more detailed example 
of selecting octants based on the projected points per pixel 
is described below in connection with FIGS. 10 and 11. 

by generating an initial image to be displayed based on an 15 

initial virtual camera viewpoint. In some aspects, the initial 
virtual camera viewpoint can be predetermined, and the 
initial image to be displayed can be predetermined using 
known points from the point cloud. Alternatively, in some 
aspects, the initial camera angle may not be predetermined, 20 

and the initial image to be displayed can be generated using 
similar techniques to those described below in connection 
with 904-926. 

Note that, because each octant can include up to only a 
maximum number of points ( e.g., 1283 points, 2563 points), 
process 900 can copy all points from the selected octant in 
some cases. Additionally or alternatively, in some aspects, 
octants which are particularly dense can be subsampled 
(e.g., rather than copying all points). For example, process 
900 can copy points corresponding to every other voxel ( or 
every third voxel, fourth voxel, etc.) of a particularly dense 
octant. In some aspects, process 900 can determine whether 
the number of points in a particular octant is greater than a 
threshold, and can subsample the lowest resolution point At 904, process 900 can determine a new viewpoint of the 

virtual camera. In some aspects, such as when process 900 
is used in connection with a head mounted display, the 
viewing angle changes by at least a small amount between 
most frames due to small, potentially involuntary, move
ments by the wearer and/or large voluntary movements. 
Process 900 can use any suitable technique or combination 
of techniques to determine the new viewpoint of the virtual 
camera. 

25 cloud by sampling, for example, one half of the point cloud 
that is farthest from the current camera position along a 
direction of view ( e.g., to insure that many of the points will 
be within the viewing frustum, rather than behind the current 
camera position). In some aspects, any suitable number of 

30 points can be copied at 908, and in some cases the number 
can be adjustable (e.g., in settings associated with an appli
cation rendering the scene). In such aspects, if the number of 
points in a selected octant is greater than the set number of In some aspects, process 900 can determine, for each 

synthetic point cloud, which octants of the synthetic point 
cloud intersect the viewing frustum of the virtual camera. In 35 

some aspects, process 900 can use any suitable technique or 
combination of techniques to determine which octant(s) of 
each synthetic point cloud intersects the viewing frustum. 
For example, in some aspects, process 900 can use view 
frustum culling to determine visible nodes in the octree, and 
nodes in each level of the octree can be mapped to octants 

points to be copied, a subset of points can be selected 
At 910, process 900 can reuse the data that was included 

in the frame buffer object for each level used during ren
dering of the previous frame. For example, the points in the 
frame buffer object for each level can be copied to a second 
frame buffer object when the previous frame is rendered. In 

in each synthetic point cloud. In such an example, process 
900 can determine that a particular octant(s) in each syn
thetic point cloud are visible based on the corresponding 
node in the octree being visible. 

40 some aspects, process 900 can draw a screen-filling point 
grid with one point per pixel using the points from the 
previous frame, and the previous frame's render target buffer 
can be bound as a read texture and drawn to a second render 
target. For each point, the coordinates can be used as texture 

45 coordinates into the color texture. In some aspects, the frame 
buffers can have a first binding point for the geometry and 
color, and a second binding point for the depth. Note that, 
while frame buffers can have a 32 bit floating point format, 

At 906, process 900 can copy points corresponding to the 
visible octants from the point cloud data ( e.g., in storage or 
memory) and synthetic points corresponding to the visible 
octants of each synthetic point cloud into the CPU cache 
memory. In some aspects, the CPU can determine which 50 

octant(s) are visible based on viewpoint information, and 
can copy the points corresponding to the visible octants 
(e.g., as determined at 904). Additionally, in some aspects, 
process 900 can copy some points that may fall outside the 
current viewing frustum of the virtual camera, as this can 55 

facilitate more quickly rendering points that were just off 
screen in the previous frame. 

At 908, process 900 can copy points from the CPU cache 
(e.g., CPU cache 108) into a frame buffer object for each 
resolution level (e.g., from level Oto level Lin FIG. 6). In 60 

some aspects, process 900 can select a random visible octant 
from each synthetic point cloud to copy points from. For 
example, if the lowest resolution representation includes one 
volume representing the entire point cloud (e.g., level O in 
FIG. 6), process 900 can copy points from the lowest 65 

resolution point cloud without random selection. As another 
example, process 900 can randomly select a single octant 

the synthetic point cloud data can be organized similarly to 
octree data and stored in a binary format, with each point 
having a size of 6 bytes, three bytes for the 3D position ( e.g., 
if each grid is subdivided into 2563 or less cells), and three 
bytes for a packed RGB color (in a depth first or breadth first 
order). In some aspects, an additional channel (e.g., the 
alphas channel "A" which is generally used to record 
transparency) can be used to record which level of synthetic 
point cloud the point originated from using an additional 
byte. As described above in connection with FIG. 5, a 
metadata file can hold an octree structure, and can include 
bounding box information that indicates which area of space 
is bounded by each octant. Note that the smaller size (e.g., 
six bytes compared to 16 bytes) can increase the speed with 
which the data can be accessed and/or the amount of points 
that can be held in memory. As described above in connec
tion with FIG. 5, another metadata file can include infor
mation that can indicate where each octant begins in the 
binary file storing synthetic point cloud points. For example, 
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in some aspects, each point in the lowest resolution point 
cloud can have a size of six bytes, three bytes for the position 
in the grid of voxels (e.g., with the coordinates (0,0,0) 
representing a particular comer of the point cloud), and three 
bytes for a packed RGB color. 

At 912, for each frame buffer object, process 900 can 
determine for each pixel whether a point copied from the 
CPU is closer to the camera than the point that was rendered 

20 
final color can be unpacked from the geometry buffer's alpha 
component and rendered to screen. 

FIG. 10 shows an example 1000 of a process for selecting 
octants from which copy points at each resolution of frame 

5 buffer in accordance with some aspects of the disclosed 
subject matter. As shown in FIG. 10, at 1002, for a particular 
resolution frame buffer object, process 1000 can start with a 
lowest resolution octant that is in the viewing frustum. For 
example, process 1000 can start with the octant at level O in in the previous frame (and/or whether one point rendered in 

the previous frame represents the same pixel and is closer to 
the camera than another point rendered in the previous frame 
due to a change in viewing angle). For example, at each 
resolution, process 900 can determine whether, for a par
ticular pixel, one of the points copied from the CPU is closer 
than the point used to render that pixel in the previous frame. 15 

In some aspects, process 900 can overwrite ( or otherwise 
replace) the point for that pixel from the previous frame with 
the new points that are closer to the camera. 

10 FIG. 6 that represents the entire point cloud (as this octant 
always overlaps the viewing frustum by definition). Alter
natively, in some aspect, process 1000 can start at a lowest 
resolution octant that represents a portion of the point cloud 
(e.g., an octant in level 1). 

At 1004, process 1000 can project the grid of the octant 
being evaluated from three dimensions to two dimensions on 
a plane parallel to a plane represented by the frame buffer 
object. For example, based on the orientation of the octant 
with respect to the viewing frustum, process 1000 can At 914, process 900 can determine, for each pixel of the 

lowest resolution frame buffer, whether a point in the frame 
buffer corresponds to that pixel. If there is a pixel that does 
not have a corresponding point ("NO" at 916), process 900 
can move to 918 at which process 900 can use a point from 
a lower resolution frame buffer. In some aspects, if the 
current frame buffer object is the lowest resolution frame 
buffer object, process 900 can use any suitable value (e.g., 
color and/or distance) to provide a value for the pixel. 

Otherwise, if there is a point corresponding to a pixel in 
a frame buffer object for the current level ("YES" at 916), 
process 900 can move to 920, at which process 900 can keep 
the point currently in the frame buffer object. 

20 determine how many exterior voxels of the octant are 
visible. In such an example, if the octant is aligned with the 
viewing frustum, the number of visible voxels can be about 
the amount ofvoxels on a single face of the octant (e.g., n2 

voxels ), whereas if the octant is at an angle to the viewing 
25 frustum, more voxels may be visible (e.g., portions of 

multiple faces of the octant may be exposed to the viewing 
frustum). 

At 1006, process 1000 can determine, based on a distance 
to the octant, and the two-dimensional projection of the grid, 

30 the number of points that would correspond to each pixel at 
the plane represented by the frame buffer object. For 
example, as the distance to an octant increases, the number 
of points that correspond to each pixel also increases as the 
same number of points occupy a smaller portion of the field 

At 922, process 900 can determine whether the highest 
resolution frame buffer object (e.g., the frame buffer object 
that is filled using points copied from the point cloud, rather 
than points from a synthetic point cloud). If process 900 
determines that the highest resolution frame buffer object 
has not been filled ("NO" at 922), process 900 can move to 
924. At 924, process 900 can move to the next highest 
resolution frame buffer object and can return to 914. At 
which process 900 can again begin determining, using 40 

points copied from the next highest resolution representation 

35 of view. Further examples of determining the number of 
points per pixel are described below in connection with 
FIGS. llA to llC. 

If process 1000 determines that the octant does not 
represent about one point per pixel ("NO" at 1008), process 
1000 can move on to child octants of the current octant at the 
next highest resolution (if such child octants exist) at 1010. 

of the point cloud ( e.g., the synthetic point cloud organized 
into eight octants each having up to n3 points). 

For example, if the number of points per pixel is greater than 
one, process 1000 can move to child octants representing the 
same portion of the scene that have, for example, twice the 
spatial resolution along each direction (e.g., the same num
ber of grid cells representing half of the space in each 
direction). Process 1000 can move back to 1004 to begin 
determining whether the child octant(s) represent about one 
point per pixel. In some aspects, process 1000 can determine 

Otherwise, if process 900 determines that the highest 
resolution frame buffer object has been filled ("YES" at 45 

922), process 900 can move to 926. At 926, process 900 can 
render an image using points from the highest resolution 
frame buffer object. In some aspects, an additional transfor
mation can be included in the pipeline, such that the frag
ment position p can be represented as: 50 whether the points per pixel is roughly equal to one based on 

a threshold. For example, process 1000 can determine 
whether the points per pixel of the octant is less than ( or less 
than or equal to) a threshold ( e.g., 1.05, 1.1, 1.2, 1.3, etc.). 
In some aspects, a higher threshold ( e.g., farther above one) 

p~[l-W,1-W,1 ,1 ]'.P-MV-v, 

where MV is the modelview matrix, P is the projection 
matrix, and W is the percentage of view which is to be 
extended. Additionally, in some aspects, process 900 can 
look up color information for each point, taking into account 
that data may have been rendered off screen via the W value 
from EQ. 1. For example, a geometry shader can narrow the 
default (0-1) texture coordinates to (W'-W") used for lookup 
via the following: 

w~((l.0-WJ*0.5), 

W"~l.0-W', 

(2) 

(3) 

In some aspects, throughout the pipeline, point color can 
be packed into the alpha component of the floating point 
geometry buffer. Accordingly, as a final step, each pixel's 

55 can result in the image being rendered with a lower average 
resolution than if a lower threshold ( e.g., closer to one) were 
used, and can also result in fewer points being copied from 
cache (e.g., because lower resolution octants representing a 
relatively large volume using up to n3 points are more likely 

60 to be selected with a higher threshold, rather than selecting 
multiple octants each representing 1/s of the volume repre
sented by the larger volume using up to n3 points). 

Otherwise, if process 1000 determines that the octant 
represents about one point per pixel ("YES" at 1008), 

65 process 1000 can move to 1012 to select the current level 
octant(s) for inclusion in the current level frame buffer 
object. 



US 10,803,561 B2 
21 

At 1014, process 1000 can determine whether all visible 
octants have been account for by determining which points 

22 
In some aspects, any suitable computer readable media 

can be used for storing instructions for performing the 
functions and/or processes described herein. For example, in 
some aspects, computer readable media can be transitory or 

to copy based on which octants represent a one point per 
pixel resolution. If process 1000 determines that each visible 
octant has not been accounted for ("NO" at 1014), process 
1000 can move on to a next octant at the lowest resolution 
which has an octant that has not yet been analyzed. For 
example, if the analysis started with an octant representing 
the entire point cloud, process 1000 can move on to a child 
of that octant (rather than returning to that octant). 

5 non-transitory. For example, non-transitory computer read
able media can include media such as magnetic media (such 
as hard disks, floppy disks, etc.), optical media (such as 
compact discs, digital video discs, Blu-ray discs, etc.), 
semiconductor media (such as RAM, Flash memory, elec-

Otherwise, if process 1000 determines that each visible 
octant has been accounted for ("YES" at 1014), process 
1000 can copy points in the selected octants from CPU cache 
into a frame buffer object of the resolution being analyzed. 
Note that, because each frame buffer object corresponds to 
a different resolution, an octant that projects to one point per 
pixel for a first frame buffer object may project to two points 
per pixel for a higher resolution frame buffer object. 

10 trically progranimable read only memory (EPROM), elec
trically erasable programmable read only memory (EE
PROM), etc.), any suitable media that is not fleeting or 
devoid of any semblance of permanence during transmis
sion, and/or any suitable tangible media. As another 

15 example, transitory computer readable media can include 
signals on networks, in wires, conductors, optical fibers, 
circuits, or any suitable media that is fleeting and devoid of 
any semblance of permanence during transmission, and/or 
any suitable intangible media. 

It should be noted that, as used herein, the term mecha
nism can encompass hardware, software, firmware, or any 
suitable combination thereof. 

It should be understood that the above described steps of 
the processes of FIGS. 3 and 9 can be executed or performed 

25 in any order or sequence not limited to the order and 
sequence shown and described in the figures. Also, some of 
the above steps of the processes of FIGS. 3, 7, and 9 can be 
executed or performed substantially simultaneously where 
appropriate or in parallel to reduce latency and processing 

FIGS. llA to llC show examples of the same octant at 20 

different distances corresponding to different points per 
pixel in accordance with some aspects of the disclosed 
subject matter. As shown in FIG. llA, the octant projects to 
about two points per pixel when projected back to the plane 
represented by the frame buffer object. Accordingly, a lower 
resolution octant representing the same portion of the scene 
would be closer to one point per pixel. As shown in FIG. 
11B, when the camera is closer to the octant, the octant 
projects to about one point per pixel, and the octant is 
selected for use with that frame buffer object. As shown in 
FIG. llC, when the camera is yet closer to the octant, the 
octant projects to about one-half point per pixel, and a higher 
resolution octant representing the same portion of the scene 
would be closer to one point per pixel. Note that only a 
single pixel is represented in FIGS. llA to llC. As can be 
appreciated from FIGS. llA to llC, as the camera moves 
closer to a portion of the scene, higher resolution represen
tations of the scene can be used to render the images 
presented to user with a lower risk of underdrawing ( e.g., 
leaving gaps) or overdrawing points (e.g., copying excess 40 

points that end up being discarded). By contrast, randomly 
selecting octants can result in overdrawing points, which can 

30 times. 
Although the invention has been described and illustrated 

in the foregoing illustrative aspects, it is understood that the 
present disclosure has been made only by way of example, 
and that numerous changes in the details of implementation 

35 of the invention can be made without departing from the 
spirit and scope of the invention, which is limited only by the 
claims that follow. Features of the disclosed aspects can be 
combined and rearranged in various ways. 

in some cases reduce the frame rate that can be achieved due 
to the presence of more points that are not rendered. Addi
tionally, points in the scene that are relatively close can be 45 

represented in more detail by using points from the higher 
resolution representations of the point cloud (i.e., by select
ing higher resolution octants for those portions of the scene), 
while points in the scene that are relatively far can be 
represented in less detail (i.e., by selecting lower resolution 50 

octants). Note that although only a single octant is shown to 
avoid overcomplicating the illustration, there can be other 
visible octants ( e.g., closer to or farther from the pixel 
plane), and the mechanisms described herein can select 
which resolution of octant(s) to use to represent those 55 

spaces. 
Note that, although the mechanisms described herein are 

generally described in connection with rendering a single 
image, this is merely an example, and in some aspects, two 
images can be rendered in parallel from two different 60 

viewpoints to facilitate presentation of a stereoscopic pair of 
images. For example, a GPU associated with a head 
mounted display can render two images in parallel using 
techniques described herein. In such an example, the visible 
octants for each image in the stereoscopic pair are generally 65 

the same, but in some cases a portion of an octant may be 
visible in one image, but not in the other. 

What is claimed is: 
1. A method for point cloud rendering, comprising: 
rendering a first image based at least in part on point cloud 

data, the first image corresponding to a first viewing 
frustum; 

determining that a viewing angle has changed to a second 
viewing frustum; 

requesting, from a memory, points from a first synthetic 
point cloud that are within the second viewing frustum, 
wherein the first synthetic point cloud has a resolution 
that is lower than a resolution of the point cloud data; 

requesting points in a subdivision of a second synthetic 
point cloud that intersects the second viewing frustum, 
wherein the second synthetic point cloud has a resolu
tion that is lower than a resolution of the point cloud 
data and higher than a resolution of the first synthetic 
point cloud; 

reprojecting points used during rendering of the first 
image into a plurality of frame buffer objects of dif
ferent resolutions including at least a first frame buffer 
object of a first resolution for points from the first 
synthetic point cloud, and a second frame buffer object 
of a second resolution for points from the second 
synthetic point cloud, wherein the second resolution is 
higher than the first resolution; 

determining, for each frame buffer object, whether at least 
one point received from the memory corresponds to the 
same position in the frame buffer object as a point 
reprojected into the frame buffer object; 
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overwntmg, in each frame buffer object, at least one 
reprojected point with a point corresponding to the 
same position received from the memory that is closer 
to a camera position; 

determining that a first position in the first frame buffer 5 

object is not associated with a reprojected point and is 
not associated with a point received from the memory 
after rendering of the first image; 

in response to determining that the first position in the first 
frame buffer object is not associated with a reprojected 10 

point and not associated with a new point, copying a 
point that originated in a lower resolution frame buffer 
object to the first position of the first frame buffer 
object; 

15 
determining that the first frame buffer object is filled; and 
in response to determining that the first frame buffer 

object is filled, rendering a second image based on the 
contents of the first frame buffer object. 

2. The method of claim 1, further comprising: 
determining that a plurality of subdivisions of the second 

synthetic point cloud intersect the second viewing 
frustum; and 

20 

24 
second frame buffer object storing a plurality of 
points from the first synthetic point cloud; 

determine that a first gap exists in a third frame buffer 
object storing a plurality of points from a third 
synthetic point cloud at the first position, and that a 
second gap exists in the third frame buffer object at 
a second position; 

fill the first gap using the first point; 
fill the second gap using the second point; 
render a second image corresponding to the second 

viewing frustum based on points stored in the third 
frame buffer object, including the first point and the 
second point. 

5. The system of claim 4, wherein the GPU is further 
programmed to: 

determine that a second octant of the plurality of octants 
intersects the second viewing frustum; 

select the first octant based on a distance to the first octant; 
request points in the first octant from the cache memory; 

and 
receive the plurality of points responsive to the request. 
6. The system of claim 4, wherein the second point 

represents a first cell in the first synthetic point cloud, and a selecting the subdivision from the plurality of subdivi
sions based on a distance to the subdivision. 

3. The method of claim 1, wherein each of a plurality of 
points from the first synthetic point cloud represents a subset 
of one or more points from the point cloud data, and a color 
associated with each of the plurality of points is corresponds 

25 color of the second point is an average calculated based on 
the color of each of a plurality of points from the point cloud 
data that are at least partially within the portion of the scene 
represented by the first cell. 

to an average color of points in the subset of one or more 30 

points from the point cloud data represented by that point 
from the synthetic point cloud. 

4. A system for point cloud rendering, comprising: 
memory storing: 

a first synthetic point cloud representing a three dimen- 35 

sional scene, the first synthetic point cloud organized 
as a grid of first voxels, each point of the first 
synthetic point cloud representing one or more points 
in point cloud data having a non-homogenous point 
density; 

a second synthetic point cloud representing the scene, 
the second synthetic cloud subdivided into a plural-

40 

ity of octants that is each organized as a grid of 
second voxels, wherein the first voxels each repre
sent a portion of the scene, and the second voxels 45 

each represent a smaller portion of the scene; 

7. The system of claim 6, wherein the color of the second 
point is based on a simple average of the plurality of points 
from the point cloud data. 

8. The system of claim 6, wherein a position of the second 
point is a midpoint of the first cell. 

9. The system of claim 4, wherein the memory further 
stores: 

the third synthetic point cloud representing the scene, the 
third synthetic cloud subdivided into the plurality of 
octants, each of the plurality of octants subdivided into 
eight sub-octants that are each organized as a grid of 
third voxels, wherein the third voxels each represent a 
smaller portion of the scene than the second voxels. 

10. The system of claim 4, wherein the first synthetic 
point cloud is subdivided into n voxels along a first axis of 
the scene, where n is less than or equal to 256, and the first 
octant is subdivided into n voxels along the first axis. 

a central processing unit (CPU) associated with CPU 
cache memory; and 

a graphic processing unit (GPU), wherein the GPU is 
programmed to: 

11. The system of claim 10, wherein a position of each 
point of the first synthetic point cloud within the first 
synthetic point cloud is represented by no more than three 

50 bytes. 
render a first image of the scene corresponding to a first 

viewpoint of a virtual camera; 
determine that an image from a second viewpoint is to 

be rendered, the second viewpoint associated with a 
second viewing frustum; 

determine that a first octant of the plurality of octants 
intersects the second viewing frustum; 

receive a plurality of points included in the first octant 
from the cache memory; 

55 

replace a point at a first position in the first frame buffer 60 

object with a first point of the plurality of points that 
represents the same pixel and that is closer to a 
position of the virtual camera; 

determine that a gap exists in the first frame buffer 
object at a second position; 

fill the second position in the first frame buffer object 
using a second point at a corresponding position in a 

65 

12. The system of claim 10, wherein a position of each 
point of the second synthetic point cloud within an octant of 
the plurality of octants is represented using no more than 
three bytes. 

13. A method for point cloud rendering, comprising: 
storing, in memory, a first synthetic point cloud repre

senting the scene, the first synthetic point cloud orga
nized as a grid of first voxels; 

storing, in memory, a second synthetic point cloud rep
resenting the scene, the second synthetic cloud subdi
vided into a plurality of octants that are each organized 
as a grid of second voxels, wherein the first voxels each 
represent a portion of the scene, and the second voxels 
each represent a smaller portion of the scene; 

rendering, using a graphics processing unit (GPU), a first 
image of the scene corresponding to a first viewpoint of 
a virtual camera; 
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determining that an image from a second viewpoint is to 
be rendered, the second viewpoint associated with a 
second viewing frustum; 

26 
requesting points m the first octant from the cache 

memory; and 
receiving the plurality of points responsive to the request. 
15. The method of claim 13, wherein the second point determining that a first octant of the plurality of octants 

intersects the second viewing frustum; 
receiving a plurality of points included in the first octant 

from a cache memory of a central processing unit 
coupled to the GPU; 

5 represents a first cell in the first synthetic point cloud, and a 
color of the second point is an average calculated based on 
the color of each of a plurality of points from the point cloud 
data that are at least partially within the portion of the scene 

replacing a point at a first position in the first frame buffer 
object with a first point of the plurality of points that 10 
represents the same pixel and that is closer to a position 
of the virtual camera; 

determining that a gap exists in the first frame buffer 
object at a second position; 

filling the second position in the first frame buffer object 15 
using a second point at a corresponding position in a 
second frame buffer object storing a plurality of points 
from the first synthetic point cloud; 

determining that a first gap exists in a third frame buffer 
object storing a plurality of points from a third syn- 20 
thetic point cloud at the first position, and that a second 
gap exists in the third frame buffer object at a second 
position; 

filling the first gap using the first point; 
filling the second gap using the second point; 25 

represented by the first cell. 
16. The method of claim 15, wherein the color of the 

second point is based on a simple average of the plurality of 
points from the point cloud data. 

17. The method of claim 15, wherein a position of the 
second point is a midpoint of the first cell. 

18. The method of claim 13, further comprising storing 
the third synthetic point cloud representing the scene, the 
third synthetic cloud subdivided into the plurality of octants, 
each of the plurality of octants subdivided into eight sub
octants that are each organized as a grid of third voxels, 
wherein the third voxels each represent a smaller portion of 
the scene than the second voxels. 

19. The method of claim 13, wherein the first synthetic 
point cloud is subdivided into n voxels along a first axis of 
the scene, where n is less than or equal to 256, and the first 
octant is subdivided into n voxels along the first axis. 

20. The method of claim 19, wherein a position of each 
point of the first synthetic point cloud within the first 
synthetic point cloud is represented by no more than three 
bytes. 

rendering a second image corresponding to the second 
viewing frustum based on points stored in the third 
frame buffer object, including the first point and the 
second point. 

14. The method of claim 13, further comprising: 
determining that a second octant of the plurality of octants 

intersects the second viewing frustum; 
selecting the first octant based on a distance to the first 

octant; 

21. The method of claim 13, wherein a position of each 
30 point of the second synthetic point cloud within an octant of 

the plurality of octants is represented using no more than 
three bytes. 

* * * * * 


