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57 ABSTRACT

Various approaches described herein improve the quality of
results when fusing depth maps to generate dynamic three-
dimensional (“3D”) models, applying texture details to
dynamic 3D models, or rendering views of textured,
dynamic 3D models. For example, when fusing depth maps
to generate a dynamic 3D model, a fusion component can
also incorporate intrinsic color values for points of the
dynamic 3D model, potentially making the dynamic 3D
model more accurate, especially for areas in which depth
values are not reliable or not available. As another example,
when applying texture details, a rendering component can
apply smoothed, viewpoint-dependent texture weights to
texture values from different texture maps, which can reduce
blurring and avoid the introduction of noticeable seams. As
another example, a rendering component can apply special
effects indicated by metadata to rendered views, thereby
allowing a content provider to assert artistic control over
presentation.
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frame, each texture map including
texture values captured from
different input viewpoint.
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depth values from one of the
different input viewpoints.
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model from the depth maps for
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Selectively update reference 3D
model based on texture maps and
depth maps for current frame,
including selectively updating
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part on updated intrinsic texture
values of points of reference 3D

model and texture maps for
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FIG. 10
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data including points (e.g., vertices of triangles
of a mesh) of the dynamic 3D model.
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for at least some of the points of the dynamic
3D model, including smoothing at least some
texture weights for the current frame spatially

around seams in the dynamic 3D model and/or
temporally relative to previous texture weights.

l

For the at least some of the points, apply
corresponding texture values according to the
smoothed texture weights for the current frame.

1020 ~
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1040 ~

y
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Receive texture maps for current
frame, each texture map including
texture values captured from a
different input viewpoint.

Send depth maps or model data
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data including points of
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{

Receive model data for current
frame, the model data including
points of dynamic 3D model.
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l
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{

Set metadata that indicates special
effect(s) to be incorporated.
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FUSING, TEXTURING, AND RENDERING
VIEWS OF DYNAMIC
THREE-DIMENSIONAL MODELS

BACKGROUND

Virtual reality (“VR”) technology simulates a user’s
physical presence in a synthetic, computer-generated envi-
ronment. Often, VR equipment includes a VR headset with
a display screen and headphones to present realistic images
and sounds for the computer-generated environment. With
VR technology, a user can look around the computer-
generated environment and, in many cases, navigate through
and interact with features of the environment. In some VR
systems, a user can communicate with one or more other,
remote users, who are virtually present in the environment.
Similarly, augmented reality (“AR”) technology layers arti-
ficial, computed-generated content over camera input and/or
audio input, thereby blending what the user sees and hears
in their real surroundings with the artificially-generated
content.

Although some VR systems generate a synthetic environ-
ment from scratch, many VR systems and AR systems create
a three-dimensional (“3D”) model of an actual, physical
environment using equipment that captures details of the
physical environment. For example, the locations of objects
in the physical environment are estimated using depth
cameras from different viewpoints (perspectives) around the
physical environment. In “depth maps” for a frame (e.g.,
associated with a timestamp or time slice), the depth cam-
eras capture depth values that indicate how far objects are
from the respective depth cameras. From these depth values
in depth maps for the frame, the VR/AR system creates a 3D
model of the physical environment and objects in it. The 3D
model can represent the surfaces of objects as vertices in 3D
space, which are connected to form triangles that approxi-
mately cover the surfaces of the objects. The VR/AR system
can track the 3D model as it changes over time, from
frame-to-frame, generating a dynamic 3D model, which
provides a deformable, volumetric representation of the
objects. A dynamic 3D model—adding the dimension of
time to 3D spatial reconstruction—can provide the founda-
tion for 4D reconstruction technology in diverse applications
such as 3D telepresence for business conferencing or per-
sonal communication, broadcasting of live concerts or other
events, and remote education. Typically, a VR/AR system
also uses video cameras to record texture details (e.g., color
values) for the surfaces of objects in the physical environ-
ment from different viewpoints. Such texture details can be
applied (“textured” or “stitched”) to surfaces of a dynamic
3D model when producing (“rendering”) views of the 3D
model for output.

In recent years, VR technology and AR technology have
become more common. The commoditization of VR tech-
nology and AR technology, together with the availability of
inexpensive depth camera technology, have increased inter-
est in ways to generate accurate, dynamic 3D models of a
physical environment with spatiotemporal performance cap-
ture. In particular, some recent systems are able to fuse
multiple depth maps in real-time into dynamic 3D models
that provide deformable, volumetric representations of
objects in a physical environment. Although such systems
can produce high-fidelity dynamic 3D models in many
scenarios, when depth values are unreliable or unavailable,
the resulting dynamic 3D models may be inaccurate or
incomplete. Also, in some situations, previous approaches to
stitching texture details from different viewpoints onto a

25

40

45

2

dynamic 3D model may produce blurred details or notice-
able seams, which can detract from overall quality, espe-
cially for regions of interest such as faces. Finally, previous
approaches to rendering views of a dynamic 3D model,
especially for real-time applications, are limited with respect
to how artistic effects may be applied to the rendered views.

SUMMARY

This Summary is provided to introduce a selection of
concepts in a simplified form that are further described
below in the Detailed Description. This Summary is not
intended to identify key features or essential features of the
claimed subject matter, nor is it intended to be used to limit
the scope of the claimed subject matter.

Various approaches described herein improve the quality
of results when fusing depth maps to generate dynamic
three-dimensional (“3D”") models of a computer-represented
environment, when applying texture details to dynamic 3D
models, or when rendering views of textured, dynamic 3D
models. For example, when fusing depth maps to generate a
dynamic 3D model, a fusion component of a computer
system also incorporates intrinsic texture values (e.g., color
values) for points of the dynamic 3D model. This can make
the dynamic 3D model more accurate, especially for areas in
which depth values are not reliable or not available. As
another example, when applying texture details to a dynamic
3D model, a rendering component of a computer system
applies smoothed, viewpoint-dependent texture weights to
texture values from different texture maps. This can reduce
blurring and avoid the introduction of noticeable seams in
rendered views, especially for regions of interest such as
faces. As another example, a rendering component of a
computer system can apply special effects indicated by
metadata when rendering views of a textured, dynamic 3D
model. This can allow a broadcaster or content provider to
assert artistic control over the presentation of the textured,
dynamic 3D model.

In many of the examples described herein, a component
of'a computer system uses texture maps for a current frame,
depth maps for the current frame, and/or model data for a
dynamic 3D model. Each of the texture maps for the current
frame can include texture values (e.g., color values) captured
from a different input viewpoint in a computer-represented
environment. Each of the depth maps for the current frame
can include depth values captured from one of the different
input viewpoints. The model data can include points (e.g.,
vertices of triangles of a mesh) of the dynamic 3D model of
the computer-represented environment.

According to a first set of techniques and tools described
herein, a rendering component of a computer system per-
forms operations to texture a dynamic 3D model of a
computer-represented environment. The rendering compo-
nent receives texture maps and model data for a current
frame. The rendering component determines texture weights
for the current frame for at least some of the points of the
dynamic 3D model. In doing so, the rendering component
smoothes at least some of the texture weights for the current
frame spatially around seams in the dynamic 3D model
and/or temporally relative to previous texture weights. For
the at least some of the points of the dynamic 3D model, the
rendering component applies corresponding texture values
according to the smoothed texture weights for the current
frame. Finally, the rendering component renders a view of
the textured (with applied texture values), dynamic 3D
model from an output viewpoint. In many cases, the smooth-
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ing of texture weights can mitigate perceptible artifacts such
as blurring and seams in the rendered views.

According to a second set of techniques and tools
described herein, a rendering component of a computer
system performs operations to texture a dynamic 3D model
of'a computer-represented environment. The rendering com-
ponent receives texture maps and model data for a current
frame. The rendering component determines viewpoint-
dependent texture weights for the current frame for at least
some of the points of the dynamic 3D model. In doing so, for
a given point among the at least some points of the dynamic
3D model, for a given input viewpoint among the different
input viewpoints, the rendering component determines a
base weight based at least in part on the given input
viewpoint and an output viewpoint. For the at least some of
the points of the dynamic 3D model, the rendering compo-
nent applies corresponding texture values according to the
viewpoint-dependent texture weights for the current frame.
Finally, the rendering component renders a view of the
textured (with applied texture values), dynamic 3D model
from the output viewpoint. Using viewpoint-dependent tex-
ture weights (with base weights based on the output view-
point) can avoid blurriness caused by normal-based blend-
ing.

According to a third set of techniques and tools described
herein, a server computer system specifies special effects for
rendered views of a textured, dynamic 3D model of a
computer-represented environment. The server computer
system sets metadata that indicates one or more special
effects to be incorporated when, for at least some points of
a dynamic 3D model, applying texture values and rendering
a view of the 3D model from an output viewpoint. The
server computer system sends the metadata that indicates the
special effect(s) to one or more client computer systems. In
addition, the server computer system sends texture maps and
depth maps (or model data) for the current frame to the client
computer system(s). In this way, the server computer system
can compactly indicate special effects to be applied to
rendered views of the textured, dynamic 3D model.

According to a fourth set of techniques and tools
described herein, a rendering component of a client com-
puter system applies special effects to rendered views of a
textured, dynamic 3D model of a computer-represented
environment. The rendering component receives texture
maps and model data for a current frame. The rendering
component receives metadata that indicates one or more
special effects. For at least some of points of the dynamic 3D
model, the rendering component applies corresponding tex-
ture values. Finally, the rendering component renders a view
of the textured, dynamic 3D model from an output view-
point. The rendered view incorporates the special effect(s)
indicated with the metadata. In this way, the rendering
component can apply a wide range of special effects speci-
fied by a content author or other source.

According to a fifth set of techniques and tools described
herein, a fusion component of a computer system generates
a dynamic 3D model of a computer-represented environ-
ment. The fusion component receives texture maps and
depth maps for a current frame. The fusion component
selectively updates a reference 3D model based on the
texture maps for the current frame and the depth maps for
the current frame. In particular, the fusion component selec-
tively updates points of a reference 3D model and selec-
tively updates intrinsic texture values of the points of the
reference 3D model. The fusion component can also deter-
mine points of a current 3D model from the depth maps for
the current frame and determine, based at least in part on the
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updated intrinsic texture values of the points of the reference
3D model and the texture maps for the current frame, warp
parameters to warp the reference 3D model to the current
frame. Finally, the fusion component can warp the reference
3D model according to the warp parameters and selectively
combine the current 3D model and the warped reference 3D
model. By incorporating intrinsic texture values when selec-
tively updating the reference 3D model and/or determining
warp parameters, the model generating tool can make the
dynamic 3D model more accurate, especially for areas in
which depth values are not reliable or not available.

The innovations described herein can be implemented as
part of a method, as part of a computer system configured to
perform the method or as part of a tangible computer-
readable media storing computer-executable instructions for
causing a computer system, when programmed thereby, to
perform the method. The various innovations can be used in
combination or separately. The foregoing and other objects,
features, and advantages of the invention will become more
apparent from the following detailed description, which
proceeds with reference to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

The patent or application file contains at least one drawing
executed in color. Copies of this patent or patent application
publication with color drawing(s) will be provided by the
Office upon request and payment of the necessary fee.

FIG. 1 is a diagram illustrating an example computer
system in which one or more of the approaches described
herein can be implemented.

FIGS. 2a and 254 are diagrams illustrating example envi-
ronments for capturing, fusing, texturing, and rendering
views of textured, dynamic 3D models.

FIGS. 3a and 356 are images illustrating examples of
imperfections in captured images that may cause errors
when generating a dynamic 3D model, and FIG. 3¢ is an
image illustrating an example of imperfections in a depth
map.

FIG. 4 is a flowchart illustrating a generalized technique
for applying intrinsic texture values when generating a
dynamic 3D model, and FIG. 5 is a flowchart illustrating an
example technique for determining warp parameters based
at least in part on intrinsic texture values.

FIGS. 6a and 6b are diagrams illustrating an example of
applying texture values of texture maps to a dynamic 3D
model using smoothed, viewpoint-dependent texture
weights.

FIGS. 7a-7e are images illustrating examples of seams.

FIGS. 8a-8¢ are diagrams illustrating features of calcu-
lation of geodesic distance values.

FIG. 9 is a set of images illustrating iterative updating of
geodesic distance values for points near a seam.

FIG. 10 is a flowchart illustrating a generalized technique
for applying texture values of texture maps to a dynamic 3D
model using smoothed texture weights.

FIG. 11 is a flowchart illustrating an example technique
for spatial smoothing of texture weights, and FIG. 12 is a
flowchart illustrating an example technique for temporal
smoothing of texture weights.

FIG. 13 is a flowchart illustrating a generalized technique
for applying texture values of texture maps to a dynamic 3D
model using viewpoint-dependent texture weights.

FIGS. 14a-14m are images illustrating various aspects of
applying texture values of texture maps to a dynamic 3D
model using smoothed, viewpoint-dependent texture
weights.
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FIGS. 15a and 156 are diagrams illustrating example
architectures for providing and applying special effects to
rendered views of textured, dynamic 3D models.

FIG. 16 is a flowchart illustrating a generalized technique
for specifying metadata that indicates special effects for
rendered views of textured, dynamic 3D models, and

FIG. 17 is a flowchart illustrating a generalized technique
for applying special effects indicated by metadata for ren-
dered views of textured, dynamic 3D models.

FIGS. 18a-18m are images illustrating examples of spe-
cial effects applied to rendered views of textured, dynamic
3D models.

DETAILED DESCRIPTION

Various approaches described herein improve the quality
of results when fusing depth maps to generate dynamic
three-dimensional (“3D”") models of a computer-represented
environment, when applying texture details to dynamic 3D
models, or when rendering views of textured, dynamic 3D
models. For example, when fusing depth maps to generate a
dynamic 3D model, a fusion component of a computer
system also incorporates intrinsic texture values (e.g., color
values) for points of the dynamic 3D model. This can make
the dynamic 3D model more accurate, especially for areas in
which depth values are not reliable or not available. As
another example, when applying texture details to a dynamic
3D model, a rendering component of a computer system
applies smoothed, viewpoint-dependent texture weights to
texture values from different texture maps. This can reduce
blurring and avoid the introduction of noticeable seams in
rendered views, especially for regions of interest such as
faces. As another example, a rendering component of a
computer system can apply special effects indicated by
metadata to rendered views of a textured, dynamic 3D
model. This can allow a broadcaster or content provider to
assert artistic control over the presentation of the textured,
dynamic 3D model. Any of these approaches can improve
the quality of 4D reconstruction technology in diverse
applications such as 3D telepresence for business confer-
encing or personal communication, broadcasting of live
concerts or other events, and remote education.

As used herein, the term “dynamic 3D model” encom-
passes triangular meshes of vertices and other deformable,
volumetric representations in a 3D computer graphics envi-
ronment or other computer-represented environment. The
computer-represented environment can represent a real-
world scene (e.g., constructed from imaging/scanning of the
real-world scene), represent a synthetic, virtual scene (e.g.,
constructed entirely from graphics processing tools, or cre-
ated for a virtual reality application), or represent a hybrid
scene that blends results of imaging/scanning of a real-world
scene and computer-generated content (e.g., constructed for
an augmented reality application).

As used herein, the term “texture value” encompasses a
color value or other value, which can be associated with a
point of a dynamic 3D model or with a location of a texture
map (e.g., image). The other value can be, for example, an
opacity value defining an opacity associated with the point/
location or a specularity value defining a specularity coef-
ficient associated with the point/location. Alternatively, the
texture value can define another attribute. In a texture map,
which is two-dimensional, a texture value at a location can
represent an attribute of a point of a dynamic 3D model, as
captured from an input viewpoint.

As used herein, the term “frame” encompasses data
associated with a given time stamp or time slice. At different
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stages of processing, for example, the data for a given frame
can include input video images from different video cameras
at a time stamp/slice, such as input color images (for texture
maps) or monochrome images, depth maps at the time
stamp/slice, segmented texture maps at the time stamp/slice,
and/or model data for a dynamic 3D model at the time
stamp/slice.

A point can be visualized as a small sub-block, or voxel,
that occupies volume in 3D space, adjacent other sub-blocks
(for other points) in the 3D space. Alternatively, a point can
be considered an infinitesimally small point, occupying no
volume in the 3D space, but connected to other points during
rendering operations. For purposes of explaining operations
herein, the terms “vertex,” “voxel,” and “point” are used
interchangeably.

Although operations described herein are in places
described as being performed by a GPU architecture for a
graphics card of a desktop computer system, head-mounted
display, gaming console, etc. in many cases the operations
can be performed by another type of architecture (e.g., a
multi-core CPU architecture) and/or other type of computer
system (e.g., smartphone, tablet computer). More generally,
various alternatives to the examples described herein are
possible. For example, certain techniques described with
reference to flowchart diagrams can be altered by changing
the ordering of stages shown in the flowcharts, by splitting,
repeating or omitting certain stages, etc. The various aspects
of the disclosed technology can be used in combination or
separately. Different embodiments use one or more of the
described innovations. Some of the innovations described
herein address one or more of the problems noted in the
background. Typically, a given technique/tool does not solve
all such problems.

1. Example Computer Systems.

FIG. 1 illustrates a generalized example of a suitable
computer system (100) in which several of the described
innovations may be implemented. The computer system
(100) is not intended to suggest any limitation as to scope of
use or functionality, as the innovations may be implemented
in diverse computer systems, including special-purpose
computer systems adapted for graphics processing or mod-
eling of complex environments.

With reference to FIG. 1, the computer system (100)
includes processing units (110 . . . 11x) and local memory
(118) of a central processing unit (“CPU”). The processing
units (110 . . . 11x) are, for example, processing cores on a
single chip, and execute computer-executable instructions.
The number of processing units (110 . . . 11x) of the CPU
depends on implementation and can be, for example, 4 or 8.
The local memory (118) may be volatile memory (e.g.,
registers, cache, RAM), non-volatile memory (e.g., ROM,
EEPROM, flash memory, etc.), or some combination of the
two, accessible by the respective processing unit(s)
110 . . . 11x).

The computer system (100) also includes processing units
(130. . .13x) and local memory (138) of a GPU. The number
of processing units (130 . . . 13x) of the GPU depends on
implementation. The processing units (130 . . . 13x) are, for
example, single-instruction, multiple data (“SIMD”) units of
the GPU. A shader unit or other processing block of the GPU
can include one or more SIMD units. The SIMD width n,
which depends on implementation, indicates the number of
elements (sometimes called lanes) of a SIMD unit. For
example, the number of elements (lanes) of a SIMD unit can
be 16, 32, 64, or 128 for an extra-wide SIMD architecture.
Each element of the SIMD unit can be considered a separate
thread of the SIMD unit. A group of n threads for a SIMD
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unit can also be called a wave or warp. Threads of a given
SIMD unit execute the same code in lockstep on (poten-
tially) different data. In some GPU architectures, a SIMD
unit can have an extra lane for data that is the same across
all threads of the SIMD unit, which results in a group of n
threads plus one scalar thread for that SIMD unit (the scalar
thread does not execute code like the n threads of the SIMD
unit). The local memory (138) may be volatile memory (e.g.,
registers, cache, RAM), non-volatile memory (e.g., ROM,
EEPROM, flash memory, etc.), or some combination of the
two, accessible by the respective processing unit(s)
(130 . . . 13x). The local memory (138) stores software (180)
implementing one or more innovations for fusing, texturing,
and/or rendering views of dynamic 3D models, for opera-
tions performed by threads executing on the respective
processing units (130 . . . 13x), in the form of computer-
executable instructions.

The computer system (100) includes shared memory
(120), which may be volatile memory (e.g., registers, cache,
RAM), non-volatile memory (e.g., ROM, EEPROM, flash
memory, etc.), or some combination of the two, accessible
by the processing unit(s) (110 . . . 11x) of the CPU and the
processing units (130 . . . 13x) of the GPU. The memory
(120) stores software (180) implementing one or more
innovations for fusing, texturing, and/or rendering views of
dynamic 3D models, at least for high-level control of
operations performed by threads of the processing units
(130 . . . 13x), in the form of computer-executable instruc-
tions. In the GPU, a thread (also called an execution thread
or thread of execution), in general, executes a sequence of
computer-executable instructions and may have data (e.g.,
defining a state) associated with it in local memory (138)
and/or shared memory (120). Threads also execute on pro-
cessing units (110 . . . 11x) of the CPU, where such a thread,
in general, includes a sequence of computer-executable
instructions and may have data (e.g., defining a state)
associated with it in local memory (118) and/or shared
memory (120).

Alternatively, a processing unit can be a processor in an
application-specific integrated circuit (“ASIC”) or any other
type of processor. The processing unit(s) (110 . . . 1lx,
130 . . . 13x) can be part of a system-on-a-chip (“SoC”).

The computer system (100) includes one or more network
interface devices (140). The network interface device(s)
(140) enable communication over a network to another
computing entity (e.g., server, other computer system). The
network interface device(s) (140) can support wired con-
nections and/or wireless connections, for a wide-area net-
work, local-area network, personal-area network or other
network. For example, the network interface device(s) can
include one or more Wi-Fi transceivers, an Ethernet port, a
cellular transceiver and/or another type of network interface
device, along with associated drivers, software, etc. The
network interface device(s) (140) convey information such
as computer-executable instructions, audio or video input or
output, or other data in a modulated data signal over network
connection(s). A modulated data signal is a signal that has
one or more of its characteristics set or changed in such a
manner as to encode information in the signal. By way of
example, and not limitation, the network connections can
use an electrical, optical, RF, or other carrier.

A camera input (150) can accept video input in analog or
digital form from a video camera, which captures natural
video for texture maps. A texture map includes texture
values captured from an input viewpoint (perspective) for a
given frame (e.g., associated with a timestamp or time slice).
A camera input (150) can also accept input in analog or
digital form from one or more monochrome video cameras,
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whose input is used to determine depth values from an input
viewpoint for a given frame. For example, two monochrome
video cameras in a stereo configuration can provide input to
a depth generator, which determines depth values from an
input viewpoint for a given frame. Examples of configura-
tions of cameras are described in the next section. Although
FIG. 1 shows a single camera input (150), the computer
system (100) can include multiple camera inputs (150) from
different input viewpoints and/or different cameras at those
input viewpoints. An audio input accepts audio input in
analog or digital form from one or more microphones (150),
which capture audio.

The computer system (100) optionally includes a motion
sensor/tracker input (152) for a motion sensor/tracker, which
can track the movements of a user and objects around the
user. For example, the motion sensor/tracker allows a user
(e.g., player of a game) to interact with the computer system
(100) through a natural user interface using gestures and
spoken commands. The motion sensor/tracker can incorpo-
rate gesture recognition, facial recognition and/or voice
recognition. In some example implementations, the motion
sensor/tracker input (152) can provide depth values as a
depth camera/depth generator and/or provide texture values
as a video camera, instead of the camera input(s) (150).

A game controller input (154) accepts control signals
from one or more game controllers, over a wired connection
or wireless connection. The control signals can indicate user
inputs from one or more directional pads, buttons, triggers
and/or one or more joysticks of a game controller. The
control signals can also indicate user inputs from a touchpad
or touchscreen, gyroscope, accelerometer, angular rate sen-
sor, magnetometer and/or other control or meter of a game
controller.

The computer system (100) optionally includes a media
player (156) and video input (158). The media player (156)
can play DVDs, Blu-ray disks, other disk media and/or other
formats of media. The video input (158) can accept input
video in analog or digital form (e.g., from a cable input,
HDMI input or other input).

A video output (160) provides video output to a display
device. The video output (160) can be an HDMI output or
other type of output. An audio output (160) provides audio
output to one or more speakers.

The storage (170) may be removable or non-removable,
and includes magnetic media (such as magnetic disks,
magnetic tapes or cassettes), optical disk media and/or any
other media which can be used to store information and
which can be accessed within the computer system (100).
The storage (170) stores instructions for the software (180)
implementing one or more innovations for fusing, texturing,
and/or rendering views of dynamic 3D models.

The computer system (100) may have additional features.
For example, the computer system (100) includes one or
more other input devices and/or one or more other output
devices. The other input device(s) may be a touch input
device such as a keyboard, mouse, pen, or trackball, a
scanning device, or another device that provides input to the
computer system (100). The other output device(s) may be
a printer, CD-writer, or another device that provides output
from the computer system (100).

An interconnection mechanism (not shown) such as a bus,
controller, or network interconnects the components of the
computer system (100). Typically, operating system soft-
ware (not shown) provides an operating environment for
other software executing in the computer system (100), and
coordinates activities of the components of the computer
system (100).



US 10,504,274 B2

9

The innovations can be described in the general context of
computer-readable media. Computer-readable media are any
available tangible media that can be accessed within a
computing environment. By way of example, and not limi-
tation, with the computer system (100), computer-readable
media include memory (118, 120, 138), storage (170), and
combinations thereof. The term computer-readable media
does not encompass transitory propagating signals or carrier
waves.

The innovations can be described in the general context of
computer-executable instructions, such as those included in
program modules, being executed in a computer system on
a target real or virtual processor. Generally, program mod-
ules include routines, programs, libraries, objects, classes,
components, data structures, etc. that perform particular
tasks or implement particular abstract data types. The func-
tionality of the program modules may be combined or split
between program modules as desired in various embodi-
ments. Computer-executable instructions for program mod-
ules may be executed within a local or distributed computing
system.

The terms “system” and “device” are used interchange-
ably herein. Unless the context clearly indicates otherwise,
neither term implies any limitation on a type of computer
system or device. In general, a computer system or device
can be local or distributed, and can include any combination
of special-purpose hardware and/or hardware with software
implementing the functionality described herein.

For the sake of presentation, the detailed description uses
terms like “determine,” “receive” and “provide” to describe
computer operations in a computing system. These terms
denote operations performed by a computer and should not
be confused with acts performed by a human being. The
actual computer operations corresponding to these terms
vary depending on implementation.

II. Example Environments for 3D Capturing, Fusing, Tex-
turing, and/or Rendering.

FIGS. 2a and 25 illustrate example environments (201,
202) with systems for capturing, fusing, texturing, and/or
rendering of dynamic 3D models. Systems described in this
section can be used to capture real-world video input that is
used to generate a dynamic 3D model, fuse depth values
generated from some of the captured video into the dynamic
3D model, apply texture details to the dynamic 3D model,
and render views of the textured, dynamic 3D model for
output to a display device such as a VR headset or AR
headset. Depending on implementation, different compo-
nents in the example environments (201, 202) can be imple-
mented in the same, local computer system or in different
computer systems connected over one or more networks.
Thus, for example, each component shown in the example
environments (201, 202) can run on a separate computer
system, which may be a desktop or laptop computer, a
physical or virtual server, a gaming console, a headset, etc.
depending on the component. Or, different subsets of the
components shown in the example environments (201, 202)
can run on the same computer system. All of the components
or subsets of the components can be located at the same
physical location (e.g., same room or same building, con-
nected via a local area network) or at different physical
locations (e.g., connected via one or more wide area net-
works, such as the Internet).

In the example environment (201) of FIG. 24, the system
includes a control panel (250), which is also called a
controller or control panel component. The control panel
(250) can be implemented as software and/or hardware that
is separate from the other components of the example
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environment (201). For example, the control panel (250) can
run as software on a separate computer system or virtual
server, providing a central point of control for the overall
environment (201). The control panel (250) controls the
overall process of capturing real-world video input and
generating a dynamic 3D model. The control panel (250) can
also control processes of applying texture values to the
dynamic 3D model and rendering views of the textured,
dynamic 3D model. In order to provide this control, the
control panel (250) is connected to the various components
of the system via network connections or other connections.

In order to provide real-world video input, video cameras
are used to capture images of real-world objects (e.g., people
or things). Some of the video cameras capture images that
are used to generate depth values for dynamic 3D models.
Other video cameras capture images (texture maps) that are
used to apply texture values (e.g., color values in an RGB
format) to dynamic 3D models. The example environment
(201) includes a number of camera pods (210) (also called
camera groups). For example, each of the camera pods (210)
can include two monochrome video cameras and one color
video camera. The monochrome video cameras can use
infrared (“IR”) bandpass filters and an IR speckle pattern to
improve stereo correspondence matching. FIG. 2a shows 24
cameras organized as eight camera pods (210), but more or
fewer camera pods can be utilized. Each camera pod (210)
includes a pair of monochrome video cameras and a color
video camera that capture images from a different input
viewpoint. In some example implementations, a minimum
of two camera pods are used to provide enough depth
information to generate a dynamic 3D model; using more
camera pods can, in some situations, improve the quality of
the generated dynamic 3D model.

The spatial resolution of the images can be 720p (1280
sample valuesx720 sample values), 1080p (1920 sample
valuesx1080 sample values), UHD (3840 sample valuesx
2160 sample values), or some other number of sample
values per image. In general, a pixel is the set of one or more
collocated sample values for a location in an image, which
may be arranged in different ways for different chroma
sampling formats. Before some operations (e.g., typical
encoding operations, operations that use intrinsic color
values when generating dynamic 3D models as described in
section III, or some special effects operations as described in
section V), the sample values of images can be converted to
a color space such as YUV, in which sample values of a luma
(Y) component represent brightness or intensity values, and
sample values of chroma (U, V) components represent
chroma values. The precise definitions of the chroma values
(and conversion operations between a YUV-type color space
and another color space such as an RGB-type color space)
depend on implementation. In general, as used herein, the
term YU V-type color space indicates any color space with a
luma (or luminance) component and one or more chroma (or
chrominance) components, including Y'UV, YIQ, Y'IQ and
YDbDr as well as variations such as YCbCr and YCoCg.
Chroma sample values may be sub-sampled to a lower
chroma sampling rate (e.g., fora YUV 4:2:0 format) in order
to reduce the spatial resolution of chroma sample values, or
the chroma sample values may have the same resolution as
the luma sample values (e.g., for a YUV 4:4:4 format). The
term RGB-type color space indicates a color space that
includes R, G, and B components in any order, which may
be the color space used for video camera or a display device.

The video output of the camera pods (250) (e.g., streams
images for texture values and streams of monochrome
images for generating depth values) can be transferred, on a
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frame-by-frame basis, to other components that process the
video output. Such transfers can be performed within a local
computer system or between different computer systems
across one or more computer networks.

In FIG. 2a, for example, video output of the camera pods
(250) for a given frame (e.g., associated with a time stamp
or time slice) is provided to depth generators (270-273). In
general, a depth generator (270-273) can be implemented as
software and/or hardware that receives and processes video
output from cameras. A depth generator (270-273) can
perform some or all of the following operations: receiving
video output (e.g., comprising monochrome images and/or
color images) for a given frame from video cameras in
camera pods (210); generating depth maps from different
input viewpoints for the given frame from some of the
received video output (e.g., from the monochrome images);
and transmitting the depth maps and/or texture maps (e.g.,
color images) to a fusion component or other component. In
FIG. 2a, each depth generator (270-273) receives video
images from two camera pods (e.g., via a wired connection
such as a USB cable, via a wireless connection, or via a
network connection). For example, the first depth generator
(270) receives video images for a given frame from the top
two camera pods having two different input viewpoints. In
this arrangement, the first depth generator (270) generates
two depth maps for the given frame from the two distinct
input viewpoints of the top two camera pods. The remaining
depth generators (271-273) each receive video images for
the given frame from their respective pairs of camera pods
and generate two depth maps for the given frame from the
different input viewpoints of those camera pods. The depth
generators (270-273) can repeat such operations on a frame-
by-frame basis, generating series of depth maps for the
respective input viewpoints. In some example implementa-
tions, each depth generator (270-273) is a software appli-
cation that runs on a different computer system. For
example, each depth generator (270-273) can run on its own
computer system, with each computer system having two
graphics cards, and with each graphics card processing the
series of video images from one camera pod. Alternatively,
depth generators can run on more or fewer computer sys-
tems, or on virtual machines (e.g., using cloud computing
resources).

In the example environment (201) of FIG. 2a, the depth
maps produced by the depth generators (270-273) are pro-
vided (e.g., over a network) to a fusion component (280).
The fusion component (280) can be implemented as soft-
ware and/or hardware. In general, the fusion component
(280) performs some or all of the following operations:
receiving depth maps from depth generators; receiving tex-
ture maps from the depth generators (e.g., passed through
the depth generators), camera pods, or another component;
generating a dynamic 3D model; and transmitting model
data for the dynamic 3D model and texture maps to render-
ing components. Specifically, for a given frame (e.g., asso-
ciated with a timestamp or time slice), the fusion component
(280) combines depth maps from different input viewpoints
for the given frame to generate a 3D model for the given
frame, which may include updating a reference 3D model
(which is based on 3D model data for one or more previous
frames) and estimating a current 3D model (based on the
depth maps for the given frame). For example, the 3D model
is a mesh of vertices for triangles or other volumetric
representation. In some example implementations, the
fusion component (280) runs as software on a separate
computer system or separate virtual machine. Model data for
the dynamic 3D model generated by the fusion component
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is transmitted (e.g., over a network) to one or more rendering
components (290), which can also be called renderers or
rendering engines.

A rendering component (290) can be implemented as
software and/or hardware. In general, a rendering compo-
nent (290) receives model data for the dynamic 3D model
along with texture maps for a given frame, applies texture
values (e.g., color values) from one or more of the texture
maps for the given frame to the dynamic 3D model for the
given frame, and generates two-dimensional (“2D”) views
of' the textured, dynamic 3D model from an output viewpoint
(also called a user viewpoint or user camera perspective).
The rendered views can be output to an output device (295)
such as a holographic display device for display. For
example, a rendering component (290) can generate left and
right 1080p images to display as 3D holographic video
output in a VR or AR headset. Some examples of holo-
graphic display devices that can be utilized as output devices
(295) include the Microsoft® HoloLens® and the HTC
VIVE™. A rendering component (290) can also output
rendered views, e.g., the same pair of left/right rendered 2D
views or a single rendered 2D view, to another display
device (e.g., a computer monitor) or component (e.g., an
encoder for gameplay broadcast). In some example imple-
mentations, each of the one or more rendering components
(290) runs as software on a computer system different than
the fusion component (280) and different from any other
rendering component (290). Each of the rendering compo-
nent(s) (290) produces output for a different output device
(295) (e.g., a different holographic display device).

FIG. 2b shows another example environment (202) with
a system for capturing, fusing, texturing, and rendering of
textured, dynamic 3D models. The example environment
(202) contains the components shown in FIG. 2a for the
example environment (201), but in a different configuration
and with some additional components. Specifically, the
example environment (202) includes an encoder (220) and a
distributor (260). In the system shown in FIG. 25, the depth
generators (270-273), fusion component (280), and render-
ing component(s) (290) perform operations as described
above with reference to FIG. 2a.

The encoder (220), which can be implemented with
software and/or hardware, receives video images for a given
frame from cameras of the camera pods (210), encodes the
video images for the given frame (e.g., using one or more
video encoders), and transmits the encoded video images to
the distributor (260). For the given frame, the encoder (220)
can pack the video images from the cameras (e.g., video
images in a 1080p resolution or some other resolution) into
a larger image (e.g., an image in a 4K resolution) and encode
the larger image (e.g., using a single video encoder). The
encoder (220) can combine individual video images as they
are received into the larger video image (e.g., on a frame-
by-frame basis). For example, from each of the eight camera
pods (210), the encoder (220) can receive two monochrome
images (used to generate depth values) and one color image
for a given frame, combine the images according to a
pre-defined tiled arrangement into a larger image for the
given frame, encode the larger image, and transmit the
encoded image to the distributor (260). In some example
implementations, the encoder (220) runs (e.g., as a software
application, hardware-accelerated encoder, or hardware
encoder) on a separate computer system or virtual machine
from the other components of the environment (202).

The distributor (260), which can be implemented with
software and/or hardware, receives encoded images for a
given frame from the encoder (220), decodes the images,



US 10,504,274 B2

13

and divides the reconstructed images into images that cor-
respond to the input video images from the cameras for the
given frame. The distributor (260) sends at least some of the
separated video images to the depth generators (270-273) for
processing. For example, the distributor (260) sends mono-
chrome video images for a pair of cameras of a camera pod
(210) to a corresponding one of the depth generators (270-
273), for generation of a depth map for a given frame. In
some example implementations, the distributor (260) runs
(e.g., as a software application, hardware-accelerated
decoder, or hardware decoder, with additional logic to
partition reconstructed images) on a separate computer
system or virtual machine from the other components of the
environment (202).

In FIG. 25, the camera pods (210) and the encoder (220)
operate in a local environment (230), while the other com-
ponents (including the distributor (260), depth generators
(270-273), fusion component (280), rendering component(s)
(290), and control panel (250)) operate in a remote envi-
ronment (240). The components of the local environment
(230) communicate with the components of the remote
environment (240) via one or more network connections
(e.g., wired network connections, wireless network connec-
tions, or a combination). For example, the components of the
local environment (230) could be located in a specific
geographical location (e.g., a room in a building) while the
components in the remote environment (240) could be
located in a different geographical location (or multiple
different geographical locations). For example, some of the
components of the remote environment (240) could be
hosted in server computers or virtual servers located in a
remote data center. In some example implementations, the
local environment (230) is a mobile environment (e.g., an
automobile) in which the camera pods (210) and encoder
(220) operate and communicate with components of the
remote environment (240) (e.g., with the distributor (260)
and/or the control panel (250)) using a wireless network
connection (e.g., a cellular data connection). In this con-
figuration, the encoder (220) can encode video images so
that the encoded video images can be transmitted over a
relatively low-bandwidth network connection, which can
allow the system to operate effectively in the mobile envi-
ronment.

In particular, whether implemented in a mobile environ-
ment or otherwise, the configuration of components shown
in the environment (202) of FIG. 25 can provide capture and
construction of high-quality dynamic 3D models of objects
(e.g., people, things), to be transmitted to a remote viewer in
real-time for a virtual presence or conferencing application.
This can allow a user to see and interact with remote
participants in 3D as if the remote participants are actually
present in the physical space of the user.

In the environments (201, 202) of FIGS. 2a and 254, depth
generators (270-273) generate depth maps for a given frame
from video images for the given frame. Alternatively, a
component can combine depth generator with a camera pod.
For example, the component can be a depth camera (e.g.,
incorporating two monochrome video cameras and depth
generator, or otherwise providing a depth map). One
example component with a depth camera is the Microsoft®
Kinect® camera, which can provide a depth map and texture
map for a given frame. In this configuration, depth cameras
can connect directly to the fusion component (280) (e.g., in
the arrangement depicted in FIG. 2a) or encoder (220) (e.g.,
in the arrangement depicted in FIG. 2b), which can encode
the texture maps and/or depth maps.
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III. Generation of a Dynamic 3D Model Using Intrinsic
Texture Values.

This section describes approaches to generating dynamic
3D models that use intrinsic texture values as well as depth
values. The approaches can be implemented as part of a
fusion component such as the fusion component (280)
shown in FIGS. 2a and 24, which receives depth maps and
texture maps captured from different input viewpoints and
generates a dynamic 3D model. In some example imple-
mentations, the approaches described in this section extend
approaches presented in Dou et al., “FusiondD: Real-time
Performance Capture of Challenging Scenes,” ACM Trans-
action on Graphics, 2016 (“Fusion4D reference”). Alterna-
tively, the approaches described in this section can be
implemented in some other way.

A. Introduction.

The Fusion4D reference presents a processing pipeline for
live, multi-view performance capture. In summary, as part of
the pipeline, the Fusion4D system uses depth values in depth
maps for a current frame to incrementally and selectively
update a reference volume V (also called a key volume),
which is associated with a mesh of vertices for a dynamic 3D
model. This can help maintain the coherency of the dynamic
3D model over time. Specifically, the FusiondD system
obtains N depth maps and N RGB images for a current
frame. In a data fusion stage, the Fusion4D system uses the
N depth maps to selectively update the reference volume V.
A new reference volume can be started periodically or when
there is a radical change to the dynamic 3D model. Other-
wise, the current reference volume V is selectively updated
(in the data fusion stage) based on the depth maps for the
current frame.

Then, in a non-rigid motion field estimation stage, the
Fusion4D system estimates warp parameters G to warp
(deform) the current reference volume V so that it aligns
with the depth maps for the current frame. Specifically, the
Fusion4D system samples a set of K embedded deformation
nodes S,, within the reference volume V. Every vertex v,, in
the mesh for the reference volume V is “skinned” to a closest
node of the nodes S,,. A local deformation around each node
k (for k equal 1 to K) is defined using an affine transforma-
tion A, and translation t, for the node. Also, a global rotation
R and global translation T are defined. The warp parameters
G includes the global rotation R, the global translation T,
and, for each node k, the affine transformation A, and local
translation t, for the node. To calculate the warp parameters
G, the Fusion4D system uses an energy function E(G) that
penalizes misalignment between the warped reference vol-
ume V and the observed N depth maps for the current frame.
The energy function E(G) also regularizes the types of
deformations that are allowed and incorporates various
constraints and information about prior results. Specifically,
the energy function in the Fusion4D reference is:

E(C M garalogara O+, M%Ehull( Gt M K o (G)+
}\‘trotErot( G) +}\‘smooth smooth (G)

M,

where E_,,,(G) is a data term that penalizes misalignment
between the warped reference volume V and the observed N
depth maps for the current frame, E,,,(G) is a visual hull
term that quantifies deviations of the warped reference
volume V from boundaries of a visual hull, E_,, (G) is a
correspondence term that quantifies differences in texture
value correspondences, E,_(G) is a rotation term that quan-
tifies deviations of local affine transformations for nodes of
the reference volume V from rigid transformations, and
E, oom(G) 1s a smoothing term that quantifies variability in
local affine transformations for neighboring nodes of the



US 10,504,274 B2

15

reference volume V. Ay,... Muis Moo Mopor @0 Ay, 0p, are
implementation-dependent weighting factors for the respec-
tive terms. The weighting factors can have equal values in
order to weight the terms equally. Or, the weighting factors
can have different values as the result of performance tuning,
so as to attach different degrees of importance to different
terms. The Fusion4D reference details how the terms of the
energy function E(G) are calculated, and it also describes
various ways to optimize computation of the energy function
E(GQ).

After the warp parameters G are determined, the
Fusion4D system applies the warp parameters G to the
vertices of the reference volume V. Any vertex v,, in the
reference volume V can be warped according to the equa-
tion:

warp(vn; G) = R Y W' [Ax(m— g + g + 1] + T, @

keSy

where w,™ is a skinning weight and g, is sampling location
for the node k. Any corresponding normal n,, for points in
the reference volume V can be transformed according to the
equation:

warp* (i G)= R Y W A7 ny, &

keSy

with normalization applied afterward.

Finally, in another data fusion stage, the warped reference
volume V can be selectively combined with depth values in
the depth maps for the current frame to determine a data
volume for the current frame, which is associated with a
mesh of vertices for the dynamic 3D model. In particular, the
warped reference volume V can be used to fill in holes in the
data volume for the current frame due to occlusions or
camera failures, or to accumulate detail in areas of the data
volume.

For additional details about the Fusion4D system, see the
Fusion4D reference.

The approaches described in the Fusion4D reference use
depth values in depth maps for frames to generate a dynamic
3D model. In such depth-only approaches, the quality of the
dynamic 3D model can suffer under some conditions. For
example, in some cases, depth values in depth maps are
generated by matching patterns from structured IR lights
(e.g., in images captured using monochrome video cameras
with IR bandpass filters and an IR speckle pattern). The IR
lighting patterns may miss thin structures in the environ-
ment. FIG. 3a shows an example (301) of this phenomenon.
As another example, the images used to generated depth
values can record unexpected flares due to camera imper-
fections, noise, or other factors. FIG. 35 shows an example
(302) of this phenomenon. As another example, depth-only
approaches, in many cases, do not generate a smooth sil-
houette of objects in an environment in a depth map. FIG. 3¢
shows an example (303) of this phenomenon.

B. Using Intrinsic Texture Values when Generating a
Dynamic 3D Model.

A fusion component can assign “intrinsic” texture values
from texture maps to points (e.g., vertices of a mesh, voxels
of a volumetric representation) when generating a dynamic
3D model. For example, the fusion component can update
points of a reference volume using intrinsic color values
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along with depth values. Or, as another example, the fusion
component can determine warp parameters for a reference
volume more accurately and reliably by using intrinsic
texture values as well as depth values when comparing a
warped reference volume with observed values (in texture
maps and depth maps). By assigning intrinsic texture values
to points when generating a dynamic 3D model, the fusion
component can, in some cases, fill in information that is
missing or unreliable in depth maps or the images used to
generate depth values of depth maps.

FIG. 4 shows a generalized technique (400) for applying
intrinsic texture values to points when generating a dynamic
3D model of a computer-represented environment. The
texture values are typically color values (e.g., RGB values)
of images, but can alternatively be some other type of
texture values (e.g., opacity values, specularity coefficients).
The points of the dynamic 3D model are, for example,
vertices of a mesh of triangles or voxels of a volumetric
representation. A fusion component such as the fusion
component (280) shown in FIGS. 2a and 25 can perform the
technique (400). Using the technique (400), a fusion com-
ponent can generate dynamic 3D models in real-time using
texture values and depth values captured from multiple
cameras at different input viewpoints.

With reference to FIG. 4, the fusion component receives
(410) texture maps for a current frame. Each of the texture
maps includes texture values captured from a different input
viewpoint in the computer-represented environment. For
example, each of the texture maps is captured by a video
camera of a different camera pod as shown in FIG. 2a or 25,
and each of the texture values is a color value in an
RGB-type color space. When the texture values are color
values, the fusion component can convert at least some of
the color values from a first color space (e.g., an RGB-type
color space) to a second color space (e.g., a YUV-type color
space).

The fusion component receives (420) depth maps for the
current frame. Each of the depth maps includes depth values
from one of the different input viewpoints. For example,
each of the depth maps is generated from images captured by
a pair of monochrome video cameras of a different camera
pod as shown in FIG. 2a or 2b. The spatial resolution of the
depth maps can be the same as or different than the spatial
resolution of the corresponding texture maps. Each of the
depth values can include a distance value, a weight, and/or
another parameter.

The fusion component selectively updates (430) a refer-
ence 3D model (also called a reference volume or key
volume) based on the texture maps for the current frame and
the depth maps for the current frame. In doing so, the fusion
component selectively updates points of the reference 3D
model using the depth maps. For example, for each point of
at least some of the points of the reference 3D model, the
fusion component projects the point back to locations in at
least some of the depth maps and updates parameters (e.g.,
signed distance value and/or weight) of the point in the
reference 3D model. The fusion component can identify one
or more new points in at least one of the depth maps but not
yet in the reference 3D model, and add the new point(s) to
the reference 3D model. The fusion component can also
identify one or more misaligned points and remove the
misaligned point(s) from the reference 3D model.

When it selectively updates (430) the reference 3D model,
the fusion component also selectively updates intrinsic tex-
ture values of the points of the reference 3D model. For
example, for each point of at least some of the points of the
reference 3D model, the fusion component projects the point






